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Odhad genetické proménlivosti v ohroZenych populacich s
vyuzitim genealogickych i molekularné genetickych
informaci

Souhrn

Problematika genetické rozmanitosti je v poslednich letech stale diskutovangjsi. Ve volné
ptirod¢ dochézi k tubytku druhové diverzity hlavné ztratou piirozenych habitati a hospodarské
druhy ohrozuje globalizace a intenzifikace chovu. Monitoring a pfesny odhad genetické
variability i jejich ztrat je nezbytnym predpokladem zachovani druhti, poddruht a plemen pro
budoucnost. Cilem této prace byla podrobnad analyza genetické variability dvou plemen
valasské a Sumavské ovce a volné Zijiciho zubra evropského. Prostfednictvim fady genetickych
analyz byla vyhodnocena data z rodokmenu a molekularné genetickych marker. U obou
plemen ovci i u zubra byly zaznamenany ztraty genetické diverzity. U valaSské ovce je ztrata
vyrazng€j$i nez u Sumavské ovce, genofond Sumavské ovce je vSak nehomogenni a ve srovnani
s jinymi plemeny se jevi jako slozeny ze dvou subpopulaci. Stupen genetické diverzity
Sumavské a valaSské ovce byl srovnatelny napiic riznymi druhy analyz, at’ uz byl vypocitan na
zakladé rodokmenti nebo molekularnich markerti. Hodnoty genetické variability zaznamenané
u zubra jsou rovnéZ nizké, ale zaroven jest¢ silné nadhodnocené vlivem metodiky zaznami
rodokmenové knihy. Podafilo se ale diky nim odhalit geneticky vliv nizino-kavkazské linie v
nizinné linii, kterd je udrzovana jako cCistokrevny poddruh. U obou plemen ovci byly
identifikovany oblasti s vysokym stupném homozygotnosti, v nichz by se potencialné¢ mohly
nachéazet geny specifické pro plemeno konzervované v téchto oblastech vlivem selekce.
Variabilita ov€ich plemen ve star§im historickém méfitku je ze vzorka ziskanych z zivych
jedinct sledovatelna pomoci nerekombinantnich usekdt DNA. ReSersSe provedena v této oblasti
naznacila mozny ptivod a spolecné vzdalené piedky obou Ceskych narodnich plemen ovci.
Nicméné oblast zkoumani wvariability specificky samciho regionu chromozomu Y a

mitochondridlni DNA ovci je stale jesté v zacatcich.

Klicova slova: geneticka diverzita, mikrosatelity, SNP, genealogicka analyza, haplotypy,
plemena ovci, zubr evropsky



Estimation of genetic variability of endangered
populations using genealogical and molecular genetic
information

Abstract

The issue of genetic diversity has been increasingly discussed in recent years. In the wild, there
is a decrease in species diversity mainly due to the loss of natural habitats, and economic species
are threatened by globalization and intensification of breeding. Monitoring and accurate
estimation of genetic variability and its losses is a prerequisite for the preservation of species,
subspecies, and breeds for the future. The aim of this work was a detailed analysis of the genetic
variability of two breeds of Wallachian and Sumava sheep and wild European bison. Pedigree
data and molecular genetic markers were evaluated through a series of genetic analyses. Losses
of genetic diversity were recorded in both sheep breeds and European bison. In the Wallachian
sheep, the loss is more pronounced than in the Sumava sheep, however, the gene pool of the
Sumava sheep is more heterogenous compared to other breeds and appears to be composed of
two subpopulations. The degree of genetic diversity of Sumava and Wallachian sheep was
comparable across different types of analyses, whether calculated based on pedigrees or
molecular markers. The values of genetic variability recorded in the European bison are also
low, but at the same time still strongly overestimated due to the influence of the pedigree book
record methodology. Those records, however, revealed a genetic influence of the lowland-
Caucasian line in the lowland line, which is maintained as a pure-blood subspecies. Regions of
high homozygosity were identified in both sheep breeds, potentially harboring breed-specific
genes conserved in these regions through selection. Variability of sheep breeds on an older
historical scale is traceable from samples obtained from living individuals using non-
recombinant stretches of DNA. Research carried out in this area indicated a possible origin and
common remote male ancestors of both Czech national sheep breeds. However, the field of
investigating the variability of the male-specific region of the Y chromosome and mitochondrial

DNA in sheep is still in its beginnings.

Key words: genetic diversity, microsatellites, SNP, genealogical analysis, haplotypes, sheep

breeds, European bison.
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1 Uvod

Otazka genetické diverzity se v poslednich nékolika desetiletich stala hodn¢ diskutovanou kvili
zvySovani industrializace zemédé€lstvi a s ni postupujici genetickou uniformitou plodin i
hospodaftskych zvitat. Rozmanitost plemen hospodatskych zvitat je v§ak nezbytna pro budouci
prizptisobeni riznym onemocnénim, produkénim systémim, ménicim se klimatickym i trznim
podminkam (FAO 2019). Obecné se proto zachranné programy zaméiuji hlavné na ohrozena
lokalni plemena (Notter 1999). Ta byvaji obvykle hiife zmapovan4, ale obecné vykazuji daleko
vetsi genetickou variabilitu neZz celosvétové rozSitend plemena s jedineCnymi ekonomicky

zadoucimi vlastnostmi (FAO 2015).

K celkové genetické rozmanitosti nejvice piispivaji ptvodni plemena ovci z ekonomicky
rozvinutych zemi, kterd by tak zhlediska priority ochrany méla mit pfednost pred témi
z rozvojovych zemi (Zhang et al. 2018a). Tento fakt je ale tfeba brat s rezervou, protoze prave
z rozvojovych zemi je nejhorsi dostupnost informaci i samotnych vzorkt. Navic, na kazdé
unikatni funkéni alele zalezi a plemena z extrémnich podminek maji vyrazné vyssi Sanci, Ze se
u nich takova jedinecna geneticka varianta bude vyskytovat (Sponenberg et al. 2018). Pokud
by doslo k jeji ztrate, tak bude definitivni, protoZe Sance na vznik stejné alely mutaci je témét

nulova.

Zachovanim stavajici genetické diverzity hospodatskych plemen se zabyva globalni akéni plan
pro genetické zdroje — Global Plan of Action for Animal Genetic Resources, ktery byl
vypracovan a piijat ¢lenskymi zemémi FAO v roce 2007 (Boettcher et al. 2014). Sklada se ze
dvou funkcnich casti: podavani zprav z procesu provadéni akéniho planu a z monitoringu
samotnych genetickych zdroji (Boettcher et al. 2014). Pocatkem 90. let v§ak uz FAO zacala
budovat globalni databazi pro genetické zdroje zvitat — Global Databank for Animal Genetic
Resources, v niz shromazd’uje data o plemenech hospodaiskych zvitat z celého svéta a na
jejimz zékladé byl vytvotfen roku 1995 informacni systém Domestic Animal Diversity
Information System (DAD-IS) (FAO 2015). DAD-IS shromazd’uje informace o genetickych
zdrojich zvitat ze 182 zemi a poskytuje databazi informaci o plemenech hospodarskych zvirat
z celého svéta, jako jsou pocCty zvirat, uzitkovost, nastroje managementu chovu, reference,
odkazy a kontakty na regionalni a narodni koordinatory chovu zivocisnych genetickych zdroja
(FAO 2019).



Zékladem kazdého chovu je vhodny management, aby byla zachovana co nejvyssi
vnitropopulacni geneticka diverzita (Ferreira de Camargo 2019). Udrzovani jakéhokoliv
plemene pro uzitkové ucely je vlastné neustalym konfliktem mezi pozadavky na dobrou
uzitkovost (snaha o uniformitu populace) a dobrou Zivotaschopnosti celé populace (snaha o co
nejvetsi rozmanitost) (Sponenberg et al. 2019). To se vSak ne vzdy daii vhodné skloubit, a proto
pocet plemen ohroZzenych vyhynutim stale roste. Mezi roky 2005 a 2014 se pocet téchto plemen
zvysil o 2 procenta (FAO 2019). U lokalnich plemen ovci se pocet ohrozenych zvysil z 235
v roce 2000 na 370 v roce 2020, u lokalnich plemen koz pak ve stejném obdobi z 94 na 152
(FAO 2021). Mezi hlavni divody vyhynuti téchto genetickych zdroji patii praveé nedostatky v
chovnych programech, ménici se pozadavky trhu a politiky v oblasti fizeni zivociSnych
genetickych zdrojt, degradace pfirodnich zdroji, zména klimatu a epidemie nemoci (FAO

2019).

Pro hospodarska zvitata je tedy nezbytné, aby si udrzela vysokou genetickou diverzitu pro
ptipadnou zménu podminek, které na n¢ ptisobi. Vyzkum ale prokazal, Ze pro pteziti populace
ve stalém prostifedi nemusi byt mald genetické diverzita viibec dalezita (Johnson et al. 2008;
Robinson et al. 2018; Huson et al. 2020). Hlavné neutralni geneticka diverzita, na kterou se
zametuje vétSina populacné genetickych studii, nema ptimy vztah k funk¢ni rozmanitosti a
zivotaschopnosti populace (Holderegger et al. 2006; Teixeira & Huber 2021). Je vSak mozné
vyuzit ji pro hodnoceni toku genti, migraci nebo disperzi (Holderegger et al. 2006). Rovnéz je
Casté vyuziti jeji vazby s funkénimi tseky DNA pii QTL mapovani (Beraldi et al. 2007,
Poissant et al. 2012; Bolormaa et al. 2017), mapovani genetickych ptimési (Shriner 2013) a pfi
GWAS studiich (Esmaeili-Fard et al. 2021; Serrano et al. 2021; Krivoruchko et al. 2021; Zhao
et al. 2021).

Pro vyhodnoceni genetické diverzity plemen hospodaiskych zvitat, at’ uz z pohledu teoretické,
neutralni nebo funkéni genetické diverzity, existuje celd fada metod. Tato prace je zaméfena
predev§im na metody bézn€ pouzivané u malych prezvykavct a aplikuje je na ceské genové

rezervy — valasskou a Sumavskou ovci.



2 Literarni prehled

2.1 Geneticka diverzita

Biologickou diverzitu popisujeme jako rozsah veskeré rtiznorodosti, kterou mizeme v ptirodé
nalézt (Mészaros 2018). Lze ji analyzovat na zaklad¢ riznych charakteristik: fenotypovych
(morfologickych), cytologickych, biochemickych a molekularnich (Saravanan et al. 2022).
Genetickou diverzitou je ale minén rozsah variability (polymorfismus) piimo v sekvenci DNA

(Ellegren & Galtier 2016).

Z molekularniho hlediska existuji tfi hlavni typy variability, a to jednonukleotidové
polymorfismy (SNP), delece nebo inzerce riznych délek a variace pocti a délek repetitivnich
sekvenci (VNTR) (Vignal et al. 2002). Nové alely se objevuji s kazdou dalsi generaci spontanni
mutaci diky replika¢nim chybam nebo pisobenim mutagenti a z teoretického hlediska tedy
mizeme genetickou diverzitu oznacit za vysledek rovnovahy mezi zanikem a vznikem téchto
vloh (Ellegren & Galtier 2016). Rychlost mutaci se v ramci riznych troviovych celkl
jaderného genomu snizuje smérem od jednotlivych gent az k variabilit¢ na chromozomalni
urovni (Hodgkinson & Eyre-Walker 2011), ktera se jesté navic vyznamné li$i mezi autozomy
a gonozomy (Ellegren & Galtier 2016). Vyrazné rozdily v mutacnich rychlostech existuji
rovnéz mezi jadernou a mitochondridlni DNA, mezi zarodecnou a somatickou linii bun¢k,

jakozto 1 mezi riznymi druhy (Lynch 2010).

U hospodarskych plemen zvifat je mozno ji méfit ve tfech formach: intrapopulacni (v ramci
populace), interpopulacni (mezi riznymi populacemi jednoho plemene) a meziplemenné
(Saravanan et al. 2022). Na populacni trovni plemen dochézi k neustdlému souboji mezi
snahou fixovat urcité alely v populaci (selekci) a ndhodnym kolisdnim alelickych frekvenci
(genetickym driftem) (Mészaros 2018). Tato vzajemna kompetice je spolu s pfirodnim vybérem
hlavnim evolu¢nim mechanismem, ktery u velkych populaci favorizuje castéji prospeésné
mutace, oproti tomu u malych populaci ¢asto ndhodné udrzuje ty neprospésné (Hallatschek et
al. 2007). V lidském chovu se k témto tfem silam ptidava jesté inbreeding a uméla selekce —
dva klicové procesy domestikace (Mignon-Grasteau et al. 2005). Kazdé plemeno, jak ho zname
dnes, se tedy vyvinulo pisobenim mutaci, ndhodnym genetickym driftem a selek¢nimi tlaky

klimatu, endemickych chorob a parazitl, vyzivy a umélého lidského vybéru (Barker 2001).
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2.2 Priciny ztraty genetické diverzity u malych prezvykavci

Geneticka diverzita malych prezvykavct je ovliviiovana podobnymi faktory, jako je tomu u
ostatnich hospodatskych zvirat hlavné u skotu. Oproti volné zijicim populacim, které trpi
predevsim fragmentaci habitatu (nasledné populace), onemocnénimi a zménou klimatu ve veétsi
¢i mensi mife zavinéné ¢loveékem, ale i plisobenim piirozenych mechanismt, jak je znazoriiuje

obr. 1, jsou populace domestikovanych malych piezvykavci piimo vazané na aktivity cloveéka.

Demografie
+ Migrace - Bottleneck
+ vysoka plodnost, + vysoky pocet
kratky Zziv. cyklus, rozdélenych bunék za
malé propagule eneraci y
Efektivni velikost ) . - ‘
Zivotni historie Mutace
populace — ——
- nizka plodnost, - nizky pocet
dlouhy Ziv. cyklus, rozdélenych bunék za
velké propagule generaci
+ Qutcrossing - Samoplozeni a
asexualnirep.
+ +

Systém pareni

Celogenomova

genetickd
. diverzita
+ Outcrossing - Samoplozeni a
asexualni rep.

vs 1 + o
Rekombinace - m— Neprlma selekce e Hustota gent

Obr. 1. Piehled determinant genetické diverzity. Efektivni velikost populace, rychlost mutaci
a souvisejici selekce jsou hlavnimi faktory ovliviiujicimi diverzitu. Tyto faktory jsou zase
fizeny nékolika dal§imi parametry. Smér korelace je oznacen symboly ,+“ a ,,-“. Prevzato

z Ellegren a Galtier (2016).
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2.2.1 Nadmérné vyuzivani nékterych plemeniku

Zvyseni selekéniho tlaku vybérem malého poctu plemennych zvitat, které se na nasledné
generaci podili nejveétsi mérou, snizuje efektivni velikost populace (Ne) a zvySuje podil
ptibuzenské plemenitby (Taberlet et al. 2008). Nadmérné vyuziti se tyka predevs§im samci,
protoze reprodukéni potencial samic je omezenéjsi i pies to, Ze moderni biotechnologické
postupy v reprodukci pfezvykavct znacné€ pokrocily i v tomto ohledu (de Souza-Fabjan et al.
2014; Bartlewski et al. 2016). U malych pfezvykavct zlstava tento problém stile méné
vyrazny, nez je tomu u skotu (Baes et al. 2019), kde se vlivem masové produkce mrazenych
inseminacnich davek uplatiiuji preferovani plemenici v reprodukci napfi¢ kontinenty. Nicméné
i tak ma ume¢la inseminace ovci a koz v nékterych oblastech vyznamny podil na celkové
reprodukci, pfevazné v Jizni Americe a Australsko-Asijské oblasti (Faigl et al. 2012),
z Evropskych zemi hlavné ve Francii (Raoul & Elsen 2020). U ovci ani koz neni stale
vyzkouméana univerzalné vhodna metodika mraZzeni inseminacnich davek (Tabarez et al. 2017,

Zadeh Hashem et al. 2017; Allai et al. 2018; Lv et al. 2019), a proto um¢la inseminace stale

neprohlubuje problém nadmérné vyzivanych samecii tolik jako u skotu.

2.2.2 Fragmentace na striktné oddélena plemena

Za poslednich 200 let doslo k dramatickému rozdé€leni populaci hospodarskych zvirat na
jednotliva plemena, mezi kterymi najednou nebyl zadouci tok genti kvtli pozadavkiim na
splnéni plemenného standardu (Taberlet et al. 2008). Populace, které od pocatku své
domestikace prosly jen malymi selekénimi tlaky, byly nahle roztfistény na piesné definovana
plemena pod silnym tlakem umélé selekce (Taberlet et al. 2011). Kdyz dojde k fragmentaci
populace, tak vSechny faktory plsobici na ztratu genetické diverzity (inbreeding, geneticky
drift, selekce, ...) zacnou piisobit mnohem vétsi silou, nez by tomu bylo u celistvé populace se
stejnou celkovou velikosti (Frankham et al. 2004). Prvni problémy, které se obvykle objevi u
inbrednich populaci ¢i populaci s pfevladajici liniovou plemenitbou, jsou problémy
s reprodukci (Sponenberg et al. 2017). V tomto okamziku obvykle pfichazeji na tadu
chovatelské snahy o zachranu populace s osvézenim nebo pfilitim krve nebo zptisnéni selekce
z jiné populace sice zvysi heterozygotnost, miize ale vyustit v takzvanou outbredni depresi, jako
se tomu stalo naptiklad u populace vychodoafrického kratkorohého zebu (Murray et al. 2013).

Piiliv novych alel mize snizit adaptaci na mistni vlivy prostfedi, zptisobit skodlivé epistatické
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interakce gend u prvnich generaci po kfizeni (Rollinson et al. 2014), ale i zanést do populace
nové Skodlivé alely recesivni nebo s malym t¢inkem, které se projevi az za n¢kolik generaci.
Na druhou stranu silna selekce obvykle inbredni depresi jesté zhorsi, 1 kdyz existuji vyjimky,
kdy dané vysoce inbredni plemeno nebo linie pfeziva s dobrym fitness po generace

(Sponenberg et al. 2017).

2.2.3 Socialné-ekonomicky tlak a intenzivni uméla selekce

Domaci ovce (Ovis aries Linnaeus, 1758) a kozy (Capra hircus Linnaeus, 1758) jsou pod
vlivem selekce smeéfované k produkci masa, mléka, pfipadné viny uz pocatku jejich
domestikace. Snaha o co nejvétsi geneticky zisk ale vede k nartistu piibuzenského pareni (Baes
et al. 2019). Jednim z jeho dasledki je ztrata alel, které se selektovanym znakem piimo
nesouvisi nebo s nim nejsou ve vazbé (Marsden et al. 2016). Dal$im dtsledkem je pak nartst
homozygotnosti v oblastech souvisejicich s konkrétnim selektovanym znakem (Marchesi et al.
2018). Ve vysledku inbreeding ptisobi i na snizeni miry odpovédi na selekci vlivem snizené
aditivni genetické variability v populaci nejen u zvoleného znaku (Kristensen & Serensen

2005).

Chov ovci se v poslednich desetiletich vlivem socioekonomickych zmén pteorientoval smérem
k intenzivnéjsimu chovu nékolika mélo vysoce produktivnich kosmopolitnich plemen (Dalvit
et al. 2009). V minulém stoleti se produktivita orné pudy zvySovala o 2 % rocné vlivem
rychlého technického i genetického pokroku. Nasledkem toho poklesla cena obili i jinych
plodin a pro fadu zeméd¢lcti se tak stalo levnéjSim krmit obilim nez vyhradné spoléhat na
pastvu, coz razantné zmenilo celé systémy chovu. Nové vysSlechténa zvitata s vysokou produkci
spolu s pokro€ilymi technologiemi chovu vytlacily tradi¢ni systémy chovu do ustrani kvuli
jejich vyssi rizikovosti (Mendelsohn 2003). Situaci vedouci k rychlym ztratdm genetické
diverzity jesté zhorsilo nevhodné pouzivani BLUP modelu plemennych hodnot. S nim se sice
maximalizuje odpovéd’ na selekci, ale muize vést k vybéru blizce ptibuznych jedincii (van Wyk
et al. 2009). Vybrani pribuzni jedinci pak dale zvySuji Groven ptibuzenské plemenitby do
budoucna (van Wyk et al. 2009). Tento postup neni idealni rovnéz proto, Ze Usp&Snost
budouciho zlepsovani produkce mtize zaviset na genetické diverzité, kterd se za soucasnych
selekénich podminek jevi jako neutrdlni a muze zcela vymizet kvili pouhému

nezdokumentovani prospésnosti (Tapio et al. 2006a).

13



S nastupem genomické selekce se logicky ptredpokladalo, Ze tento disledek vymizi, protoze
genomicka selekce na zaklad€é celého genomu by méla zdiraznit rozdily mezi sourozenci a
snizovat tak Sanci na jejich souCasny vybér na zaklad¢ ptesnéjSitho odhadu komponentu
mendelistické dédicnosti a tim i plemennych hodnot (Daetwyler et al. 2007). Jak ale ukazuje
fada studii u skotu, tak opak je ¢asto pravdou (Forutan et al. 2018; Makanjuola et al. 2020; Scott
et al. 2021; Ablondi et al. 2022). V dasledku genomickeé selekce se snizuje generacni interval a
variabilita mendelistického vzorkovani, které opét vede ke zvySeni inbreedingu, snizeni
efektivni velikosti populace a ndhodné fixaci nebo ztraté alel, at’ uz vlivem genetického driftu
nebo selekce (Makanjuola et al. 2020). Proto byl navrzen alternativni pfistup genomické
selekce na zéklad¢ principu kontribu¢ni selekce s cilem udrzet pod kontrolou inbreeding —
optimalni kontribu¢ni genomické selekce (Sonesson et al. 2012; Woolliams et al. 2015).
Hlavnim principem je maximalizace genetické odezvy za dané irovné piibuzenské plemenitby
na zakladé ptibuznosti kandidati na selekci a zohlednénim jejich genetického ptispévku

(Dagnachew & Meuwissen 2016).

U ovci a koz byla genomicka selekce implementovana s pfirozenym zpozdénim oproti skotu a
ani v dnesni dob¢ neni tolik rozsitend. U ovci je jeji systematické zarazeni hlavné zalezitosti
zemi s nejvice rozvinutymi systémy chovu a nejvétsi produkei jako je Cina, Austréalie, Novy
Z¢éland, Rusko a Francie (Caro-Petrovic et al. 2021). Existuje totiz celd fada faktori, které
snizuji ekonomické i technologické piinosy genomické selekce u ovci: (i) pro produkci
potomkil je testovano jen malo samct, (ii) testovani potomku je levnéjsi nez u skotu, (iii)
generacni interval je kratky, (iv) ekonomickd hodnota kandidata na selekci nevyvazi vysoké
naklady na genotypizaci, (v) spolecné pouziti umelé inseminace a ptirozené plemenitby a
pouziti Cerstvého spermatu ovliviiuji pouze kapacitu testovani potomstva (Shumbusho et al.
2016). Pravdépodobné v disledku nizkého vyuziti genomické selekce u ovci zatim tedy ani
Dokonce by v chovech ovci mohla paradoxné ptispét k jejimu zachovani tim, Ze doplni casto
nepiesné a neuplné rodokmeny, zptesni odhady ptibuznosti a tim i omezi nechténou

pribuzenskou plemenitbu (Rupp et al. 2016).

2.2.4 Vysoce nakazliva infekéni onemocnéni

Mezinarodni obchod s zivocisSnymi produkty i zivymi zvifaty neustale naristd a s nim i rizika

roz$ifovani infek¢nich chorob zvifat i zoon6z (Sherman 2011). World Organisation of Animal

14



Health eviduje 11 onemocnéni postihujici vyhradné ovce a kozy: artritida/encefalitida koz,
nakazliva agalakcie, nakazliva kozi pneumonie, maedi-visna, nemoc ovci v Nairobi, ovci
epididymitida, mor malych pfezvykavcu, salmoneldza, scrapie, ov¢i a kozi nestovice (OIE
2021). Nektera z téchto onemocnéni, tieba mor malych prezvykavcl, mohou mit v nékterych
stadech az 100 % morbiditu (Liu et al. 2018). Velké snizeni poctu jedincd v populaci vede
k vyssimu vlivu ndhody a stochastickych efektt, které pfimo ohrozuji jeji existenci (O’Brien &
Evermann 1988). U malych ptfezvykavct jsou tyto vlivy (zména poméru pohlavi, nehody,
uspéch predatort, ...) ve velké mife eliminovany ¢lovékem. I pokud tyto efekty populace
prekona, stale zistava v ohrozZeni, protoZe efekt hrdla lahve mize mit za nasledek vyssi vyskyt
projevi inbredni deprese, jako tomu bylo naptiklad u plemene veluws heideschaap po epidemii
slintavky a kulhavky v Nizozemsku (Windig et al. 2004). Jednim z projevt inbredni deprese
muze byt i vyssi nachylnost k dal§sim onemocnénim a takovato epidemie nasledujici efekt hrdla
lahve mize opét prispét k dalsim ztratdm genofondu (O’Brien & Evermann 1988; Selvaggi &

Dario 2011).

Posledni ¢tyfi vyse zminované faktory vedou ke zmenseni velikosti populace, ktera ¢asto vyusti
v takzvany Alleeho efekt, jimz ekologové oznacuji dvoustupniovy proces zaniku malych

populaci. Tento jev vztazeny na chov hospodaiskych zvitat je popsan na obrazku 1.

alelickd Skodlivé pfinosné
bohatost alely alely

> >
141 Ik
oI (19

Obrazek 1 V prvnim kroku vlivem snizeni populace dojde k nartstu pribuzenské plemenitby,

heterozyg.

naruseni vyvazeného stavu mezi pfirodnim vybérem a driftem a pfipadné muze dojit i
k imigraci vlivem chovatelskych snah o zachranu plemene. To ovlivni genetickou strukturu
populace na trovni heterozygotnosti, alelické bohatosti, frekvencich skodlivych i prospésnych
alel. Tyto zmény genetické variability zpusobi pokles fitness populace prostiednictvim inbredni
deprese, zatéze genetického driftu nebo zatéze migraci (Luque et al. 2016).
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2.3 Inbredni deprese u malych prezvykavci

Inbredni deprese je obecné oznaceni pro zhorSeni vlastnosti souvisejicich s produkei, velikosti
jedincii, reprodukci a celkové zivotaschopnosti populace zatizené inbreedingem (Curik et al.
(ve volné ptirodé i v lidském chovu) pfipadné produkénimi vlastnostmi (v lidském chovu)
(Kristensen & Serensen 2005). Inbreeding zptisobuje nartst podilu homozygotnich tsekl
v genomu, které jsou identické dle ptivodu (Stoffel et al. 2021). Ohledné mechanismu piisobeni
Skodlivych alel pfitomnych v téchto homozygotnich usecich jsou diskutovany hlavné dve
teorie. Podle jedné je inbredni deprese zplisobena Castecné recesivnimi Skodlivymi alelami,
podle druhé za ni mlize zvySeny pocet homozygotnich alel na lokusech, na kterych panuje
vyhoda heterozygotniho zaloZeni, takzvana ,,overdominance* (Charlesworth & Willis 2009).
Dalsim faktorem, ktery muize hrat roli ve vzniku inbredni deprese jsou epistatické interakce
mezi dominantnimi efekty mezi riznymi lokusy. Pokud se heterozygotnost na téchto lokusech
snizuje, snizuje se i priznivy vliv kombinace téchto genti (Paige 2010). Navic je stale ¢ast¢ji
diskutovana moznost epigenetického plisobeni na vznik i zanik inbredni deprese (Nebert et al.
2010; Johannes & Colomé-Tatché 2011; Han et al. 2020; Larison et al. 2021). Tyto skute¢nosti
narusuji linearni vztah mezi stupném inbreedingu a inbredni depresi a délaji hypotézy v této

oblasti obtizn¢ prokazatelné (Howard et al. 2017).

U ovci je vliv inbreedingu na vznik inbredni deprese pomémé dobie prozkouman a byl
zaznamenan u reprodukénich znak jako je fertilita, fekundita a prolifikace u samic (Selvaggi
et al. 2010) a velikost vrhu (Tao et al. 2020). Dale ma znac¢ny vliv na ristové produkcni
vlastnosti jako je vaha ptinarozeni (Analla et al. 1998; Selvaggi et al. 2010; Pedrosa et al. 2010;
Mokhtari et al. 2014; Etegadi et al. 2014; Drobik & Martyniuk 2016), vaha ve dvou mésicich
(Analla et al. 1998; Selvaggi et al. 2010; Pedrosa et al. 2010; Mokhtari et al. 2014; Drobik &
Martyniuk 2016), tfech mésicich (Analla et al. 1998; Eteqadi et al. 2014), Sesti mésicich
(Pedrosa et al. 2010; Eteqadi et al. 2014; Gholizadeh & Ghafouri-Kesbi 2016), deviti mésicich
(Gholizadeh & Ghafouri-Kesbi 2016) i roce v€ku (Gholizadeh & Ghafouri-Kesbi 2016),
pramérmé denni prirtstky (Selvaggi et al. 2010; Gholizadeh & Ghafouri-Kesbi 2016) i
vlastnosti jate¢né upraveného téla (Kiya et al. 2019). V neposledni fadé zptsobuje snizenou
rezistenci vuci patogentim (Selvaggi & Dario 2011) a zhorSenou, byt minimalné, mléénou

uzitkovost (Spehar et al. 2022). Vyzkum u koz v tomto sméru nijak nezaostava. Negativni vliv
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ptibuzenské plemenitby byl pozorovan u znakii mlécné uzitkovosti nadoje (Vostra-Vydrova et
al. 2020; Paiva et al. 2020; Luigi-Sierra et al. 2022) a poctu somatickych bunék (Luigi-Sierra
et al. 2022), reprodukénich znaki vahy vrhu (Mahmoudi et al. 2018) a velikosti vrhu
(Mahmoudi et al. 2018) i znakt uzitkovosti v produkci srsti, jako je vaha srsti (Wang et al.
2013; Rashidi et al. 2015; Dai et al. 2015), délka srsti (Dai et al. 2015) a praimér vlakna (Wang

et al. 2013), ktery je pfi snaze o produkci jemné srsti naopak zZadoucim jevem.
2.4 Ocist'ujici efekt inbreedingu

V souvislosti s teoriemi 0 mechanismu vzniku inbredni deprese je rovnéz Casto diskutovano
pusobeni takzvaného ,,purging” efektu, ocistujiciho efektu ptibuzenského kiizeni, ktery
zpisobi vymizeni §kodlivych alel z populace (Curik et al. 2020). I kdyz byl tento jev ¢astokrat
pozorovan (Mc Parland et al. 2009; Moreno et al. 2015; Robinson et al. 2018; Curik et al. 2020),
je stale nejasné, jakym zplsobem a za jakych podminek k nému dochazi. Cela myslenka
ocistujiciho efektu inbreedingu je zalozena na hypotéze, kterd predpoklada, Zze u inbrednich
potomkll inbrednich rodict se bude méné projevovat inbredni deprese nez u inbrednich
potomku outbrednich rodici, protoze jiz jejich rodice prosli sitem pfirozené selekce a je tedy
mald Sance, Ze jsou nositeli Skodlivych alel (Templeton & Read 1984). Kristensen a Serensen

(2005) shrnuji podminky jeho plsobeni do ¢ty bod.

1. Primérny ucinek Sskodlivych mutaci bude silny ve vztahu k efektivni velikosti populace.
2. Selektivni vlivy, které panuji mezi lokusy, jsou spiSe slabé (napft. epistaze).
3. K pribuzenské plemenitbé nedochazi skokové, ale postupné po nekolik generaci.

4. Nedochazi k primiseni $kodlivych alel imigraci.

Jako prvni se ,,purging* efekt pokusil kvantifikovat Slatis (1960), jeho myslenku rozvedl Ballou
(1997) a ve svém linearnim regresnim modelu zkombinoval negativni plsobeni inbreedingu
s pozitivnim vzajemnym pasobenim ancestralniho inbreedingu a inbreedingu. Jeho model
pozdéji jesté upravili Boakes a Wang (2005) a Suwanleeho a kol. (2007) pak na jeho zakladé
vytvorfil novy typ ancestralniho koeficientu inbreedingu. Jako druzi publikovali sviij model pro
ocistujici efekt inbreedingu Kalinowski a kol. (2000), v jejichz modelu hraje hlavni roli selekce

eliminujici Skodlivé alely z populace hned, jakmile se objevi ve stavu identity dle ptivodu:

S — S(E_Bfoundersfn)’
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kde Sy znaci Zivotaschopnost neinbrednich jedinct, f, je podil genomu kazdého jedince, ktery
je IBD (identicky dle ptivodu) s IBD alelami poprvé v linii tohoto jedince, Bfounders reprezentuje
pocet letalnich ekvivalentli zanesenych do populace zakladateli (Kalinowski et al. 2000). Jako
tieti se touto problematikou zabyvali Gulisija a Crow (2007). Jejich ptistup je zalozen na
vypoctu tzv. vyjadiené prilezitosti k oCistujicimu efektu, tedy potencidlem pro snizeni

genetického zatizeni, které vyvstalo v soucasné generaci kvili pfitomnosti inbrednich predkd:

Og; = Z'ZFi(j)F';
j

kde Fi je pravdépodobnost, Ze alela u jedince i bude autozygotni a bude odvozena od alely
predka j, jedna se tedy o koeficient Castecné piibuzenské plemenitby. F; je koeficient
inbreedingu ptfedka j a to celé je vyndsobeno dvéma, kvtli tomu, Ze homozygotni piedek
ptenese alelu se 100% pravdépodobnosti a ne 50% (Gulisija & Crow 2007). Jejich metoda je
uplatnitelna hlavné ve velmi dobfe zaznamenanych kratkych rodokmenech pouze pro zcela
recesivni a vazne€ Skodlivé alely s nizkou frekvenci. V roce 2012 prezentovala svij inbreeding-
purge model Garciova-Doradova (2012). Rozsah ocisty v ném urcuji mira inbreedingu nebo
efektivni velikost populace s po¢tem generaci probihajiciho inbreedingu. Model je zalozen na
tzv koeficientu ocistného inbreedingu g;, ktery je pro kazdou skodlivou alelu oc¢ekavanou
hodnotou souc¢inu Wrightova koeficientu inbreedingu a jeji frekvence v generaci ¢ déleno

frekvenci v generaci predkt (Garcia-Dorado 2012):

o= 5(()
qo
Tento koeficient inbreedingu je ovlivnén oc€istnym koeficientem piedstavujicim posileni
selekce probihajici ptfibuzenskou plemenitbou (Garcia-Dorado 2012). Tento model byl
nasledné jesté upraven, aby mohl byt koeficient ocistného inbreedingu aplikovan i na
rodokmeny s prekryvajicimi se generacemi a zahrnout daje o kondici jedince do pfedpovéedi
disledkii spolecného piisobeni inbreedingu a ocist'ujiciho efektu (Garcia-Dorado et al. 2016).
Mezitim vytvoftili novy koeficient historického inbreedingu ptredkt Baumung a kol. (2015) se
svym programem Grain. Svym zpisobem navazali na Kalinowského a Balloua, ale jejich
koeficient bere v tivahu, jak Casto byla alela v genomu jedince ve stavu IBD a zohlediuje tedy
miru pravdépodobnosti ocisténi v zavislosti na tom, jak Casto prodélaly alely ptibuzenské
ktizeni v minulosti — byly vickrat vystaveny selekci, a tedy jsou potencidlné méné Skodlivé

(Baumung et al. 2015).
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Tym Lopeze-Cortegana porovnaval oba typy piistupii, jak vyuZiti ancestralniho inbreedingu,
tak inbreeding-purge model (Lopez-Cortegano et al. 2018). Oba podle nich maji své limity.
Prvni ma tendenci nadhodnocovat miru inbredni deprese, pokud pfibuzenska plemenitba plisobi
po dlouhou dobu. Tim dojde k nepfesnym odhadiim pro vyvoj fitness na zakladé¢ primémych
odhadi uc¢inkti ocistujiciho efektu i inbreedingu. Druhy pfistup pfi dlouhodobém ptisobeni
inbreedingu podhodnocuje inbredni depresi, coz je vSak u dostatecné velkych populaci
kompenzovano sou¢asné podhodnocenym ocistnym efektem, takze vysledny odhad fitness je
pomémé piesny. Nicméné obecné doporucuji vyuziti inbreeding-purge modelu (Lopez-
Cortegano et al. 2018). Oba tyto ptistupy vSak opomijeji vliv zmén zivotniho prosttedi v roli
prirozeného nebo umélého vybéru, ovlivijicich velikost inbredni deprese, a v disledku tedy i

na analyzu oc¢ist'ujiciho efektu inbreedingu (Curik et al. 2020).

