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ABSTRACT

Nematodeinfection is one of themajor causes of disease in youngheep Selective
breeding of genetically nematode resistantsheepis an alternative method for
controlling the nematode infection. This pracesscould be simplified if loci that
accountfor nematode resistance can be identified. MHC is one of the candidates and
severalstudies have confirmed the association between MHC alleles and nematode
resistance. The aim of this studys to establish the role of MHQlass Il genes in
nematode resistance in Texesheep. Thus, it carhelp endorsethe usefulness of the
MHC class Il genesas a genetic marker of nematode resistare and extend the
knowledge of the mechanism of resistance agat nematodes. This study has been
focused on three main areas; 1) description of MHC class dene diversity, 2)
description of haplotype and linkage disequilibrium pattern at MHC class Il genes
and 3) the association of MHQC:lass llgenesand nematode resistance. Sequence
based typing was applied to characterise MH@ass llallelic diversity in 235 Texel
lambs. The haplotype and linkage disequilibrium patterrs were deduced from
pedigree information. Finally, he association between MHC class Il haplotypend
nematode resistance (FECand IgEactivity against L3) were investigated using a
MIXED model approachMHC class # geneswere diverse in Texel, consistent with
previous studies reported in sheep. The most polymorphitbcusamong MHC class
lla geneswas DRB1.A total of 21 distinct DRDQ haplotypeswere obtained and
strong linkage disequilibrium exhibited between DRDQ genesThere were also
statistically significant associatiors of specifichaplotypes and nematode resstance
in this population. The work in this thesis confirms the likely importance of MHC
genes in regulatingresistance against gastrointestinal nematodesthus supporting
the use of MHC asa genetic marker of nematode resistance in selective breeding.

Sequencebased typing system for MK class lla has been established in this study.



TABLE OF CONTENTS

Table of Contents

= RS I o PP ii
TABLE OF CONTENTS.....ooi ittt mmmme et vmmmme e jil

LIST OF TABLES.......oooeeeeeiiiii ettt emmmmm e e s
LIST OF FIGURES..... .ottt
ABBREVIATIONS. ...t e et e e e e e e e e e
ACKNOWLEDGEMENIT......ooiiiiiiiiiiiiii i

v

X

XVi

DB A (] 283 S %0H 02 ) oeeeeeeeeeeeeeeeeeeeoeeeeess e eess e seeen Xviii
LIST OF PUBLICATIONS AND PRESENTATIONS..........oveiveeveieeeeeseseeeseeeseeseeereon 19

O o VY = I = OO
LITERATURE REVIEW......c oot eeeee ettt e et vmmmn st n e et e e e s s e e
1.0 General INtrOQUCTION . .. cee e e et e e e e e s et e e e e s e e e

1.1 Anthelmintic Resistance and a Desire for the Alternative Approach..............

1.3. Hunting Genes Underlying Nematode Resistance..................ceeeememeeeeieneennn.
1.4 Major Histocompatibility Complex (MHC)...........cooooiiiiii v
1.5 Sheep MHC OF OVEAVINC. ........cvviiiiiiiiii i immmmmmme e e
1.6 OVAFDR GENES......ccoiiiiiiiiiieeimmmmmmnmr s sttt emmmmmnnnn e
1.7 OVAFDQ GENES......uuiieii et ceccemmme e e e e e e smmmmmmmnr s e e e e e e et rmmmmmmmm s e e e e s
1.8 THESIS ODJECHVE. .....eeiiiiiiiiiie e immmmmmeme ettt e

CHAPTER 2.ttt e e et mmmmm e e e e e e e aaa s
GENERAL MATERIALS AND METHODS......ceuiiii e
P22 A [ 01 o T [ Tox 1o o OO PSP PPP

2.2 PreVioUS WOTK.......coiiiiiiiiiii i cmmmmmmnms ettt e e e e ammmmmmmms e e et e s s e

2.3 MHC Class Il Sequend®sed TYPING......c..uuuurrririiiiimmmmmm i semmmmmmms e

2.4 Sequence Data Processing and AnalysSIS...........c..uvvvimemeeccceeee oo e e s eeeeeeemes

2.5 Genotyping Quality CONTrQL..........uuuuuiiiiie e emmeee

2.6 Submission of Alleles to the Databases.............ooooiiiceeeeiiiiiiii e

2.7 StatistiCal ANAIYSIS........oiiiiieeeeteeemmem et e

2.8 PhylogenetiC ANAIYS........ccooooii e i e e e e e e e e e e e e e s smmemnr e

20

.20..