2.5 Metody hodnoceni genetické diverzity z hlediska ptivodu informacniho

zdroje
2.5.1 Teoreticka hodnoceni genetické diverzity

Do této kategorie je mozné zatadit genealogické analyzy spolu se vSemi ukazateli genetické
variability zalozené na vypoctech pravdépodobnosti identity alel na zakladé ptibuzenskych
vztahli ve sledované populaci. Peclivé zhodnoceni soucasného stavu genetické rozmanitosti
daného plemene je nezbytnym prvnim krokem k jeho zachrané a genealogické analyza je pro
to vybornym nastrojem (Joezy-Shekalgorabi et al. 2016). Neni totiz finanéné¢ naro¢na a data
jsou pro ni ¢asto dobie dostupnd, protoze informace o rodokmenu se bézné¢ zaznamenavaji
v prubéhu let (Sobieraj-Kmiecik et al. 2020). I ptes prekotny nastup molekularné genetickych
metod tak zlistavaji genealogické analyzy uzite¢nym a hojné vyuzivanym nastrojem hodnoceni
genetické diverzity i v souCasnosti jak u koz (Joezy-Shekalgorabi et al. 2016, 2017; Hidalgo-
Moreno et al. 2020; Mandal et al. 2021), tak u ovci (Mokhtari et al. 2013; Borges Barbosa et
al. 2020; Mallick et al. 2020; Illa et al. 2020; Hashemi & Ghavi Hossein-Zadeh 2020). Maji
vSak rovnéz tfadu nedostatki: (i) predpokladaji, Ze zakladatelé rodokmenu nejsou ptibuzni, a
tedy nesou dvé ruzné alely na vSech lokusech; (ii) neumoznuji odhadnout genetické vztahy
mezi subpopulacemi, pokud u nich nejsou zaznamenany rodokmenové souvislosti; (iii)
predpokladaji, ze vlastni sourozenci sdileji presné 50 % gent; (iiii) u celé fady lokalnich plemen
neexistuji rodokmenové zaznamy kviili extensivnimu charakteru systémt chovu (Eusebi et al.

2019).
19



Hlavnim ukolem genealogickych analyz genetické diverzity je kromé zhodnoceni stavajiciho
managmentu chovu navrhnout co nejlepsi systém piipatfovani a optimalni kontribu¢ni selekci
(OCS) pro dalsi generace za ucelem udrzet inbreeding v piijatelnych mezich (Meuwissen
2009). Celogenomové metriky inbreedingu pro to nejsou dostacujici, protoze dva jedinci se
stejnou hodnotou celogenomové piibuzenské plemenitby se mohou vyrazné liSit v zatézi,
kterou nesou (homozygotnost v nékterych oblastech miize byt §kodlivejsi nez v jinych), a jejich
spojeni bude mit tak heterogenni charakter (Howard et al. 2017). Proto byly vyvinuty metody
optimalni kontribucni selekce (OCS) zohlednujici piibuznost mezi v§emi pary jedinct i jejich
plemennych hodnot v minulosti a soucasnosti (Meuwissen et al. 2020). I tento pfistup je vSak

v soucasnosti vytlacovan pfistupy zalozenymi na molekularn¢ genetickych markerech (Gomez-

Romano et al. 2016).

Néekteré studie hodnotici genetickou variabilitu plemen ovci a koz kombinuji pouziti jak
genealogickych, tak molekularné genetickych dat, za ic¢elem postihnuti vyhod i nevyhod obou
pristupti. Napiiklad Rodriguez-Ramilo a kol. (2019) charakterizovali rozdily v odhadech
genetické diverzity zaloZenych na rodokmenech a SNP u plemen lacaune, manech téte rousse,
manech téte noire a basco-béarnaise. Srovnani mikrosateliti s rodokmenovou analyzou
provedli Rochus a Johansson (2017) u plemene Svédské ovce gute a Paiva a kol. (2011) u
brazilské somali. Stejné porovnani mikrosatelitli a rodokmeni bylo provedeno uziu koz tymem
Baldursdottir a kol. (2012) u plemene islandskd koza. VSechny tyto studie zaznamenaly
podhodnoceni parametrti genetické diverzity na zakladé genealogickych zaznamu oproti vyuziti

molekularné genetickych dat.

Nejcastéji pouzivané parametry hodnoceni genetické diverzity prostiednictvim rodokmenti jsou
koeficient inbreedingu, pruméma piibuznost, efektivni velikost populace, geneticky
konzervaéni index (GCI), ekvivalentni pocet kompletnich generaci (CGE), ztrata genetické
diverzity, parametry hodnotici pfispéni predkti a zakladatel, Wrightovy F statistiky a

generacni intervaly.

2.5.2 Hodnoceni neutralni a funk¢éni molekularni genetické diverzity

Popis vS§ech moznych metod, kterymi je mozné sledovat skutecnou genetickou diverzitu malych
prezvykavel je nad ramec této prace. VétSina znich vSak pouziva spolecny prostfedek
k mapovani genomu a tim je takzvany marker. Pfi hodnoceni diverzity se jedna o
polymorfismus v genetické nebo peptidické sekvenci, ktery je pouzit pro sledovani genetické
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variability a pfibuznosti v populaci. Souhrnnou tabulku riznych molekularnich (genetickych)
markerovych systému pouzivanych pro hodnoceni genetické diverzity savcii zobrazuje tabulka

1. Tato prace se ale zamétuje hlavné na pouziti mikrosatelitti a SNP.
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Tabulka 1 Vlastnosti jednotlivych markerovych systému. Pievzato a upraveno z Ortega a

Maldonado (2020).

Markerovy Pocet | Porovnatelnost
Cena | Dédicnost Variabilita
systém lokust | mezi studiemi
alozymy nizka | kod-bip nizka nizky | nizka
RAPD nizka | dom-bip nizka nizky | nizka
RFLP nizka | kod-bip nizka nizky | stfedni
MtDNA nizka | matriliedrni nizkéd/sttedni | nizky | vysoka
Microsatelity | stfedni = kod-bip vysoka vysoky | nizka"
SNPs stiedni | kod-bip stiedni/vysoka = vysoky | vysoka
RADseq nizka | kod-bip sttedni/vysoka | vysoky | nizka
Cileny zachyt
sttedni | rizna sttedni/vysoka | vysoky | vysoka
sondami
Introny sttedni | kod-bip sttedni/vysoka | vysoky | vysoka
Sekvenovani )
vysoka | kod-bip nizka/sttedni | vysoky | vysoka
exonu
UCEs sttedni | kod-bip nizka nizky | vysoka
WGS vysoka | kod-bip vysoka vysoky | vysoka
* Nizkou porovnatelnost dat z mikrosatelith mezi studiemi lze vylepSit pouzitim
vysokorychlostniho sekvenovéni. ,,dom“ = dominantni; ,kod“ = kodominantni; ,,bip* =
biparentalni.

2.5.2.1 Analyzy na zakladé kratkych tandemovych repetic (mikrosatelitl)

Tandemové repetice jsou useky DNA stavajici se z kratky opakujicich se sekvenci nukleotidt
ruzné délky (Giindiiz et al. 2016). Na zaklad¢ délky jejich zakladni jednotky se rozd€luji na
mikrosatelity o délce 1-6 nukleotidovych bazi (Chistiakov et al. 2006) a minisatelity méfici
obvykle od 10 do 60 bazi (Wasko & Galetti 2003). Mikrosatelity jsou v genomu rozmistény
nahodné, kdezto minisatelity se vyskytuji blize k telomeram chromozomi (Yaro et al. 2017).
Mikrosatelity 1ze podle délky zakladni jednotky jeste dale dé€lit na mono-, di-, tri-, tetra-, penta-
a hexanukleotidové, pti¢emz mezi délkou zakladni jednotky a celkovou délkou mikrosatelitu

existuje neptima umeérnost (Fan & Chu 2007). Kratké tandemové repetice (STR) nebo
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mikrosatelity (SSR) patfi mezi nejvice polymorfni markery, které jsou zaroven
v eukaryotickém genomu velmi hojné (Viryanski 2019). To je také ditvod jejich castého

vyuzivani pro studium diverzity, protoze jsou nakladové efektivnéjsi i pfi pouZziti mensiho

mnozstvi vzorkl a zaroven neni potieba ani tolik markerd jako tfeba u SNP (Tall et al. 2005).

Velkou vyhodou mikrosatelitil je vyuzitelnost stejnych primert pro dalsi ptibuzné druhy zvifat.
Pro ovce nebo kozy je tak mozné vyuzivat mikrosatelitni primery vyvinuté pro skot a naopak
(Engel et al. 1996). Ptesto, ze zakladni sekvence mikrosatelitu je v rdmci druhu hospodatského
zvitete stejnd, pocet jejich opakovani se lisi jak mezi plemeny, tak mezi samotnymi jedinci
(Demir et al. 2021). FAO a Poradni skupina ISAG-FAO pro genetickou rozmanitost zvitat
navrhly panely po 30 mikrosatelitnich markerech pro studium genetické rozmanitosti u 9 druhii
hospodaiskych zvitat (mezi nimi i ovci a koz) kvili lepsi porovnatelnosti riznych studii (FAO
2011). Rada autort viak zriznych diivodd tento panel nepouZiva nebo pouZiva jen &ast

mikrosateliti (Baumung et al. 2004; Groeneveld et al. 2010).

I tak jsou mikrosatelity uzitenym nastrojem sledovani diverzity uvnitt populaci, rozdily mezi
populacemi, genetickych vzdalenosti a uspé$né realizace ex-situ zachrannych programi
(Viryanski 2019). Naptiklad Loukovitis a kol. (2022) hodnotili Sest stad ohrozeného
mad’arského merina a objevili nizkou genetickou odlisnost danych stad spolu s vysokym
stupném variability uvnitf stad, které zfejm& zpusobila snaha chovateld vyhnout se
pribuzenskému kiiZeni. Zaroven se jim podafilo identifikovat dvé stada nesouci unikatni alely,
na které by se v budoucnu méla zadchranné plemenaiska prace zaméfit. Nizkou diverzitu mezi
riznymi populacemi nalezli také Dayo a kol. (2022) u ovce djallonké v Guinea-Bissau, a to
dokonce mezi populacemi odlisnych morfotypti. U Tuniského plemene sicilio-sarde byl nalezen
zcela odlisny jev, kdy se chovatelé potykaji s nizkou genetickou odliSnosti jak mezi

populacemi, tak v ramci nich, a tedy i inbreedingem (ben Sassi-Zaidy et al. 2022).

Nejde ale pouze o identifikaci populaci vhodnych pro zatfazeni do zachrannych programd, ale i
konkrétnich jedincti nesoucich co nejvétsi mnozstvi cenné genetické variability — jedince
s nejveétsimi rozdily v genetickych vzdalenostech (Yaro et al. 2017). Diky mikrosatelitim je
rovnéz mozné zafadit jedince do plemene i v pfipadech, kdyz rodokmeny jsou nejasné a
zaroven neexistuje vyrazna fenotypova diferenciace (Baumung et al. 2006). V neposledni fad¢
je nutné zminit roli mikrosatelitli v parentalnich testech. Jejich prostiednictvim sice nelze

genetickou variabilitu vyhodnocovat, ale vyznamné ptispivaji ke zpfesnéni rodokmenovych
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analyz odhalenim chyb v rodokmenu (Al-Atiyat 2015) a potazmo i molekularnich analyz, u
nichz je dilezity vybér neptibuznych jedincti (Harris & Kotze 2002; Sollero et al. 2009;
Mastrangelo et al. 2014).

K vyhodnoceni genetické diverzity pomoci mikrosatelitnich dat se pouziva fada genetickych
parametrii. Tradi¢né se rozd€luji na vnitrodruhové a mezidruhové, ptipadné vnitroplemenné a
meziplemenné. Do vnitroplemennych se fadi primérny pocet efektivnich alel (Ng), primérny
pocet alel na lokus (Na), alelicka bohatost (4R), ocekavand a pozorovana heterozygozita (Hk),
(Ho), polymorfni informacni obsah (PIC), test Hardy-Weinbergovy rovnovahy a Wrightiv
vnitropopulacni fixacni index (F7s). Do meziplemennych se fadi zbyl¢ dva Wrightovy fixacni
indexy Fir a Fst, celd fada genetickych distanci, které pfehledné shrnuji naptiklad Laval a kol.
(2002), a metody genetického shlukovani, které je mozno dale rozd¢lit na ptistupy zaloZené na
modelu (maximum-likelihood, Bayesovské metody) a na tzv. geometrické ptistupy (Beugin et

al. 2018).

2.5.2.2 Analyzy jednonukleotidovych polymorfismil (SNP)

SNP je polymorfismus vyskytujici se v riznych oblastech sekvence DNA, kdy je jeden
nukleotid zaménén za jiny (Kawecka et al. 2016). Ackoliv se teoreticky muze vyskytnout
nahrada jakymkoliv ze zbylych tfi nukleotidovych bazi, v redlu jsou nejcasteji bialelické, a aby
se mohly oznacit za SNP, musi byt frekvence minoritni alely alesponi 1 % (Vignal et al. 2002).
Existuji tfi hlavni diivody, pro¢ u SNP prevazuje bialelicka forma. Prvnim je nahodnost a velice
nizka frekvence mutaci, ktera ¢ini zhruba 10® mutaci na nukleotid v neutralnich oblastech za
generaci (Crow 1995). Pravdépodobnost, Ze k tomu dojde dvakrat na stejném miste, je proto
velmi nizk4. Druhym diivodem je jejich rychlé spontanni vymizeni v disledku genetického
driftu nebo se na néjakou dobu udrzuji v populaci jako vzacné alely s Cetnosti <1 % (Brookes
vzniku tranzici bazi (purin-purin nebo pyrimidin-pyrimidin) nez transverzi (purin-pyrimidin
nebo pyrimidin-purin) (Vignal et al. 2002). V disledku jejich niz$i variability je jejich
informacni obsah zakonité nizsi nez u mikrosateliti — zhruba pét SNP ma stejny informacni

pfinos jako jeden mikrosatelit (Beuzen et al. 2000).

Jako novou moznou technologii pouzitelnou jako molekularné geneticky marker ji navrhl Eric
S. Lander v roce 1996 (Yang et al. 2013). Vyhodou pouziti SNP v dne$ni podobé¢ je v nizké
mife chybovosti, jednodusi kalibrace mezi laboratofemi oproti mikrosatelitim, a tedy i
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hromadéni vétsitho mnozstvi dat z riznych laboratoii a samoziejmée dostupnost velkého poctu
znamych markeri (Kawegcka et al. 2016). Dnesni studie genetické diverzity hospodaiskych
zvitat jsou zalozeny na identifikaci SNP pomoci tzv. ¢ipl. Funguji na principu hybridizace
danych fragmentii DNA s DNA sondami nachazejicich se ve velké hustoté na Cipu (Yang et al.
2013). Pro SNP analyzy u hospodaiskych zvifat jsou stale vice pouzivané mikrocipy s velkym
mnozstvim SNP (¢ipy o 50 000 SNP a vice), kterymi lze prozkoumat genetickou variabilitu
v celém genomu pomoci vazebné nerovnovahy (Gurgul et al. 2014). Nepouzivaji se ale pouze
pro studium variability, ale také pro identifikaci vloh pro zdravi (al Kalaldeh et al. 2019; Lopes
et al. 2020) a produkci (Lee et al. 2012; van der Westhuizen et al. 2019; Xu et al. 2021),
selekénich znakli (Wang et al. 2020; Zinovieva et al. 2020) a vhodnych SNP pro testovani
parentity (Zhang et al. 2018b; Gebrehiwot et al. 2021). Vyuziti komerénich ¢ipt s vysokou
hustotou obecné zavisi na tfech faktorech: (i) stale vysoké cené genotypizace; (ii) vyvoji Cipu
jako takového kviili existenci velkého mnozstvi plemen, véetné syntetickych; (iii) rozdilnych
ucincich DNA markerd v populacich oddélenych prostiedim i geneticky (Koopaece &

Koshkoiyeh 2014).

Kli¢ovym principem pro vyuziti SNP Cipti je vazebna nerovnovaha (LD), ktera je zékladnim
konceptem vsech jejich dalsich aplikaci, jako je vypocet koeficientu inbreedingu, efektivni
velikosti populace i alelickych frekvenci v populaci a jejich zmén (Mészaros 2018). Vazebna
nerovnovaha vsak neni v prubéhu generaci stabilni vlivem probihajici meiotické rekombinace,
ktera s vétsi pravdépodobnosti postihuje od sebe vzdalenéjsi lokusy (Brookes 1999).
V zavislosti na hustoté SNP marker( je moZzné zaméfit se na riizna historicka obdobi vyvoje
druhu, plemene nebo populace, po vzoru ¢im kratsi vzdalenost mezi markery, tim star$i udalost
muzeme odhadovat. U ovci naptiklad i spolecné haplotypy zistavaji ve velké mife zachovany
pro relativn¢ kratSi vzdalenosti neZz u jinych domacich zvifat, coz ukazuje na jediného
domestikac¢niho predka ovce (Kijas et al. 2012a). U hospodatskych zvitat siln¢ pisobi umély
vybér ustalujici pfenaseni specifickych vlastnosti z generace na generaci, a formuje tak
specificky vzor LD pro celé populace (Liu et al. 2017). Tento vzor LD je dale zakladem
celogenomovych asociacnich studii (GWAS), genomické ptredpovédi a mapovani QTL
(Brookes 1999). Jejich tspésnost pro konkrétni plemeno ale zalezi na volbé dostatecné hustoty
markert, kterou je mozné odvodit z rozpadu LD, tj. zavislosti pravdépodobnosti vyskytu LD

na vzdalenostech dvojic markerti (Zhao et al. 2014). Pro detekci asociace v populaci s LD
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pretrvavajici na velké vzdalenosti nebude potieba takova hustota markert jako pro populaci,

v niz LD pfetrvava pouze na kratké vzdalenosti (Meadows et al. 2008).

U malych prezvykavcl se pro studium genetické diverzity nejcastéji pouzivaji SNP Cipy o
stiedni a vysoké hustote. Na Cipu se stiedni hustotou o padesati tisicich SNP hodnotili napiiklad
Meyermans a kol. (2020) genetickou variabilitu belgickych dojnych plemen ovci a na zaklade¢
této analyzy potom navrhli mozna opatieni pro jeji udrzeni. Jiny tym zase pomoci stejného Cipu
odhalili 6-30% zastoupeni merinového genotypu u riznych severoafrickych plemen ovci (ben
Jemaa et al. 2019a). Pomoci SNP ¢ipu s vysokou hustotou byla zkoumana i geneticka variabilita
raznych chovnych skupin kompozitnich plemen ovci terminal sire na Novém Zélandu pro ucely
genomického odhadu a genomické selekce (Brito et al. 2017b). Cipy s nizsi hustotou SNP se u
ovci a koz k tomuto ucelu pouzivaji vyjimecné, i kdyz k zakladnimu porovnani diverzity
plemen se jednotky tisic SNP ukazaly jako dostacujici (McKay et al. 2008; Sveistiene & Tapio
2021).

Vedle vsech vyse popsanych parametrii, které jsou aplikovatelné jak na mikrosatelity, tak na
SNP, existuji i takové, které jsou vyuzitelné pouze pro SNP analyzy. Jedna se o parametry
zalozené na runs of homozygosity (ROH, dlouhé useky homozygotnich genotypd) a
haploblocich. Haplobloky jsou piilehlé SNP v silné vazebné nerovnovaze, které se pouzivaji

pro hledani plemenné specifickych vyznamnych funk¢énich oblasti genomu (Jonas et al. 2017).

2.5.2.3 Analyzy paternalnich a maternalnich haplotypt

Trochu specialnim ptipadem sledovani genetické diverzity savci je molekularni analyza usek
DNA specifickych pro jedno pohlavi. Pro tento typ vyzkumu se u prezvykavcl vyuziva
mitochondridlniho genomu u samic a nerekombinujicich usekli na chromozomu Y u samcti.
Studium variability se u sami¢iho mitochondridlniho genomu nezaméiuje vyhradné na cely
mitogenom (Lancioni et al. 2013; Mustafa 2021), ale ¢asto jen na n¢které hypervariabilni tseky,
jako je nekodujici oblast takzvané D-smycky (kontrolniho regionu) (Rannamie et al. 2016;
Yamanaka et al. 2019; Ma et al. 2021), cytochrom b (Zhang et al. 2016; Prihandini et al. 2020)
nebo jen jednoho z hypervariabilnich segmenti kontrolniho regionu (D-smycky) (Pereira et al.
2006; Phyu et al. 2017; di Lorenzo et al. 2018; Li et al. 2021b). U sam¢iho Y chromozomu se
veédci zaméfuji pfimo na rizné SNP (Edwards et al. 2011; Ma et al. 2021), mikrosatelity
(Edwards et al. 2011; Ma et al. 2021) pfipadné i sekvenaci ¢asti (i celych) konkrétnich genti
(Rannamée et al. 2016; Zhang et al. 2016, 2022; Yamanaka et al. 2019).
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U ovci se metoda porovnavani samicich mitochondrialnich haplotypt pouziva ke studiu
variability od roku 1996, kdy Phua a Wood (2009) identifikovali na zdklad¢ mitochondrialniho
polymorfismu D-smycky prvni dvé haploskupiny A a B. Hlavni prtilom nastal v roce 1998, kdy
Hiedleriv a kol. (1998a) sekvenoval kompletni mitochondridlni genom ovce. Od té¢ doby
vyznamn¢ piispéla k objasnéni ptivodu ovce domaci, jak fylogenetickému (Hiendleder et al.
1998b; Rezaei et al. 2010; Meadows et al. 2011), tak zeméepisnému (Tapio et al. 2006b), k
pfesnému taxonomickému zatazeni jejich blizkych ptibuznych (Wu et al. 2003; Bunch et al.
2006) nebo studiu ptivodu plemen (Gaspardy et al. 2021, 2022) a jejich ptibuznosti (Ibrahim et
al. 2020; Wanjala et al. 2021; Kurukulasuriya et al. 2022).

D-smycka je dlouhd 1180 bp a je umisténa mezi tRNA prolinu a fenylalaninu (Hu & Gao 2016).
U ovci ji Ize rozdélit do tii Casti: 5'-periferni doména (prava doména), centralni konzervovana
doména (cca 200 bp) a 3'-periferni doména (leva doména) (Saccone et al. 1991). Obsahuje velké
mnozstvi variabilnich i hypervariabilnich usekti (Wood & Phua 2009). V oblasti pravé domény
se nachazi pro studium ovéich mitogenomt nejcasteji pouzivany hypervariabilni region D-
smyc¢ky (HVR1) (Mohammadhashemi et al. 2010). Velkou miru variability v sobé nese rovnéz
sttidani 75 b dlouhych repetitivnich sekvenci D-smycky (Xiang-Long et al. 2006):

AATATTAATGTAATATAG AATATTAATGTAATATAG AATATTAATGTAATATAG AATATTAATGTAATATAG AATATTAATGTAATATAG
ACATTAT- ACATTAT- ACATTAT- ACATTAT- ACATTAT-
5 ] ATGTATAAAGTACATTA T? ATGTATAAAGTACATTA T? ATGTATAAAGTACATTA T? ATGTATAAAGTACATTA T? ATGTATAAAGTACATTA § 4
AATGATTTACCCCATG- AATGATTTACCCCATG- AATGATTTACCCCATG- AATGATTTACCCCATG- AATGATTTACCCCATG-
CGTATAAGCACGTACAT CGTATAAGCACGTACAT CGTATAAGCACGTACAT CGTATAAGCACGTACAT CGTATAAGCACGTACAT

Obrazek 2 Obdélniky predstavuji prvni az paté opakovani hlavni sekvence, ve které mize byt

navic jest¢ mutace. T? predstavuje pfitomnost/nepiitomnost vlozené T baze mezi dvé repetice.

Cytochrom b je viibec jednim z nejrozsifencjSich gent pro studium taxonomie savct (Gillman
et al. 2009). Obsahuje totiz jak rychleji, tak pomaleji se vyvijejici pozice kodontl i jiné oblasti
nebo domény (Farias et al. 2001). Rovnéz se jednd o jeden znejdéle a zaroven nejlépe
popsanych mitochondridlnich genti véetné jeho produktti (Esposti et al. 1993). Variabilita jeho
sekvence je dana vyS$S$i mutacni rychlosti nez u ostatnich ¢asti mitochondridlniho genomu

(Castresana 2001).

Ov¢i specificky samci region chromozomu Y (MSY) je studovan z hlediska diverzity mnohem
krat$i dobu nez sami¢i mtDNA. Je to hlavné z diivodu nizké nukleotidové variability DNA Y
chromozomu u savct obecné (Hellborg & Ellegren 2003) i konkrétné piimo v oblasti MSY

(Chan et al. 2012; Bidon et al. 2014). K odhaleni prvniho SNP u ovce v MSY doslo teprve
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v roce 2004 (Meadows et al. 2004). Nyni je jiz znamo vice nez 770 SNP a jeden mikrosatelitni
lokus SRYM18 (Li et al. 2021a). SRYM18 je sloZzeny mikrosatelit v genu proteinu urcujiciho
pohlavi (SRY), ktery obsahuje pentanukleotidovou [TTTTG]n a dinukleotidovou [TG]a repetici
oddélenou bud’ inzerci nebo deleci (indel G/-) (Meadows & Kijas 2009). SRY a DDX3Y (gen
kédujici ATP-dependentni RNA helikazu) zatim zGstavaji jedinymi geny v regionu MSY ovce,
u kterych byl objeven polymorfismus vyuzitelny ke studiu genetické variability ovci (Meadows

et al. 2004; Zhang et al. 2022).

2.6 Parametry hodnoceni genetické diverzity zhlediska velikosti

konzerva¢ni jednotky
2.6.1 Parametry genetické diverzity na urovni ¢asti genomu
2.6.1.1 Shannontlv informacni obsah

I ptes to, Ze v této disertacni praci byl Shannontiv informacni obsah vyuZit k popisu variability
na jednotlivych lokusech, lze jej aplikovat i na vyssi Girovné genetické organizace, jako jsou
druhy i celé ekosystémy (Konopinski 2020). V piipad¢ genetické diverzity ma vzorec pro jeho
vypocet podobu:

Hy = — Z pilogpi,
Kde pi ptedstavuje podil jedinct s i genotypem (Peakall & Smouse 2009).

2.6.1.2 Polymorfni informac¢ni obsah

Jedna se o pravdépodobnost, s jakou bude mozné diky markeru odvodit na zéklad¢ genotypu
potomka, kterou ze dvou alel zdédil od konkrétniho rodice, pokud nebude uvazovan crossing-

over (Guo & Elston 1999). Jako prvni tento index definovali Botstein a kolektiv jako

n n—-1 n
Plhl—(Zzﬁ)—Z > wiv}

i=1 =1 j=it1

pi je frekvence i-t¢ alely v populaci, n pocet alel na lokus (Botstein et al. 1980).
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2.6.2 Parametry genetické diverzity na urovni jedince
2.6.2.1 Koeficienty inbreedingu zaloZené na rodokmenu

Koeficient inbreedingu zalozeny na ztrat¢ predkii (Zn)

Koeficient inbreedingu zalozeny na ztrat¢ predka byl jednim z prvnich definovanych viibec. Je
zalozen na piedpokladu, Ze pokud se v n€které z generaci predka sledovaného jedince vyskytla
blizka pribuzenska plemenitba, tak bude nektery z pfedkli v rodokmenu figurovat vicekrat a
snizi tedy celkovy pocet predkit v rodokmenu (Pearl 1913). Koeficient inbreedingu ztraty
predkil je procentickym vyjadfenim rozdilu mezi maximalnim moznym (p) a skute¢nym (q)

poctem predkli v u dané generaci (n+17) (Pearl 1913):

7 = 100(pn+1 - Qn+1)

n

Pn+1

Koeficient inbreedingu podle Wrighta (F%), rodokmenovy inbreeding (Frep)

Jedna se o nejznaméejsi vyjadreni inbreedingu vibec. Sewall Wright sviij vypocet koeficientu
inbreedingu zalozil na predpokladu, ze pokud je jedinec inbredni, tak jeho rodi¢e musi
v rodokmenu spojovat ptivodové linie od spolecného piedka ¢i predkti (Wright 1922). Spolecny
predek mize byt samoziejmée zapojen do vice linii nebo byt sam inbredni, v takovém ptipade:

Fx _ Z (%>n+nr+1 (1 N FA)

Kde suma znaci soucet vSech pivodovych linii ke spolecnym predktim, n a n' jsou pocty
volnych generaci ze strany otce, respektive matky, a F4 koeficient inbreedingu sledovaného

predka (Wright 1922).

S ptichodem moderni vypocetni techniky se vyvijely i metody a algoritmy vypoctu koeficientu
inbreedingu, byt stale zalozené na ptivodnich Wrightovych predpokladech. Henderson (1976)
napiiklad predstavil zplisob vypoctu inverzni matice piibuznosti pfimo zrodokmenu bez
nutnosti po€itani celé matice a jeji nasledné inverze. Na n¢j navazal Quaas (1976), ktery dale
urychlil vypocetni proces modifikaci umoziujici nalezeni diagonalnich prvk matice
ptibuznosti bez nutnosti jejiho ulozeni do paméti. Vypocet koeficientu inbreedingu je tak

mozno ziskat podle nasledujiciho vzorce:
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Ay =

J

2
LiDjj,

i
=1

kde A4;; je i-ty diagonalni prvek matice ptfibuznosti 4, ktery se rovna koeficientu inbreedingu
zvitete i plus 1 (Quaas 1976). Vypocetni proces byl ale stale casové narocny a vyraznéji ho
urychlili az pozdéji vytvorené algoritmy (Tier 1990; Golden et al. 1991; Meuwissen & Luo
1992; VanRaden 1992; Colleau 2002). Colleauova metoda vypoctu inbreedingu nepiimo
z koeficientll piibuznosti se jesté dockala vylepSeni pro pripad prekryvajicich se generaci
(Sargolzaei et al. 2005), podobné metoda VanRadena piifazujici primérné hodnoty koeficientu
inbreedingu jedinciim s neznamymi rodi¢i v roce jejich narozeni byla nasledné upravena pro
rekursivni postup vypoctu (Aguilar & Misztal 2008). Zatim posledni uspéSnou upravu
algoritmu pro dosazeni rychlejsi metody vypoctu provedl Nilforooshan (2022), jeho metoda je

wevr

Ancestralni koeficient inbreedingu (Fy)

Jako prvni formuloval vypocet koeficientu inbreedingu piedkd (ancestralniho) Ballou (1997),
a to na zakladé myslenky ocist'ujiciho efektu historického inbreedingu v generacich predk.
Podle teorie ocistujiciho efektu inbreedingu ma rozmnozujici se inbredni predek mensi Sanci
predat skodlivé alely, a tedy inbredni zvife s inbrednimi pfedky by mélo mit mensi predpoklady
k projeviim inbredni deprese nez inbredni zviie s neinbrednimi pfedky (Templeton & Read
1984). Ancestralni koeficient inbreedingu tedy charakterizuje rozsah ptibuzenské plemenitby
mezi predky jedince a Ize jej definovat jako kumulativni podil genomu jedince, ktery byl jiz

vystaven ptibuzenské plemenitbé v generaci predki:

Fy = [Fas) + (1 = Fags))Fs + Faay + (1 = Fay)Fal /2,

kde F znaci inbredni koeficienty a indexy s a d jejich hodnoty pro samce, respektive samice
(Ballou 1997). Tento pfistup mél ale fadu nedostatkd, a proto pfisli Suwanlee a kol. (2007)
s upravenou metodou genetického droppingu. Podle ni dostane kazdy zakladatel ptifazeny dvé
jedinecné alely a genotypy jejich potomki ze skute¢ného rodokmenu jsou generovany podle
pravidel mendelistické dédicnosti. Alely, které se vyskytly v rodokmenu poprvé ve stavu IBD,
jsou oznaceny a zapocitavaji se do ancestralniho inbreedingu ptedkl.. Trochu jiny pfistup
rovnéz zalozeny na genetickém droppingu, ale nezaloZeny na kumulativni povaze ancestralniho

inbreedingu navzenou Ballouem, zvolili Kalinowski a kol. (2000). Standartni rodokmenovy
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koeficient inbreedingu rozlozili na dvé slozky — historickou zahrnujici alely, které prosli
inbreedingem v minulosti, a soucasnou, ktera reflektuje alely identické ptivodem poprvé.
V kazdé generaci modelovali klesajici pravdépodobnost imrti jedincii z genetické priciny

prosttednicvim odhadu zmenSujiciho se podilu genomd, které nebyly vystaveny selekci.

Baumung a kol. (2015) pfisli jesté s jinou metodou vypoctu s ndzvem historicky koeficient
predkti (Auc). Tato metoda vypoctu sice stavi na stejném principu mensi Skodlivosti alel, které
se uz v minulosti vyskytly v IBD sestavé, ale na rozdil od Balloua a Kalinowského a kol.
zohlednuje i kolikrat tomu tak byl. Pokud selekce vii¢i recesivnim vloham je mensi nez 100 %,
tak je Auc dobrym ukazatelem piibuzenské plemenitby pfedki, protoze pravdépodobnost
ve stavu IBD (Baumung et al. 2015). Mezi koeficienty inbreedingu zaloZené na historické
pribuzenské plemenitbé a rodokmenovych zaznamech miizeme zatadit i takzvany ocist'ujici
koeficient inbreedingu (g;). Ten méfi ocekavanou frekvenci recesivnich Skodlivych lokust
v homozygotnim stavu, jako funkci ocistného koeficientu (d) vztazenému ke Skodlivym
ucinklim s recesivni povahou. Tedy jakym zplsobem ptisobi ocistujici efekt na diive
naakumulovany inbreeding a jak jeho efektivita nartista s efektivni velikosti populace (Garcia-

Dorado 2012).
Puvodovy koeficient (F%)

Puvodovy koeficient, jak ho stanovil Malécot (1948) a pozd¢ji jako inbredni koeficient i
Crudenova (1949), stoji nékde na pomezi koeficientu inbreedingu a ptibuznosti. Je definovan
jako pravdépodobnost, Zze dva nahodné vybrané geny od dvou jedinci (X a Y) ze sledované
populace budou identické dle ptivodu (Jakubec et al. 2010). Pokud genotypy téchto dvou
jedinct oznacime jako fu a vw, potom se inbredni koeficient jejich potomka Z (ptvodovy
koeficient fxy) vypocita:

=fTV+fTW+fUV+fUW

E,
z 4

Hodnoty fzde zobrazuji prispéni ¢ty predkt T, U, V a W z generace prarodict (Cruden 1949).

2.6.2.2 Genomické koeficienty inbreedingu

Koeficient inbreedingu zaloZeny na nadbytku homozygotnosti (Frou)
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Pivodné byl predstaven v roce 1953, tehdy jesté oznacen jako f(Li & Horvitz 1953). Nyni se
pro tento koeficient zaloZzeny na rozdilu mezi ocekavanym a pozorovanym poctem
homozygotnich genotypt pouziva hlavné oznaceni Froum (Schiavo et al. 2020; Alemu et al.
2021; Caivio-Nasner et al. 2021), dale Fz (Nietlisbach et al. 2019; Zilko et al. 2020), Frrivg
(Huisman et al. 2016), LHR (Wang 2014), Fis (McGivney et al. 2020), Fsyp (Saura et al. 2015;
Rodriguez-Ramilo et al. 2020), Fgr (Brito et al. 2017a) a Fren (Villanueva et al. 2021). Je

mozné jej definovat nasledovné:

212:1 xk(z - xk)
Zzzl 2pp (1 — Pk)’

Fyom =1—

kde xx je pocet minoritnich alel SNP £, px je jejich frekvence a p je pocCet znamych SNP (Yengo
etal. 2017).