22..
1.2 Selective Breeding of Genetically Nematode Resist&heep.........ccceeeeeiiiiiieeee 24

30....

-32
.38
Al
..00...
.97

58
58

.28
..D8...

59..

.65
.66
..B9.
. Z0...
AN



CHAPTER ..o ettt e e e e s mmmmm e e e e e e e ataa s 12
GENETIC DIVERSITY OF OVABRB1 IN TEXEL.......cccviiiiiiiiiiiimmmmrieccc e 72

B0 SUMMIATY ... e e e e e e e e e e e s emmmnmr s e e e e e e s
I [ oo [0 Tox i o o IO PP PP PP
3.2 Materials and MethOdS............cooiiiiiiimmmeeeeme e emmmmmmmnr e e
LB RESUIES....ceiiiieiii i remmmeee e mmmmnnnnr ettt e e ettt e e e e
3.4 DISCUSSION. ....cuittiiie et emmmmms et e ettt mmmmmmmns et e 44t e et smmmmmmmns £t 4444t b et e s emmmmnnn

I Y O] o (o1 0= (0] 1 O

g2
73
4.
{1
84
85

CHAPTER 4. .t e e e e e 86

GENETIC DIVERSITY OF OVABQAL IN TEXEL
4.0 SUMIMEBIY....ceieiiiiiiiieeeeeesmmmmmmemss s s s smmmmmmmmt st e et e e e s e e s rmmmmmmmms e s 11 e s s
ot [ o1 (o o 15 o3 10 o I PSP PPP P
4.2 Materials and Methods.............cooiiiiiimeccme e e
4.3 RESUITS....eeiiiiiiiiiiee e emmmmmmmns ettt e emmmmmmmma ettt e e s e e

R B LYo ¥ Y] o o TP

A5 CONCIUSION ... ettt e ettt e e e emmmmmmt e e e et e e e s smmmmmmm s e et e e e e e e

CHAPTER 5.

100
102

GENETIC DIVERSITY OBVARDQA2 AND DQAZ2LIKE GENES IN TEXEL......... 103

L 0T 10 1= /S

LT I 1 (0o [0 Tox 110 o NPT

5.2 Materials and MENOGS.........ooeeeeee et eemme e et e e e e
D B R BSUIS ..o et ettt e et emm————— et et e e et rmmmmm e e

D IS CUSSION. ..ttt ettt e et e e e e e s emmmmmme e e e et et e e et e e e e e et e e e

LTSI O o] (o1 (U1 (o o WP

CHAPTER G.....cooiiiiiiiiiieeeeeee

GENETIC DIVERSITY OF OVABQBI1 IN TEXEL.......cccuutiiiiiiiiiiii i

6.0 SUMIMABIY....ceiieii et e ceae ettt smmmeeme e e e ettt e st s e e e e e e et smmmmmnn

(ST R (0o [UTex 110 ] o IO

6.2 Materials and METNOUS..........iieie e ettt et et e e e e e s v e s
.3 RESUIS . .ot e et e et e et et et e e e e e s

5.4 IS CUSSION. . e eee ettt e et e e e e s emmmmmm e e et e e e e s et e et e e e e e e

(ST YL O] (o1 1= (0] 1

CHAPTER 7.t mmmmm et 138

GENETIC DIVERSITY OF OVABQB2 IN TEXEL

iv



K IS 100 1] 1= YUY B 1o
4% N L g1 0T [0 Tox 1o T o PP PSP PP P P PPPPPPRN R 1
7.2 Materials and Methods...............occuviiiccccmmemii e cmmmmeeeme e smmeeennne . 140
7.3 RESUIS ...ttt emmmmr e emmmmmene e emmmmmmnt e smmnnnnnne o« LA
7.4 DISCUSSION.....cuuvrieiiiiiieeesammmmmmmma s eeeseeee e e e s smmmmmmm s semmmmmmmm s 111 emmmne LD
7.5 CONCIUSION....cciiiiiiiiiii s ememmm et et mmmmmms et smmmmmmmnr e e emmmme kDD