Koeficienty inbreedingu na zdkladé diagonalnich elementti genomickych matic piibuznosti (F7,

FI] , FII] )

Stejné jako predchazejici From nalezi FY, F a F''! do kategorie koeficientd, jejichZ piesnost
velmi zavisi na frekvencich alel danych markerti, které jsou odhadnuty pouze z dostupnych
vzorkll sledované populace (Gazal et al. 2014). Prvni z téchto koeficientli (znacen rovnéz
FGerai) je zalozen na rozptylu aditivnich genetickych hodnot, tedy na hodnotach diagonaly
genetické matice pribuznosti vytvorené na zaklad€ informaci z SNP (VanRaden 2008; Yang et

al. 2011):

Z ((xk — 2pi)? 1>

~S 2p (1 = px)

Druhy je zalozen na vétsi mife homozygotnosti (Yang et al. 2011). Pocitd se rovnéz
z diagonalnich elementll genetické matice ptibuznosti druhym zplsobem navrZzenym
VanRadenem (2008), tedy vazenim kazdého z markerovych lokust prevracenou hodnotou
jejich ocekavaného rozptylu. To je hlavni rozdil oproti jeho prvni metodé, ktera vyuziva pro

vazeni sumu rozptyld vSech markert:

(2 = xp)xi

F'=1- —
S Zpk(l Pk)

Tieti a posledni vychazi z korelace mezi sjednocujicimi se gametami (Yang et al. 2010):
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S
FlI — lz X}% B (1 + Zpk)xk + Zp]%
5k= 2p(1 = py)

S je celkovy pocet markerti, xx je pocet minoritnich alel markeru & a py je aktualni frekvence
minoritni alely v populaci (Caballero et al. 2021). U vSech téchto koeficientd existuje velky
nesoulad v jejich oznadovani. F’ se oznaduje rovnéz jako Fory (Zhang et al. 2015; Alemu et
al. 2021; Cortellari et al. 2022), Fyr (Brito et al. 2017a; Rodriguez-Ramilo et al. 2020), Fyz,
(Villanueva et al. 2021; Caballero et al. 2022) nebo Fgcra; (Gazal et al. 2014), F! riizni autofi
oznacuji jako Feceraz (Gazal et al. 2014), Ferue (Solé et al. 2017) nebo Frr2 (Villanueva et al.
2021; Caballero et al. 2022). Oznaceni Fgruy se ale pouziva i pro F! (Huisman et al. 2016;
Bérénos et al. 2016), stejné€ tak oznaceni Feeras (Gazal et al. 2014), Fur (Nietlisbach et al.
2019), F Yang (Eynard et al. 2016) nebo F4yy (Villanueva et al. 2021), Funs (Yengo et al.
2017; Solé et al. 2017; Alemu et al. 2021; Polak et al. 2021) ptipadné pouze Fy (Gurgul et al.
2020).

Koeficient inbreedingu na zakladé maximalni vérohodnosti

Jeho odhady jsou zalozeny na pravdépodobnostnim modelu vzorkovanych dat. V piipade
odhadu inbreedingu to znamena, Ze jednotku vzorkovani tvoii dva jedinci, oba testovani na
daném poctu lokust (Milligan 2003). Piivodné byla tato metoda vyvinuta pro porovnani parové
ptibuznosti (Milligan 2003; Anderson & Weir 2007), pficemz zaloZena byla hlavné na praci
Thompsona, ktery pomoci rovnice pravdépodobnosti porovnaval poméry pravdépodobnosti

markerovych dat v ramci vztahu dvou jednotlivcti (Thompson 1975):
L(A) = Pr(S;|A) = Z Pr(S|s;) 4;.
J

Pr udava pravdépodobnost pozorovani konkrétni alelické kombinace S; pro dva jedince na
jednom lokusu, podle stupné€ piibuznosti A a distribuci alelickych frekvenci (Milligan 2003).
Pravdépodobnost celkového poctu vzorkovanych L lokust je tedy soucin tohoto vztahu nap#ic
lokusy, mezi nimiz neni vazba (Huang et al. 2015). Tento ptivodni vztah byl nasledné upraven
pro moznou strukturalizaci populace, tedy ptipad, kdy sledovani jedinci pochazi ze subpopulace
a znamy jsou alelické frekvence pouze populace celkové (Anderson & Weir 2007). Hall a kol.
(2012) vypracovali dal§i tfi metody maximalni vérohodnosti pfi odhadu koeficientu
inbreedingu. Prvni metoda pracuje s odhadem pouze pro jednoho jedince se znamymi

frekvencemi alel, druhd v sob¢ spojuje jak odhad koeficientu inbreedingu, tak frekvenci alel u
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skupiny jedinct, a tfeti je oSetiena o pfipadnou ptitomnost nulovych alel a zobecnuje tedy
druhou metodu. Podobny algoritmus pouzil i Wang (2022b), i kdyZ vyrazné slozitéjsi, jelikoz
zahrnuje genetickou strukturu. Odhaduje spolecné piibuznost i frekvenci alel iterativné ze
stejného vzorku multilokusovych genotypii a zaroven zohledituje malé velikosti vzorki i mozny

inbreeding.
Koeficient inbreedingu odhadnuty metodou momentt

Jedna se o techniku odhadu parametrti statistického modelu, nachazi hodnoty parametrt, které
vedou ke shod¢ mezi momenty vzorku a momenty populace (Hazelton 2011). Jinymi slovy,
odhady koeficientu inbreedingu zaloZené na této metod¢ paruji momenty vzorku
s odpovidajicimi momenty rozdéleni pravdépodobnosti (Bink et al. 2008). Metoda moment
neni tolik vyuzivana pro odhad inbreedingu jako metoda maximalni vérohodnosti, existuje vSak

nékolik obecné uzndvanych odhadii vyvozenych z koeficientti pfibuznosti.

Prvnim je index podobnosti Sxy, ktery je definovan jako primérna frakce genli na lokusu
referen¢niho jedince, pro n¢hoz existuje u sledovaného jedince jiny gen ve stavu identickém
dle ptivodu (Li et al. 1993). S jeho pomoci odvozeny vzorec odhadu ptibuznosti pro jeden lokus
vypada nasledovné:

_Sxy —So

kde Sxy je index podobnosti nabyvajici na zakladé shodnych alel velikosti 0; 0,5; 0,75 a 1, U
udava hodnotu podobnosti na lokusu mezi dvéma neptibuznymi jedinci u panmikticky se

rozmnozujici populace Sp = Y™, p?(2 — p;) (Lynch & Ritland 1999).

Druhym je odhad pivodné vyvinuty pro pouziti na datech z alozymovych markert, ktery
umoznuje odhad ptibuznosti jak pro par, tak skupinu jedinci (Queller & Goodnight 1989). Jeho

vzorec pro odhad ptibuznosti dvou jedincl stanovili Lynch a Ritland (1999) pro jedince x (s

geny a, b) ay (s geny c, d):

_ O,S(Sac + Sad + Sbc + de) —Pa — Pp

rxy 1+Sab_pa_pb

p znaci frekvence danych alel a S indika¢ni proménnou pro sdileni part alel danych jedinct,

ktera nabyva hodnoty 1, pokud je gen IBD nebo 0, pokud neni (Wang 2002).
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Dalsi, v potadi treti, typ odhadu stanovili Lynch a Ritland (1999) pro molekularni kodominantni
markery pouzit¢ undhodné se rozmnozujicich populacich. Pro jeden lokus mé odhad

nasledujici podobu:

- pa(sbc + de) + Pp (Sac + Sad) - 4papb
¥ (1 + Sap)(Pa + Pp) — 4Paby '

Pro vice lokust je tato metoda oproti pfedchozim dvéma popsanym metodam vypocetné

jednodussi a vykazuje mensi sampling variance (Lynch & Ritland 1999).

V poradi ¢tvrty piistup pro odhad ptibuznosti dvou jedincii z outbredni populace pomoci

kodominantnich markerti navrhl Wang (2002):

4P, +3P, — 2(1 + ay)
ey = 2(1—ay) '

Tento vztah plati pro bialelicky lokus, P; a P; jsou pravdépodobnosti kombinaci vSech Ctyf,

respektive tfi shodnych alel, a a2 znaci soucet alelickych frekvenci (Wang 2002).

Koeficient inbreedingu na zakladé béhi homozygotnosti (Fron) a homozygotnich segmenta dle

puvodu (F)

Dlouhé homozygotni useky chromozomalni DNA neboli béhy homozygotnosti (ROH), byly
prvné objeveny u lidi vroce 1999 (Broman & Weber 1999). Jejich pouziti pro stanoveni
individualniho koeficientu inbreedingu na zaklad¢ ptfedpokladu identity dle ptvodu, bylo

navrzeno o téméef desetileti pozdé€ji (McQuillan et al. 2008).

dron
Frouw = d—'

autozomi

kde drom je suma délky vSech ROH zvifete a duuwozomi je celkova délka genomu pokrytd

sledovanymi SNP (Schiavo et al. 2020).

K jejich detekci se nejCastéji pouzivaji pristupy zalozené na pravidlech, které jsou dany
parametry jako minimalni délka ROH, maximalni povolend vzdalenost mezi sousedicimi
markery, velikost okna nebo pocet chybéjicich nebo heterozygotnich genotypti (McQuillan et
al. 2008; Purfield et al. 2017; Purcell & Chang 2019). Dale to jsou metody zalozené na modelu,
které vyuzivaji pro klasifikaci oken po sob¢ jdouci markery jako IBS nebo IBD na zékladé

pravdépodobnosti vzniku chyb v genotypovani a frekvenci alel markert (Wang et al. 2009;
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Pemberton et al. 2012). Tietim rozsifenym pfistupem je identifikace tisekii homozygotnich dle
puvodu (HBD) s pomoci Markovovych skrytych modelt (HMM). HBD jsou parem haplotypd,
zdédénych od spolecného predka, u nichZ nedoslo béhem generaci k pieruseni mutaci nebo
rekombinaci (Druet & Gautier 2017). Skladaji se tedy z usekit ROH a shodné haplotypové
sekvence jsou identické dle piivodu (Bertrand et al. 2019). HMM pak charakterizuji genom jako
soubor segmentl identickych a neidentickych dle ptivodu (Leutenegger et al. 2003). Tento
puvodni ,,dvoustavovy“ model rozsitili Druet a Gautier (2017) o dalsi tfidy segmenti zalozené
na jejich délce potazmo stai. Ukazalo se vsak, ze tento piistup ma tendenci zkreslovat stafi
HBD segmenti ve sméru k nedavnému vzniku inbreedingu, hlavné u populaci s obecné
vysokou urovni pribuzenské plemenitby (Druet et al. 2020). Proto byl model upraven tak, aby
dochazelo k postupnému modelovani po sobé jdoucich vnofenych trovnich od nejdelsi
ocekavané délky usekit HBD k nejkratsi (Druet & Gautier 2022). Nespornou vyhodou tohoto
pfistupu je jeho moznost pouziti pro odhad inbreedingu piimo v konkrétni Casové vrstve tak, ze
jeho mira neni zavisld na inbreedingu vzniklém v nov¢jSich Casovych vrstvach (Druet &

Gautier 2022). Celogenomovy odhad inbreedingu jedince vyjadiuje nasledujici vztah:

1 M K-1
_ A e
F, _ME <;bm—ZFG .
m=1 c=1

Jedna se o zprimeérovanou hodnotu napii¢ genomem jednotlivych odhadli pro M markerd,
ptipadné soucet realizovanych koeficientd inbreedingu pro vsechny skupiny K, tedy c (¢ € (1,

K-1)) (Druet & Gautier 2022).

F odhadovany z ROH je povazovan za nejucinngjsi metodu detekce efekti piibuzenské
plemenitby v porovnani s fadou alternativnich odhadii inbreedingu (Keller et al. 2011; Schéler

et al. 2020; Dadousis et al. 2022).

2.6.2.3 Geneticky konzervacni index (GCI)

GClI je zalozen na predpokladu, Ze k udrzeni dostatecné genetické diverzity je potieba udrzet

vvvvv

mozné stanovit chovnou hodnotu jedince podle hypotetickych ptispévkl zakladatelt do jeho

genomu (Alderson 1992):

GCI =

Y ¥
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kde p; je podil gent zakladatele i v rodokmenu jedince (Alderson 1992). Idealni jedinec by m¢l
rovnomémé piispéni vSech zakladatelli ve svém genomu, a tedy i nejvyssi hodnotu GCI.
Jednoduchost tohoto indexu s sebou piinasi fadu nedostatkd, jakym je jeho neporovnatelnost
mezi populacemi, nezohlednovani miry chovu na nezakladajici jedince v dalSich generacich

rodokmenu a zavislost na uplnosti rodokmenovych zaznamt (Alderson 1992).

2.6.3 Parametry genetické diverzity na urovni populace
2.6.3.1 Pramémy koeficient piibuznosti (7xy)

Koeficient ptfibuznosti udava pravdépodobnost, sjakou jsou dvé alely od dvou nahodné
vybranych jedincti z populace identické dle pivodu (Blouin 2003). Stejné jako koeficient
inbreedingu je mozné jej pocitat jak zrodokmenu, tak z molekularnich markert, jak pro
jedince, tak zprimérované na celou populaci (Taylor 2015). Odhady z rodokmenu maji sva
omezeni stejn¢ jako u koeficientu inbreedingu. I za ptedpokladu, Ze je rodokmen pfesny a
uplny, je vypocet zatizen moznou chybou v generaci zakladatell, u nichZ se ptredpoklada
nepiibuznost a outbredni ptvod (Stidele & Vigilant 2016). Stejné tak odhady zaloZené na
genetickych markerech mohou byt velmi zkreslené pii pouziti nevhodného zptsobu vypoctu, a
to zvlast¢ u nemodelovych druhd, u nichz mtze byt zndamo malo markerti navic s nizkou
informativnosti (Taylor 2015). V praxi se pouZzivaji predev§im dva typy metod vypoctu r, na
zékladé markerd: metody moment a metody maximalni vérohodnosti (Speed & Balding 2015).
Ty nejvyznamnéjsi z nich uz byly popsany vyse jako metody vypoctu koeficientu inbreedingu.
V teoretickych odhadech jsou frekvence alel znamé z referencni populace predkd, pii jejich
aplikaci na realné podminky je 7y, vétSinou odhadovano pomoci hodnot vypocitanych piimo ze
vzorku jedinct, ktery je k dispozici (Wang 2014; Goudet et al. 2018). Nicméné pocitani
ptibuznosti i alelickych Cetnosti zjednoho a toho samého vzorku s sebou nese pfirozené
vyrazné zkresleni hodnot v diisledku korelace (Wang 2017). Proto fada autort navrhuje, aby
byly chapany pravé jako korelace homolognich genii uvniti a mezi jedinci nebo rozdily

v pravdépodobnostech IBD (Powell et al. 2010; Wang 2014, 2017; Goudet et al. 2018).

2.6.3.2 Wrightovy fixacni indexy (Fis, Fsr, Fir)

Wright (1965) vyvinul systém fixacnich indext Fis, Fsr, Fir (korelaci mezi sjednocujicimi se
gametami) pro popis vlastnosti hierarchicky rozdélenych populac. Jeho pfistup pfifazuje

gametam Ciselné hodnoty a omezuje se na neutralni dialelické lokusy, je tedy trochu umély
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(Nagylaki 1998). Pozd¢jsi studie je ale rozsitrily a upravily na zakladé rozdilt v pozorované a
ocekavané heterozygotnosti podle HWE (Nei 1977; Hedrick 2005), jako funkei sloZek rozptylu
u analyzy rozptylu (Weir & Cockerham 1984; Excoffier et al. 1992; Slatkin 1995) nebo na
zaklad¢ casu koalescence (Slatkin 1991). Jistou protivahou téchto pfistupi je Jostovo D, které
meii genetickou diverzitu na zakladé efektivniho poctu alel (Jost 2008). Je vSak vhodnym
ukazatelem spiSe v ptipadech, kdy je vyzkum zaméfen na jeden konkrétni lokus a jeho mutacni
charakteristiky, a ne pro sledovani celych demografickych procesti zahrnujicich geneticky drift
a migraci (Ryman & Leimar 2009). Piivodni Fsra Neiova uprava Gsr maji fadu nedostatk, ale
i nenahraditelnych vyhod, a jako nulovy model (standard) budou slouzit pro porovnani se vSemi

alternativnimi pfistupy i do budoucna (Ma et al. 2015).

Fstje korelaci mezi ndhodnymi gametami v rdmeci subpopulaci a gametami obsaZzenymi v celé
populaci (Wright 1965). Pokud ma hodnotu blizkou své dolni hranici (0), vyjadiuje vysokou
miru podobnosti alelickych frekvenci u vSech subpopulaci, pokud se blizi své horni hranici (1),
znamena to rozdilné alelické frekvence mezi v§emi subpopulacemi (Dogan & Dogan 2016).
Vysoké hodnoty Fsr mohou byt, ve vztahu k uritym castem genomu, dokonce znakem
pozitivni direkcionalni selekce (Toghiani et al. 2017). Je piimo zavisly na mife ptibuzenského
pareni v kazdé subpopulaci a struktufe populace mezi subpopulacemi a nese tedy informaci o
rozdéleni celkové populace (Ma et al. 2015), ve své ptivodni formé vSak nezohlednuje vliv
mutaci (Verity & Nichols 2014). Fsr na zaklad¢ riznych hodnot heterozygotnosti celkové
populace ve vztahu k jejim subpopulacim je mozné stanovit jako:

(Hr — Hy)

For =
ST HT

kde Hr je prumérnd heterozygotnost celkové populace a Hs primérnd pozorovana

heterozygotnost subpopulaci (Nei 1977).

Fis je podle pivodni Wrightovy definice primérnou hodnotou korelace mezi sjednocujicimi se
gametami a gametami jejich vlastni subpopulace za vSechny subpopulace (Wright 1965). Na
zaklad¢ Neiovy definice jako poméra rozdili genovych heteterozygotnosti lze Fis vyjadfit

nasledujicim vztahem:
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kde Hs je primérna heterozygotnost ocekdvana pti HWE uvnitt subpopulaci a Ho primérna
pozorovana heterozygotnost uvnitf subpopulaci. Fis se da rovnéz vyjadfit jako koeficient
inbreedingu jednotné populace, ktery je zaloZzen na porovnani pozorované frekvence
heterozygotnosti (Ho) s o¢ekavanou (HE), kterd by v této populaci existovala, pokud by se tato
populace nachazela v HWE a k zadné piibuzenské plemenitbé by nedochazelo (Meirmans
2019):

Ho
Fg=1—-(=2
IS (HE>

Fir je korelaci mezi spojujicimi se gametami vytvarejicimi jedince a gametami celkové
populace (Wright 1965), nebo alternativné, odchylkou cetnosti genotypt od predpokladi na
zakladé¢ HWE ve vztahu k celé populaci (Holsinger & Weir 2009). Fir stejné jako Fis mtize
nabyvat zapornych hodnot a da se vyjadfit nasledujicim vztahem (Nei 1977):

Hr — Ho

F.. =
IT HT

Vztah mezi vyse popsanymi parametry lze vyjadiit vztahem (Wright 1965):

Fsr = (Fir — Fi5)/(1 — Fig)

2.6.3.3 Puvodové koeficienty a koeficienty genetické diverzity

Puvodové koeficienty a z nich vychazejici koeficienty genetické diverzity se tykaji vyhradné
rodokmenovych analyz. Hodnoti ztraty genetické diverzity ve sledované populaci relativné vici
populaci zakladatelli, ktefi jsou definovani jako jedinci bez znamych rodic¢i (Lacy 1989).
Vsichni zakladatelé ptispivaji hypotetickym podilem genti do genetického souboru populace a
soucet téchto podili musi byt roven jedné (Boichard et al. 1997). Prvni dva pivodové
koeficienty (efektivni pocet zakladateli f. a ekvivalent poctu genomt zakladatelil fg.) stanovil

Lacy (1989) nésledovné:

1

fe =50ty

pi znaci podil genti zakladatele, kterym pfispel do dalsi generace. f. vyjadiuje efektivni pocet
zakladatelt, ktefi by mohli teoreticky dat vzniknout populaci se stejnou alelickou rozmanitosti
a poctem potomkul v prib¢hu generaci jako ve sledované populaci, pokud by vSichni piispéli

do nasledujicich generaci stejné (Lacy 1989). Pokud by vSichni zakladatelé ptispé€li stejnou
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mérou, pak by se pocty skuteCnych a efektivnich zakladateli rovnaly, pokud ne, ztrata

rozmanitosti bude vyjadfena jejich rozdilem (Lacy 1989).

Nf
fre=1/ (@} /1)

V tomto vzorci je ¢ast alel, kterou prispél zakladatel j oznacena p;, r; je podil zakladatele
zachovany az do referencni populace a Nf udava celkovy pocet zakladateld (Ballou & Lacy
1995). Na rozdil od f. zahrnuje fee do odhadu ztraty variability rovnéz v prubéhu generaci
pusobici geneticky drift a efekt hrdla lahve (Lacy 1989).

Tieti pivodovy koeficient se nazyva efektivni pocet predkil (fz) a na rozdil od f. urcuje
minimalni mnozstvi predkt, ktefi by stacili k vytvofeni stejné genetické variability jako ma
sledovand populace za predpokladu rovnomérnych piispévki (Boichard et al. 1997). Pri
vypoctu jsou piedci (k) vybirani sestupné na zaklad€ jejich marginalnich ptispévka (px), tedy
genetického podilu, ktery jesté nebyl vysvétlen nékterym z jiz vybranych predkt (Boichard et
al. 1997):

Na zékladé pravdépodobnosti genového ptivodu tak musi byt od kazdého ptispévku predka
odecteny prispévky jeho predkd (Boichard et al. 1997).

S pouzitim vySe popsanych odhadl je mozné stanovit pivod a relativni miru zachované nebo
ztracené genetické diverzity v prubéhu generaci. Na zakladé f;. je mozné vypocitat ztratu
variability (1 - GD) v dusledku ptsobeni genetického driftu a nerovnomérného piispéni
zakladatell (Lacy 1995):

GD=1-—.
2fge

S pomoci f. je mozné stanovit ztratu genetické diverzity (1 — GD*) zptusobenou pouze

nerovnomérnym prispénim zakladatelti (Caballero & Toro 2000):

D= 1——
2fe
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Odectenim GD* od GD se ziska vliv samotného genetického driftu na populaci od jejiho vzniku
(Lacy 1995). Druhy zptisob vypoctu je dosazeni takzvaného efektivniho poctu nezakladatela f,
(Bignardi & Santana Junior 2023) piipadné N.,r(Caballero & Toro 2000). £, je mozné vypocitat

na zakladé¢ vztahu:

_ 2N
Yho(1+ Ve )1 - Fe_y)

fn

kde Vi: zna¢i primérmy piispévek predkli v generaci k potomkiim v generaci ¢ a Fi; je

pramérny koeficient inbreedingu v generaci £ — 1 (Caballero & Toro 2000).

2.6.3.4 Efektivni velikost populace

Efektivni velikost populace je definovana jako pocet jedinct, ktefi by pfi rozmnozovani
v idealizované populaci dali vzniknout stejné miie inbreedingu, jako v dané sledované populaci
(Falconer & Mackay 1989). Pti zohlednéni systematickych efektt, jako je selekce, mutace,
rekombinace a migrace, urcuje N. distribuci a mnozstvi celkové genetické variace ptfitomné
v populaci (Wang 2005). Pfi zpétném pohledu je mozné diky ni odvodit rozsah i vzorce
genetickych variaci v populaci spolu s evoluénimi mechanismy, které se na tom podileji
(Barton & Charlesworth 1998). Rovnéz umoziuje odhadnout ztratu a distribuci neutralni

genetické variability a pravdépodobnost fixace alel v budoucnu (Robertson 1961).

Na rozdil od volné¢ zijicich populaci existuje u hospodarskych zvitat moznost jejiho stanoveni
i prostiednictvim demografickych parametrti, coz jako prvni prezentoval Sewall Wright
(Wright 1931), jehoz vypocty dale upravovala a rozvijela fada autorti. Naptiklad stanoveni na
zaklad¢ poméru pohlavi (Falconer & Mackay 1989):

N = N X Ny
" Np+ N’

kde N a Nrjsou skute¢né pocty samci a samic. Dale rozdil v reprodukénim tspéchu vlivem
ruzné velikosti nasledujicich generaci (Falconer & Mackay 1989), nestejné velikosti rodin a
ptekryvu generaci (Emigh & Pollak 1979; Hill 1979). Tyto vypocty vychazejici piimo
z rodokmenu je mozné vyuZzit pouze u populaci chovanych v zajeti. Realizovana efektivni
velikost populace tedy miize vychazet i z nartistu koeficientu inbreedingu AF (Cervantes et al.

2008):
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N = 1
€ 2AF

nebo nartistu piibuznosti ¢ (Cervantes et al. 2010):

N =

¢ 2Ac
Novéjsi zptisob vyuziva k vypoctu efektivni velikosti populace vazebnou nerovnovahu na
autozomech. Prvni publikace popisujici vztah LD a N. pochazejici z konce 60. let minulého
stoleti uvazovaly jako hlavni pfic¢inu LD geneticky drift (Hill & Robertson 1968; Ohta &
Kimura 1969). Dalsi odhady zahrnujici faktory jako vzdalenost markerd, frekvence
rekombinace, velikost vzorku a dalsi, byly rozvijeny postupné celou fadou autorti v pribchu
nckolika desitek let (Sved 1971; Sved & Feldman 1973; Hill 1981; McVean 2002; Hayes et al.
2003). V soucasnosti je pro analyzy s vysokou hustotou markerti asi nejcastéji vyuzivany
Corbintv zpisob vypoctu (Corbin et al. 2012) vychazejici z pivodni rovnice zohlediujici miru

rekombinace (Sved 1971) a linearni nartist N. s po¢tem generaci ¢ (Hayes et al. 2003):

Nrey = (4f(ct))_1 (E[T,fdjlct]_l - Cl);

kde MV, je efektivni velikost populace ¢ pied generacemi vypoétena jako ¢ = (2f (ct))~! (Hayes et
al. 2003).

2.6.3.5 Pramérny pocet alel na lokus ¢i alelicka bohatost (N,4), alelicka diferenciace (A4sr)

Primérny pocet alel na lokus jako ukazatel ztraty genetické diverzity, ukazujici na pokles
velikosti populace a na existenci efektu hrdla lahve, navrhnuli uz Nei a kol. (1975). Pouziti
alelické bohatosti jako miry genetické diverzity ma vSak jedno hlavni uskali, a to vysokou
zavislost na velikosti vzorku a Cetnosti vzorkovani (Kalinowski 2004). El1 Mousadik a Petit
(1996) proto vypocet alelické bohatosti upravili s vyuzitim metody rarefrakce (Hurlbert 1971)
tak, aby vSem sledovanym populacim byla ddna stejna vaha a bylo je tedy mezi sebou mozno
porovnat. Jejich metoda byla pozdé¢ji rozsifena, aby byla piizpiisobena hierarchickému
vzorkovani a zohlednovala i pocty privatnich alel (Kalinowski 2004). Krom¢ rarefrakéni
metody existuje i metoda extrapolacni, kterd je zalozena na pficteni oCekavaného poctu
chybgjicich alel k poctu alel pozorovanych v populaci na zakladé poctu sledovanych gent
v populaci a alelickym frekvencim pozorovanym v celkové populaci (Foulley & Ollivier 2006).

Odlisny pfistup zvolili Caballero a Rodriguez-Ramilo (2010) a vytvofili novy parametr pro
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porovnani alelické vzdalenosti mezi populacemi, ktery uz neni mozné oznacit za alelickou
bohatost, ale za alelickou diferenciaci (A4sr). Na rozdil od alelické bohatosti navrzené El
Mousadikem a Petitem zavisi nejen na primémé alelické bohatosti populace a jejich
subpopulaci, ale rovnéz na konkrétnim rozdéleni alel v subpopulacic. Jedna se o parametr
pattici do skupiny absolutnich alelickych diferenciaci, kam se déle fadi alelické diferenciace

zalozené na Shannonové entropii nebo Jostovo D (Jost et al. 2018).

Obecné alelicka bohatost je vedle heterozygotnosti cennym zdrojem dopliujicich informaci pro
programy zachrany populaci, protoZe je na rozdil od heterozygotnosti vice spojena s odpovédi
na dlouhodobou selekci (Caballero & Garcia-Dorado 2013; Vilas et al. 2015), stejné jako je
citlivéjsi na zmény frekvenci alel béhem efektu hrdla lahve (Luikart 1998; Broquet et al. 2010).
V ptipadé konzervacnich opatfeni u populaci rozdélenych do subpopulaci se alelicka bohatost
jevi efektivnéj$im indikatorem genetické diverzity a populacni management by mél usilovat o
jeji maximalizaci vice nez o maximalizaci o¢ekavané heterozygotnosti (Lopez-Cortegano et al.

2019).

2.6.4 Parametry genetické diverzity pro porovnani vice populaci
2.6.4.1 Genetické vzdalenosti

Genetické vzdalenosti udavaji miru evolu¢ni divergence mezi populacemi pocitanim alelickych
substituci na sledovanych lokusech (Deza & Deza 2014). Na zaklad¢ distribuci alel 1ze
odhadnout genomicky rozdil mezi celymi populacemi i jejich subpopulacemi, a tedy celou
strukturu kterou je mozné vyobrazit pomoci kladogramu ¢i fenogramu (Dogan & Dogan 2016).
Velké genetické vzdalenosti jsou interpretovany jako dasledky divergence pied dlouhou dobou
nebo malého toku genil mezi populacemi za ptedpokladu, Ze evolu¢ni mechanismy (geneticky
drift, migrace, ...) pasobi stile stejnou mérou (Gaggiotti & Excoffier 2000). Ve studiich
populaci pirezvykavcii se nejcastéji pouzivaji nasledujici tfi typy vypoctd genetickych

vzdalenosti:
Reynolds—Weir—Cockerhamova geneticka vzdalenost (Dw)

Reynolds-Weir-Cockerhamova geneticka vzdalenost byla definovana na zakladé modelu
zohlednujiciho pouze vliv genetického driftu na frekvence alel v populaci, ktery vychazi

z koeficientu piibuznosti jako rovnomérné rostouci funkce od ¢asu divergence (Reynolds et al.
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1983). Patfi mezi takzvané euklidovské vzdalenosti, které vychazi ze sumy ctvercii rozdili

alelickych frekvenci (Laval et al. 2002). Pro dv¢ populace x a y je jeji vypocet nasledujici:
DW = _ln(l - 9),

kde @ je koeficient piibuznosti vypocitany z rozptylu mezi (a) a uvnitf (b) populaci x a y jako
al(a+b) (Reynolds et al. 1983). Tato genetickd vzdalenost je nejvhodnéjsi pro studium
kratkodobych evolucnich procest, jaké se vyskytuji naptiklad u plemen hospodarskych zvirat,

u nichz jsou mutace zanedbatelnym zdrojem variability (Tomiuk et al. 1998; Laval et al. 2002).
Neiova standartni geneticka vzdalenost (D)

Tato metoda vypoctu genetické vzdalenosti byla popsana pied vice nez 50 lety, a i pfesto je
stale hojn¢ vyuzivanou v molekularn¢ genetickych studiich z celého svéta (Kandoussi et al.
2021; Odjakova et al. 2022; Sharma et al. 2022). I kdyz byla tato metoda pozdé&ji upravena do
formy nezkreslené Neiovy vzdalenosti (Nei et al. 1983), tak se stale hojn¢ pouziva ve své

puvodni formé:

]XY

NI

v niz Jx, Jy a Jxy oznacuji aritmetické pruméry pravdépodobnosti, kdy dva jedinci vybrani

D=—In

z populace x, y nebo jeden z kazdé z nich, budou sdilet na konkrétnim lokusu stejnou alelu (Nei
1972). Neiova standartni genetickd vzdalenost patii mezi angularni distance definované na
zaklad¢ kosinu thlu koeficientu pfibuznosti mezi vektory alelickych frekvenci (X a Y) dvou
sledovanych populaci (Laval et al. 2002). Predpoklada vznik variability mezi populacemi jak
v dsledku mutace, tak pisobenim genetického driftu. Pokud je populace v rovnovaze,
nepusobi zadna selekce, mutace jsou neutralni a vznikaji konstantni rychlosti na vSech
lokusech, pak wvariabilita roste linearn¢ s casem divergence (Nei 1972). Neni vhodna
k vyhodnoceni velmi dlouhych evoluénich ¢asti u velkych populaci s rychlou mutacni rychlosti,
ani pro populace, jejichZ populace zakladateli nejsou v HWE (Tomiuk et al. 1998). Je ale
nejvhodnéjsi (v ptivodni forme) pro odhad evolucnich Casit z mikrosatelitnich markert

(Takezaki & Nei 1996).
Cavalli-Sforza-Edwardsova tétivova vzdalenost (Der)

Cavalli-Sforza-Edwardsovy vzdalenosti (obloukova a tétivova) byly stanoveny pfi tvorbé

evoluéniho modelu zalozeného na principu vétveni Brownova pohybu a ovlivnéného pouze
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genetickym driftem a nahodnym vybérem (Cavalli-Sforza & Edwards 1967). Stejné jako
Neiova standardni a Neiova nezkreslena vzdalenost patii mezi angularni vzdalenosti (Laval et

al. 2002). Je definovana vztahem:

2\/2 n mj
Dep = EZ 1- 2 VXijYij
= =

kde x;; a y; jsou pocty jedinct nesoucich alelu j na lokusu i, coz je mozné vyjadtit i jako kosinus
uhlové vzdalenosti & mezi dvéma populacemi x a y (cos 8 = ZZ’; M) (Cavalli-Sforza &
Edwards 1967). Navazuje tak na Bhattacharyyaovu vzdalenost stanovenou o dvé desetileti
diive (Bhattacharyya 1946). Oproti Neiové distanci ma dvé hlavni vyhody, prvni spociva
v moznosti zmény velikosti populaci v ¢ase, druha ve standardizaci vzdalenosti na miru
genetického driftu, tedy do jisté miry nezévislosti na pocatecnich alelickych cetnostech
(Macholan 2014a). Spolu s nezkreslenou Neiovou distanci je nejvhodnéjsi pro konstrukci
fylogenetickych stromi z mikrosatelitii jak pro model nekone¢nych alel, tak pro krokovy

mutacni model (Takezaki & Nei 1996).

2.6.4.2 Metody odhadu struktury populace nezaloZzené na modelu (PCA)

V porovnani s metodami zalozenymi na modelu jsou nemodelové metody robustnéjsi, jejich
vypocet je rychlejsi, a je tedy mozné je pouzit pro soubory dat velkych rozmérd (Wang 2022a).
Typickym a v populacni genetice hojn¢ vyuzivanym zastupcem této kategorie je analyza
principidlnich komponent. Jedna se o dimenzialni redukci, pfi niz jsou vybrany hlavni dimenze
(principidlni komponenty) na zakladé jejich vysvétlujici hodnoty, tedy rozptylu dat
promitnutych na danou komponentu (Lee et al. 2009). Sledované genotypy jsou pfi vizualizaci
promitany do prostoru vymezeného osami zvolenych principidlnich komponent a vykreslené
vzdalenosti mezi jejich shluky odrazeji do urcité miry skutecné genetické a ptipadné i
geografické vzdalenosti mezi nimi (Elhaik 2022). V populacni genetice piezvykavci se jedna
o v posledni dobé velice oblibenou metodu pro odhad struktury populaci a genetické podobnosti
mezi nimi, zvlast¢ pro bialelické markery (Gebrehiwot et al. 2020; Eydivandi et al. 2021;
Bhuiyan et al. 2021; Chen et al. 2022; Nel et al. 2022). Pfi interpretaci vysledkt analyzy
principialnich komponent (PCA) je ale nutné zohlednovat jeji limity. PCA vystihuje celkovou
riznorodost mezi jednotlivci, v niZ je ale zahrnuta jak slozka variability mezi skupinami, tak

uvniti skupin (Jombart et al. 2010). Dale ji siln€ ovliviiuje vzorkovani, hlavné nestejna velikost
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vzorkll riznych populaci nebo mala relativni velikost vzorku ovlivitujici strukturu jeho
genetického rozptylu (McVean 2009). V neposledni fadé limituje interpretaci vysledkit PCA
neschopnost rozliSit mezi riznymi populacné genetickymi vlivy vedoucimi ke stejnému stupni

diverzity (McVean 2009).

2.6.4.3 Metody odhadu struktury populaci zaloZzené na modelu

Tento piistup je zalozen na pravdépodobnostnim ramci vystavéném z populacné genetického
modelu (Wang 2022a). Jinymi slovy tyto metody aplikuji na matici ptibuznosti mezi jedinci
klastrovaci algoritmy (Lawson & Falush 2012). Podle nich je moZno je rozdélit na dva hlavni
typy — typ bayesovsky vyuzivajici Monte Carlo metodu Makovovych fetézci (MCMC), ktery
je vyuzivan napi. programem STRUCTURE (Pritchard et al. 2000), a typ maximalni
pravdépodobnosti, ktery pouzivaji napt. FRAPPE (Tang et al. 2005), sNMF (Frichot et al.
2014) a ADMIXTURE (Alexander et al. 2009). Oba dva typy jsou blizce pfibuzné, metoda
maximalni vérohodnosti odhaduje za ptedpokladu urcité hypotézy pravdépodobnost, s jakou
mohla vzniknout sledovana data, bayesovskd metoda kombinuje tuto pravdépodobnost
(aposteriorni) jeSté s a priori predpokladem (apriorni) (Macholan 2014b). V populacné
genetickych studiich to obvykle znamena aplikaci nezavislych apriornich rozdéleni
pravdépodobnosti podle parametrii alelického profilu kazdé populace a posteriornich rozdéleni
pravdépodobnosti ziskanych pomoci algoritmtt MCMC (De lorio et al. 2015). ML metody se
misto na posteriorni vzorkovani zaméfuji na maximalizaci pravdépodobnosti pozorovani
genotypu markeru na lokusu pifi danych frekvencich alel piedkii a z celkového podilu
genetickych pfimési, které maximalizuji pravdépodobnost vzniku daného genotypu, urcuji
clenstvi v jednotlivych skupinach (populacich, subpopulacich, ...) (Tang et al. 2005; Alexander
et al. 2009).
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3 Cil a védecka hypotéza prace
3.1 Cil prace

Cilem prace je zhodnotit ztratu genetické proménlivosti ohroZzenych populaci prezvykavcl

s ohledem na rodokmenové a molekuldrné genetické informace.

3.2 Védecka hypotéza

S vyuzitim molekularné genetickych informaci, v porovnani s genealogickymi daty, dojde

k zptesnéni odhadu genetické diverzity uvniti a mezi ohrozenymi populacemi.
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Based on pedigree information, the population structure, within-breed genetic variability and causes of genetic
variability losses in Wallachian sheep (WS), and Sumava sheep (SS) were studied. The maximum number of
generations observed in both WS and SS was 16, and the equivalent number of complete generations 5.66 and
4.35, respectively. The average generation intervals were in WS and SS 4.33 and 4.72 years, respectively. A span
of four years, 20152018, was used as the reference population (animals from the last generation). The average
inbreeding coefficient and average relatedness coefficient were 5 % and 9 % for WS, while both were 3 % for SS.
The rate of the inbreeding coefficient was 0.5 % in WS and 1 % in SS. The effective number of founders, effective
number of ancestors and effective number of founder genomes were 104, 50 and 22.8 for SS and 39, 21 and 10.28
for WS. The effective population size based on an increase in the inbreeding coefficient and computed based on
average coancestry were 50.61 and 64.5 in WS and 99.56 and 166.14 in SS. These results indicate a low value of
genetic diversity in Wallachian sheep. The loss of variability was caused by the bottleneck effect and partly also
genetic drift and the unequal contribution of the founders.

1. Introduction

A genealogical analysis is still an efficient method for genetic di-
versity evaluation in the 21st century. If a sufficient pedigree size and
completeness are available, it provides a great deal of information on
total genetic diversity. Such information is essential for the identifica-
tion of endangered populations and the implementation of conservation
measures.

Currently, many indigenous farm animal breeds are endangered by a
loss of genetic diversity across the continents and species, including pigs
(Krupa et al., 2015; Pattison et al., 2007), sheep and goats (Hasinah
et al., 2015; Lenstra et al., 2017; Qwabe et al., 2013; Sharma et al.,
2016), horses (Pinheiro et al., 2013; Vostra-Vydrova et al., 2016) and
cattle (Browett et al., 2018; Jemaa et al., 2019; Sudrajad et al., 2017).
The main reasons for loss of genetic diversity are the pressures of
modern agriculture and the latest animal product manufacturing
methods. Not only within-breed diversity but also entire breeds can
disappear. It should be noted that the disappearing genetic variability is

* Corresponding author.
E-mail address: machovakarolina@af.czu.cz (K. Machova).

https://doi.org/10.1016/j.smallrumres.2020.106301

mostly unknown and undocumented. Many valuable genes have been
lost forever, even though they could be beneficial in the future (Bruford
et al., 2003).

Europe, Caucasus and North America are the regions that have
incurred the highest loss of genetic diversity of breeds. It is caused by
specialised systems of animal production with a small number of
dominant breeds in these regions and a considerably lower amount of
information in other regions. At the same time, in the European-
Caucasian region, the highest number of breeds has been included in
conservation programmes (FAO, 2020).

The indigenous breed of Wallachian sheep belongs to the group of
Racka sheep (with spiral-shaped horns) originated in the Balkan
Peninsula. Wallachian sheep were introduced into the area of the Czech
Republic in the 15th-16th century after Wallachians colonisation of the
Carpathian Mts. (Milerski, 2019a). It is a triple-purpose breed kept for
meat, milk and wool. The animals of this coarse wool breed are very
modest, long-lived and adapt themselves well to extreme climate
conditions.

Received 24 June 2020; Received in revised form 19 November 2020; Accepted 8 December 2020

Available online 13 December 2020
0921-4488/© 2020 Elsevier B.V. All rights reserved.



K. Machova et al.

Sumava sheep replaced autochthonous sheep, and their gene pool is
from the Czech rustic sheep (Horak, 2012). However, the origin of rustic
sheep is not precisely known. Primitive Northern, Eastern and Central
European sheep contributed to the formation of this indigenous sheep.
Subsequent large-scale crossing with breeds of the Merino type led to the
almost full extinction of the Sumava sheep that were partly preserved
only in small flocks in the foothills and mountain areas of the Sumava
Mts. (Milerski, 2019b). Gradual regeneration was carried out by the
selection of phenotypically similar individuals (Jandurova et al., 2005)
and, since the 1950s, by further crossing with phylogenetically related
breeds (Horak, 2012). Hence, proportions of Cheviot, Tsigai alba, East
Friesian sheep, Kent and Texel breeds can be found in their current gene
pool (Milerski, 2019b).

Both breeds have influenced sheep farming in the mountain and
foothills areas of Central Europe for many years. However, they have a
role in modern farming systems. These are resistant animals with good
grazing ability, and they are excellent for landscape maintenance, agro-
tourism and hybridisation programmes in production flocks.

The genealogical analysis of indigenous sheep breeds has been
described in some studies (Gowane et al., 2014; Goyache et al., 2003;
Rochus and Johansson, 2017; Venkataramanan et al., 2013). Previously,
two pedigree studies of the indigenous and Improved Wallachian sheep
have been conducted in Slovakia (Oravcovd and Krupa, 2011; Oravcova
and Margetin, 2011). No such study has been carried out for Wallachian
and Sumava sheep.

The objective of this study was to analyse the within-breed genetic
variability of Wallachian and Sumava sheep and to describe the de-
mographic structure of their populations based on pedigree information.

2. Material and methods
2.1. Data

Pedigrees of two Czech national sheep breeds included in the gene
resource conservation programme, Wallachian sheep and Sumava
sheep, were analysed. The pedigree data of Wallachian sheep contained
10 637 animals registrated in the years 1983-2019, and the Sumava
sheep pedigree contained 58 852 animals registered in 1975-2019. For
all animals with unrecorded sex, sex was assigned based on their posi-
tion in reproduction as a dam or a sire.

A reference population was created from individuals born in the
years (2015-2018) to evaluate the current gene pool of WS and SS. The
year 2019 was not included because data for that year were not com-
plete at the time of data processing. The span of four years was chosen
because, among small ruminants, four years covers roughly the whole
last generation, and it has been used for the creation of a reference
population by many authors (Gowane et al., 2014; Mokhtari et al., 2013;
Sheikhlou and Abbasi, 2016). In the Wallachian sheep, the reference
population comprised 4 619 animals, including 2 321 females and 2 298
males. In the Sumava sheep, the reference population had 8 877 ani-
mals, including 4 500 females and 4 377 males.

2.2. Pedigree completeness

An evaluation of pedigree completeness is essential for correct
interpretation of the results of the genealogical analysis. Four parame-
ters of pedigree completeness were evaluated before this analysis: the
mean of complete generation equivalent (CGE) (Boichard et al., 1997),
the maximum number of generations, number of complete generations
(CG) (Mwangi et al., 2016), and pedigree completeness index (PCI)
(MacCluer et al., 1983).

2.3. Genetic variability

The pedigree data were used to estimate the genetic variability of the
analysed populations. The genetic variability was estimated based on
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the probability of gene origin and the probability of identity by descent
by the following parameters:

e Inbreeding coefficient (Meuwissen and Luo, 1992), average

inbreeding coefficients per registration year, rate of inbreeding

(Gutierrez and Goyache, 2005) and average relatedness (Dunner

et al., 1998).

Genetic conservation index (GCI) (Alderson, 1992).

e Ancestors and founders with the highest genetic contributions, the
total number of ancestors and founders, the effective number of
ancestors (fg) (Boichard et al., 1997), the effective number of foun-
ders (fe) (Lacy, 1989), and the effective number of founder genomes
(fge) (Lacy, 1989).

o The loss of genetic diversity based on genetic drift and a bottleneck
effect (1 — GD) and the loss of genetic diversity based on unequal
contributions of founders (1 — GD*) according to Caballero and Toro
(2000).

2.4. Effective population size

Effective population size (realised effective population size) from an
individual increase in inbreeding (Gutiérrez et al., 2008) and an increase
in the pairwise coancestry between individuals (Cervantes et al., 2011)
was calculated.

All parameters of the genealogical analysis were computed using the
programme Endog version 4.8 (Gutiérrez et al., 2010).

3. Results
3.1. Basic demographic data

The pedigree records for the Wallachian sheep were collected from
1983 to 2019. In a total of 255, animals with an unknown birth date
were considered as founders. The pedigree of the Sumava sheep dates
back to 1975 and contains 5 027 individuals with unknown dates of
birth. The numbers of individuals registered in each of the years are
shown in Supplementary Figure S1.

The Sumava sheep population size rapidly increased after 1996.
Since 2000, the number of animals has been relatively constant. The
development of the Wallachian sheep population was somewhat more
balanced, and it steadily increased until 2018.

The use of sires and dams in reproduction is shown in Supplementary
Figures S2a, b (WS) and S3a, b (SS). The sires that became fathers of a
single offspring accounted for the highest percentage, in both the Wal-
lachian sheep (16 %) and the Sumava sheep (75 %). Wallachian sheep
fathers with more than thirty offspring represented only 2.3 % of the
total number of fathers. The most frequently used sire produced 251
offsprings. Approximately 94.8 % of the total number of 5 113 registered
males were excluded from breeding, i.e., 5 % positive selection. In dams,
the selection was 42 % (2 322 dams out of 5 522 females).

The Sumava sheep sires with a single offspring accounted for three-
quarters of the total number of registered males. Sires with more than 46
offspring accounted for 1.5 % of all sires. The most frequently used sire
produced 528 offspring. Selection among all sires in the total population
was 13.7 % (3 190 out of 23 365). Selection in dams was the same as in
the Wallachian sheep 42 % (14 920 dams out of 35 487 females).

The average generation interval for the WS reference population was
4.33 years for both dams and sires. The values between the particular
categories were as follows: sire-son = 4.22, sire-daughter = 4.05, dam-
son = 4.28, and dam-daughter = 4.63. In SS, the average generation
interval was 4.72. Genetic intervals for the particular pathways were as
follows: sire-son = 4.58, sire-daughter = 4.66, dam-son = 4.81, and
dam-daughter = 4.83.
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3.2. Evaluation of pedigree completeness

A maximum of 16 generations could be traced back in the pedigree of
the Wallachian sheep. The average number of complete generation
equivalents (CGE) was 5.66. The pedigree completeness index (PCI) of
the WS reference population was 1 for five generations back. In the
Sumava sheep population, the maximum number of generations traced
back was 16, and the average number of CGE was 4.35. The value of PCI
for the SS reference population was 1. For the two reference populations,
information about the pedigree can be taken as complete. In the WS
pedigree, 50 % pedigree completeness was obtained in the sixth gen-
eration back, but in SS, it was between the fifth and fourth generation
back. Pedigree completeness in further generations is illustrated in
Supplementary Figure S4.

3.3. Inbreeding coefficient (F) and average relatedness (AR) coefficient

The rate of inbreeding coefficient computed based on CGE was 0.97
% in the Wallachian sheep during the entire studied period. The AF in
the Sumava sheep was 0.48 %. The trends of F for SS and WS during the
studied period are illustrated in Fig. 1. Average values of inbreeding
coefficientand average relatedness for the WS reference population were
0.53 (F) and 0.92 (AR), respectively. In SS, the values of both parameters
were lower, with an inbreeding coefficient of 0.031 and an average
relatedness coefficient of 0.026.

The inbreeding coefficient in the Wallachian sheep showed dramatic
fluctuations until 2011. When the number of registered animals per year
exceeded 500, its trend was stabilised. On the other hand, F in the
Sumava sheep steadily increased to almost 4 %, despite the larger
pedigree size and the balanced development of the population observed
since 1999 (Fig. 1).

3.4. Genetic conservation index (GCI)

The average GCI gradually increased in both breeds during the
studied period. It reached the highest values in 2018, when its average
value for newly registered animals was 21.5 % in WS and 49.4 % in SS,
as illustrated in Fig. 2.

3.5. Probability of gene origin

All parameters of the probability of gene origin in the reference
populations of both breeds are documented in Table 2. The WS reference
population was composed of 156 founders, while the reference
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population of SS consisted of 782 founders. The effective number of 39
founders accounted for 25 % of the total number of WS founders, while
in SS, the effective number of 104 founders accounted for 13.3 % of the
total. The number of main ancestors that contributed to 50 % of the
genetic variability was 8 for WS and 19 for SS. The most important
ancestor that contributed to the WS reference population had a contri-
bution of 11.6 %. The marginal contribution of the most important
ancestor in SS was approximately 7.7 %. The cumulative genetic con-
tributions of the ancestors and founders are shown in Supplementary
Figures S5a and S5b. In both breeds, both curves are very steep at first,
which indicates the high genetic proportion from a small number of
ancestors. The effective number of founders was distinctly different from
the effective number of ancestors in both breeds. Their ratio indicates a
strong bottleneck effect. The effect of genetic drift was approximately
identical in WS and SS. The ratio of the founder genome equivalent to
the effective number of founders revealed that up to 74 % of the original
genetic variability in WS and 78 % in SS were transferred to the current
population due to the effect of genetic drift.

In the studied period, total loss of genetic diversity in WS were 4.9 %,
and less than 1 % of these losses were caused by founders’ unequal
contributions, while a major portion was due to genetic drift. In SS, total
losses of genetic variability reached about half that value (2.2 %), while
the roles of genetic drift and founders’ unequal contributions were
similar. The main indicators of genetic diversity are ssummarised in
Table 1.

3.6. Effective population size (N,)

The effective population size based on an increase in the inbreeding
coefficient (N.r) was 50.61 animals in WS and 99.56 animals in SS. The
effective population size computed based on average coancestry was
64.50 in WS and 166.14 in SS.

4. Discussion

This study is the first genealogical analysis performed on the Czech
genetic resources of sheep breeds. High informativeness of the input
data is essential to provide the most accurate estimate of studied pa-
rameters. For this reason, the values of the maximum number of gen-
erations that can be traced back and CGE and PCI should be as high as
possible. In both studied breeds, the pedigree depth was 16 generations
back, and the values of CGE (5.66 and 4.35) can be considered as very
good in comparison with other breeds. These numbers are much higher
than those in the Brazilian Somali sheep of 2.93 (Figueredo et al., 2019),
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Fig. 1. The trend of inbreeding coefficient (F) in Wallachian (1983-2018) and Sumava sheep (1975-2018). The question mark denotes animals with an unknown

date of birth.
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Fig. 2. An increase in genetic conservation index (GCI) during the registration years in both breeds.

Table 1
Probability parameters of gene origin and genetic diversity of the reference
population.

Reference population SS WS

Number of animals 8877 4619

Total number of founders (f) 782 156

Effective number of founders (f,) 104 39

Effective number of ancestors (f,) 50 21

Founder genome equivalent (fg) 22.797 10.276

Effective number of founders/effective number of ancestors 2.080 1.857
(fe/fo)

Founder genome equivalent/effective number of founders 0.219 0.263
(fee/fe)

Effective population size based on an individual increase of 99.558 50.615
inbreeding (Nr)

Effective population size based on an average increase of 166.139  64.496
coancestry (Nec)

Average inbreeding coefficient (F) 0.031 0.053

Average relatedness (AR) 0.026 0.092

Increase of inbreeding per generation (4F) 0.005 0.010

Losses of genetic diversity through:

Uneven contribution of founders and genetic drift GD 0.022 0.049

Uneven contribution of the founders GD* 0.005 0.013

Genetic drift 0.017 0.036

Indian Nilagiri sheep of 3.75 (Venkataramanan et al., 2013), Segurena
sheep of 1.23 (Barros et al., 2017) and Xalda sheep of Asturias of 1.09
(Goyache et al., 2003). The PCI values for the whole population of WS
for three generations back were as follows: 97.90, 95.62, and 91.10.
These values for SS were somewhat lower: 89.34, 81.11, and 71.58. Still,
these values indicate the high pedigree completeness and the high
quality of records in the most recent years of sheep breeding, when
considering that these values for the reference population are constantly
increasing

The average generation intervals computed in this study (4.22 and
4.58) were higher compare to other native breeds that are usually from 3
to 3.5 (Goyache et al., 2003; Sheikhlou and Abbasi, 2016; Tahmoorespur
and Sheikhloo, 2011; Venkataramanan et al., 2013). In WS and SS, there
is no distinct difference in generation interval between the particular
pathways, which means that both males and females are used for
breeding for approximately the same length of time. This situation is
different in the population of the indigenous Wallachian sheep in
Slovakia, where the rams are quickly exchanged in each flock, and their
generation interval is shorter. However, this Slovak study included a
very small population of 137 individuals (Oravcova and Krupa, 2011).
According to Ghafouri-Kesbi (2012), a higher generation interval is
indirectly proportional to the interannual loss of genetic diversity. For
conservation flocks, the longest possible generation interval is desirable

because it reduces the increase in inbreeding, although it also decreases
genetic gain.

The excessive use of individual sires significantly contributes to a
decrease in genetic variability. The reproductive potential of females
compared to males is limited without the use of biotechnologies, as
confirmed in Supplementary Figures S2b and S3b. The representation of
sires in the flock seems relatively balanced in both of these breeds
because, as shown in Supplementary Figures S2a and S3a, the majority
of the males contribute only with a small number of offspring. Even a
single, excessively used sire can significantly diminish the genetic
variability of a breed if the reproduction of its offspring is also excessive.
These ancestors can be identified based on their high relative contri-
bution to the reference population.

The average genetic conservation index was gradually increasing in
both breeds. The increase in GCI was steeper in SS than in WS. The
highest interannual increase between 2012 and 2013 was almost 5.8 %
in SS. The mating of animals explains the lower value of GCI in WS with
different proportions of the founder population genotype. In SS, more
than 45 % of the founder population has been conserved in the current
population, while in WS, it has only been 20 %. A rising GCI indicates an
increasing number of founders in the pedigrees of individuals, which
implies good breeding practices on farms related to efficient use of
particular animals in breeding.

The founder contributions to the reference population of each breed
were unequal. Selection (either natural or artificial) reduced the number
of ancestors necessary to explain the current variability to 21. To explain
50 % diversity of the reference population, the same low number of
ancestors as in Brazilian Somali sheep would be sufficient (Figueredo
et al., 2019). The situation in SS is not much better. Although this breed
has a higher number of records in the pedigree, 19 ancestors would be
sufficient to produce the current population variability. This number is
lower than Barros et al. (2017) found for the Segurena breed (425) or
that Oravcova and Margetin (2011) found for the Improved Wallachian
(246) and Tsigai sheep (107). The fg, it is a relative parameter
comprising founders’ unequal contributions, bottleneck effects and
random genetic drift related to the particular population of founders
(Lacy, 1989). Conservation of original diversity in SS was twice as
successful as in WS.

The average inbreeding coefficient in WS fluctuated highly during
the period of breed regeneration due to the need to increase the stocks at
the cost of distant or close inbreeding. Since 2000, it has stabilised
around a value 0.05. On the other hand, it has been rapidly increasing in
SS since 2000. Leroy (2014) reported the deterioration of various traits
due to inbreeding depression in sheep and cattle on average by 0.56 %
per 1 % increase in inbreeding. The birth weight of a lamb seems to be a
very important area with an inbreeding depression effect. Its decrease



K. Machova et al.

per 1 % increase in F across breeds is from 0.001 % to 12.9 % (Barczak
et al., 2009; Gholizadeh and Ghafouri-Kesbi, 2016; Selvaggi et al., 2010;
van Wyk et al., 2009). The manifestation of the inbreeding depression
can be seen in the number of lambs born per total number of lambings in
relation to a 1 % increase in the dam’s inbreeding. Van Wyk et al. (2009)
studied this phenomenon and found a decrease of 0.04 % lambs in
Elsenburg Dormer sheep, as well as Selvaggi et al. (2010). The latter
reported revealed a decrease of 1.03 % in Leccese sheep. The increase in
Fhas a cumulative effect, and in the WS breed, it could increase the total
inbreeding coefficient by 6-7 % over 30 years. According to the CGRFA -
Commission on Genetic Resources for Food and Agriculture (2013),
based on AF, this breed would belong to an intermediate category be-
tween the vulnerable and endangered breeds.

The inbreeding coefficient is complemented by average relatedness
because its values are predictive for the long-term development of F. If
AR is high, it is difficult to choose suitable unrelated individuals for
mating (Goyache et al., 2003). The individuals within both reference
populations are genetically related. Nevertheless, the relatedness in SS is
not very high (2.6 %); it is higher than in the Segurena breed (0.06 %) as
determined by Barros et al. (2017) but lower than in the Xalda sheep of
Asturias (3,6 %) described by Goyache et al. (2003), or the Malpura
sheep (5.1 %) described by Gowane et al., 2014. The average relatedness
of the WS reference population is much higher (9.2 %)compared to SS.
When selecting the animals for breeding, it will be necessary to examine
their relatedness and select individuals with the lowest possible AR.

According to the CGRFA (2013) recommendation for the populations
included in the vulnerable category, an effective population size higher
than 50 animals should be maintained, and this requirement is met in
both studied breeds. A comparison of two parameters, the effective
population size Ngr and N,c, shows the population structure and the
possible effect of preferred rams on the formation of subpopulations.
When the ratio Nep/N,c is higher than one, the population consists of
several subpopulations (Cervantes et al., 2011). In both Wallachian and
Sumava sheep, the value of this ratio was smaller than two (1.67 in SS
and 1.27 in WS). Despite of the fact showed that the genetic diversity of
their populations is not very high because of the historical development,
the current management of these breeds seems to be optimal.

5. Conclusion

The historical development of a population can be determined from
pedigree data. The results of the evaluation of the gene origin indicate
that the populations have lost a significant part of their genetic vari-
ability compared to the original population of founders. Based on the
values suggesting an average increase in inbreeding and effective pop-
ulation size in the reference population, it is concluded that both breeds.
Mainly Wallachian sheep have probably been influenced by inbreeding
depression. Wallachian sheep are on the edge of critical values, and for
the Sumava sheep, the inbreeding coefficient is increasing rapidly while
the population size stagnates. However, with good management, the
breeds have a good chance of maintaining their present genetic di-
versity, because both breeds also have a cryopreservation programme.
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Abstract

In 1919, the European bison population became extinct in the wild. The rescue of the low-
land subspecies and the whole species was achieved mainly thanks to individuals from the
Biatowieza Forest (Polish-Belarusian border). There are currently two breeding lines—the
lowland (purebred B. b. Bonasus) founded by 7 individuals and the lowland-Caucasian
(hybrids of B. b. Bonasus and B. b. caucasicus) founded by 12 individuals. This genealogical
study was conducted on 15,071 individuals recorded in the pedigree book between 1881
and 2020. Its objective was to determine the level of genetic variability and inbreeding
almost 100 years after the rescue measures were initiated. The completeness of the pedi-
gree of the reference population was 77% in the fifth generation backwards. A maximum of
23 generations can be traced back in the pedigree. The average inbreeding coefficient and
the mean average relatedness of the reference population were very high, about 17% and
16% respectively. No significant amount of new inbreeding was discovered. The reference
population has lost 9.11% of the total genetic diversity compared to the population of foun-
ders. A male of the Caucasian subspecies Kaukasus was discovered among the ancestors
of the lowland lineage reference population. The effective population size calculated based
on the increase in inbreeding was 23.93 individuals, based on complete generations equiva-
lent it was 16.1 individuals. Wright's F-statistics showed very small differences in genotypic
frequencies between individuals within the two lineages in the reference population (F;s =
0.10), between individuals and the total population (F;r= 0.04) and low differentiation
between lineages (Fst= 0.06). The population of the European bison from the Biatowieza
Forest is generally very uniform but still shows good fitness.

Introduction

The Wisent or European bison (Bison bonasus) is Europe’s largest herbivore inhabiting almost
the entire continent during the middle and late Holocene [1]. It belongs to the genus Bovini
and is crossable with other genera Bos and Bison members, while fertility is preserved in
female F1 hybrids [2]. Originally, there were two species of wild aurochs present in Europe
since ancient times, in addition to the wisent, it was also Bos primigenius, which became extinct
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in 1627 [3]. Wisent had to face a similar fate. It became extinct in Western Europe in the elev-
enth century [1] and during the Middle Ages, its numbers continued to decline due to habitat
fragmentation and hunting [4]. In the eighteenth century, its area of distribution was limited
to only two areas—Bialowieza Forest in present Poland and the Caucasian region in the
Kuban region (Russia). Both populations were almost extinct after the First World War, and
the last refuges remained zoos, the Ascania-Nova reserve in Ukraine, and populations of
imported animals from Bialowieza Forest in southwestern Upper Silesia [5]. In 1919, with the
last individual killed in the Bialowieza Forest, it became extinct in the wild.

In 1923, for the first time, a systematic effort appeared to preserve this species in two sub-
species, Caucasian B. b. caucasicus and lowland B. b. bonasus. However, the catalogue of living
animals already numbered only about 50 individuals, in which the Caucasian subspecies were
represented by only one bull [6]. The next record speaks of a total of 69 animals, some of
which were subspecies hybrids [7]. In 1932 the pedigree book was finally published [8]. By the
end of the 1930s, it was already clear that not enough purebred animals were alive to keep the
two purebred subspecies of wisent, so only the lowland subspecies and its hybrids with the
Caucasian subspecies were preserved [9]. At the same time, efforts were made to create a sup-
portive population formed by crossing surplus male wisents with American bison cows and
gradually crossing back their offspring with wisents [10]. Unfortunately, some purebred herds
were subsequently contaminated with American bison or even domestic cattle from hybrid
animals. On the first of January 1947, there were only 97 purebred wisents in Europe [9]. How-
ever, all of these animals, which participated in reproduction after the First World War, origi-
nated from only 12 completely different pairs of allelic sets [11]. Several couples from the
original seventeen founders only had a single offspring or a single inbred grandchild.

After the Second World War, a somewhat chaotic period of entries in the pedigree book
began. Firstly, no records were kept at all during the war, secondly, part of the records was
destroyed during the war by bombing (because of this, records continued to be kept from
number 471) and thirdly, there were several years of delays between recording and issuing rec-
ords [8]. During such a long time, some individuals managed to be born and die without being
recorded. The first release of bison into the wild took place in 1952 in Bialowieza Forest [12].
However, the number of animals has grown so much at that time, that the bison was reintro-
duced to several areas of eastern Europe in the 1960s - Russia, Ukraine, Lithuania, Byelorussia,
Kirghizia [13-15]. The current wild populations are in Belarus, Bulgaria, Germany, Latvia,
Lithuania, Poland, Romania, the Russian Federation, Slovakia, and Ukraine and include
around 2,500 adults [16]. These wild populations are maintained naturally with minimal
human intervention in reproduction (eg: in the form of the introduction of new animals).
Their basic units are often meeting and mixing herds of females and young bulls, which domi-
nant adult males join only for the purpose of reproduction [17]. In captive and semi-captive
breeding facilities, bison reproduction is controlled by humans in the direction of sustainable
variability, i.e., exchange of animals and mating of closely unrelated individuals.

With this specific development, the re-created wisent population was in the viewfinder of
scientists from the beginning. Mainly due to the study of a high degree of inbreeding and its
effect on fitness [11,18,19]. Above the primary studies based on the pedigree book, molecular
genetic research based on the study of allozymes [20,21], nuclear genes [22-24], and the mito-
chondrial genome [25-27] began to predominate with the advent of the 90s of the 20th cen-
tury. They all came to similar conclusions, namely that the genetic diversity of the bison is low,
and this was also confirmed by more modern methods based on microsatellites [28-31] and
SNPs [32-34]. In addition, some introgression of the Caucasian genes into one of the Bialo-
wieza Forest populations, which was considered a purebred lowland, was revealed [35].
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The low variability of the bison genome can be attributed to the low number of founders—
only 17 individuals. Of these, only one male Plebejer (No. 45) established the lowland lineage
and five males the Caucasian-lowland lineage, of which only three (45 Plebejer, 100 Kaukasus,
15 Bergriinder) also contributed with male offspring to the population [36]. The degree of
inbreeding is 44% in the lowland lineage, while it is 26% in the lowland-Caucasian lineage [4].
Although the value of the average inbreeding coefficient is lower in the second lineage, there
are apparent signs of inbred depression, namely shortening or lengthening of the neurocra-
nium and narrowing of the splanchnocrania [18]. In contrast, no obvious signs of inbreeding
depression have yet been recorded for the lowland lineage [36]. This may be due to the
enhancement effect of genes that have resulted in a fitness increase of the species [37]. Or by
the fact that the founders of the lowland lineage did not carry genes that would burden the
population and thus reduce the fitness of the population [36].

However, we cannot underestimate possible inbreeding depression in the lowland lineage,
even though it has not yet been recorded. The close relationship of individuals is a risk factor
for example for genetically based diseases. One of them could be an inflammation of the penis
and foreskin (posthitis), which was the cause of 8% male mortality in the western part of Biato-
wieza Forest between 1952 and 2000 [4] and also appears in the lowland lineage [38]. The dis-
ease probably has a genetic predisposition based on the fixation of a harmful recessive allele
[28]. However, no significant match was found between the MHC II genotype of DRB3 and
the incidence of this disease [39]. Even the mitochondrial heteroplasmy found in animals in
the Bialowieza Forest does not appear to be related to the disease [40]. The first candidate
genes were not identified until 2014 by Olenski et al. [41] on the 15th chromosome in the
range of 2Mb. The same team of authors repeated the same genome-wide association study
five years later on a larger number of animals, including clinical information on disease sever-
ity, evaluated by a more reliable statistical method and more strict quality controls for SNPs
[38]. They discovered on chromosome 25 the candidate gene for posthitis coding protein peri-
plakin (PPL) associated with skin development [38].

All this knowledge is difficult to apply to breeding without information from the pedigree
book. However, extensive genealogical analysis of bison has not been performed for more than
20 years. This paper aims to describe the pedigree structure of a wisent based on pedigree
books and to identify the main factors that affect the genetic diversity of the European bison
and its possible losses.

Materials and methods

The data were obtained through the Bialowieza National Park, which has a pedigree book on
its website registered since 1947 [42]. All information, date of birth, the inclusion of the new
bison in the book, date of death, and all other changes (mother or father changes, sex specifica-
tion) have been supplemented over the years (even respectively) to the books to the section of
corrections and transfers. The pedigree dates to 1881 and contained 15,071 animals born until
2020. The reference population for genetic analysis was determined according to the list of all
living bison, i.e., animals that could potentially give rise to future generations, as of 31 Decem-
ber 2020. The following populations were also used as reference populations for lineage com-
parison: REF 1—lowland-Caucasian lineage, REF 2—lowland lineage.

The completeness of the pedigree was determined by the maximum number of generations
traced, defined as the number of generations between the individual and his farthest ancestor
[43]. In addition, the complete generations equivalent (CGE) was calculated as the arithmetic
mean of the sum of the expected genetic benefits of ancestors to the individual from the refer-
ence population [44], and the pedigree completeness index (PCI), which is a method based on
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the expected genetic contributions of maternal and paternal lineages to the reference popula-
tion [45]. In this study, 5 generations back were considered for PCI computation.

The inbreeding coefficient of the individual was computed according to Meuwissen and
Luo [46]. Average values for the birth year (only animals with a known date of birth were
included) or generation were used to show the changes in inbreeding over time. The increase
of inbreeding coefficient between the two generations in the whole population was calculated
as a regression coefficient from the means of the individual inbreeding coefficients per maxi-
mum number of generations or CGE [47]. Furthermore, ancestral and new inbreeding were
computed according to Kalinowski et al. [48] with the program Grain v2.2 [49,50]. As an addi-
tional indicator of inbreeding was chosen average relatedness, defined as twice the probability
that two randomly selected alleles from a population are identical in origin [51]. It was
obtained based on the kinship matrix of individuals from which are the AR (average related-
ness) coefficients obtained as a line vector based on the equation described by Dunner et al.
[52].

The probability of gene origin was computed on the reference population. The effective
number of founders (f,) and ancestors (f,), the total number of founders and ancestors, as well
as the founder genome equivalent (f,.) were computed. The f, and f, were calculated based on
the method established by Lacy [53] and adjusted according to Boichard et al. [44]:

f
f=1/Y"pt
k=1

where p; expresses the share of genes that the founder i contributed to the creation of the next
generation of descendants; py is a marginal contribution of each ancestor k as its genetic con-
tribution, which is determined by the proportion of genes it contributes, and this proportion
(or part of it) has not yet been explained by the contribution of its ancestor selected before it.
Founder genome equivalent (f,.) was estimated according to Caballero and Toro [54] as half
the reciprocal of the average relatedness of the reference population.

In the next step, founders and ancestors with the biggest genetic contribution to the refer-
ence population were identified. Genetic variability losses were calculated as follows:

Loss of genetic diversity (1-GD) due to genetic drift and the bottleneck effect [55]:

1

GD=1-—,
2,

loss due to the unequal contribution of the founders [54]:

1
GD'=1-—
2.

and loss due to genetic drift (as the difference between the two previous ones).

Based on the birth dates of the animals, generation intervals were calculated, defined as the
average age of the parents at the birth of their offspring used for reproduction [56]. The aver-
age age of the parents at the birth of the offspring was also computed. The parameter is calcu-
lated for four paths, namely: father-son, father-daughter, mother-son, and mother-daughter.
Effective population size N, was found in two ways. Firstly, by regressing the birth data for the
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whole population or a given reference population:

where b is the individual inbreeding coefficient over the CGE. Secondly, through an increase
in the inbreeding of an individual in a given population [57]:
- 1
“ 2AF
Wright’s F-statistic [58] was used to compare both wisent lineages, calculated according to
Caballero and Toro [54,59] in program R using the package kinship2 [60] kinship matrix com-
putation. The degree of individual inbreeding (Fs) relative to the subpopulation in which it is
found was used to determine the predominance of heterozygosity or homozygosity due to
non-random mating within the subpopulation. The fixation index (Fsr) was used to determine
the level of genetic variability between lineages. And the total inbreeding coefficient (F;r) was
used to evaluate the loss/increase of genetic diversity in the population from an individual’s
perspective.
All other genetic parameters and demographic data were processed in the program Endog
4.8 [47,61].

Results
Basic demographic data and completeness of the pedigree

The total number of individuals registered in the pedigree book from 1881 to 31 December
2020 was 15,071. Of these, 1,646 lacked all the necessary data (father, mother and sex). Beside
of these, there were 116 individuals with no gender determination, mostly due to death at
birth or shortly thereafter. Pedigree analysis was performed on 6,797 females and 6,512 males.
From 1960 to 1980, the number of animals born doubled every ten years. Between 1960 and
1970, 1,244 calves were born, and between 1970 and 1980, the total number increased by 2,232
to 4,827. The reference population numbered 1,971 individuals, of which 1,195 were females,
773 were males and 3 individuals had unknown sex.

A maximum of 23 + 6.31 generations and 10 *+ 2.55 complete generations could be traced in
the reference population, which coincided with the results for the entire population. The mean
CGE value for the reference population was 7.85 + 3.65 (8.98 + 3.61) before the inclusion records
from 2020) and 6.72 + 3.62 for the entire population. The PCI of the reference population for the
last five generations was 90.08%, 88.74%, 86.20%, 83.64%, 77.26%. PCI was more than less con-
stant from the 6™ to the 9™ generation back, but from the tenth generation it goes down sharply
and before the 13" generation, the pedigree contains only minimal information. Its values over
the generations for the whole reference population and both lineages are shown in Fig 1.

From 1881 to 1920, 25 males out of 48 were used in breeding. As the population grew, so
did the number of offspring per male and the number of males used in breeding. Since 1970,
about 189 males have been used every ten years. Of the total number of males, 1,289 (19.80%)
participated in reproduction, i.e., 5,222 males never reproduced until the end of 2020. The
average number of offspring per reproducing male is 9.73 + 10.53.