CHAPTER 8. ettt mmmmm et e e e e e e 154
MHC CLASS lla HAPLOTYPES AND LINKAGE DISEQUILIBRIUM IN TEXEL.....154
8.0 SUMIMAIY.....ciuiiiiieieeiii s cmmmenes s s e e e e e et s smmmmmenns s s e e e s s e seen s smmmmmnnns s s e e e eenssnn s smmmmmeenle DD

8.1 INTrOTUCTION ....eeiiiiiieee e e e cmmmmmemee ettt e e emmmmmmmma e s smmmmmmmms s emee h DD

8.2 Materials and Methods...............oooiiiiimmmemiiiiieeee e smmmeees . 1DO

8.3 RESUILS ...t emmmmr e emmmmmene et emmmmmmmt et smmmemmnne s LD [

8.4 DISCUSSION.....cuuvuiiiiiiiiieesimmmmmmmmaiiiteeeeeeeee s smmmmmmmm st e s s s smmmmmmmms s s s s s s s s emmnne kO 1

8.5 CONCIUSION.....cciiiiiiiiieiiiememmm et et mmmmmmme e smmmmmmmmr e e e s nnne s emmmmel DO

CHAPTER ...ttt emmmmm e e e e e e nnanas 170
THE ASSOCIATION OF MHC CLASSAND NEMATODE RESISTANCE IN TEXHAIZO
9.0 SUMMAIY....ciii i emeeme v s s e e e e e s e e e e s smmmmmmens s e e s nnns s smmmmmmmele £ O

9.1 INrOTUCTION .....viiieeiiiie e smmmmmmmme e mmmmmmmm e e e e e mmnk o

9.2 Materials and Methods.............coooiiiiiimmcmmemiiiiieccccee e s L 2

9.3 RESUIS ...ttt emmmmr e emmmmmnne ettt emmmnemmn s L] D

9.4 DISCUSSION.....cuuuiiriiiiiiiiesemmmmmmms i iibesseee e et smmmmmmmm 1t s s mmmmmmmme e e 22 e e e emeene LOO

9.5 CONCIUSION ...ttt eccmmmm st mmmmmme s mmmmmmmmt e e e e e e e e e vmmeee L D2

(O 1N = S O P 183
GENERAL DISCUSSION AND CONCLUSION........ooiiititmmmmme e e 183

LIST OF APPENDICES...... oot ieemee e emmmme e e 191
Appendix 1: Pedigree ReCOrd............uevviiiiiicmmeiiiiiieie e eemnneel 9 1
Appendix 2: Solution and Media Preparation.............cccooooviccceeccceeeeeeeeeeeveev e 194
Appendix 3: Master Mix Preparation for PCR reactions.................cocccceememee e 197
Appendix 4: MHC Class Il Database............ccoo i eeeeeeeee .. 200,
Appendix 5: List of Submitted Sequences to EBI...............c.ovvieeeeeecce e 262
Appendix 6: AMINo Acid ADDIeVIiation.............ccuvviiiimmecccce om0 203
Appendix 7:SAS COMMANGS .......uuuumueiiis i eeeeemems e e e 20
LIST OF REFERENCES......... ittt eemmm oot emmemmmmme e 3 20



LIST OF TABLES
Table 1 Differences among breeds in resistance against GIN in different continents
24

Table 2 Three groups of indicator traits for host resistance to GIN (adapted from
DoMINiK, 2005).....ccuuiiiiiiiieeiiiceceemmce e mmmeeeme s smnnmmnnen e enn e 291

Table 3 Different numbers of alleles of the OvabRB1 gene in multiple breeds of
sheep. Adaptd from Dukkipati et al. 2006a..............ccevvvniiceeeerenreeeeiiieenn. 45....

Table 4 Association of breeds and their common alleles reported in multiple studies
AL

Table 5 Association of OvaDRB1 with disease resistance reported in previas
ES] (1[0 1 =SS UUUPRRRY £

Table 6 Association of specific of amino acid positions with resistance or

susceptibility against several diseases..............cccovvvimmmceeeieeeeeeeeeviisseeeeenn 50

Table 7 Polymorphisms of the OvaDQA gene reported in multiple beeds of sheep
..D2..