A strong selection also occurred in females. Out of the total number of 6,795, 2,621 (38.57%)
of them participated in reproduction, i.e. almost 4,174 did not reproduce until the end of 2020.
The average number of offspring per female involved in reproduction is 4.74 + 3.47. Most calves
were born by a female 106 Friga (20 calves), who died in 26 years. Fig 2 shows the numbers of
males and females involved in reproduction with different numbers of calves.
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Inbreeding coefficient and average relatedness

The highest value of the coefficient of inbreeding was 71.83% and was found in five animals,
which were in the 15th generation. These were individuals with registration numbers: 12022,
12587, 12907, 13199, and 13872. Their AR to the whole pedigree was 27.90 + 0.00%. Their
parents are female Placka (11221) and male Plawiant (8940). The highest value of AR was
33.40% in the male Plisch (229). In the reference population, it was 28.14% in the male Sphinx
(9054). The average value of F and AR for the whole population was 17.81 + 15.36% and

16.07 + 8.94% and for the reference population 17.02 + 15.10% and 16.11 + 7.96%. A compari-
son of AR and the average F for each generation is shown in Table 1. The distribution of the
inbreeding coefficient in the reference population is shown in Fig 3.

The most common range of the inbreeding coefficient was between 10-20% in 641 animals,
and 511 animals had an inbreeding coefficient of up to 10%. No individual had this coefficient
higher than 72%. A comparison of the development of the average inbreeding coefficient over
time (1881-2020) with the number of registered animals is shown in Fig 4.

There was a 3% difference between ancestral inbreeding (F, x,;) and total inbreeding (F). F
had a value of 0.17 + 0.15, while F, x,; had only 0.14 + 0.13. There was no disproportionately
large recent inbreeding present in the whole pedigree.

Table 1. Average inbreeding coefficient and average relatedness in maximum generations.

Max. num. of Num. of Mean F (%) | SD F (%) | The proportion of inbred animals | Mean F of inbred animals SD F of Mean AR |SD AR
gen. animals (%) (%) inbred (%) (%)
(%)

2321 0.00 0.00 - - - 0.04 0.57
1 182 0.00 0.00 - - - 0.68 291
2 81 13.10 12.33 54.22 24.17 3.12 3.30 6.69
3 53 20.28 16.39 67.92 29.05 11.09 12.90 10.73
4 100 28.75 16.08 83.00 34.64 9.75 19.91 8.81
5 90 20.74 20.01 55.56 37.33 10.21 16.42 10.54
6 125 23.42 16.90 80.80 28.98 13.76 17.65 10.34
7 151 22.97 17.79 82.12 27.98 15.59 19.19 8.50
8 203 22.97 14.18 95.57 24.04 13.55 20.26 7.43
9 318 23.61 14.60 90.88 25.98 13.13 20.55 7.35
10 472 24.92 15.19 88.56 28.14 13.02 21.40 7.18
11 715 25.75 13.87 94.13 27.36 12.65 21.93 6.30
12 902 2441 15.55 88.03 27.73 13.50 20.91 6.05
13 1109 24.30 15.22 91.34 26.60 13.86 20.43 6.03
14 1361 22.82 15.00 89.71 25.44 13.57 19.40 5.94
15 1326 22.04 15.60 87.48 25.20 14.09 18.92 5.53
16 1320 19.44 14.64 85.83 22.65 13.30 18.15 5.11
17 1124 20.73 12.61 95.02 21.18 11.98 18.95 4.35
18 1149 18.19 12.86 92.60 19.64 12.24 18.14 4.31
19 846 17.14 10.66 97.16 17.64 10.39 18.78 3.68
20 706 16.88 10.18 96.60 17.47 9.84 18.80 3.56
21 336 17.73 11.17 96.42 18.39 10.82 18.58 3.32
22 75 15.88 9.19 98.67 16.09 9.01 17.84 2.80
23 5 13.69 8.70 80.00 17.11 4.15 15.87 5.93

https://doi.org/10.1371/journal.pone.0277456.t001
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Contribution of ancestors and founders to the reference population and
loss of genetic diversity

The contribution of 17 founders to the reference population is shown in Table 2. The male 45
Plebejer (22.73%) and the female 42 Planta (15.05%) had the largest contributions. The total
number of founders in the pedigree identified according to the definition of the founder [44],
who participated in the reference population is 354. Male 4129 Kabir (2.90%), 3881 Kalvados
(1.94%) and 4130 Kader (1.26%) and female 3882 Kamina (2.41%) also contributed to the ref-
erence population noticeably, but they were not among the first 17 original founders. Others
accounted for less than 1%.
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Fig 4. Coefficient of inbreeding (F) and number of individuals born between 1881 and 2020.
https://doi.org/10.1371/journal.pone.0277456.9004
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Table 2. Contribution of the original 17 founders to the reference population.

Reg. num. 45 42 89 16 100 96 85 86 7
Contribution 23.49% 15.56% | 6.57% | 4.65% 3.39% 3.20% 2.62% 2.62% | 2.02%
Reg. num. 95 1 2 32 33 46 123 122
Contribution 1.92% 1.01% 1.01% | 0.73% 0.73% 0.64% 0.42% 0.25%

https://doi.org/10.1371/journal.pone.0277456.t002

For the reference population, the effective number of founders (f,) was 11 and the effective
number of ancestors (f,) was also 11. The result of comparing these values (f,/f.) was 1, so no
bottleneck effect was observed. The genome equivalent of the founders (f,.) of the entire popu-
lation was 6.22 and 5.49 for the reference population. Only four ancestors would be needed to
explain the 50% genetic contribution to the reference population. The total loss of genetic
diversity of the reference population compared to the total population was found to be 9.11%.
Of which, the loss caused by accidental genetic drift explains 4.56%, and 4.55% of the loss of
genetic diversity is caused by the uneven contribution of the founders.

Population recovery rate

The effective population size of the reference population calculated via the individual increase
in inbreeding was 23.93 + 4.26, and via regression on equivalent generations, it was 16.1. Gen-
eration intervals and the mean age of parents at the birth of the first offspring were in the refer-
ence population almost the same, 9.09 + 3.94 and 9.08 + 3.93 years, respectively. There were
722 animals in the reference population, whose offspring were already involved in breeding.
The shortest generation interval in the reference population was from mother to son

(8.56 £ 4.10 years), as well as in the whole population (8.69 + 3.91 years). The mean age at
birth of offspring was slightly lower in the whole population (8.98 + 3.97) than in the reference
population (9.08 + 3.93). Both parameters (see Table 3) show high deviations from the mean
(up to 4.25 years) in the reference population.

Lineage comparison

The lowland lineage includes 3,735 individuals (1,737 males and 1,973 females), and the low-
land-Caucasian 9,659 individuals (4,807 females and 4,750 males). Pedigree completeness
showed slightly better results in the lowland-Caucasian lineage, 87% in the third generation

Table 3. Generation interval and mean age at birth of the offspring in the reference population.

Num. animals Interval (years) Standard deviation (years)

Generation interval

Father-son 164 8.86 +3.76
Father-daughter 515 9.01 +3.60
Mother-son 162 8.56 +4.08
Mother-daughter 511 9.40 +4.25
Total 1352 9.09 +3.94
Mean age at the birth of the first offspring

Father-son 579 8.84 +3.67
Father-daughter 941 8.97 +3.72
Mother-son 571 9.01 +4.06
Mother-daughter 928 9.39 +4.20
Total 3019 9.08 +3.93

https://doi.org/10.1371/journal.pone.0277456.1003
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and 77% in the fifth, while the lowland lineage showed 70% PCI in the third generation and
only 59% PCI in the fifth (Graph 1). The average coefficient of inbreeding and the average
relatedness do not differ much between the lineages. For the lowland lineage, F = 17.81% +
15.36% and AR = 16.07% =+ 8.94, for the lowland-Caucasian, F = 17.91% + 15.35% and

AR =16.16% + 8.89%. For animals from the reference population belonging to the lowland
lineage, F = 17.02% + 14.80% and AR = 16.42% + 7.55%, for animals from the reference popu-
lation belonging to the lowland-Caucasian lineage, F = 17.28% + 15.16% and AR = 16.26% *
7.89%.

The effective number of founders and ancestors of the lowland lineage was 7 and 7, respec-
tively. The f,. was 3.76. The genetic loss of this lineage was caused by 7.14% due to an uneven
contribution of the founders and by 6.16% due to genetic drift. In total, it lost 13.30% of the
total variability. For the lowland-Caucasian lineage, f, and f, were 11 and 9, respectively, and
the effective number of the founders’ genomes was 4.32. The bottleneck effect is therefore
noticeable in this lineage. The genetic loss for this lineage was calculated to be 11.58% and was
caused also by both the uneven distribution of founders (4.55%) and genetic drift (7.03%). The
largest contribution of the founders in both lineages was made by the male 45 Plebejer (low-
land—33.53%, lowland-Caucasian—17.99%) and the female 42 Planta (lowland—18.62%, low-
land-Caucasian—14.81%).

In the reference population of the lowland-Caucasian lineage, female 42 Planta (14.23%)
and male 45 Plebejer (17.41%) were the most contributing founders. Other important foun-
ders were females 89 Bilma (9.77%), 16 Plavia (Musche) (6.09%) and 96 Gatczyna (5.06%).
The contribution of the founding male 100 Kaukasus was 5.35%. The genetic variability of the
reference population of this lineage could be explained by 164 ancestors. Of these, 229 Plisch
(22.65%), 163 Borusse (12.73%), 87 Bill (Tor) (7.67%), 4457 Spratzer (6.17%) and 45 Plebejer
(6.08%) were the most contributing male ancestors. Most contributing female ancestors were
89 Bilma (9.77%) and 106 Frigga (4.64%). The contribution of the original 17 founders to the
lowland-Caucasian lineage is shown in Table 4A.

In the reference population of the lowland lineage, a very low contribution of male 100
Kaukasus was recorded, namely 0.02%. The genetic variability of the lowland lineage part of
the reference population could be theoretically completely explained by 207 ancestors. Female
42 Planta (16.50%) and male 45 Plebejer (31.88%) were the most contributing founders, fol-
lowed by the male Kabir contributed the most (7.14%). Other ancestors and founders
accounted for less than 5%. The contribution of the original 17 founders to the lowland lineage
is shown in Table 4B.

Table 4. a. The contribution of the original 17 founders to the lowland-Caucasian lineage part of the reference population. b. The contribution of the original 17
founders to the lowland lineage part of the reference population.

Reg. num.
Contribution
SD

Reg. num.
Contribution
SD

Reg. num.
Contribution
SD

Reg. num.
Contribution
SD

45 42 89 16 100 96 85 86 95
17.41% 14.23% 9.77% 6.09% 5.35% 5.06% 3.83% 3.83% 3.03%
7.66% 5.71% 4.22% 2.45% 2.82% 2.10% 1.58% 1.58% 1.32%
7 1 2 32 33 46 123 122
2.89% 1.44% 1.44% 1.16% 1.16% 1.01% 0.27% 0.16%
1.20% 0.60% 0.60% 0.82% 0.82% 1.00% 0.23% 0.14%
45 42 16 89 86 85 123 7 122
31.88% 16.50% 2.18% 1.12% 0.55% 0.55% 0.67% 0.55% 0.40%
20.40% 9.73% 2.05% 1.23% 0.60% 0.60% 0.64% 0.53% 0.38%
1 2 33 32 96 95 100 46
0.28% 0.28% 0.01% 0.01% 0.02% 0.01% 0.02% | <0.01%
0.26% 0.26% 0.08% 0.08% 0.23% 0.17% 0.32% | 0.07%

https://doi.org/10.1371/journal.pone.0277456.t004
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The total fixation index of Fgr is 0.06. which means that the monitored lineages are not
genetically different. A positive Fjs value suggests that homozygous individuals may predomi-
nate in the population, but its value of 0.10 is also very low. The F;r value was also low, only
0.04.

Discussion

This study focuses on the whole registrated population of European bison (animals from
enclosure-based centres, semi-wild breeding centres, or returned from freedom). Nearly 100
years have passed since the first rescue attempts. The size of the worldwide population has
increased more than 23 times compared to the 84 purebred individuals living in early 1937 [9].
According to the IUCN Red List, in about a century, the European bison went from the cate-
gory of extinct in the wild to the category of near threatened [16]. The maximum number of
generations 23 is proportional to the age of the population since it is the longest line of ances-
tors that can be found in the family tree. The average age of the parents of the next generation
would be somewhere between 4-5 years of age. However, the mean value of the equivalent of
complete generations is significantly lower, almost 7.85 + 3.65 CGE for the reference popula-
tion and 6.72 * 3.62 CGE for the whole pedigree. CGE simply tells how many ancestors are
known. The smaller the number, the fewer ancestors are known. The CGE value we calculated
is low even though it is certain, that all animals undoubtedly come from the same ancestors
from Bialowieza Forest [62], and thus it should be possible to trace all individuals back to these
ancestors. The pedigree book has been struggling with errors in entries since the beginning of
its existence. Although most of them are corrected with the release of the next part in the sec-
tion "Additions and corrections to former lists", a certain degree of error can be assumed and
naturally brings some limitations to our study. In addition, a lot of information is lost by
removing some animals from the register due to a lack of information about the animals, or
just by releasing them into the wild. Likewise, an animal from a freedom or semi-freedom
breeding centre included in the register has no information about its ancestors and can there-
fore be considered a founder. Despite this, the quality of the European bison pedigree is com-
parable with pedigrees of production breeds of cattle. For example, for the reference
populations of the Danish breeds Danish Holstein, Danish Jersey, and Danish Red, the follow-
ing CGE values of 7.20, 7.36, 6.77 were observed and PCI values of 0.94, 0.9 and 0.93, respec-
tively [63]. Not so high CGE was found in the breed Brown Swiss in Germany—6.24 [64], in
Lidia cattle breed - 5.5 [65] or Normand cattle in Colombia- 5.21 [66].

The completeness of the pedigree also affects the coefficients used to analyze the origin of
the genes, for example, the effective number of founders or the genome equivalent of the foun-
ders [44]. Their values are naturally very low in the European bison population due to its his-
torical development. Its closed family tree has only 12 original genotypes since its inception.
The variability of this population can therefore only decrease if we neglect the effect of a muta-
tion. In this study, however, values related to founders are non-negligible influenced by indi-
viduals with unknown ancestors, who are understood as other founders by the program we
used. In addition, errors in the pedigree, loss of alleles through genetic drift, and the assump-
tion of absolute unrelatedness of ancestors affect the accuracy of the coefficients of gene origin.
Therefore, the actual values will be even lower. Closed populations with such a small number
of founding animals normally occur in the wild and some even go through in situ speciation
[67]. However, the emergence of such populations is more often captured in new breeds of
domesticated animals or laboratory strains, in the creation of which humans are directly
involved [68-71]. The most common problem of such populations is severe inbred depression
[72]. In some cases, however, the population is cleansed of strongly deleterious mutations due
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to a bottleneck, and the population is then still viable for hundreds of years [73]. This could
hopefully be the case for the European bison, whose population shows no severe signs of
inbred depression [36].

To identify losses of genetic variability caused by both the bottleneck effect and the uneven
use of some individuals for breeding, the ratio between the effective number of ancestors and
founders—f, / f,—was used. Its 1 value shows no reduction in reproducing animals, and it
could be logical because the first bottleneck effect cannot be seen in our data—the records of
individuals living before that event do not exist. The second bottleneck effect caused by the
Second World War is also not apparent. The presence of false founders is the main effect to
blame, because, before the last pedigree book was included in the file, the value of this ratio
was 1.13. The others are a low number of animals living at that time and an overall small num-
ber of founders. The f,. / f, ratio (0.50) suggests that random drift had a greater effect on the
diversity of the reference population. The contribution of the founders to the reference popula-
tion is very unbalanced. Most involved were Planta and Plebejer (15.05% and 22.73%) whose
share since 1954 (18.8% Planta, Plebejer 26.4%) slightly fluctuates [11]. Founders 1, 2, 7, 32,
33, 46, 122, and 123 still contributed only minimally. Very surprising was the finding of a
small relative share of the founder Kaukasus in the reference population of the lowland lineage.
This is a significant finding that should be reviewed in the pedigree book for error. Otherwise,
it would mean that the lowland lineage is not as pure as it was originally thought. However, the
actual genetic contribution of the Kaukasus may have long since been swept away by genetic
drift.

Regarding the values of the average inbreeding coefficient and average relatedness, the
numbers we find differ from previous studies. The Olech and Perzanoski study [74] dealt with
two herds in the Bieszczady, in the first herd in Stuposiana the F was 13.70%, in the second
herd in Komarcza it was even 37.63%, and the average relatedness was 24.44% and 32.98%,
respectively. Previous research focused on the diversity of both lineages also reached signifi-
cantly higher values. Olech mentions values of nearly 50% in the lowland and 30% in the low-
land-Caucasian individuals born 1996-2002 [75]. These findings indicate that the 17%
inbreeding, which we measured in both lineages in the reference population, must be strongly
underestimated in this context. A close relative of the European bison, the American Bison,
has also undergone several bottleneck effects, and its current population was founded on less
than 100 individuals [76]. However, the European bison shows lower genetic variability than
the American bison, according to a study by Skotarczak et al. [77]. This was done on 4,269
American bison, with an inbreeding coefficient of 3.26% (17.81% for the European bison),
with the highest value recorded at 46.87% (71.83% for the European bison). The value of the
average relatedness was also very low—0.31%, compared to the AR of the European bison—
16.07%. The absence of recent inbreeding indicates good breeding management. However,
this fact must be taken with caution, due to the inclusion of individuals with unknown
parents.

The effective size of the population is very small, the number of individuals that would
cause the same increase in inbreeding as the reference population is only 23.93 animals. This
coincides with the effective population size computed based on microsatellite analysis of 71
individuals born in the Bialowieza Forest between 1996 and 2005, which was 28 [78]. This
value is less than half the minimum effective size of 50 individuals, which is the goal of man-
agement to minimize inbreeding for the survival of the population in the short term [79]. A
lower value was found for the American bison, namely, N, = 11.64 [77]. Malhado et al. [80]
also found a lower value for buffalo Jafarabadi, N, = 10.4 + 3.69. Despite the rapid growth of
the bison population in recent decades, the value of N, is very low and could hardly truly grow
in the future. As with most other diversity parameters monitored here, its increase (or decrease
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in case of inbreeding) over the years is mainly due to the inclusion of animals from wildlife as
founders, even though they share the same gene pool. The current bison population appears to
be healthy. After nearly a century of inbreeding, this could be a purging effect of inbreeding or,
in the case of herds kept in captivity for a long time, adaptation to captivity. This study
included all types of breeding from free range to captive breeding, so determining the extent of
these effects was not possible.
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In this study, the intra- and inter-population level of genetic diversity of 26 transboundary and local sheep breeds
reared in the Czech Republic was analysed. A total of 14,999 animals genotyped for 11 microsatellite markers
were included to describe the gene pool of the breeds. The level of genetic diversity was derived from the
proportion of heterozygous animals among and within breeds. The average polymorphic information content
(0.745) and Shannon’s index (1.361) showed a high genetic variability of the applied set of genetic markers. The
average observed heterozygosity (0.683 + 0.009), as well as Fis index (-0.025 + 0.004), pointed to a sufficient
proportion of heterozygotes concerning the loss of genetic diversity. The deficit of heterozygotes was most
evident in Cameroon sheep (Fis = 0.036). The Nei's genetic distances and Wright's Fst indexes showed that the
analysed breeds are genetically differentiated to separate clusters with Cameroon sheep as the most genetically
distant breed. Individual variation accounted for 83.2 % of total diversity conserved across breeds, whereas
16.8 % of genetic similarity resulted from the inter-population reduction in heterozygosity.

Keywords: microsatellite analysis, genetic diversity, sheep, transboundary and local breed

1 Introduction

Ancient European sheep Eopulation was created through two main immigration events from Southwest
Asia during the 4™ and 5" millennium B.P.. During the first one, primitive breeds came in, which were
pushed out and crossed by breeds specialised on the secondary production in the second wave
(Chessa et al., 2009). Along with the development of society and agriculture, more productive sheep
have been bred and then spread during the European colonisation over the world (Taberlet et al.,
2008). Two centuries ago, a great turnout of breeding practices occurred, when bigger selection
affords started unifying many populations into breed standards (Taberlet et al., 2008). This selection
pressure is now even enhanced by modern reproductive biotechnologies (Taberlet et al., 2008).
Nevertheless, artificial insemination with frozen-thawed semen is not widely used in sheep so far
(Faigl et al., 2012; Raoul and Elsen, 2020). Current inter- and intra-continental transmission of
livestock genotypes still accelerates in the direction from developed to developing countries. Higher
sheep products demand initiates breeding of high-yielding sheep breeds, and their commercial use all
over the world threatens local genetic sources (FAO, 2007).

Transboundary breeds are usually not endangered by low numbers of individuals or population
fragmentation. However, they could be threatened by the loss of genetic diversity as well as
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indigenous breeds. Assessment of their genetic variability could identify more valuable animals or
lineages for breeding. In the Czech Republic, there are 28 FAO registered transboundary sheep from
a total of 36 registered breeds (FAO, 2020). After the year 1989, most of the breeds imported from
western Europe were bred with local populations by absorbent crossing. Czech populations of the
same breeds could be so quite genetically distant from western populations and more diverse in
comparison to western countries. This study aimed to investigate the genetic diversity through
microsatellite (STR) markers analysis of sheep breeds in the Czech Republic.

2 Material and methods
2.1 Animal sampling and molecular analysis

Data were from parentage testing, which was going on in the Czech Republic from 2010 to 2015. The
original dataset consisted of 15,041 animals representing 30 sheep breeds. Four of them were
excluded from the analysis due to the low number of animals (<25). The reduced dataset included
14,999 individuals from 26 breeds: Alpine (AL, n = 106), Berrichon du Cher (BE, n = 251), Cameroon
(CA, n = 225), Clun Forest (CF, n = 364), Dorper (DP, n = 34), East Frisian (EF, n =491), German
Black-headed (GB, n = 88), German Grey Heath (GG, n = 297), Hampshire (HA, n = 116), Charollais
(CH, n=764), Jacob (JA, n=40), Kent (KE, n=1,288), Kerry Hill (KH, n=59), Lein (LE, n=37),
Lacaune (LA, n = 1,085), Merinolandschaf (ML, n = 324), Oxford Down (OD, n = 458), Ouessant (OU,
n = 88), Romanov (RO, n = 764), Sumava (SU, n = 474), Skudde (SD, n = 31), Shetland (SH, n = 54),
Suffolk (SF, n = 5,343), Valachian (VA, n = 340), Texel (TE, n = 1,269), and Zwartbles (ZW, n = 609).

The minimum animal genotyping call rate for STR markers was set to 99.5%. Of the 25 STR markers
used in parentage testing, only 11 (CSRD247, D5S2, INRAO0O5, INRA063, MAF065, MAF209,
MAF214, MCM527, OARCP049, OARFCBO020, and SPS115) met this threshold. Except for SPS115,
all listed STR markers are recommended by ISAG/FAQ for parentage testing in sheep.

2.2 Statistical analysis

Most of the basic genetic diversity estimators including the effective number of alleles, observed
heterozygosity, expected heterozygosity, mean number of alleles per locus, Wright's F statistics and
Shannon’s information index were computed using GenAlEx 6.5 (Peakall and Smouse, 2006; Peakall
and Smouse, 2012). Polymorphic information content was calculated by Cervus 3.0.7 (Kalinowski et
al., 2007). Test of Hardy-Weinberg equilibrium was performed in the internet version of GENEPOP
(Raymond and Rousset, 1995; Rousset, 2008) by Markov Chain Monte Carlo method
(dememorisation 1,000, batches 100, iterations per batch 5,000). Subsequently, Wright's Fsr index
according to Weir and Cockerham (1984), Nei’s standard genetic distance described by Nei (1978)
and Gsr as an analogue to Fsr adjusted for bias were calculated by GenAlex 6.5 (Peakall and
Smouse, 2006; Peakall and Smouse, 2012). The Fsr and Gsr were calculated using 999 permutations
and 1,000 bootstraps.

3 Results and discussion

In this study, 26 sheep breeds reared in the Czech Republic were investigated through STR markers
analysis. A total of 180 alleles across the 11 analysed STR markers were detected. All of them
indicated deviation from Hardy-Weinberg equilibrium (Table 1), which signalises a high impact of
factors such as migration, gene flow or relatives mating on the genetic variability conserved in the
dataset. Evaluation of each locus in concrete population revealed that less than 26 % of deviations
were significant (P < 0.05) (data not shown). The number of alleles per locus ranged from 8 (D5S2) to
27 (OARCP049) (data not shown). All the studied loci were polymorphic in each breed, except for
locus CSRD247 in DP population (data not shown). Only 27 private alleles were found in 16 breeds,
10 of them exceeded more than 0.5 % frequency. The highest frequency of private alleles,
approximately 45 %, was detected in LA. The highest number of private alleles (5) was reported for
loci INRA063 and OARCBO020 (data not shown).

The mean number of alleles ranged from 3.727 (KH) to 12.273 (SF) (Table 2). Mean number of alleles
per breed was similar to the study of Tolone et al. (2012), who analysed Comisana, Pinzirita, Sarda
and Valle del Belice Sicilian breeds and reported values from 5.66 to 9.44. Mean number of alleles per
locus across analysed breeds was also in agreement with the study of Naqvi et al. (2017) in Pakistan
breeds (5.73 to 7.62), Othman et al. (2016) in local Egyptian breeds (5.82 to 8.18) and Loukovitis et al.
(2016) in 13 local Greek breeds (4.59 to 7.34).
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Informativeness of surveyed loci and breeds was evaluated through Shannon’s information index and
polymorphic information content (Table 1). Shannon’s information index is not so widely used for
genetic diversity as for ecology diversity measures possibly due to its difficult interpretation (Hennink
and Zeven, 1990). Generally, it reflects the level of genetic markers effectiveness and genetic diversity
inside the population (Moravcikova et al., 2016). The average Shannon’s information index across loci
showed informativeness at level 1.361. Similarly, the polymorphic information content pointed to the
high level of polymorphisms across analysed STR markers, and only MAF214 showed a value lower
than 0.5.

Average expected heterozygosity over loci ranged from 0.491 (MAF214) to 0.754 (OARFCB020)
(Table 1). The highest average expected heterozygosity was observed for SU (0.790) and the lowest
for CA (0.509) (Table 2). Similarly, the observed heterozygosity was the highest for SU (0.792) and the
lowest for CA (0.493). The fact that SU breed had the greatest heterozygosity is quite surprising. SU is
one of the Czech autochthonous breeds and has been included in the program of Czech genetic
reserves since 1992, and therefore no hybrids should appear in the studbook since then. This
indicates that even if the gene pool of SU is limited by small population size, its management is better
compared to evaluated transboundary breeds. Except for CA, GG, CH, OU, RO, and SF, the expected
heterozygosity was lower than the observed (Table 2). The level of heterozygosity within breeds was
in agreement with previous studies in different sheep breeds (Peter et al., 2007; Jyotsana et al., 2010;
Jawasreh et al., 2018; Bravo et al., 2019). In general, the results showed that the heterozygosity
across and within breeds was sufficient concerning the potential loss of genetic diversity in the next
generations.

Table 1 Mean number of alleles (MNA), effective number of alleles (Ng), Shannon’s information index
(), polymorphic information content (PIC), observed (Ho) and expected heterozygosity (Hg), Fsindex,
95 % confidence interval (F;s 95 %), and Hardy-Weinberg equilibrium (HWE) computed for each locus

Locus MNA Ne I PIC Ho He Fis Fis 95 % HWE
CSRD247 7.077 | 2798 | 1.142 0.645| 0.592 | 0.582 | -0.011 -0.039; | ***
0.041
D582 4308 | 2.640 | 1.077 0.580 | 0.624 | 0.602 | -0.034 -0.064; | ***
0.04>
INRAQOOS 8.962 | 4.273 | 1.612 0.840 | 0.739 | 0.736 | -0.004 -0.021; | ™
0.025
INRA0G3 8.692 | 3.611 1.474 0.777 | 0.720 | 0.698 | -0.032 -0.056; | ***
0.036
MAF065 5731 | 3.070 | 1.256 0.758 | 0.676 | 0.656 | -0.031 -0.056; | ***
0.035
MAF209 7.692 | 3.689 | 1.454 0.802 | 0.700 | 0.680 | -0.026 -0.052; | ***
0.040
MAF214 4923 | 2214 | 0.891 0.452 | 0.500 | 0.491 | -0.018 -0.041; | ***
0.035
MCM527 6.000 | 3.336 | 1.319 0.773 | 0.689 | 0.669 | -0.032 -0.060; | ***
0.043
OARCP049 9.692 | 4.561 1.669 0.876 | 0.773 | 0.749 | -0.034 -0,056; | ***
0.034
OARFCBO020 8.192 | 4.360 | 1.606 0.850 | 0.776 | 0.754 | -0.029 -0.045; | ***
0.024
SPS115 7.346 | 3.893 | 1.471 0.841 0.724 | 0.707 | -0.021 -0.052; | **
0.048
Mean 7.147 | 3.495 | 1.361 0.745 | 0.683 | 0.666 | -0.025
Standard error | 0.187 | 0.080 | 0.023 0.038 | 0.009 | 0.008 | 0.004

*** = P < 0.001
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Table 2 Number of individuals (N), mean number of alleles (MNA), effective number of alleles (Ng),
Shannon’s information index (/), observed (Hp) and expected (Hg) heterozygosity, and F;s index
computed for each sheep breed

Breed N MNA Ne I Ho He Fis

AL 106 5.091 3.218 1.305 0.738 0.671 -0.096
BE 251 6.909 3.264 1.319 0.682 0.662 -0.028
CA 225 5.545 2.280 0.987 0.493 0.509 0.036
CF 364 6.545 3.352 1.324 0.658 0.653 -0.005
DP 34 4,636 3.123 1.181 0.628 0.614 -0.021
EF 491 6.182 2.439 1.080 0.558 0.556 -0.002
GB 88 7.636 3.997 1.476 0.736 0.703 -0.049
GG 297 8.000 4.013 1.533 0.723 0.725 0.001
HA 116 6.909 4.015 1.486 0.726 0.702 -0.036
CH 764 9.636 3.685 1.508 0.694 0.698 0.004
JA 40 4.636 2.892 1.171 0.625 0.612 -0.019
KE 1,288 9.636 4117 1.547 0.714 0.711 -0.003
KH 59 3.727 2.571 1.032 0.630 0.572 -0.094
LE 37 4.636 2.906 1.167 0.683 0.610 -0.110
LA 1,085 10.000 4522 1.653 0.744 0.735 -0.012
ML 324 10.000 4.552 1.676 0.766 0.759 -0.009
oD 458 7.000 3.449 1.345 0.694 0.680 -0.018
ou 88 4818 3.073 1.208 0.634 0.649 0.022
RO 764 7.727 3.571 1.373 0.675 0.680 0.008
Su 474 10.273 5.024 1.810 0.792 0.790 -0.002
SD 31 4.364 2.862 1.141 0.654 0.608 -0.075
SF 5,343 12.273 3.783 1.469 0.672 0.673 0.001
SH 54 5.727 3.763 1.434 0.785 0.717 -0.094
TE 1,269 9.000 3.221 1.375 0.674 0.667 -0.011
VA 340 8.273 3.777 1.495 0.732 0.715 -0.024
zZW 609 6.636 3.403 1.292 0.649 0.641 -0.009

AL — Alpine; BE - Berrichon du Cher; CA — Cameroon; CF — Clun Forest; DP — Dorper; EF — East
Frisian; GB — German Black-headed; GG — German Grey Heath; HA — Hampshire; CH — Charollais;
JA — Jacob; KE — Kent; KH - Kerry Hill; LE — Lein; LA — Lacaune; ML — Merinolandschaf; OD — Oxford
Down; OU — Ouessant; RO — Romanov; SU — Sumava; SD — Skudde; SH — Shetland; SF — Suffolk;
VA — Valachian; TE — Texel; ZW — Zwartbles

The average Fr value (0.146) showed the prevalence of homozygotes in the analysed dataset (Table
3). However, the Fs values indicated that at the intra-population level most of the breeds were not
significantly affected by inbreeding (mean F;s = -0.025) (Table 2). Only six breeds (CA, GG, CH, OU,
RO, and SF) showed a slight deficiency of heterozygotes, with CA exhibiting the strongest decrease of
heterozygosity (Fis = 0.036) (Table 2). Such value close to zero could be hardly considered as
inbreeding. More interesting is that most of the Fis values were negative (Table 2), similarly to the
study of Niu et al. (2012). This point to prevailing outcrossing within breeds.

The genetic differences among breeds were quite remarkable, according to average Fsr (0.168) and
Gst (0.164) (Table 3). Individual variation affected 83.2% of total diversity, and 16.8% of genetic
similarity was caused by inter-population reduction in heterozygosity. Genetic differentiation among
the analysed breeds was higher than that reported in five Moroccan sheep breeds (3.6%; Gaouar et
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al.,, 2016), Saudi Arabia sheep (3.6 %; Mahmoud et al., 2020), three Colombian indigenous sheep
(5.4 %; Ocampo et al., 2017) and 10 Iranian fat-tailed breeds (2 %; Vahidi et al., 2016). Our results are
similar to values reported for breeds reared in Kosovo and Albania (13.9 %; Hoda and Bytyqi, 2017),
Namaqua Afrikaner sheep from South Africa (10.6 %; Qwabe et al., 2013), or to a comparative study
focused on Punjab Urial sheep (15.9 %; Pichler et al., 2017).

Table 3 Wright's F statistics and Nei’'s Gsr

Locus Fis Fir Fsr Gst
CSRD247 -0.017 0.224 0.237 0.234
D5S2 -0.035 0.122 0.152 0.148
INRA0O5 -0.003 0.160 0.163 0.159
INRA063 -0.032 0.127 0.154 0.151
MAF065 -0.030 0.139 0.164 0.161
MAF209 -0.030 0.136 0.161 0.157
MAF214 -0.018 0.162 0.177 0.174
MCM527 -0.030 0.139 0.164 0.161
OARCP049 -0.032 0.134 0.160 0.157
OARFCB020 -0.029 0.106 0.131 0.128
SPS115 -0.025 0.161 0.181 0.178
Mean -0.026 0.146 0.168 0.164
Standard error 0.003 0.009 0.008 0.025

Table 5 Comparison of pairwise Fsr between the same breeds in the present study (CZ) and in the
Hungarian study (HU) of Neubauer et al. (2015)

Breeds Ccz HU
CHvs. LA 0.047 0.730
CH vs. ML 0.058 0.118
CH vs. GB 0.052 0.076
CHvs. SF 0.054 0.084
CHvs. TE 0.059 0.149
LE vs. ML 0.082 0.067
LE vs. GB 0.050 0.051
LE vs. SF 0.052 0.066
LE vs. TE 0.060 0.071
ML vs. GB 0.041 0.094
ML vs. SF 0.054 0.099
ML vs. TE 0.063 0.122
GB vs. SF 0.049 0.052
GBvs. TE 0.054 0.096
SF vs. TE 0.065 0.111

GB — German Black-headed; CH — Charollais; LA — Lacaune; LE — Lein; ML — Merinolandschaf; SF —
Suffolk; TE — Texel

Pairwise Fsr values among all breeds are reported in Table 4 (see page 46). The Fsr showed that,
overall, LA, SU, and ML are less distinctive than any other breed. Neubauer et al. (2015) studied
genetic diversity of CH, LA, ML, GB, SF, and TE breeds based on STR markers and they reported
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different genetic relationships among breeds compared to our study (e.g. CH vs. TE ). A full
comparison is provided in Table 5.

According to Nei's genetic distances (Table 4, see page 45), the highest genetic similarity was found
between ML and LA breeds (0.179), while the genetically most distant breeds were ZW and CA
(1.838). The CA seems the most distant to other breeds followed by SD, OU and DP. However, results
should be interpreted with caution because some genotypes were missing (8 % in KH, locus D5S2;
25 % in OU, locus MCM527; 25 % SU, locus MCM527). Jawasreh et al. (2018) observed similar
genetic distances for SF vs. RO (0.42), but different for CH vs. SF (0.41) and RO vs. CH (0.24).
Nevertheless, this could be caused by a partially divergent set of STR markers.

4 Conclusions

In summary, this study through 11 highly polymorphic STR markers revealed good genetic
management in most of the studied sheep breeds. Negative values of Wright's fixation indexes
indicated breeding of genetically distant animals or exchange of unrelated individuals between
populations and farms. Only CA, GG, CH, OU, RO, and SF breeds deviated from this scheme. For
these populations, it would be beneficial to reconsider existing breeding schemes or introduce genetic
material from abroad. Analysed breeds were genetically distinguishable from each other. However,
some of them (LA, SF, and ML) exhibited a high level of similarity. Generally, the monitored breeds
showed sufficient genetic variability that reflects correct breeding practices in particular farms.
However, it is necessary to consider that the genotyping data come from parentage testing (production
of breeding rams), which may bias the overall view on the gene pool of selected breeds in the Czech
Republic.
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Wallachian and Sumava sheep are autochthonous breeds that have undergone a significant bottleneck
effect and subsequent restoration efforts. The first objective of this study was to evaluate the degree of
genetic variability of both breeds and, therefore, the current management of the breeding. The second
was to determine whether these two breeds still retain their genetic uniqueness in relation to each other
and other breeds, despite regenerative interventions. Our data consisted of 48 individuals of Sumava and
37 individuals of Wallachian sheep. The comparison data contained 25 other breeds (primarily European)
from the HapMap dataset generated by the International Sheep Genomics Consortium. When comparing
all 27 breeds, the Czech breeds clustered with 15 other breeds and formed a single branch with them
according to Nei's distances. At the same time, however, the clusters of both breeds were integral and
easily distinguishable from the others when displayed with principal component analysis (PCA).
Population substructure analysis did not show any common genetic ancestry of the Czech national breeds
and breeds used for regeneration or, eventually, breeds whose ancestral population was used for regen-
eration. The average values of Fsr were higher in Wallachian sheep (Fsr=0.14) than in Sumava sheep
(Fsr=10.08). The linkage disequilibrium (LD) extension per autosome was higher in Wallachian than in
Sumava sheep. Consequently, the N, estimates five generations ago were 68 for Sumava versus 34 for
Wallachian sheep. Both native Czech breeds exhibit a wide range of inbreeding based on the excess of
homozygosity (Fnom) among individuals, from —0.04 to 0.16 in Sumava and from —0.13 to 0.12 in
Wallachian. Average inbreeding based on runs of homozygosity was 0.21 in Sumava and 0.27 in
Wallachian. Most detected runs of homozygosity (ROH) were less than 5 Mb long for both breeds.
ROH segments longer than 15 Mb were absent in Wallachian sheep. Concerning putative selection signa-
tures, a total of 471 candidate genes in Wallachian sheep within 11 hotspots and 653 genes within 13
hotspots in Sumava sheep were identified. Czech breeds appear to be well differentiated from each other
and other European breeds. Their genetic diversity is low, especially in the case of the Wallachian breed.

Sumava is not so threatened by low diversity but has a larger share of the non-native gene pool.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Implications

breeds are again threatened by inbreeding. This study demon-
strates the importance of monitoring genetic variability in small

The genetic diversity of small breeds can be threatened by
inbreeding depression and inappropriately performed regenera-
tion. The results of this study show that both breeds retain their
genetic differences from the breeds directly used for regeneration
or their closely related breeds after more than 50 years since the
regenerative interventions. However, at the time, it is clear that
this is not a permanent solution for populations of this type. The

* Corresponding author.
E-mail address: machovakarolina@af.czu.cz (K. Machova).

https://doi.org/10.1016/j.animal.2022.100690

breeds for early intervention in breeding management, which can
prevent its further losses.

Introduction

In a worldwide climate-changing scenario, keeping animals
adapted to harsh environmental conditions becomes increasingly
important. In this sense, local sheep breeds constitute an important
genetic resource due to their rusticity and adaptability to various
agroecological environments. Despite this, more than 100 local

1751-7311/© 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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breeds of sheep and goats have been lost in the last few decades,
and a similar number of them face imminent extinction (FAO,
2022). This phenomenon is mainly caused by the spread of com-
mercial breeds with specialised production, the overuse of a small
number of rams (exacerbated by artificial insemination), and mod-
ern selection procedures (Kijas et al., 2012a).

In the Czech Republic, Sumava and Wallachian sheep are breeds
characterised by their adaptability, resistance to harsh conditions
and suitability to extensive management systems in sub-
montane and montane regions (Ptacek et al., 2017). They are
breeds with very good grazing ability and walkability. Both breeds
have a tripartite efficiency (meat, milk, wool) and are included in
the Czech genetic reserves, in the case of Sumava sheep since
1992 and Wallachian sheep since 1999. Sumava sheep has a
genetic origin in Czech peasant sheep, but it did not obtain the sta-
tus of the breed until 1986 (Horak, 2012). Since the second half of
the last century, it has been regenerated by crossing with phyloge-
netically related breeds such as Texel, Cigaya, Lincoln, Kent, Leices-
ter, or Improved Wallachian sheep (Milerski, 2019a). Ancestors
Wallachian sheep came to the Czech lands around the 14th century
from the Eastern Carpathians. As with the Sumava sheep, the
improvement of Wallachian sheep started in the 1950s (Lincoln,
East Frisian sheep), which resulted in the emergence of an inde-
pendent Slovak Improved Wallachian sheep breed. However, in
the Czech Republic, the original Wallachian sheep was renewed
based on breeding a few individuals with the original phenotype
(Milerski, 2019b).

The crucial assumption for preserving local breeds is maintain-
ing their genetic diversity. However, breeding programmes find
this challenging because these populations are usually very small,
and inbreeding practices cannot be avoided (Liu et al., 2021). The
knowledge of the genetic variability, historical development and
kinship in the population is crucial for their conservation. For
Walachian and Sumava sheep, previous studies have analysed
within-breed genetic variability using pedigree and microsatellite
information (Machova et al., 2021, 2020). Nowadays, the availabil-
ity of medium- and high-density single nucleotide polymorphism
(SNP) arrays provides an opportunity to accurately investigate
genetic variability at the molecular level through the evaluation
of genome-wide linkage disequilibrium (LD) extension (Chitneedi
et al,, 2017; Garcia-Gamez et al., 2012; Getachew et al., 2020),
effective population size (N.) (Chitneedi et al., 2017; Pasandideh
et al,, 2020) and homozygosity analysis (Chitneedi et al., 2017;
Dzomba et al., 2021; Getachew et al., 2020). In livestock genetics,
runs of homozygosity (ROH) regions, consisting of continuous
homozygous loci assumed to originate from the same ancestor,
are commonly used for inbreeding detection (Addo et al., 2021;
Rodriguez-Ramilo et al., 2019; Signer-Hasler et al., 2019). Long
ROH segments indicate recent inbreeding (<5 generations),
whereas shorter segments indicate a more historical effect (<50
generations), because of interruption due to recombination
(Mastrangelo et al., 2017; Meyermans et al., 2020b). The present
study aims to characterise the genetic diversity and inbreeding
levels in Sumava and Wallachian sheep using a medium-density
(50 K) SNP array and to compare our results with previous esti-
mates based on pedigree and microsatellite markers. Furthermore,
these two breeds are compared with other breeds of sheep (Kijas
et al,, 2012a) to evaluate their relationship. Eventually, the infor-
mation provided by this study will drive the breeding management
of Sumava and Wallachian sheep.

Material and methods

Our dataset contained 85 DNA samples of two Czech indigenous
sheep breeds, Sumava (48) and Wallachian (37). Individuals were

Animal 17 (2023) 100690

randomly selected from farms in Northern Moravia and Southwest
Czechia, these breeds’ most important breeding areas. One individ-
ual from each family was selected from each breeding (unrelated
individuals). Sumava and Wallachian sheep come from 8 and 10
breedings, respectively. Nasal swaps were collected, which were
subsequently processed by the Neogen laboratory. In addition to
our original data, 25 different breeds (n =1 028) from the Sheep
HapMap dataset generated by the International Sheep Genomics
Consortium (ISGC) were used to know the genetic relationships
of our populations with other breeds of sheep, mainly European.
The breeds taken from the ISGC dataset were as follows: African
Dorper (21), African White Dorper (6), Australian Suffolk (109),
Black Headed Mountain sheep (24), Castellana (23), Churra (90),
East Friesian Brown (39), East Friesian White (9), Finnsheep (99),
German Texel (46), Irish Suffolk (52), Karakas (18), Meat Lacaune
(78), Merinolandshaf (24), Milk Lacune (103), New Zealand Rom-
ney (24), Norduz (20), Old Norwegian Spaelsau (15), Rasa Arago-
nesa (22), Sakiz (22), Scottish Texel (80), Spael-white (32), Swiss
Black-Brown Mountain sheep (24), Swiss White Alpine sheep
(24), and Valais Blacknose sheep (24).

Genotyping and quality control

DNA samples corresponding to the Sumava and Wallachian
breeds were genotyped using GGP Ovine 50 K SNP bead chip (Neo-
gen) and Illumina GenomeStudio Software v2.0.5, with a total
number of 45 205 genotyped SNPs with known positions according
to the sheep reference genome Oar_Texel_v4.0. Only SNPs with GC
greater than 0.8 were used for further analysis. Quality control of
these SNPs was performed with PLINK v1.9 software (Chang
et al., 2015; Purcell and Chang, 2019). SNPs with minor allele fre-
quency (MAF)<0.1, genotyping rate < 0.9 and Hardy-Weinberg
equilibrium (HWE) P<10~® were excluded. In the second step,
individuals with more than 10% of missing genotypes and sex chro-
mosomes were also excluded from the data set.

To make our data mergeable with those obtained from ISGC
genotyped on the 50 K Illumina ovine bead chip, it was necessary
to use only common SNPs for both chips. We performed an addi-
tional quality control procedure to merge both datasets, applying
the parameters described previously for Czech breeds, except for
the Hardy-Weinberg equilibrium (HWE) threshold, which was
increased to P< 107>, Additionally, LD pruning was performed for
comparative analysis between breeds. Independent pairwise com-
mand parameters were set to the size of the SNP window of 50, the
number of SNPs per step 5, and the r? threshold to 0.2. Based on
these settings, 10 780 SNPs and 1 113 individuals were kept for
further analysis.

Linkage disequilibrium

Using the SNPs remaining after the quality control step for
Sumava and Wallachian sheep, we used Haploview v4.2 software
(Barrett et al., 2005) to calculate LD for each pair of SNPs, using
the commands Id-window-kb 1 000 and ld-window-r2 0. In the
first step, a comparison among physical distances between pairs
of markers was made (<20 kb, 20-40 kb, 40-60 kb, 60-100 kb,
100-200 kb, 200-500 kb, 0.5-1 Mb). In the second step, all pair-
wise LD combinations of SNPs with a distance smaller than
500 kb apart were computed separately for both breeds and all
autosomes. The average LD and average LD of adjacent SNPs across
each chromosome were also calculated.

Genetic diversity, inbreeding and effective population size

Genetic diversity within Sumava and Wallachian sheep popula-
tions was estimated by calculating the observed heterozygosity
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(Hp) and expected heterozygosity (Hg) were computed with PLINK
v1.9. The inbreeding coefficient (Fyop) based on observed versus
expected heterozygosity was also estimated using PLINK. To com-
pare absolute levels to these relative levels of inbreeding, the
inbreeding coefficient based on ROH (Fgoy) was also computed
with SNP1101 v1.0 (Sargolzaei, 2014). Two different estimates
for Fron were used. The first is based on a comparison of the total
length of ROH with the full length of the genotype Fromjiengen, and
the second is based on a proportion of SNPs included in the ROH
to the total number of genotyped SNPs Froy/snps.

Effective population size (N,) trends for these breeds were esti-
mated from LD as implemented in SNeP v1.1 (Barbato et al., 2015).
This approach of N, estimation across generations is based on the
relationship between LD decline and distance between adjacent
markers in the presence of mutations (Corbin et al.,, 2012):

Nr = (4f(C[))’1(E [rgdj‘ct] o ),

where Ny is the effective population size t generations ago com-
puted as t=(2f(c,))"! (Hayes et al., 2003), and ¢, is the specific
recombination rate for a certain physical distance between the
SNPs. For this study, Sved and Feldman’s approximation was used
(Sved and Feldman, 1973) for the recombination rate modification.
124 is the LD adjusted for sampling bias, and o is a constant correct-
ing the occurrence of mutations. For our analysis, values of minor
allele frequency (MAF) and « were set to 0.1 and 2.2, respectively,
as investigated by (Corbin et al., 2012). To make our outputs more
comparable to previous studies, the maximum distance between
SNPs was set at 10 Mb to estimate N, since the fifth generation
(Addo et al., 2021; Deniskova et al., 2019; Liu et al, 2021;
Mastrangelo et al., 2017). An adjustment of r* was also performed
due to the limited sample size.

Population differentiation, principal component analysis, and model
base structure

The pairwise Fsy matrix (Weir and Cockerham, 1984) among all
27 populations was calculated using HIERFSTAT (Goudet, 2005) in
R (R Core Team, 2020). Genetic relatedness based on a variance-
standardised relationship matrix was used to perform a principal
component analysis (PCA).

The neighbour-joining trees were modelled based on Nei’s dis-
tance matrix computed and visualised in R. SNPs without genomic
information in at least one sample were removed (847 SNPs). The
number of clusters was selected according to the lowest value of
the Bayes information criterion.

Taking into account the expected historical admixture of the
Czech autochthonous breeds (Sumava and Wallachian) with the
East Friesian White and Brown, German Texel, and New Zealand
Romney breeds, we selected these six populations to investigate
their admixture and their genetic structure with ADMIXTURE
v1.3.0 (Alexander et al., 2009). The most probable number of clus-
ters (K) in the data set was obtained using the default cross-
validation procedure based on the estimation of the prediction
errors for each K (Alexander and Lange, 2011).

Runs of homozygosity analysis

The identification of ROH for Sumava and Wallachian sheep was
carried out with the PLINK v1.9 program. The settings were as fol-
lows: minimum length of ROH - 1 Mb; maximum missing SNPs in
ROH per window - 2; maximum heterozygous SNPs per window —
1; minimum scanning window hit rate - 0.05; the maximum gap
between adjacent SNPs and minimum SNP density per ROH was
set as in Abied et al. (2020) - 250 kb and 70 kb, respectively; scan-
ning window and minimum number of SNPs in ROH () were 18 kb
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for both, as recommended by (Meyermans et al., 2020a). Our value
18 of the minimum number of SNPs (I) was calculated according to
the formula (Purfield et al., 2017), originally proposed by (Lencz
et al., 2007), to minimise false-positive ROH:

I'=log, (o /ns x n;)/(log,(1 — het))

where n; is the number of genotyped SNPs per individual; n; is the
number of genotyped individuals of the breed; « (set for our study
at 0.05) means the percentage of false-positive ROH, and het is the
mean heterozygosity computed for all SNPs. Values after the first
pruning were substituted. The same value was obtained for both
Wallachian and Sumava sheep.

All identified ROH were subdivided into four categories by
length (1-5 Mb, 5-10 Mb, 10-15 Mb, >15 Mb). Only the first three
categories were needed for the Wallachian sheep. The average den-
sity of SNPs and the average number of ROH per individual were
estimated for each category, as well as the count of ROH on each
chromosome.

For the detection of ROH islands (or ROH hotspots, in other
words), an approach based on the percentage of occurrence of SNPs
in ROH was chosen. PLINK v1.9 generated output from ROH detec-
tion was used for the calculation - the number of certain SNP
occurrences divided by the number of animals in each breed. The
top 1% of most frequently observed SNPs in ROH were selected
as potential genomic regions highly associated with ROH in each
breed. SNPs with greater frequency than 1% and a distance < 1 Mb
between themselves were identified as ROH islands. The number of
genes contained in each ROH island was determined in the
National Center for Biotechnology Information database (NCBI,
2015) based on the range between the first and last SNPs of each
ROH. Additionally, 0.5 Mb was subtracted/added to the chromo-
some coordinates of these two SNPs to avoid the exclusion of some
genes based solely on the mismatch between the physical posi-
tions of the SNPs in the Oar_v4.0 genome assembly and our Neogen
BeadChip. Only genes with a complete sequence in the given range
were considered.

Results
Quality control

Of 45 205 SNPs genotyped in this study, 551 were duplicates,
134 SNPs were not mapped, and 241 were located on sex chromo-
somes. Thus, 44 654 SNPs mapped onto the 26 sheep autosomes
were subjected to quality control. Of the 97 genotyped animals,
all individuals had missed less than 10% of their genotype. The
number of markers for Sumava removed during quality control
was 8405 SNPs: 1134 SNPs were deleted due to low call rate
(<0.90); 5 737 SNPs did not reach minimum MAF (<0.1); 53 mark-
ers were not in HWE (P < 10-°). The number of markers for Wal-
lachian removed during quality control was 12 610 SNPs: 1267
SNPs were deleted due to low call rate (<0.90); 9 819 SNPs did
not reach the minimal MAF (<0.1), and 43 markers were not in
HWE (P<107%). The total number of markers used in the Czech
breed analysis was 36249 SNPs in Sumava and 32 044 in
Wallachian.

The total dataset for comparison with European breeds was cre-
ated based on identical SNPs. These 19 634 SNPs were also sub-
jected to quality control. Of the 1113 genotyped animals, all
individuals had less than 10% of their genotype missing and passed
the quality control. The number of markers removed during the
quality control was 8 148 SNPs: no SNPs were deleted due to the
low call rate (<0.90); 100 SNPs did not reach the minimum MAF
(<0.1); additional 8 048 markers were not in HWE (P<107°).
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Subsequently, LD pruning excluded 706 additional SNPs. Therefore,
10 780 SNP markers were kept for further analysis.

Linkage disequilibrium

The LD decay for both studied breeds is presented in Fig. S1.
Autosomal SNP pairs were sorted into 20 kb bins according to their
increasing mutual distance. Then, an average value of r* was calcu-
lated for each bin and plotted as a function of the genomic distance
between markers (SNPs). The shortest distances (up to 120 kb,
where ended the sharpest decrease) showed the highest r? accord-
ing to expectations. r* reached a value of 0.59 in the first bin 0-
20 kb in Sumava sheep; between 100 and 120 kb, it was 0.37 and
only 0.27 in the last bin. Wallachian sheep had overall higher val-
ues of 12, which started at 0.66 in the first bin, followed by a value
of 0.45 between 100 and 120 kb and ended with 0.33 at 5 Mb. The
decrease in 1? and D’ values depending on the physical distance of
the marker pairs in both breeds is shown in Table S1.

Higher levels of average LD per autosome were observed in
Wallachian than in Sumava sheep for all and adjacent SNPs. Overall
average values of r? and D’ in Wallachian sheep led in the intervals
of 0.15-0.22 and 0.56-0.67, respectively. In Sumava sheep, these
intervals were 0.08-0.17 for the coefficient r* and 0.37-0.53 for
the coefficient D’. Furthermore, chromosome 6 reached a signifi-
cantly higher level of LD in the Sumava breed compared to the
other autosomes included in the analysis. However, the Wallachian
breed did not show statistical differences in LD between
autosomes. Table S2 compares the average values of LD on each
chromosome for all SNP pairs and adjacent SNP pairs in both
breeds.

Genetic diversity and effective population size for Sumava and
Wallachian sheep

In the Sumava breed, 36 249 filtered loci with 96% polymorphic
SNPs remained on average. This value was significantly lower in
Wallachian sheep - only 74%. Furthermore, the observed heterozy-
gosity (Hp) and the expected heterozygosity (Hg) were slightly
higher in Sumava than in Wallachian sheep. Sumava showed
Ho=0.42+0.11 and Hg=0.4310.08. In the Wallachian sheep,
Ho=0.41+0.12 and Hg=0.40%0.09. A total of 466 loci in the
Sumava and 255 loci in the Wallachian breed deviated significantly
from HWE (P < 0.01).

Sumava
=g=\/\/allachian

Animal 17 (2023) 100690

An estimation of the effective population size (N.) of both
breeds is depicted in Fig. 1. As expected, Sumava sheep had larger
N, for all displayed generations than Wallachian sheep but suffered
approximately a steeper decline between the 60th and 600th gen-
eration. In the most recent time frame (five generations ago), the
Sumava breed had N, = 68, and the Wallachian breed had N, = 34.

Runs of homozygosity in Sumava and Wallachian sheep

There were 1886 ROH in total in the Sumava breed and 1995
ROH in the Wallachian breed. The distribution of ROH across all
chromosomes is shown in Fig. S2A and B for Sumava and Wal-
lachian sheep, respectively. Most detected ROH were less than
5Mb long for both breeds. On average, the ROH of the Sumava
sheep were longer than that of the Wallachian and reached even
larger absolute lengths. However, Wallachian sheep showed ROH
longer on average in the categories 5-10 Mb and 10-15 Mb. Fur-
thermore, the mean density of SNPs in ROH was comparable in
both breeds. All these characteristics are explained in detail in
Table 1.

There were no shared ROH islands shared between the Wal-
lachian and Sumava breeds. Regarding the number of genes con-
tained in each ROH island +0.5 Mb, a total of 471 candidate
genes were identified in Wallachian sheep distributed to 11 hot-
spots and 653 genes within 13 hotspots in Sumava sheep, as shown
in Table S3. The SNPs within the ROH hotspots above the 1%
threshold for Sumava and Wallachian sheep are shown in Fig. 2.

Inbreeding in Sumava and Wallachian sheep

The average inbreeding values for both Czech breeds are shown
in Table 2. Both breeds exhibit a wide range of inbreeding (Fyom)
among individuals, from — 0.04 to 0.16 in Sumava and from —
0.13 to 0.12 in Wallachian (data not shown). Values obtained from
Fron were much higher on average, reaching 21% in Sumava and
27% in Wallachian sheep (data not shown). Based on the propor-
tion of SNPs in ROH (From/snps), the inbreeding estimate reached,
on average, slightly higher values than the one that considered
their length (Fromyiengen)- Inbreeding based on the excess of homozy-
gosity mainly had very low to negative values, despite the presence
of animals with relatively high Fyop in the dataset.

PCA results are shown in Fig. 3. The principal components 1, 2
and 3 explained 24.4, 19.11 and 18.6%, respectively, of the total

Nn W KN~ O - M 1 0
B R = I ]
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Fig. 1. Estimates of the effective population size (N,) for Sumava and Wallachian sheep for 5-960 generations ago.
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Table 1
Descriptive statistics for ROH in Sumava and Wallachian sheep.
N ROH Mean density ROH/individual Mean ROH length (b)
Sumava
1-5Mb 1626 58.839 21.021 2913387
5-10 Mb 234 61.066 3.271 2951468
10-15 Mb 23 59.575 0.313 3036 947
15-20 Mb 3 48.874 0.042 6 369 466
Total 1886 59.109 24.646 2925116
Wallachian
1-5Mb 1873 60.264 18.541 2448 172
5-10 Mb 104 61.178 0.919 2288 401
10-15 Mb 18 57.635 0.270 2305 839
Total 1995 60.288 18.541 2 438 559
Abbreviations: ROH = runs of homozygosity.
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Fig. 2. Runs of homozygosity (ROH) hotspots lie above the redline representing a 1% threshold of SNPs incidence in the total number of ROH: (A) 0.208 for Sumava sheep and

(B) 0.343 for Wallachian sheep.

Table 2

Comparison of two types of inbreeding in Sumava and Wallachian sheep.

Breed Friom £ SD Frojiengtn + SD Frorysnps £ SD
Sumava 0.01+£0.039 0.06 +£0.037 0.07 £0.036
Wallachian —0.02 £0.059 0.14 £ 0.045 0.14 +0.048

Abbreviations: ROH = runs of homozygosity; Fyom = coefficient of inbreeding based on the excess of homozygosity; Fronyiengin = coefficient of inbreeding based on ROH length;
Fronysnps = coefficient of inbreeding based on the proportion of SNPs in ROH.
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Fig. 3. Results of the principal component analysis based on a variance-standardised relationship matrix performed on the 27 sheep breeds included in this study.
Abbreviations: ADP = African Dorper; AWD = African White Dorper; ASU = Australian Suffolk; BHM = Black Headed Mountain sheep; CAS = Castellana; CHU = Churra;
EFB = East Friesian Brown; EFW = East Friesian White; FIN = Finnsheep; GTS = German Texel; ISF = Irish Suffolk; KRS = Karakas; MLC = Meat Lacaune; MLA = Merinolandshaf;
LAC = Milk Lacune; ROM = New Zealand Romney; NDZ = Norduz; NSP = Old Norwegian Spaelsau; RAA = Rasa Aragonesa; SKZ = Sakiz; STX = Scottish Texel; NSW = Spael-
white; SUM = Sumava sheep; SBS = Swiss Black-Brown Mountain sheep; SWA = Swiss White Alpine sheep; VAL = Wallachian sheep; VBS = Valais Blacknose sheep.

variation associated with breed distinctiveness according to their
variance-standardised relationship. Sumava and Wallachian sheep
tend to group with Sakiz, African Dorper, African White Dorper,
Karakaz, Norduz, Valais Blacknose sheep, German Texel, New Zeal-
and Romney, Swiss Black-Brown Mountain sheep, Swiss White
Alpine sheep, Merinolandshaf, Meat Lacaune and Castellana.
Values of the fixation index were computed for each pair of
breeds. The resulting matrix of relative genetic distinctiveness is
displayed in Table S4. The most different breeds, according to the
average of the Fsr values, seemed to be both African Dorpers and
both breeds of East Frisian sheep, followed by Sakiz, Wallachian
sheep, and Valais Blacknose sheep. In contrast, Sumava sheep
showed low differentiation from Rasa Aragonesa, Castellana, Aus-
tralian Suffolk and both Lacaune populations. The highest Fsr val-
ues were observed when comparing African Dorper with East

Friesian White and East Friesian Brown sheep - Fsr=0.215 and
Fsr=0.213, respectively. The smallest difference (Fsy=0.022) was
found between Milk and Meat Lacaune.

Fig. 4 shows the clustering of populations by neighbour-joining
trees based on Nei’s genetic distances among individuals when
comparing 15 (Fig. 4A) and 6 (Fig. 4B) breeds, respectively. The
15 breeds are those that cluster together in PCA analysis. The six
populations are those that, based on historical information, have
an expected relationship to Czech autochthonous breeds. The
graphical representation of the entire data set (27 populations)
includes six clusters and is depicted in Fig. S3. In the last graph,
German Texel and Scottish Texel clustered together, Norduz with
Finnsheep and the two Spaels. Individual branches were observed
for both Suffolks and the two East Friesian populations. The rest of
the included breeds remained undistinguished. For the 15 selected
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breeds, only three populations made their own branches: German
Texel, Valachian Blacknose, and Wallachian sheep. Sakiz, African
Dorpers, Karacas and Norduz created another cluster and the
remaining 7, the last one. The smallest dendrogram focused on
six breeds and consisted of only two multibreed branches. Sumava
and New Zealand Romney shared one of these clusters, and the
second was composed of both breeds of East Friesian sheep.

Model-based structure analysis

For population structure analysis (Fig. 5), the same six breeds
were chosen as for Fig. 4B. The most likely number of clusters
was K=7. The common pattern of genetic ancestry showed only
East Friesian Brown and White; the rest of the breeds clustered
separately. A minor admixture of New Zealand Romney could be
found in Sumava and German Texel.

Discussion

The conservation of livestock genetic resources constitutes a
challenging mission, even more so for breeds with limited popula-
tion size in a country where sheep farming constitutes only a
minority of livestock production. Regular evaluation of the results
of these efforts is therefore desirable. This study builds on two pre-
vious studies dealing with indigenous breeds of Czech sheep
(Machova et al., 2021, 2020). It provides the first overview of their
population structure and diversity based on SNP analysis. To obtain
a global context for our data, the 25 breeds of the ISGC database
were used to assess genetic similarity and the possible relation
between two Czech autochthonous breeds and other European
breeds. The number of samples represents 0.5-1% of the studied
populations. Due to the small population size of both breeds and
the selection of unrelated individuals, it is a sufficient amount for
the given type of genetic diversity type, and it is in agreement with
other published studies in other indigenous breeds (Ben Jemaa
et al.,, 2019; Eydivandi et al., 2020; Kumar et al., 2018; Mukhina
et al.,, 2022).

Sumava sheep had overall lower levels of inbreeding than Wal-
lachian sheep, which agrees with our previous results (Machova
et al., 2021, 2020). This could be due to its larger population or/
and regeneration efforts, which were more intensive than in Wal-
lachian sheep. High levels of Fyop are caused by animals with
heterozygosity higher than randomly expected at the genome-
wide level. No correlation between Fyop and Froy observed by
other authors (Ghoreishifar et al., 2020; Zhang et al., 2015) was
found in our data. Frop, as the absolute rate of inbreeding, reflected
comparable levels of inbreeding in Sumava with those found in
Ovino delle Langhe (0.052), Valle del Belice (0.067), and Sopravis-
sana (0.052) studied by Persichilli et al. (Persichilli et al., 2021).
Similar results were found in the Swiss indigenous breeds Bundner
Oberlander (0.615), Swiss Black- Brown Mountain (0.641), and
Swiss Mirror sheep (0.762) (Signer-Hasler et al., 2019). While the
inbreeding rate in Sumava can be classified as a better average
among autochthonous breeds, Wallachian sheep are among those
with higher values. When we compare our results with the Polish
Olkuska breed, Froy values 0.096, 0.124, and 0.082 found for three
sub-populations of this breed are higher than in Sumava but lower
than in Wallachian (Sobieraj-Kmiecik et al., 2020). In other Polish
breeds, the Froy values were similar to those obtained from Wal-
lachian: Swiniarka (0.17), Wrzoséwka (0.10) and Polish Merino of
Colored Variety (0.15) (Gurgul et al., 2021).

The identification of specific ROH showed, in some respects
contrasting results with the mean values of inbreeding. Even
though the Wallachian showed higher values of inbreeding, includ-
ing the one based on ROH, the average number of ROH per individ-
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ual was higher in the Sumava sheep. In addition, the average length
in Sumava reached 2.9 Mb, while Wallachian was only about
2.4 Mb. Animals from the Sumava breed also had more ROH than
those from the Wallachian breed. Thus, these results suggest that
while Wallachian ROH estimates are mainly products of the distant
past, Sumava length ROH indicate a relatively recent inbreeding,
which could have happened approximately-three generations
ago, according to cattle estimates (Ferencakovic et al., 2013). The
ROH islands can be used to identify specific selection signatures
throughout the breed genome, elucidating the genetic nature of
unique breed-specific traits (Liu et al., 2021). Domestication, artifi-
cial selection, and environmental influences have shaped these
breeds’ characteristics for centuries. Both Czech breeds do not
share any ROH hotspots, although they came from the same, rela-
tively small state. Nothing like this has been observed in national
breeds, even from significantly larger countries such as South
Africa (Dzomba et al., 2021), Russia (Yurchenko et al., 2019), China
(Liu et al.,, 2021), and India (Saravanan et al., 2021), where it would
be easier to believe a historically separated development. The most
probable explanation for the results obtained in Czech breeds will
be the insufficient size of the sample, a too strict selection thresh-
old for ROH islands, or the random selection of genetically very dis-
tant individuals.

Sheep generally have lower LD values than other domestic ani-
mals, such as cattle, pigs, and dogs (Al-Mamun et al., 2015). In
autochthonous Czech breeds, a rapid decline of LD was observed
after 25 kb. On average, higher levels of LD were observed in
Sumava than in Wallachian sheep. In the context of other breeds,
LD levels studied on SNPs distant < 50 kb and on 50 K SNP panel,
Sumava belongs to the average, while Wallachian showed high
levels of LD. For example, close values to the Sumava’s mean r?
value (?=0.1) were found in Xinjiang type of Chinese Merino
(r*=0.13) (Liu et al., 2017), Frizarta (1 = 0.09) (Kominakis et al.,
2017), Australian Merino (1? =0.12) (Al-Mamun et al., 2015) and
Santa Inéz (12 = 0.05) (Alvarenga et al., 2018). Higher levels of LD,
like those from Wallachian sheep, are common for local breeds
such as Barbaresca (1? = 0.18) (Nel et al., 2022), Churra (* =0.17),
(Garcia-Gamez et al, 2012) or Zandi (r*=0.18) (Ghoreishifar
et al.,, 2019). The average r* found in Sumava between adjacent
SNPs lies somewhere between the values recorded by Zhao et al.
(Zhao et al., 2014) in Sunite (r?=0.12), German Mutton Merino
(r*=0.20) and Dorper (r? = 0.22). However, the values of Sumava
are somewhat underestimated from this comparison because the
distance between syntenic SNPs in the study of Zhao et al. (Zhao
et al., 2014) was shorter (~57 kb) than in ours (~70-80 kb - data
not shown). The values among adjacent SNPs in Wallachian were
expectedly higher (r>=0 0.26), close to the breeds evaluated on
the High-Density SNP chip, like Lamb Supreme (1 = 0.27), Primera
(r*=0.26), or Texel (r?=0.26) from New Zealand (Brito et al.,
2017).

The estimation of historical effective population size (N) by the
rate of LD decay is a widely spread method of modelling the evo-
lution of genetic diversity of populations (Chitneedi et al., 2017;
Liu et al., 2017; Nel et al., 2022; Prieur et al., 2017). The declining
trend N, in both studied breeds is a predictable phenomenon, as
both Czech breeds are affected by reducing the effective size of
the population - a small number of breeding males, the bottleneck
effect, and the absence of migration (Charlesworth, 2009).
Although an increase in N, has already been identified in livestock
populations (Brito et al., 2017; Prieur et al., 2017), most authors
have observed similar decline trends as in our study
(Ghoreishifar et al., 2019; Kominakis et al., 2017; Liu et al., 2021;
Moosanezhad Khabisi et al., 2021; Pasandideh et al., 2020;
Purfield et al., 2017), because the only long-acting mechanism that
reduces LD (and thus increases N, computed from LD) is the long-
term effects of random mating and recombination (Qanbari, 2020;
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Fig. 4. Dendrogram based on Nei's genetic distances between animals of 15 sheep breeds in 5 branches: blue branch = Wallachian sheep; red branch = Sakiz, African Dorper,
African White Dorper, Karakas, Norduz; yellow branch = Valais Blacknose sheep; green branch = German Texel; grey branch = New Zealand Romney, Sumava sheep, Swiss
Black-Brown Mountain sheep, Swiss White Alpine sheep, Merinolandshaf, Meat Lacaune, Castellana.Dendrogram based on Nei's genetic distances between animals of 6
breeds in the four branches: blue branch = East Friesian Brown, East Friesian White; red branch = Wallachian sheep; yellow branch = German Texel; green branch = New
Zealand Romney, Sumava sheep. Abbreviations: ADP = African Dorper; AWD = African White Dorper; CAS = Castellana; EFB = East Friesian Brown; EFW = East Friesian White;
GTS = German Texel; KRS =Karakas; MLC =Meat Lacaune; MLA = Merinolandshaf; ROM = New Zealand Romney; NDZ=Norduz; SKZ=Sakiz; SUM =Sumava sheep;
SBS = Swiss Black-Brown Mountain sheep; SWA = Swiss White Alpine sheep; VAL = Wallachian sheep; VBS = Valais Blacknose sheep.
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Fig. 5. Model-based clustering of 6 sheep breeds: East Friesian Brown, East Friesian
White, German Texel, New Zealand Romne, Sumava sheep, Wallachian sheep, for
modelled ancestral population K =3 - 9, while the most likely number of clusters
was K=7. Abbreviations: EFB = East Friesian Brown; EFW = East Friesian White;
GTS =German Texel; ROM=New Zealand Romney; SUM =Sumava sheep;
VAL = Wallachian sheep.

Slatkin, 2008). Considering the last 40 generations, our findings are
very similar to those obtained from the German White-headed
Mutton population with the same methodology (Addo et al,
2021). The German White-headed Mutton had N, slightly over 50
animals in the past five generations, which remained from the
original 200 after a 35-generation-long decline (Addo et al,
2021). The same trend of N,, with significantly lower values com-
pared to other Sicilian breeds, was found in Barbaresca sheep by
Mastrangelo et al. (2017b). On the contrary, Kyrgyz breeds showed
notably higher values of N, between 176 and 660 animals in the
5th generation (Deniskova et al., 2019). Nosrati et al. (2021) com-
pared breeds among different locations and continents, and breeds
from Central Europe showed the lowest N, drop curves; even so,
the two breeds we monitored would belong to the lowest among
them.

In the present study, the relationship between the two indige-
nous Czech breeds and other European sheep breeds was investi-
gated with various approaches (Fsy, PCA, Admixture, neighbour-
joining trees), and all of them pointed to their apparent unique-
ness. Both Czech breeds made homogeneous clusters without sig-
nificantly deviating individuals in the PCA graphical output based
on the variance-standardised relationship matrix. However, the
proximity of these breeds and among about 13 other European
breeds was evident. The neighbour-joining trees revealed only
one individual of Sumava sheep, who shared a common branch
with the Castellana and Rasa Aragonesa breeds. On a smaller scale,
the entire population of Sumava showed greater proximity to the
New Zealand Romney than the other breeds used for its regenera-
tion - East Friesian and Texel. However, not all of them were pre-
sent in our dataset, and a significant genetic influence of other
regenerative breeds thus cannot be excluded.

On the contrary, Admixture analysis revealed distinct ancestries
in Sumava, which remained stable in several K-values. Some even
affected almost the entire monitored genotype of the individual.
Nevertheless, this admixture should not be interpreted as the influ-
ence of one additional breed because the value of K estimates the
smallest number of populations involved in creating variability of
our selected six breeds, which is probably smaller than the number
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of different events (bottlenecks, populations splits and mergings,
gene flow between a new population and its ancestral population,
...) that significantly affected the sample. In future, it would be
appropriate to check whether this is a remnant of historical
outcrossing or modern, created by including crossed animals in
the herdbook.