Table 8 Common DQAZ alleles or haplotypes found in different breeds of sheg&p
Table 9 Haplotypes found in two DQA genes. Adapted from Hickford et al. 2004

Table 10 List of associations of OvabQA alleles with important diseases in sheep
...D6..

Table 11 Polymorphisms of the expressed OvdPQB gene in multiple breeds of
] 11T TP TSRS - 4

Table 12 Primers used to amplify the second exon of the MHC class Il gene..63
Table 13 The reagent of master mix solution for sequencing reaction.............. 64..

Table 14 The temperatures and times of 'Big Dye' program imé thermo cycler64

Vi



Table 15 Appropriate letters to be assigned to possible bases........................ 65

Table 16 A table shown the example of the DQB2 alleles found from five Texel

lambs.The lambs found with one adlle had an * in the second column......! 66

Table 17 Haplotype obtained from six lambs from the same sire, G173. An asterisk
(*) symbol shows that there was suspected error for assignment of DQB2 allele

for lamb, yO06. The sequence/as then reexamined.........................ccc.......68

Table 18 Lamb haplotypes obtained from the same sire, 8t055 by the SORT BY
programme. An asterisk (*) symbol showed there was an error of null for DQA1
and DQB1 genes for lamb, 100t022.The DQA1 and DIQBtyping process were
redone for that particular DNA sample (100t022)...........ccccoeveeevvieeeeccene..... 69.

Table 19 PCR primers for amplification of the second exon of the OMaRB1 gene.

Amplicon size includes the primer SEQUENCES............ccevvvvvvimmmmmmmmeeeeeeeennnnd Duv.
Table 20 Nomenclature of OvaDRBL1 alleles detected in Texel...........ccccceeeeas 11..

Table 21 Amino acid variations in Texel in this study Vs published sheep DRB1
alleles. Amino acid positions involved in the antigen binding sites (accoirth
to Reche & Reinherz (2003) are indicated by grey background; novel amino
acids found in this study are indicated in blue, while amino acids that were only

found in previous studies are given in red............ooeuuveuiicccccceeeeeeeeeiieeed 81l..
Table 22 OvarDRB1 dleles and their frequencies found in Texel..................... 82....

Table 23 The PCR primers for amplification of the second exon of OMaQA1 gene.

Amplicon size includes the primer SEQUENCES...........uvvvvvviniiecemmceeeeeeeeiannn 89...

Table 24 Nomenclatue of the OvarDQAL exon 2 detected in Texel and comparison

with those previously described.............coooviiiiiccemcceen e eeeeeeeenn 2 92

Table 25 Amino acid variation in Texel in this study Vs published sheep DQALl
alleles: novel amino acids found in this study are iridated in blue. Amino acids

that were only found in previous studies are giveninred................c......... 96.

Vii



Table 26 OvarDQAL1 alleles and their frequencies found in Texel flock in this study
97

Table 27 PCR primes used for amplification the second exon of OvddQA2 and
Ovar-DQAZ2like gene in this study..........ccccoeeiviiiiiimccccecccie e vceeeenn .. 106

Table 28 Nomenclature of OvaDQA2 and DQA2ike exon 2 alleles detected in
1= SRS 1 0

Table 29 Amirp acid variations in Texel in this study Vs published sheep DQAZ2 and
DQAZ2like alleles. Amino acid positions involved in the antigen binding sites
(according to Reche & Reinherz, 2003) are indicated by grey background;
amino acids that were only found in pevious published studies are given in
(=0 PO OO PP PPPPPPPPPPRRRRRRRRPN B £

Table 30 OvarDQAZ alleles and their frequencies found in Texel.................. 115.

Table 31 DQA Haplotypes found in Texel in this study. The two haplotypes which
pose AY312392 allele are shown in bold...............ccooiiiieeevennn0 119

Table 32 PCR primers used for the amplification of the second exon of O\&QB1
gene iN thiS StUAY........uuuviiiiiiii i e eeeee . L2O

Table 33 Nomenclature of OvaDQB1 exon 2 allelesdetected in this Texel

107 101 F= 11T o PN 22 o

Table 34 Amino acid variation in Texel sheep in this study. Amino acid positions
involved in the antigen binding sites (according to Reche & Reinherz,2003) are

indicated by grey background.................ooi e 0132
Table 35 OvarDQBL1 and their frequencies found in Texel in this study.......... 133