Calculated Fsy values can be divided into three categories based
on the degree of isolation of populations (from the least to the
most isolated): 0-0.05, 0.05-0.15, and 0.15-0.25 (Grasso et al,,
2014). Breeds from the same region traditionally have lower fixa-
tion indexes between pairs of them due to great gene flow among
populations, as was confirmed for the following sheep breeds: Ber-
ber and D’Man from Morocco; Hamra, Beni-Guil and Ouled-Djellal
from Algeria; Ouled-Djellal from Morocco; and Sardi and Timah-
dite from Northwest Africa, whose pairwise Fsr does not exceed
0.67 value (Belabdi et al., 2019). For goats kept in the same region,
the Fsr estimates were lower (<0.05) (Ouchene-Khelifi et al., 2018).
Although the same pattern was observed in various sheep breeds
and locations in the world, for example, in Tibet breeds, Fst = 0.03 -
—0.09 (Xiong et al., 2020), in Sicilian breeds, Fsr=0.03 —0.05
(Mastrangelo et al., 2014), and in Kazakh breeds, Fs;=0.02 — 0.04
(Pozharskiy et al., 2020). This is not the case for the two Czech
breeds analysed here, whose Fsr=0.10 indicates only moderate
gene flow between them in a range typical for well-differentiated
breeds originating from different regions of Europe (Kijas et al.,
2012b). There is a strong correlation and consistency that allows
direct comparison between Fsr values obtained from microsatel-
lites and SNPs (Laoun et al., 2020; Zimmerman et al., 2020). Com-
pared to our previous study, the Fsr values obtained from the SNPs
array were almost double those obtained from the microsatellites
between Wallachian and Sumava and between them and other
breeds as well (Machova et al., 2020). The number of individuals
used in the previous study was significantly greater (Wal-
lachian = 340, Sumava = 474), but the overall variability detectable
by the markers was significantly lower, even though polyallelic
microsatellites were used (Machova et al., 2020).

Conclusions

In this study, we evaluated the genetic variability of two indige-
nous Czech sheep breeds based on a 50 K SNP-Chip panel and com-
pared it with 25 different breeds. Both breeds appeared to be well
differentiated between each other and among other European
breeds. Due to inbreeding and the effective population size, their
genetic diversity is low, especially in the case of the Wallachian
breed. Sumava, on the other hand, is facing a significant foreign
gene pool. This study identified several regions with a high degree
of homozygosity; further studies should focus on these regions to
determine breed-specific genes under the influence of selection.
The degree of genetic diversity within Sumava and Wallachian
breeds is roughly consistent with the results obtained from pedi-
grees and microsatellite markers, contrary to the degree of inter-
population genetic diversity (Fsr), which was significantly
different.
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Abstract: Mitochondrial DNA and nonrecombinant parts of Y-chromosome DNA are a great tool
for looking at a species’ past. They are inherited for generations almost unaffected because they do
not participate in recombination; thus, the time of occurrence of each mutation can be estimated
based on the average mutation rate. Thanks to this, male and female haplogroups guide confirming
events in the distant past (potential centers of domestication, settlement of areas, trade connections)
as well as in modern breeding (crossbreeding, confirmation of paternity). This research focuses
mainly on the development of domestic sheep and its post-domestication expansion, which has
occurred through human trade from one continent to another. So far, five mitochondrial and five
Y-chromosome haplogroups and dozens of their haplotypes have been detected in domestic sheep
through studies worldwide. Mitochondrial DNA variability is more or less correlated with distance
from the domestication center, but variability on the recombinant region of the Y chromosome is
not. According to available data, central China shows the highest variability of male haplogroups
and haplotypes.

Keywords: domestication; mitochondrial haplogroups; matrilineal inheritance; patrilineal inheritance;
Y chromosome haplotypes

1. Introduction

Domestic sheep (Ouis orientalis Linnaeus, 1758), together with domestic goat (Capra
aegagrus hircus Linnaeus, 1758), were among the first livestock to be domesticated through
several domestication events between the eleventh and eighth millennia BP [1-3]. Through-
out almost ten millennia, domestic sheep have spread with the help of man to almost all
continents, different climatic zones, and altitudes. This adaptability and production vari-
ability are naturally rooted in its genome. Indeed, most of this functional genetic diversity
comes from wild ancestors in which they have already been segregated [4,5]. Scientists
are increasingly seeking functional genes that cause this natural adaptability due to their
potential use in marker-assisted selection [6-8].

The urial (Ovis vignei Blyth, 1841) was first considered the main ancestor of domestic
sheep, and only after the number of chromosomes in individual related species of the genus
Owis was revealed, the scientific public leaned towards the theory of a single ancestor, the
European mouflon (Ovis orientalis musimon Pallas, 1811) [9]. According to the latest findings
supported by several mtDNA haplotype studies [10-13], the direct ancestor of the domestic
sheep appears to be the Asian mouflon (Ovis gmelinii Gmelin, 1774), while a close relative of
the sheep, the European mouflon, appears only to be a feralized remnant of the originally
domesticated sheep. This statement was confirmed when the same retrotypes were found
in the Corsican, Cypriot, and Sardinian mouflons as in primitive Nordic sheep breeds [14].
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Modern breeds are characterized by a high frequency and fixation of the retrotype called
enJSRV-18. In contrast, primitive populations, including the European mouflon, do not
carry this retrotype. Instead, they either have a high frequency of enJSRV-7 or are generally
deficient in insertional polymorphic enJSRVs, including en]JSRV-7 [14].

Molecular genetic methods provide information today on the dispersion and genetic
diversity of domestic sheep. Over the last few decades, significant progress has been made
in the genomic sequencing of animals, including sheep [15]. However, many methods
targeting specific sections of the genome are also used to study the genetic diversity of sheep:
the study of haplotypes (mitochondrial and non-recombinant parts of the Y chromosome),
autosomal microsatellite markers, and, most recently, single nucleotide polymorphisms,
SNPs [16]. With the increasing amount of genetic information available, our information on
the origin, development, adaptation mechanisms, and variability of livestock is becoming
more accurate [15]. For the study of development and origin, information from Y or mt
haplotypes of primitive national breeds, or even better directly from archaeological finds, is
particularly valuable [17]. Indigenous breeds are not expected to have a larger proportion
of newly introduced genes, as their development is closely linked to the development of
ethnic groups, which usually still breed them in the traditional pastoral way in certain
areas for many centuries and millennia [18-20].

Some studies even point to the possibility of using recombinant sections of gonosomes.
Diversity on the X chromosome and autosomal chromosomes in wild and domestic sheep
across continents revealed a decrease in the diversity of single nucleotide polymorphisms
(SNPs) on the X chromosome compared to autosomes [21]. On the other hand, a smaller
number of selective SNPs are found on the X chromosome, probably because most target
loci and genes that are long-term are affected by human selection and are located on
autosomes. Chessa et al. [22] focused on these loci and demonstrated that even in the
functional regions of the sheep genome, there is considerable genetic variability, reflecting
years of adaptation, natural or artificial selection, migration, and crossing. They can,
therefore, also be used to study current biodiversity.

This review aims to summarize the current knowledge about the colonization disper-
sion of domestic sheep based on the two most used approaches to this issue, the study
of the variability of mitochondrial and nonrecombinant Y DNA. The meta-analysis in the
form of graphical outputs focused on recent local and transboundary breeds. Commercial
or improved breeds (e.g., Texel) were not included in the dataset.

2. Mitochondrial Haplogroups and Haplotypes

MtDNA is inherited through the maternal lineage and, thus, lacks recombination. At
the same time, it mutates five to ten times faster than nuclear DNA [23]. This may be due
to a lack of repair mechanisms or the formation of free radicals during the phosphorylation
process [24]. The hypervariable region of the mtDNA regulatory region is one of the most
available and effective markers for population genetic studies, which allows monitoring of
the maternal lineage of the gene pool and the related phylogenetic relationships, structure,
and diversity of the population [25].

Assuming that humans take only part of the animal population from the original
domestication center when colonizing new areas, mtDNA haplotype studies should logi-
cally reflect the geographical progression of the domestication of sheep. Thus, the greatest
diversity of mitochondrial haplotypes in sheep can be expected in the Eastern Mediter-
ranean [26]. For autosomal diversity or diversity on the X chromosome, no higher values in
the area of domestication were confirmed. Certainly, the recent breeds kept in these areas
no longer represent the genotype of the original thin-tailed sheep, which were one of the
first to spread further around the world [21].

Of the specific regions monitored in sheep mtDNA, researchers most often focus on
the D-loop region and the cytochrome-b-coding region [27]. More than 900 haplotypes
have been found for cytochrome b [28]. It is currently assumed that there are up to six
different haplogroups into which they can be divided, called A, B, C, D, E, and X. However,
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haplogroup X has so far only been described by a single study [29], and no subsequent
studies have confirmed its existence. Based on genetic material from archaeological finds,
it is assumed that there were originally more haplogroups and that some of them became
extinct [30]. A and B are the most common groups in sheep from Europe (B) and Asia
(A) and were also the first to be identified [10,31]. C is more genetically variable than the
previous two groups but has nothing in common with any wild-type sheep. To a small
extent, this type occurs in native Portuguese sheep, as well as in the Caucasus, the Middle
East, and Asia. The D and E haplogroups are two of the rarest and were found in the
North Caucasus region [26]. D also appears to be the haplogroup closest to the common
ancestor of sheep and mouflon [32]. The last haplogroup was found at the Anatolian
mouflon (Ovis gmelini anatolica Valenciennes, 1856), and it is very close to groups E and
C [29]. The period of formation of these haplogroups is assumed to be sometime in the
period of 5-35 thousand years ago, which is more than 150 thousand years later than the
expected separation of the Cypriot mouflon (Ovis gmelini ophion Blyth, 1841) [13,32].

In addition to the study of population dispersion, the mitochondrial genome is also
used for phylogenetic analyses of the genus Ovis. For example, according to a study that
analyzed mitochondrial cytochrome b sequences [13], argali (Ovis ammon (Linnaeus, 1758))
was the first of the genus Owvis to diverge in Europe. The Meadows collective came to a
somewhat different dating based on a study of complete mitogenomes in domestic and
wild sheep [33]. They determined a calibration point based on the sequence of cytochrome
b of an already extinct relative of the genus Myotragus, which separated 5.35 mya (million
years ago) [33]. Based on this, they estimated the cleavage of the two major mitochondrial
haplogroups, A and B, from the unfrequented C and E to 0.92 mya, and the separation of
C from E to 0.26 mya. Sanna’s team reached a different estimate of the diversification of
mitochondrial haplogroups on samples of whole mtDNA sequences (see Figure 1) [32].
The first separation of the two major branches of haplogroups (C, E and A, B, D) happened
0.3 mya, according to Sanna’s team. Haplogroup D (0.24 mya) was the first to be separated,
groups A and B (0.17 mya) were further distinguished, and C and E (0.12 mya) were the
last [32]. Table 1 provides a comparison of the estimates of five different studies of the three
main divergence points preceding the formation of individual mitochondrial haplogroups.

Table 1. Comparison of approximated divergence times in million years ago (mya) of Argali, Urial
and main mitochondrial haplogroup branches (A, B, D) between different studies.

Study Data Origin Times of Divergence in Mya
. . Branch of A, B,
Argali Urial D haplogroups
Rezaei et al. (2010) [13] Cytochrome b sequence 1.72 1.26 -

Meadows et al. (2011) [33] Whole mitogenome 2.13 - 0.92
Lv et al. (2015) [34] Whole mitogenome 293 2.60 0.89
Sanna et al. (2015) [32] Whole mitogenome 1.11 0.89 0.30
Deng et al. (2020) [35] Whole mitogenome 293 2.60 1.02

In any case, it is not possible to assume a connection between the divergence of
any of the five haplogroups and the post-domestication expansion, which according to
archaeological findings, dates as far back as the eighth millennium BP [3,36]. Based on
molecular genetic data, this may have happened two millennia earlier [14,35]. For lineage B,
a primary haplotype may have already been identified in 2019, when a lineage B haplotype
was found in the Sardinian mouflon and which was estimated to split about 110,000 years
ago, about 30,000 years earlier than the expected division of the European mouflon from
sheep lineage B [37].

The sheep probably got to North America by migrating from Asia across the Bering Strait.
Bighorn sheep (Ovis canadensis (Shaw, 1804)) and Alaskan sheep (Ovis dalli (Nelson, 1884)) are
monophyletic from the Siberian snow sheep (Ovis nivicola (Eschscholtz, 1829)) from which
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they separated about 1.6 million years ago [13]. Similar conclusions were reached in later
studies [32,38].
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Figure 1. Root phylogram obtained by Bayesian inference from 28 haplogroups. The labels below the
nodes indicate bootstrap values for maximum similarity. Above the nodes are the molecular datings
in millions of years. Cluster 1 contains three groups, one with haplogroup E (RE), the other with
haplogroup C (RC), and the third with all Cypriot mouflons (CYM) and some Anatolian mouflons.
The second cluster has a total of four groups. Three haplogroups of domestic sheep were divided
according to haplotypes D, A, B (RD, RA, RB), and European mouflon (EUM). Some Anatolian
mouflons are also included in haplogroup A. BWS, AWS, UWS means Ouis canadensis (bighorn sheep),
Owis vignei (urial), and Ovis ammon (argali), respectively. Taken from [32].

2.1. Europe

The high diversity of sheep mitochondrial lineages could be due to domestication from
several developmentally related ancestors [32]. For this reason, the complete dominance
of haplogroup B mtDNA in Europe (Figure 2) indicates the expansion of the European
population from only a few individuals. Such a low diversity was already present in herds
in the Black Sea area before the Neolithic expansion [39]. With the Neolithic expansion,
progress through Europe accelerated. Sheep reached central Anatolia about 10,000 years
ago [1]. From there, two main dispersal routes led to Europe, via the Mediterranean Sea
and through the Danubian valley. These two European pathways were also confirmed by
research of small ruminant lentiviruses (SRLVs) [40]. The Mediterranean route led from
Cyprus through the Balkan Peninsula and the Apennine Peninsula to Corsica and Sardinia
from which northern Italy and southern France were further inhabited. Domesticated
sheep reached the Iberian Peninsula around 7500 BP. The Danube road led through river
valleys to Central Europe [1]. Sheep entered the Alps, either way, more than 5000 years
ago [41]. However, there was probably another dispersal route to Europe, which led
through Caucasus, Russia to northern Europe [11]. Lineage B was probably the first to
reach Finland, followed by lineage A in the early Middle Ages [42]. Lineage A has spread
across Europe through wool-refining efforts, but the origin of lineages C and D in Central
Europe remains unclear. They could have come to Europe with a prehistoric man or much
later, for example, during the Ottoman expansion [43]. This is consistent with the current
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findings of these two lineages, mainly in the Balkans and the Iberian Peninsula (Figure 3),
which has been under Arab rule for almost seven centuries.

Figure 2. The main dispersal routes of sheep from the place of domestication over Eurasia and Africa
estimated in thousands of years BP. ., ., C, . = routes of major mitochondrial lines [34,44];
1 =Mediterranean route [1,9]; 2 = Danubian route [1,9]; 3 = route to northern Europe [45]; 4 = routes of
ancient sea transport to the Indian subcontinent [46]; 5 = African routes [47-50]. Taken and modified
from [34].

Figure 3. Types and frequencies of mitochondrial haplogroups in different regions of the Eastern
Hemisphere. Color resolution of haplogroups: ., ., C, ., E. The data used to create this map
diagram with Power BI are a compilation of data from studies: [12,17-20,25,26,29,34,42-46,48-76].
On a scale of 21-866 samples per pie chart.
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2.2. Asia

The colonization of Asia was a little more complicated (Figure 2). The study evaluated
the optimal model based on the ABC analysis of mitochondrial lineages, which most likely
occurred during the colonization of Asia, and revealed the next three steps [34]:

1.  Lineage A spread first to the Mongolian Plateau and the Indian subcontinent. Later, it
expanded from the Mongolian Plateau to northern and southwestern China. Accord-
ing to [77], lineage A was the most abundant lineage in ancient Bronze Age China
(95.5%). Its abundance increased from west to east.

2. Lineage B headed first on the Mongolian Plateau and colonized northern and south-
western China and India from there.

3. Lineage C also first colonized the Mongolian Plateau. From there it headed to northern
China and then to the Indian subcontinent.

The fourth lineage, D, was also found in Central Asia, specifically in the south of the
Tibetan Plateau in one of the local breeds, Linzhou [44]. However, currently there are no
relevant estimates of the time or route of its arrival at this location.

The mainland route to Asia, however, may not have been the only one. Another
possibility of importing the maternal lineages A and B to India seems to be the sea route
from the ancient port of Léthal at the mouth of the Indus river [46]. At the time of
Harappan culture (~2.4 thousand BP), this place had trade links with Africa and West
Asia. The Mongolian Plateau was identified as the area with the highest variability [34].
Even several cases of heteroplasmy were found there, which must have existed in this
area for several millennia [51]. The Mongolian Plateau acted as a migratory hub from
which the lineages spread from the Middle East to Asia [34,52]. Specifically for lineages
A and B, high nucleotide diversity is found in India [19,34] and for lineage C in northern
China [34]. According to some authors, this diversity is so significant that it cannot come
from the same domesticated animals that gave rise to these lineages in the more eastern
areas. Therefore, independent domestication events could also have occurred on the Indian
subcontinent [46] or in China [53,78].

So far, no study has confirmed that the Indonesian region has any original breed of
sheep. The current breeds are, therefore, mainly descendants of European breeds imported
by the Dutch in the second half of the 19th century [54] or fat-tailed sheep brought by Arab
traders in the early 18th century [79]. However, these imported breeds were often crossed
with local thin-tailed sheep of unknown origin, which were imported even earlier, probably
by traders from Asia. [54]. This is probably the source of haplogroup A in Indonesia.

2.3. Africa

Evidence of the presence of sheep in Africa dates back to a much earlier time than in
Southeast Asia [47]. Sheep probably penetrated North Africa through two routes about
7000 years ago. The first is the same colonization dispersion that crossed the Mediterranean
Basin, the second led across Sinai, then down to and over the Red Sea [1]. There were
several scattering routes on the African continent itself, south to the Middle Nile Valley,
west to central Sahara, and north to Libya. Another possibility remains the spread of sheep
from the Mediterranean along the northern shores of Africa. The last route discussed in
Africa is the direct trade link between East Africa and the Arabian Peninsula [47]. As in
Europe, mitochondrial haplogroup B is dominant in Africa (Figure 3), as confirmed in
different locations—South Africa [80], Sudan [48], Kenya [49], West Africa, and the Canary
Islands [50].

2.4. America and Australia

The settlement of the other two continents of America and Australia is already a matter
of modern history. The first sheep brought to Central America by the Spaniards were either
hair type (West African furry sheep) or coarse wool type (Churro breed from Iberia), which
were later crossed with merino and gave rise to the Creole type of sheep [9]. However, it is
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highly probable that other breeds from the area of the Iberian Peninsula, such as Manchega,
Latxa, Castellana, or Rasa Aragonesa, also contributed to the creation of Creole sheep [81].

The first hairy sheep were brought to America from the Canary Islands by Columbus
and the first colonists and later along with slaves from other parts of West Africa [82]. West
African sheep arrived in America in the early seventeenth century, and their contribution
to the gene pool of contemporary hairy American sheep is the most significant [83]. A
strong European influence was revealed in the gene pool of Creole fur sheep, which is,
however, most likely caused by a later cross with merino sheep [84]. Whole-genome
structural analysis of Spangler et al. showed the main influence of European breeds,
especially Creole wool breeds [83]. Based on the mitochondrial maternal lineage, the
origin cannot be specified because in the West African, European, and Canary sheep,
maternal lineage B, which is also present in America, predominates [50]. However, another
mitochondrial analysis found in Mexican Creole sheep several mitochondrial haplotypes
common to both Creole sheep and two strains of Spanish sheep—Churro (Churra, Laxta,
Churra Galega Mirandesa, Braganana) and Entrefino (Aragonesa, Manchega, Castellana,
Castellana Stela) [81]. H2 haplotype was identified as the main ancestral mitochondrial
haplotype in Mexican Creole sheep and haplotypes H21 and H32, present in both Cuba
and Mexico as the possible original ones derived from hairy sheep [85].

However, it is already very difficult to study the evolution of “native” Creole sheep
through genetics. The main reason is a strong disruption of the original gene pool by
importing and crossing commercial breeds in the 19th and 20th centuries to Mexico [85-87]
and other Central and South American countries [88,89].

The first sheep were brought to Australia from India, South Africa (thick-tailed), and
Spain (merino) after 1788 and from the British Isles (Saxony Merino, Southdown, Romney)
after 1840 [9]. It was, therefore, possible to assume the existence of the same lineages and
most of the haplotypes (mt and Y) as in the populations from which Australian breeds
originated. This expectation was confirmed by a study carried out on 18 breeds kept in
Australia, which revealed 55% abundance of lineage B and 45% abundance of lineage A [69].

3. Haplogroups and Haplotypes of Male Y Chromosomes

The mutation rate of the male-specific region of the Y chromosome (MSY) is about
fifty times lower than that of mtDNA, i.e., about 0.93 x 10~19 mutations per generation per
site [35]. However, as with mitochondrial haplotypes, their use to study the phylogeny of a
species is complicated by the fact that all members of the genus Ovis can interbreed and
form fertile hybrids. Such insertion of a distant paternal or maternal lineage into a gene pool
of another species often occurs in areas of overlap of distribution areas [13,18,29,64,90,91].
Estimates of urial and argali cleavage time have been performed in sheep based on male
haplotypes so far only by [35]. In this case, the urial haplotype grouped with Asian mouflon
haplotypes, in contrast to the mitochondrial genome where it formed a separate branch.

A key finding for the use of male haplotypes to study the population expansion of
sheep populations was the discovery of eight SNP sites (0Y1-0Y8) in the sex-determining
gene (SRY) on MSY [92]. And only one of them (oY1) showed variability even within the
species and not only between them [93]. Subsequently, the microsatellite marker SRYM18
was discovered and thanks to it, the first 18 Y chromosomal haplotypes H1-H18 were
defined [93].

In general, not as many studies have been performed in the field of research on male
sheep haplotypes as in the mitochondrial genome (Figure 4). The first large worldwide
study revealed, with the help of two markers (SRY SNP 0Y1 and microsatellite SRYM18) in
domestic sheep, seven male haplotypes (H4-H10) that form two haplogroups [92]. Further
research has taken over this methodological approach, including the nomenclature of
the identified haplotypes. Follow-up studies revealed another H12 haplotype-specific for
the Turkish Sakiz breed [93,94]. Other new haplotypes were subsequently discovered in
Croatia—H18 [58] and northern China—H19, Ha, Hb [95,96]. Paternal genetic diversity
of sheep has also been studied in Estonia and Finland on samples from the Bronze and
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Iron Ages [17]. However, only one SNP marker on the SRY gene (G-0Y1) was monitored;
thus, it does not provide any further information on the variability of the male genome in
Europe [17].

Figure 4. Species and frequencies of male haplotypes based on microsatellite markers in different
areas of the Eastern Hemisphere. Color resolution of haplotypes: |[H4 - Hé6 'H7 HS8 -
H10 H12 - - - Hb . The data are a compilation of the results of five studies [58,92-96].
On a scale of 5-386 samples per pie chart.

The last breakthrough in this area was made in 2020 when whole-genome sequences
were used to create a new set of MSY 495 SNPs in sheep [35]. Based on 179 samples of
rams sequenced in the whole genome, they identified 49 different Y haplotypes. Based on a
selection of 79 SNPs and two others published in previous studies (0Y1; 0Y2), the study
identified 58 other different haplotypes for domestic sheep belonging to four haplogroups:
y-HA, y-HB, y-HC, and y- HD [35]. A total of 614 sheep from populations all over the world
performed this genotyping. However, only native breeds were selected for our review
(Figure 5).

Based on the genome-wide study of breeds from all over the world, a certain weak
relationship was found between the degree of genetic variability and the distance from
the domestication center [8]. For haplotypes inherited solely by paternal or maternal
lineage, this phenomenon should be more pronounced because they are not affected by
the recombination process and are transmitted from generation to generation in practically
unchanged form. So far, however, current research does not suggest anything like this
(Figures 4 and 5).

Overall, the highest variability of male haplotypes is in sheep populations from areas
close to the original center of domestication in the Middle East [95]. However, more data
will be needed to support this assumption. Current findings so far point to the greatest
variability in central China; see Figure 4. In contrast, the diversity of mitochondrial lines
so far supports this assumption, as all known lines have been found in Turkey and Israel
(Figure 3)—in the supposed original place of domestication.
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Figure 5. Male Y haplotypes and haplogroups occurring in native sheep breeds in the Eastern
Hemisphere. Illustrated with program Power Bl (Microsoft, 2022) [55]. The pictured data were
taken over together with the nomenclature of the included haplotypes (H1-11; H13-33; H35-58) and
haplogroups (y-HA; y-HB1; y-HB2; y-HC; y-HD) [35]. On a scale of 1-135 samples per pie chart.

4. Historical Background

It can be concluded that the highest diversity of the genome can be found as close as
possible to the place of origin, as has been shown, for example, in humans [97]. For sheep,
research in this area is a bit more complicated. Due to the controlled reproduction and trade
of animals over long distances practically from the beginning of breeding, it is possible
to infer a faster and more rapid spread of genetic material than was the case in humans.
Initially, sheep farming focused mainly on meat, and specialization in secondary production
elements, such as wool and milk, probably did not occur until many millennia later in Asia
(7-6 thousand years BP) and millennia later in Europe [14,35,98]. Specialization in wool
production probably originated in Southwest Asia and only then spread to Europe, which is
confirmed by the study of retroviruses [14] and by the analysis of DNA of European sheep
from the Bronze Age [99]. The introduction of a new breed into Central Europe in the late
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Stone Age is also indicated by archaeological findings. A comparison with older findings
confirmed the increase in the body frame of sheep breeds bred in the area of Bohemia and
Moravia [100] and since the beginning of the Bronze age as well in Hungary [101]. Another
example is the spread of merino sheep from the Iberian Peninsula since the second half of
the 15th century throughout Europe [102]. Most primitive breeds today have withstood the
second wave of migration to Europe in a semi-wild or wild state in isolated areas without
predators or outside areas economically prone to introgression [14].

The first expansion of sheep went along with man mainly overland to Europe, Africa,
and then deeper into Asia during the Mesolithic and Neolithic periods. Sheep reached
other continents (America and Australia) much later with the first European colonists. The
use of haplotypes to study the distribution of domestic sheep and its breeds in modern
history is almost impossible by modern modes of transport. Particularly, commercially used
breeds create something like a “global population” in which it is not possible to exclude the
genetic proximity of individuals on different continents. Mitochondrial and Y haplotypes
do not generate sufficiently genetically unique markers to study genetic diversity at this
level. However, their potential for studying the phylogeny of the species, and especially its
population dispersion, remains untapped.

5. Conclusions

The aim of this study was to capture the process of monitoring the dispersion and
development of domestic sheep populations in different parts of the world through the
study of male and female non-recombinant sections of DNA. The current review supports
the existence of one domestication center in the Middle East. Nevertheless, crossbreeding
with wild sheep species has probably often happened and occasionally continues to occur
even now. This could be the reason why central China shows such high variability in male
haplotypes. However, it can also be caused by the extinction of these variants in the Middle
East, with Central Asia being a kind of reservoir of variability originating from the ancient
sheep brought in from the fertile crescent.

The main challenge for the future is to involve more countries and regions while
increasing the number of animals used for sequencing. Only based on a larger amount
of these data combined with the genetic material from excavations, it will be possible to
identify other domestication centers or refute their existence. It would also be necessary
to unify the methodology and nomenclature of haplotypes for better comparability of the
results of different research. But perhaps we may never know the truth because a vast
amount of information is already lost forever.
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5 Souhrnné vysledky a diskuse

Tato kapitola pojednava o vysledcich publikovanych praci a rozvadi je v SirSim kontextu.
Detailni vysledky a metodiky jednotlivych praci jsou detailné popsany v podkapitolach 4.1—
4.5. Pro vétsi prehlednost je kazdé praci vénovana samostatna podkapitola uvadéna v potadi,

ve kterém byly prace sefazeny v piredchozim oddilu.

5.1 Hodnoceni genetické diverzity dvou ceskych ptivodnich plemen ovci

(Machova et al. 2021)

V soucasnosti je existence mnoha ptivodnich hospodaiskych plemen zvitat napfi¢ kontinenty a
druhy ohrozena ztratou genetické diverzity, veetn¢ prasat (Pattison et al. 2007; Krupa et al.
2015), ovci a koz (Qwabe et al. 2013; Hasinah et al. 2015; Sharma et al. 2016; Lenstra et al.
2017), koni (Pinheiro et al. 2013; Vostra-Vydrova et al. 2016) i skotu (Sudrajad et al. 2017;
Browett et al. 2018; ben Jemaa et al. 2019b). Nejvice ohrozeny je sdruzeny region Evropy,
Kavkazu a Severni Ameriky kvili vSeobecnému zaméfeni na intenzivni chovy, v nichz
prevlada malé mnozstvi plemen s vysokou produkci (FAO 2020). Z akutni potieby
zachrannych opatieni pro ohrozena plemena vyplyva i potfeba monitoringu genetické diverzity,

vnémziv 21. stoleti ma své stalé misto genealogicka analyza.

Nase studie viibec poprvé provedla analyzu rodokmenu dvou plemen ovci (valasské a Sumavské
ovce) zatazenych do genetickych rezerv Ceské republiky. Pro co nejhodnotngjsi vystup
z genealogické analyzy je nezbytny kvalitni vstup v podobé vysoce informativniho rodokmenu.
V ramci na$i studie jsme se zaméfili na dva hlavni ukazatele, efektivni pocet kompletnich
generaci (CGE) a na index kompletnosti rodokmenu (PCI). Oba rodokmeny nami sledovanych
plemen dosahovaly velmi dobrych hodnot jak PCI (1 pro patou generaci nazpét od referencni
populace), tak CGE (5,66 u valasské a 4,35 u Sumavské). Pro srovnani, jind ptivodni plemena
maji CGE vyrazné nizsi, naptiklad indicka nilagiri 3,75 (Venkataramanan et al. 2013),

Spanélska segurefia 1,23 (Barros et al. 2017) nebo xalda 1,09 (Goyache et al. 2003).

Podle Ghafouri-Kesbi (2012) ovliviiuje nepfimo rocni ztratu genetické diverzity generacni
interval, protoze ¢im je delsi, tim pomalejsi bude nartst inbreedingu. I v tomto ohledu jsou se
svym generacnim intervalem delSim nez Ctyfi roky ob¢ ¢eska plemena lepsi nez jina plemena

pohybujici se obvykle mezi tfemi az péti lety (Goyache et al. 2003; Tahmoorespur & Sheikhloo
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2011; Venkataramanan et al. 2013; Sheikhlou & Abbasi 2016). Tento efekt generacniho
intervalu na genetickou diverzitu je ale spise kosmeticky, protoze na jeji skutecnou hodnotu
slovenskych chovech ovci dochazi k rychlé vyméné samcii ve stadech valasské ovce a jejich
generacni interval je krat$i nez u obou ¢eskych plemen (Oravcova & Krupa 2011), u nichz nebyl

pozorovan zadny vyrazny rozdil v délce generacniho intervalu samcii a samic.

Hlavni ukazatele genetické diverzity nejsou piiznivé, zvlasté u valasské ovce. Konkrétné
konzervace genetické diverzity zakladni populace je u valasské ovce o polovinu mensi nez u
ovce Sumavskeé (fee = 10,3 vs. fee = 22,8). Podobné je to i u prumérného koeficientu inbreedingu
(F=5%vs. F=3 %) ajeho narlstu za generaci (4F =1 % vs. 4F = 0,5 %), ktery je u ovce
valasské naopak asi o polovinu vyssi. Tyto hodnoty nejsou v absolutnim méfitku nijak vysoké,
pokud ale vezmeme do tivahy metaanalyzu provedenou (Leroy 2014), znamenaly by tyto
hodnoty u vala$ské a Sumavské ovce téméf stejnomérny (0,97 % na 1 % AF po standardizaci
na smérodatnou odchylkou produkéniho znaku) kazdoro¢ni pokles produkce viny. Primérna
ptibuznost, jakozto prediktor dlouhodobého vyvoje inbreedingu v uzaviené populaci, je u
valasské ovce (AR = 9,2 %) vyrazné vyssi nejen ve srovnani s ovei Sumavskou (AR = 2,6 %),
ale i v mezinarodnim kontextu. Naptiklad u ovce malpura byla zaznamenana hodnota AR 5,1
% (Gowane et al. 2014), u ovce xalda 3,6 % (Goyache et al. 2003) a u ovce segurefia pouze 0,1
% (Barros et al. 2017). U plemen seguerefia a xalda vSak mohou byt hodnoty siln¢ zkresleny
malou hloubkou rodokmenu (Goyache et al. 2003; Barros et al. 2017). Efektivni velikost
populace vypocitana na zaklad¢ individualniho nartistu inbreedingu je u valasské ovce presné
na hranici 50 jedinct stanovenych Komisi genetickych zdroji pro vyzivu a zemédélstvi
(CGRFA 2013) jako kritérium pro umisténi do kategorie plemen ,,ohrozena“. U Sumavské ovce
je situace o néco lepsi, ale stejné u tohoto koeficientu nedosahuje ani 100 hypotetickych jedinct
(Ner = 99,6). Efektivni velikost populace vypoctena na zakladé naristu piibuznosti je u obou

plemen o néco lepsi, konkrétné u Sumavské ovee 166,1 a u valaSské 64,5.

Celkove¢ Ize shrnout, ze obé populace ztratily zna¢nou cast genetické variability oproti ptivodni
zakladatelské populaci. Podle hodnot primérného nartistu inbreedingu a efektivni velikosti
populace u referencni populace je mozné usuzovat, Ze se obé plemena, hlavné vs§ak valasska
ovce, mohou potykat s disledky inbredni deprese. Vala§ska ovce se pohybuje na hranici

kritickych hodnot N 1 4F a u Sumavské ovce se rychle zvySuje koeficient inbreedingu, pficemz
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populace stagnuje. Pii dobrém managementu chovu ale maji dobrou Sanci na udrZeni soucasné

genetické diverzity, protoze obé plemena maji i kryokonzervacni program.

5.2 Genealogicka analyza populace zubra evropského (Machova et al

2022b)

Oproti predchazejici genealogické analyze u ovci je analyza rodokmenovych knih zubra
evropského (Bison bonasus (Linnaeus, 1758)) v fad¢é ohledt specificka. Na druhou stranu,
presto Ze je zubr samostatnym zivo¢isSnym druhem, je znacna (v minulosti dokonce vyhradni)
¢ast jeho populace pod lidskou kontrolou. Historicky jeho populace totiz poklesla natolik, ze i
mezi plemeny hospodaiskych zvitat by byla s tak obrovskym efektem hrdla lahve ojedinéla.
Soucasny genofond populace zubra totiz vychdzi z pouhych 12 rozdilnych genotypt (Slatis
1960). Od doby prvnich zachrannych pokust ale uplynulo uz vice nez 100 let a soucasna
populace ¢ita uz vice jak 2,5 tisice dospélcti a z kategorie miry ohrozeni druhu ,,vyhynuly

v piirodé* se dostala az na ,,téméf ohrozeny* (Plumb et al. 2020).

Vysledky studie ukazaly pomérné vysoké hodnoty maximalniho poctu sledovatelnych generaci
(23) i CGE (6,72) v porovnani s nami studovanymi plemeny ovci (CGE, = 5,66; CGE; = 4,5),
k tomu, ze jsou dlouhodobé kompletné chovana v zajeti. Naptiklad u danskych plemen skotu
(holstynsko-frisky skot, jersey, dansky cerveny skot) byly vypocitany hodnoty CGE = 7,20,
CGE = 1,36, respektive CGE = 6,77 (Serensen et al. 2005). Jesté mensich hodnot dosahovalo
plemeno brown swiss v Némecku (CGE = 6,24) (Wirth et al. 2021), Span¢lského lidijského
plemene (CGE = 5,50) (Cortés et al. 2019) , nebo plemene normand v Kolumbii (CGE = 5,21)
(Sarmiento et al. 2017). Toto srovnani ma samoziejmé svoje limity v celkovém staii rodokmenu
plemene a nejednotnosti celosvétovych zaznami, které oba snizuji CGE at uz absolutné
(rodokmen saha jen nékolik generaci zpét) nebo relativné (vétSim mnozstvim neznamych
predkil). Timto druhym faktorem je vyznamné limitovana i informativnost rodokmenu zubra.
Hlavnim diivodem je navraceni jedincd z volné pfirody do rodokmenovych zdznamt. O téchto
jedincich uz neexistuji zdznamy o pivodu a vystupuji tak v rodokmenu jako novi zakladatelé,

1 kdyz jimi byt nemohou.

S ptihlédnutim k uplnosti rodokmenu by tak vSechny sledované koeficienty mély byt chapany
jako chybné, protoze skutecnd hodnota musi byt v této konkrétni populaci zakonité nizsi.

S dal§imi zatazenymi jedinci se tento problém jen prohlubuje, jak jsme sledovali béhem nasi
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studie na poméru mezi efektivnim poctem predka a zakladatell. Rok pied zafazenim tehdy
posledni rodokmenové knihy z roku 2020 byla hodnota tohoto poméru 1,13, se zafazenim
zaznamu z roku 2021 uz jen 1,0. Co se tyce hodnot primérého koeficientu inbreedingu a
pramémé piibuznosti, je situace obdobna. Studie zabyvajici se dvéma stady v Bieszczadech
zaznamenala jejich primérnou piibuznost 24,44 %, respektive 32,98 %, a prumérny F 13,70 %
a 37,63 % (Olech & Perzanowski 2002). I pro celé linie byly dosud vypocitany vyssi hodnoty
koeficientu inbreedingu nez v této studii (zhruba 17 % pro nizinnou i nizino-kavkazskou linii).
V letech 1996-2002 se jeho hodnoty u nové narozenych zvitat pohybovaly okolo 50 % pro

nizinnou a 30 % pro nizino-kavkazskou linii (Olech 2003).

Blizky ptibuzny bizona evropského bizon americky rovnéz prosel n¢kolika efekty hrdla lahve
a jeho soucasna populace byla zalozena na mén¢ nez 100 jedincich (Skotarczak et al. 2020). I
tak vykazuje populace zubra nizsi genetickou variabilitu pfi porovnani vysledki této studie
s hodnocenim provedenym Skotarczak a kol. (2018). Ta byla provedena na 4 269 bizonech, u
nichZ primérny F dosahoval 3,26 % a nejvysSi naméteny F 46,87 %, pfi¢emZ u zubra tato
studie ukazala primémy F' 17,881 % a maximalni 71,83 %. Velmi nizk4 byla i hodnota 4R 0,31
%, oproti 16,07 % AR pozorované u zubra. Jinak tomu bylo v piipadé efektivni velikosti
populace. N. vypoctend na zakladé nartstu bizona amerického ¢itala 11,64 hypotetickych
jedinct (Skotarczak et al. 2018), kdeZto u zubra 23,93. Podobna hodnota byla zaznamenana
rovnéz u buvola jafarabadi, N. = 10,40 (Malhado et al. 2013). Hodnotu N. = 28, tedy velmi
blizkou té, ktera byla ziskdna béhem této studie, vypocitali na zakladé mikrosatelitni analyzy

v Bélovézském pralese u 71 zvitat narozenych v letech 1996 az 2005 Tokarska a kol. (2009).

Uzaviené populace s tak malym poctem zakladajicich jedincii se b&ézné ve volné piirode
vyskytuji a nékteré dokonce prochazeji in situ speciaci (Whittaker et al. 2017). Vznik takovych
populaci je vSak Casté€ji zachycen u novych plemen domestikovanych zvitat nebo laboratornich
kment, na jejichz vzniku se pfimo podili ¢lovék (Yuan et al. 2013; Huson et al. 2020; Machova
et al. 2020; Okumura et al. 2021). Nejcastéjsim problémem takovych populaci je t€Zka inbredni
deprese (Kyriazis et al. 2021). V nekterych ptipadech je vSak populace diky efektu hrdla lahve
oCisténa od siln¢ skodlivych mutaci a populace je pak nadale zivotaschopnd i po stovky let
(Robinson et al. 2018). To by snad mohl byt i pfipad zubra evropského, jehoz populace
nevykazuje zadné zadvazné znamky inbredni deprese (Tokarska et al. 2015). V ptipad¢ chova

drzenych v zajeti by stejn¢ tak mohla mit podobny efekt adaptace na chov v zajeti, tato studie
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ale zahrnovala vSechny typy chovu (chov ve volnosti, chov ¢astecné v zajeti, chov v zajeti),

které jedinci mohli béhem svého Zivota i stfidat, takze neni mozné urcit rozsah téchto vlivi.

5.3 Analyza genetické variability 26 plemen ovei v CR (Machova 2020)

Genealogicka analyza ma neopomenutelné limity, kterymi byly ovlivnény ptedchazejici dvé
studie. Jsou to predevsim chyby v zapisu do rodokmenu, netiplnost rodokmenu a omezenost na
mendelistickou dédi¢nost vloh (Leroy 2011). Pro komplexni zhodnoceni genetické variability
ptipadné moznou srovnatelnost jeji miry s dal§imi populacemi je nutné vyuzit molekularné
genetické metody. Rada autori vyuziva pro tyto ucely pravé mikrosatelity jako dostupné a
vysoce informativni markery (Rochus & Johansson 2017; Skorput et al. 2018; Zeng et al. 2019;
Goleman et al. 2019). Ze stejného dtivodu byly pouzity mikrosatelity i v této studii zaméfené
na zhodnoceni vnitrodruhové genetické diverzity a zdroven mezidruhové diverzity Sumavské a

vala$ské ovce v kontextu dal$ich 24 plemen chovanych v Ceské republice.

Celkovy pocet alel na lokusech se pohyboval v rozmezi mezi 8 a 27 alelami. Jedine¢né alely
byly nalezeny pouze u 16 plemen v celkovém poctu 27, z nichz pouze deset piesahlo cetnost
vétsinez 0,5 %. Nejvice jich bylo nalezeno na lokusech INRA063 a OARCBO020 (5). Primérny
pocet alel na plemeno byl v rozpéti 3,73 — 12,27. Podobné hodnoty v uzsim rozpéti (5,66 —
9,44) ziskali u lokélnich plemen i Tolone kol. (2012) u sicilskych ovcei, Naqvi a kol. (2017) u
pakistanskych (5,73 — 7,62), Othman a kol. (2016) u egyptskach (5,82 — 8,18) a Loukovitis a
kol. (2016) u feckych ovci (4,59 —7,34).

Primérnd ocekavana heterozygotnost (Hg) napfi¢ lokusy se pohybovala od 0,49 do 0,75.
kamerunské ovce (Hg = 0,51). V podstaté stejnych hodnot u nich dosahovala i1 heterozygotnost
pozorovana. SkuteCnost, Ze Sumavska ovce meéla na sledovanych lokusech nejvetsi
heterozygotnost je pomérné prekvapivé, protoze uz od roku 1992 je zarazena mezi Ceské
genetické rezervy a vjeji plemenné knize by se tedy neméli vyskytovat zadni kiizenci.
Z pozorovanych hodnot tak vyplyva, ze i kdyz je jeji genofond limitovan malou velikosti
populace, jeho management je lepSi ve srovnani s ostatnimi hodnocenymi pieshrani¢nimi
plemeny. Celkova uroven heterozygotnosti byla u sledovanych plemen v souladu
s predchozimi studiemi provedenymi na riznych plemenech ovci (Peter et al. 2007; Jyotsana et

al. 2010; Jawasreh et al. 2018; Bravo et al. 2019). Vysledky ukézaly dostate¢nou troven
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heterozygotnosti uvniti plemen i mezi nimi, co se ty¢e potencialni ztraty genetické diverzity

v pristich generacich.

Primérné hodnota 7 (0,15) ukazala na prevalenci homozygotil, hodnoty Fis vétSiny plemen
vSak nenaznacovaly, ze by na vnitropopulac¢ni trovni byla plemena vyznamné ovlivnéna
inbreedingem (pram. Fis = -0,03). Pouze Sest plemen vykazovalo mirny deficit heterozygotu,
z nich nejvyssi kamerunska ovces Fis = 0,04). Hodnotu takto blizkou nule nelze povazovat za
dikaz, byt mirné, ptibuzenské plemenitby. Vétsina hodnot Fis byla ale zaporna, podobné jako
u studie Niu a kol. (2012), coZ je mozné chapat jako disledek ptevladajiciho outcrossingu uvnitt
plemen. Genetické rozdily mezi plemeny byly na zékladé¢ primémych hodnot Fsr a Gsr
pomérné vyrazné. Genetickd diferenciace mezi nimi byla vySsi nez u péti marockych (3,6 %
(Gaouar et al. 2016)), tii saudskoarabskych (3,6 % (Mahmoud et al. 2018)) a kolumbijskych
(5,4 % (Ocampo et al. 2017)) i 10 iranskych tlustoocasych plemen ovci (2 % (Vahidi et al.
2016)). Nejnizsi stupeni genetické odlisnosti podle Fsr vykazovaly lacaune, Sumavska ovce a
merinolandshaf. Vysledky této studie jsou blizké hodnotam publikovanym pro plemena
z Kosova a Albanie (13,9 % (Hoda & Bytyqi 2017)), pro plemeno namaqua afrikaner
z Jihoafrické republiky (10,6 % (Qwabe et al. 2013)) nebo ve srovnavaci studii zamétené na

pandzabskou urial (15,9 % (Pichler et al. 2017)).

Podle Neiovych genetickych vzdalenosti byla nejvyssi genetickd podobnost zjisténa mezi
plemeny merinolandshaf a lacaune (0,18), zatimco nejméné geneticky podobna si byla plemena
zwartbles a kamerunskd ovce (1,84). Kamerunskd ovce se jevi byt ostatnim sledovanym
plementim geneticky nejvzdalenéjsi. Podobna geneticka vzdalenost byla pozorovana (Jawasreh
et al. 2018) v Jordansku pfi porovnavani plemene suffolk s romanovskou ovci (0,42), ale
srovnani charollais a suffolk (0,41) nebo charollais a romanovské ovce (0,24) ukdzalo vyrazné
odlisné hodnoty oproti této studii (0,29, resp. 0,44). To by vSak mohlo byt zpiisobeno ¢astecné

odliSnou sadou markeru.

Studovana plemena obecné¢ vykazovala dobrou genetickou variabilitu, ktera odrazi spravné
chovatelské postupy v jednotlivych chovech. Vyssi roven podobnosti vykazovala pouze
plemena lacaune, suffolk a merinolandschaf. Je vSak nutné vzit v ivahu fakt, Ze analyzovana
data pochazeji z testovani rodi¢ovstvi (produkce plemennych beranti), coz celkovy pohled na

genofond muze mirné zkreslit. VyznamnéjSim limitem této studie by mohla byt absence
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nékterych genotypti. U plemene kerry hill chybélo 8 % genotyptli na lokusu D5S2 a u Sumavské
ovce a ouessantské ovce chybélo 25 % genotypil na lokusu MCMS527.

5.4 Geneticka diverzita dvou ptvodnich plemen ovci pomoci genomové

analyzy jednonukleotidovych polymorfismi (Machova et al. 2023)

Mikrosatelity jsou sice velice informativni markery, ale pti poctu 11 kust, jako v pfedchazejici
studii, nemohou ani zdaleka postihnout variabilitu napfi¢ celym genomem. Daéle se ukézalo, ze
rozliSovaci kapacita tohoto poctu markerti nemusi byt dostacujici ani pro urceni piislusnosti
jedinct k plementim, natoz pro identifikaci novéjsi ,,evolucni* udalosti, jako je vznik plemene
(Deniskova et al. 2016). [ kdyz i mensi mnozstvi vhodnych mikrosatelitli miiZe stacit pro vysoce
presné vysledky (Yilmaz et al. 2018). Sance na vazbu mikrosatelitu s vyznamnym lokusem
(produkce, onemocnéni, odolnost, ...) je ale daleko mensi nez u SNP. Proto byly v dalsi fazi
hodnoceni genetické diverzity Sumavské a valaSské ovce v kontextu 25 plemen z databaze

ISGC (International Sheep Genomics Consortium) vyuzity jednonukleotidové polymorfismy.

Pocet vzorkul ptredstavuje 0,5 — 1 % z celkového pocetniho stavu sledovanych populaci.
Vzhledem k malé velikosti populace obou plemen a selekci neptibuznych jedincl je to
dostate¢né mnozstvi pro dany typ studie genetické diverzity a je v souladu s dalSimi
publikovanymi studiemi u jinych pivodnich plemen (Kumar et al. 2018; ben Jemaa et al. 2019a;
Eydivandi et al. 2020; Mukhina et al. 2022). Po kontrole kvality bylo pouzito celkem 36 249
SNP pro Sumavskou ovci a 32 044 pro ovci valasskou. Pro porovnani diverzity c¢eskych plemen
s 25 dal$imi hlavné evropskymi plemeny bylo pouzito 10 780 spolecnych SNP pro 1 113
jedinci.

Sumavska ovce vykazovala niZsi troveii piibuzenské plemenitby nez ovce valadska, coz
souhlasi s pfedchozimi vysledky analyz rodokmenti a mikrosatelitti (Machova 2020; Machova
et al. 2021). To by mohlo byt zplsobeno jeji vétsi populaci nebo/a regenera¢nimi opatienimi,
které bylo u Sumavské ovce v zacatcich chovu intenzivnéjsi nez u valasské ovce. Nebyla
pozorovana zadna korelace mezi Frow a Frow jako u jinych autortt (Zhang et al. 2015;
Ghoreishifar et al. 2020). Fron jakoZto absolutni mira inbreedingu byla u Sumavské ovce (Fron
= 0,07) srovnatelna s plemeny ovino delle langhe (0,05), valle del belice (0,07) a sopravissana
(0,05), které studovali Persichilli a kol. (2021). Podobné hodnoty ziskali i Signer-Hasler a kol.
(2019) u ptvodnich Svycarskych plemen bundner oberlander (0,06) a swiss black — brown

mountain (0,06). Zatimco inbreeding Sumavské ovce lze tadit k lepSimu priméru mezi
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autochtonnimi plemeny, valasska ovce (Fron = 0,14) patii k t€ém s vys$§imi hodnotami. To je
vidét i na porovnani s polskym plemenem olkuska ovce, hodnoty Frou zjisténé u tii jeho
subpopulaci jsou sice vySs$i nez u Sumavské ovce, ale nizsi nez u vala$ské ovce (Sobieraj-
Kmiecik et al. 2020). Ostatni polska plemena maji hodnoty blizké valasské ovci: swiniarka

(0,17), wrzosowka (0,10) a barevna varieta polského merina (0,15) (Gurgul et al. 2021).

Identifikace konkrétnich ROH ukazala v nékterych ohledech kontrastni vysledky s primérnou
urovni inbreedingu. I pfesto, Ze valaSska ovce vykazovala vys$Si hodnoty piibuzenské
plemenitby, véetné té zalozené na ROH, jeji primérny pocet ROH ptepocteny na jedince byl
niz§i nez u Sumavské ovce. Primérna délka ROH Sumavského plemene dosahovala az 2,9 Mb,
zatimco u vala$ského to bylo jen asi 2,4 Mb a jejich celkovy pocet byl nizsi. Tyto vysledky tedy
naznacuji, Ze zatimco u valasskych ovci vznikly ROH ve vzdalené minulosti, u Sumavskych
ovci jsou disledkem relativné nedavného ptibuzenského ktizeni vzniklého, soudé podle odhada
u skotu (Ferencakovi¢ et al. 2013), zhruba pfed tfemi generacemi. Ostrivky ROH lze pouzit
k identifikaci specifickych znakt selekce v genomu plemene a objasnit tak genetickou povahu
jedinecnych rysi specifickych pro zkoumané plemeno (Liu et al. 2021). Domestikace, umély
vybér a prostiedi utvarely vlastnosti t€chto plemen po staleti. Obé ¢eska plemena nesdileji mezi
sebou zadné ostrivky ROH, pfestoZze pochdzeji ze stejného statu. Nic takového nebylo
pozorovano u dalsich narodnich plemen, a to ani z vyrazné vétsich zemi jako je Jihoafricka
Republika (Dzomba et al. 2021), Rusko (Yurchenko et al. 2019), Cina (Liu et al. 2021) a Indie
(Saravanan et al. 2021), kdy by bylo snazsi uvéfit historicky oddélenému vyvoji.
Nejpravdépodobnéjsim vysvétlenim proto bude nedostate¢na velikost vzorku, malé mnozstvi
SNP, piilis ptisny selekéni prah pro ostrivky ROH nebo nahodny vybér geneticky velmi

vzdalenych jedinct.

Ovce maji obecné nizsi hodnoty vazebné nerovnovahy (LD) nez ostatni domaci zvitata, jako
jsou skot, prasata a psi (Al-Mamun et al. 2015). U autochtonnich ¢eskych plemen byl pozorovan
rychly pokles LD po 25 kb. Primérné hodnoty LD u valasské ovce byly vyssi nez u Sumavské.
V kontextu ostatnich plemen u SNP vzdalenych méné nez 50 kb na panelu 50 K SNP (Al-
Mamun et al. 2015; Kominakis et al. 2017; Liu et al. 2017; Alvarenga et al. 2018) patiila
Sumavska ovce k priméru, zatimco valasska ovce k tém s nejvyssimi hodnotami LD. Vyssi
hladiny LD podobné tém zjisténym u valasské ovce jsou bézné u lokalnich plemen napf.:
barbaresca (#° = 0,18) (Nel et al. 2022), churra (+° = 0,17) (Garcia-Gamez et al. 2012), nebo
zandi (+* = 0,18) (Ghoreishifar et al. 2019).
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Odhad historické efektivni populace na zakladé rozpadu LD je Siroce rozsSifena metoda
modelovani vyvoje genetické diverzity populaci (Liu et al. 2017; Chitneedi et al. 2017; Prieur
et al. 2017; Nel et al. 2022). Klesajici trend N. u obou studovanych plemen je predvidatelny
jev, nebot’ ob¢ Ceska plemena jsou ovlivnéna snizovanim N. — malym poctem chovnych samcii,
efektem hrdla lahve, absenci migrace (Charlesworth 2009). Prestoze i nardst Ne jiz byl
v populacnich studiich hospodaiskych zvitat zaznamenan (Brito et al. 2017b; Prieur et al.
2017), vétSina autorti ale obvykle pozoruje podobné trendy poklesu jako v této studii
(Kominakis et al. 2017; Purfield et al. 2017; Ghoreishifar et al. 2019; Pasandideh et al. 2020;
Moosanezhad Khabisi et al. 2021; Liu et al. 2021), protoze jediny dlouhodobé plisobici
mechanismus, ktery snizuje LD, jsou ndhodné pareni a rekombinace (Slatkin 2008; Qanbari
2020). S ohledem na poslednich 40 generaci jsou hodnoty N. prezentované v této studii
podobné tém u némeckého white-headed mutton (Addo et al. 2021). Némecka bélohlava ovee
méla v poslednich péti generacich N, jen lehce ptes 50 jedinct po 35 generaci trvajicim poklesu
z odhadovanych ptivodnich 200 (Addo et al. 2021). Nosrati a kol. (2021) porovnavali plemena
z riiznych lokalit a kontinentl a plemena ze sttedni Evropy vykazovala nejnizsi kiivky poklesu

N., 1tak by mezi nimi vSak Ceska narodni plemena patiila k t€ém nejniz$im.

V této studii byl riznymi postupy zkouman i vztah dvou ceskych plemen s ostatnimi
evropskymi i svétovymi plemeny a vSechny potvrdily jejich genetickou jedinecnost. Obé
plemena vytvofila homogenni shluky bez vyraznéjsich odchylek jedincti v PCA na zaklade
rozptylové standardizované matice pribuznosti. Nicméné blizkost téchto plemen s dal$imi
zhruba 13 byla evidentni. Kladogramy vytvofené metodou neighbour-joining odhalily pouze
jediného jedince Sumavské ovce, ktery sdilel vétev s plemeny castellana a rasa aragonesa.
V mens$im méfitku vykazovala populace Sumavské ovce vétsi blizkost k novozélandskému
romney nez k ostatnim plementim pouzitym historicky k jeji regeneraci. Ne vSechny z nich ale
byly v datovém souboru obsaZeny, takze nelze vyloucit vyznamny geneticky vliv jinych
plemen. Naopak analyza pfimési predk odhalila u Sumavské ovce vyrazné pifimesi, které
zustavaly stabilni v riznych hodnotach K. Nékteré dokonce ptes cely genotyp jedince. Nemeély
by vSak byt interpretovany jako vliv jednoho dalSiho plemene, protoze hodnota K odhaduje
nejmensi pocet populaci podilejicich se na vytvareni variability vybranych Sesti plemen, ktery

v realu bude pravdépodobné mensi nez pocet riznych udalosti, jez vyznamné ovlivnily vzorek.

Vypoctené hodnoty Fsr lze rozdélit do tii kategorii podle stupné izolovanosti populaci (od
nejméné do nejvice izolovanych): 0-0,05, 0,05-0,15 a 0,15-0,25 (Grasso et al. 2014). Plemena
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ze stejného regionu maji mezi sebou tradi¢n¢ nizsi fixacni indexy kvili velkému toku genti
mezi populacemi (Belabdi et al. 2019). Ackoliv byl tento stejny vzorec pozorovan u riznych
plemen ovci v riznych svétovych lokalitaich (Mastrangelo et al. 2014; Xiong et al. 2020;
Pozharskiy et al. 2020), pro zde analyzovana Ceska plemena to neplati, protoZe jejich vzajemné
Fsr=0,1 indikuje pouze mirny tok geni mezi nimi v hodnotach typickych spise pro vyrazné
oddélena plemena z riznych evropskych regionti (Kijas et al. 2012b). Na zaklade¢ siln¢ korelace
a konzistence srovnani mezi hodnotami Fsr z mikrosatelitt a SNP (Laoun et al. 2020;
Zimmerman et al. 2020) je mozné piimé srovnani s pfedchozi studii. Ve srovnani s nasi
ptedchozi studii byly hodnoty Fisr ziskané z SNP t¢éméf dvojnasobné oproti hodnotam ziskanym
z mikrosatelitl mezi valaSskou a Sumavskou ovci 1 mezi nimi a jinymi plemeny (Machova
2020). Pocet jedinct pouzitych v pfedchozi studii byl signifikantné vétsi ale celkova variabilita
detekovatelnd pomoci markeri byla vyznamné nizsi, i kdyz byly pouzity polyalelické

mikrosatelity (Machova 2020).

5.5 Expanze ovci po domestikaci v kontextu mitochondrialnich a Y

chromozomovych haploskupin a haplotypi (Machova et al. 2022a)

Molekularné genetické metody dnes poskytuji nejen informace o genetické diverzité domacich
ovci, ale 1 o jejich vyvoji a ptivodu. Pro studie tohoto typu jsou cenné zejména informace z Y
chromozomovych nebo mitochondrialnich haplotypt primitivnich lokalnich plemen, nebo jeste
1épe, ptimo z archeologickych nalezii (Rannamée et al. 2016). U obou téchto ptipadi je velka
pravdépodobnost zachovani ptvodnich vloh. Indigenni plemena obvykle nemaji veétsi
zastoupeni nove€ zavleCenych gend, protoZe je jejich vyvoj uzce spjat s vyvojem etnickych
skupin, které je v urc¢itych oblastech obvykle i po mnoho staleti az tisicileti chovaji tradi¢nim
pasteveckym zptsobem (Pardeshi et al. 2007; Zhao et al. 2017; Nigussie et al. 2019). Pro
studium pohlavné specifickych haplotypti se vyuzivaji stejné metody jako pro studium
genetické diverzity — sekvenovani ¢asti genotypu, mikrosatelitni markery i SNP (Kijas et al.

2009).

Mitochondrialni DNA (mtDNA) se dédi po matetské linii, a proto u ni nedochazi k
rekombinaci. Zaroven mutuje pétkrat az desetkrat rychleji nez jaderna DNA. Hypervariabilni
oblast regulacni oblasti mtDNA je jednim z nejdostupnéjSich a nejucinnéjSich markerti pro
populaéné genetické studie, ktery umoznuje sledovani genofondu matefské linie
(Mukhametzharova et al. 2018). Za ptedpokladu, ze lidé pti kolonizaci novych oblasti odeberou
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pouze Cast zviteci populace z ptivodniho domestikacniho centra, by studie haplotypi mtDNA
méely logicky odrazet geograficky postup domestikace ovci. Nejveétsi diverzitu
mitochondrialnich haplotypti u ovci lze tedy ocekéavat ve vychodnim Stredomoii (Meadows et
al. 2007). U autozomt nebo na X chromozomu ale nebyly potvrzeny vyssi hodnoty variability
v oblasti domestikace. Plemena chovana v soucasnosti v téchto mistech jiz nejsou ta sama

puvodni tenkoocasa plemena, ktera se jako prvni rozsiiila dale do svéta (Chen et al. 2018).

V soucasnosti bylo objeveno asi Sest riznych haploskupin, nazyvané A, B, C, D, E a X.
Haploskupina X vSak byla dosud popséna pouze jedinou studii a zadné nasledné studie jeji
existenci nepotvrdily (Demirci et al. 2013). A a B jsou nejbéznéjsi haploskupiny u ovcei z
Evropy (B) a Asie (A) a byly také prvni identifikované (Hiendleder et al. 2002; Wood & Phua
2009). C je geneticky vice variabilni nez ptedchozi dvé skupiny, ale na rozdil od nich nema
podobnost s zadnou divokou ovci. V malé mife se tento typ vyskytuje u plvodnich
portugalskych ovci a také na Kavkaze, na Stfednim vychodé¢ a v Asii. Haploskupiny D a E jsou
dvé z nejvzacngjsich a byly nalezeny v oblasti severniho Kavkazu (Meadows et al. 2007). Na
zaklad¢é genetického materialu z archeologickych nalezli se pfedpoklada, Ze plivodné bylo

haploskupin vice a n€které z nich vyhynuly (Dymova et al. 2017).

Cetnost mutaci v saméim nerekombinujicim useku chromozomu Y (MSY) je asi padesatkrat
niz8i nez u mtDNA, tj. asi 0,93 x 107! mutaci na lokusu za generaci (Deng et al. 2020). Stejné
jako u mitochondridlnich haplotypti je vSak jejich pouziti ke studiu fylogeneze druhu
komplikovéano skutec¢nosti, ze vSichni zastupci rodu Ovis se mohou kiizit a vytvaret plodné
hybridy. Klicovym zjisténim pro pouziti samcich haplotypt ke studiu populacni expanze
populaci ovci byl objev osmi SNP (0Y 1-0Y8) v genu urcujicim pohlavi na MSY (Meadows et
al. 2006). Vsak pouze jeden z nich (oY1) vykazoval variabilitu jak v ramci druhu, tak mezi
druhy (Meadows & Kijas 2009). Nasledn¢ byl objeven mikrosatelitni marker SRYM18 a diky
nému bylo definovano prvnich 18 Y chromozomalnich haplotypi H1-H18 (Meadows & Kijas
2009). Posledni prilom v této oblasti byl u¢inén v roce 2020, kdy byly pouzity celogenomové
sekvence k vytvoreni nové sady MSY 495 SNP u ovci. Na zakladé 79 SNP a dvou dal§ich
publikovanych v predchozich studiich (oY 1; 0Y?2) tato studie identifikovala 58 dal§ich riznych
haplotypti patticich do ¢tyt haploskupin: y-HA, y-HB, y-HC a y-HD (Deng et al. 2020).

Soucasné poznatky podporuji existenci jediného domestikacniho centra na Blizkém vychodé. |

mimo toto prvotni centrum domestikace vSak pravdépodobné dochdzelo (a obcas i dnes
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dochazi) ke kiizeni s volné Zijicimi druhy ovci. To by mohl byt divod, pro¢ stiedni Cina
vykazuje tak vysokou variabilitu sam¢ich Y haplotypi. Ke stejnému vysledku ale mohlo vést i
vymirani téchto variant na Blizkém vychodég. V takovém piipad¢ by byla stfedni Asie jakymsi
genetickym rezervoarem téchto puvodnich variant pochazejicich ze starovékych ovci

z rodného pilmésice.
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6 Zavér

riznym drsnym podminkam prostfedi. Bohuzel piivodni plemena nesouci cenné vlohy pro
prizptisobeni mistnim agroekologickym podminkam se celosvétove vytraci. I ¢eské genetické
rezervy Sumavskd a valasska ovce byly a jsou stale ohrozeny rozSifenim plemen se
specializovanou produkci presto, ze historicky byly ekonomicky klicovymi plemeny
hospodaiskych zvifat v horskych a podhorskych oblastech a ovliviiovaly i tamni kulturu.
Postupné sice ziskavaji svou roli i v modernich zemédélskych systémech, protoze maji dobrou
pastevni schopnost pro udrzbu krajiny, jsou odolna a hodi se pro agroturistiku i pro vyuziti
v hybridiza¢nich programech. Stale se vSak jednd o malopocetnd plemena, kterd mohou byt

ohrozena ptibuzenskou plemenitbou.

Odhady genetické variability ziskané na zakladé genealogické analyzy naznacuji, Ze populace
ztratily znacnou Cast své genetické variability oproti ptivodni populaci zakladateltl. Vzhledem
k mezigenera¢nimu zvysSovani koeficientu inbreedingu a nizké hodnoté efektivni velikosti
populace u referenéni populace je zfejmé, ze obé plemena mohou byt ohrozena vyskytem
inbredni deprese, predevSim ovce valasska. Valasska ovce se pohybuje na hranici kritickych
hodnot v fadé& ukazatelti. Sumavska ovce je na tom o néco 1épe, ale rychle u ni nartista koeficient
inbreedingu pfi stagnujici velikosti populace. Pfi srovnani s genealogickou analyzou zubra
evropského, ktery také prosel silnym efektem hrdla lahve, vyvstava otazka, zda podobné studie
u zvitat chovanych ¢astecné voln¢ a Castecné v zajeti viibec provadét. Vypocitané hodnoty
koeficientli urcujicich miru genetické diverzity jsou u zubra sice vysoké, ale z hlediska
historického vyvoje jeho populace urcit¢ vyrazné¢ podhodnocujici skute¢nost. Vzhledem

k managementu chovu se jejich hodnoty dokonce mezirocné snizuji, coZ ptirozen¢ neni mozné.

Prostfednictvim 11 vysoce polymorfnich STR markert se podafilo zhodnotit genetickou
variabilitu Sumavské a valaiské ovce v kontextu dal§ich plemen chovanych v Ceské republice.
Je vSak nutné vzit v ivahu, Ze genotypizacni tidaje pochazeji z testovani rodicovstvi (produkce
plemennych beranil), coz mize celkovy pohled na genofond vybranych plemen zkreslit.
Vétsina sledovanych populaci ma na zékladé zapornych hodnot Wrightovych fixa¢nich indext
dobry geneticky management. Chovatelé ziejme dbaji na rozmnozovani nepiibuznych zvirat a
vyménu chovnych zvifat mezi chovy. Do této skupiny patii i Sumavska a valasska ovce.
Sumavska ovce vykazovala dokonce viibec nejvyssi heterozygotnost ze viech sledovanych
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plemen. Druhou skupinu tvofila plemena kamerunska, ouessantska, Seda viesova, romanovska
ovce, suffolk a charollais. U této druhé skupiny by bylo vhodné piehodnotit stavajici
Slechtitelska opatieni pfipadné obohatit geneticky fond o dovezena zvifata ze zahrani¢i. Ani
jedno z obou sledovanych ceskych plemen nejevilo zndmky vyraznéjsi genetické blizkosti
s jinym plemenem. Nejvyssi blizkost mezi sebou vykazovala na zakladé Neiovych genetickych

distanci plemena lacaune, suffolka a merinolandschaf.

I v mezindrodnim srovnani s 25 dal$imi plemeny prostiednictvim 50tisicového SNP Cipu se ob¢
ceska plemena projevovala jako dobie odlisend. Podle hodnot koeficientu inbreedingu a
efektivni velikosti populace je jejich genetickad diverzita nizkd, zejména v piipadé valaSské
ovce. Toto zjidténi je v dobré shodé s prvotni genealogickou analyzou. Sumavska ovce ma
vyrazné nehomogenni genofond, ktery miize byt naptiklad disledkem regeneracnich snah nebo
dlouhodobé genetické izolovanosti nékterych chovi. V ramci této studie se rovnéz podafilo
identifikovat n€kolik oblasti s vysokym stupném homozygotnosti, na které by se mély budouci
studie zaméfit ve snaze odhalit geny specifické pro tato plemena. Celkové Ize shrnout, Ze stupen
genetické variability u Sumavské a valasské ovce byl pfi pouziti riznych metodickych postupt
(rodokmen, mikrosatelity, SNP) podobny. Stupeit mezipopulacni genetické diverzity se vSak

podle ocekavani vyrazné lisil.

Mitochondrialni DNA a nerekombinantni ¢asti DNA chromozomu Y jsou skvélym nastrojem
pro nahlédnuti do minulosti druhu. Dédi se po generace témét neovlivnéné, protoze se neucastni
rekombinace; ¢as vyskytu kazdé mutace 1ze tedy odhadnout na zékladé¢ primérné rychlosti
mutace. Diky tomu samci a samici haploskupiny dokladaji chovatelsky vyznamné udalosti v
davné minulosti (potencialni centra domestikace, osidlovani oblasti, obchodni spojeni) i v
modernim chovu (kiiZeni, potvrzovani otcovstvi). V ramci této prace byla reSerSe zamérena
pfedev§im na vyvoj domacich ovci a jejich postdomestikacni expanzi, ke které doslo
prostiednictvim lidského obchodu z jednoho kontinentu na druhy. U domacich ovci bylo dosud
celosvétove zjisténo pét mitochondrialnich a pét haploskupin Y-chromozomu a desitky jejich
haplotypli. Vzhledem k ptivodu Sumavskeé a valasské ovce se da predpokladat jejich prislusnost
pravé k v Evropé dominujici mitochondridlni haploskupiné B, nicméné zddna studie to
prozatim nezkoumala. Y chromozomové haploskupiny a haplotypy u ¢eskych narodnich

plemen oproti tomu jiz zkoumany byly, ale jen na velmi malém poctu vzorka (<5).
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Geneticka variabilita ohroZenych populaci byla vyhodnocena riznymi populacné genetickymi
metodami a jejich porovnanim doslo ke zptesnéni odhadu genetické diverzity Sumavské a
valasské ovce. Celkovy odhad genetické diverzity zubra evropského prostfednictvim provedené
genealogické analyzy zptesnén nebyl. Doslo ale k odhaleni dosud nepublikované genetické

pfimési nizino-kavkazské linie do nizinného poddruhu.
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8 Seznam zkratek

FAO

CGRFA

DAD-IS

GWAS
HBD
HMM
HWE
IBD
IBS

ISAG

ISGC

LD
MCMC

MSY

OCS
PCA

QTL

Organizace pro vyzivu a zemédé€lstvi (Food and Agriculture Organization of the

United Nations)

Komise genetickych zdroji pro vyzivu a zemédélstvi (Commission on Genetic

Resources for Food and Agriculture)

Informacni systém diverzity domacich zvifat (Domestic Animal Diversity

Information System)

Celogenomova asocia¢ni studie (genome-wide association study)

Useky homozygotni dle ptivodu na trovni jedince (homozygous-by-descent)
Markovtyv skryty model (Hidden Markov Model)

Hardy-Weinbergova rovnovaha (Hardy-Weinberg equilibrium)

Useky DNA identické dle ptivodu (identity-by-descent)

Useky DNA identické dle stavu (identity-by-state)

Mezinarodni spolecnost pro genetiku zvitat (International Society for Animal

Genetics)

Mezinarodni konsorcium pro genomiku ovei (International Sheep Genomics

Consortium)
Vazebna nerovnovaha (linkage disequilibrium)
Monte Carlo metoda Makovovych fetézcti (Markov chain Monte Carlo method)

Specificky sam¢i region chromozomu Y (male-specific region of the Y

chromozome)
Optimalni kontribu¢ni selekce (optimal contribution selection)
Analyza principialnich komponent (principal component analysis)

Lokusy kvantitativnich vlastnosti (quantitative trait loci)
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RADseq

RAPD

RFLP

ROH
SNP
SSR
STR
UCE

VNTR

WGS

172

Sekvenovani DNA s restrikénim mistem (restriction site associated DNA

sequencing)

Néhodna amplifikace polymorfni DNA (random amplification of polymorphic
DNA)

Polymorfismus délky restrikénich fragmentl (restriction fragment length

polymorphism)

Dlouhé tseky homozygotnich genotypt (runs of homozygosity)
Jednonukleotidové polymorfismy (single nucleotide polymorphism)
Jednoducha repetitivni sekvence (simple sequence repeat)

Kratké tandemova repetice (short tandem repeat)
Ultrakonzervovany elementy (ultraconserved element)

Tandemové repetice s proménnym poctem opakovani (variable number tandem

repeat)

Celogenomové sekvenovani (whole genome sequencing)