Table 36 PCR primers for the amplification of the second exon of OMaQB2 gene
..141

Table 37 Nomenclature of OvaiDQB2 alleles detected in Texel lambs in this study
..144

viii



Table 38 Amino acid variations in Texel sheep in this study. Amino acid positions
involved in the antigen binding sites according to Reche & Réerz (2003) are

indicated by grey background..............o.iiiiiieciimc .. 148

Table 39 OvarDQB2 and their frequencies found in Texel in the present studi49

Table 41 Linkage disequilibrium between DRB1 and other MHC class lla gehi6&

Table 42 Linkage disequilibrium between DQA1 and other MHC class lla genes
(DQB1, DQA2, DQARKe and DQB2 gENES)........ccvvuieeeeriieemmmceeeeeeeeennns 164.

Table 43 Linkage disequilibrium between DQB1 and DQA2, DQAZe and DQB2
...165

Table 44 Linkage disequilibrium between DQA2 and DQAKe and DQB2; DQA2

like and DOQB2........coouuiiii et rmreeeee e e et e eeenenmmmeesenn e LOD
Table 45 Haplotype nomenclature and their full haplotype description........... 173
Table 46 The description of FEC in this study..............cooooiiieeeeeceeiiii 173

Table 47 The significance of effect of individual MHC class haplotypes on FEC.
See Table 46 for full haplotype MHC class lla..........ccccccvvveeeeccceee . 176

Table 48 The significance of effect of individual MHC class lla haplotype on a8

IgE. The haplotype #p was set as a reference...............coeeveeeeeeeeeeennn... 178

Table 49 The significance of effect of MHC class lla homozygosity on FEC and anti



LIST OF FIGURES

Figure 1 The work flow of two main approaches; QTL mapping and candidate gene
analysisfor identifying genes associated with traits. Adapted from Venturina
(2012). The key points of QTL mapping and candidate gene analysis are listed.

I

Figure 2 A schematic picture of MHC molecules and genes for class | anddgpted

from Rajalingam et al. (2010).........ccooiiiiiiiiiiiirrreme e eeeremmme e 3D

Figure 3 A schematic picture of OvaMHC on chromosome 20. The OvaMHC class
Il is divided into class lla and llb by autosome insertion. This figure is adopted
from Gao et al. (2010).........coevimmiiiiiiiimmme ettt mmmmmeea D

Figure 4 Schematic picture of OvaMhc class lla loci in a Rambouillet ram; modified
from Hermann-Hoesing et al. (2008a). The red and blue arrows indicate of

tranSCriPtioN PrOCESS......cccvviiiiiieeeeeieemmccee e e e e e et smmneees e e e e e eennn e e emeeeennn DL
Figure 5 Main steps for sequencingpased typing in this study...............c..c.....c... 60

Figure 6 Diagrammatic representation of the second exon and immediate intronic
flanking regions of the OvatrDRB1 gene (AM884913) showing the location and

direction of primers detailed in Table 19..............coceeviiiimmcciiee e I8

Figure 7 Nucleotide sequences of the second exon of OARRB1 alleles found in
L= SRR 4

Figure 8 Protein translation for the second exon of OvaDRB1 alleles foundn this
study. Amino acid positionshave been defined according to Reche & Reinherz

Figure 9 A neighbor phylogenetic tree constructed from exon 2 sequences of DRB1
gene from Texel in this study. The number at the fks indicates the bootstrap

confidence values and branch lengths are proportional to genetic distanc@3



Figure 10 Diagrammatic representation of the second exon and and immediate
flanking region of OvarDQA1 (M33304 sequenceshowing the location and

direction of primers detailed in Table 24.............ccccoovviiieceiii 290

Figure 11 Nucleotide sequence of the second exon of OMBQAL alleles found in
this study. The local allelic nomenclature is used. A dash indicates ideptwith

the tOP SEQUENCE..........ii i cceeeeen e seeeeenmme e e e e s enmmmmmneenn e DEL

Figure 12 The distribution of polymorphisms within amino acid translations of
second exon of DQA1 found in this study. Sequences within polymorphic
regions: I, Il and lll are underline. A dash inidates identity with the top
sequence, LN736359........coiiiiiccrmc e et e enees D

Figure 13 A neighbor phylogenetic tree constructed from exon 2 sequences of DQA1
gene from this study. The number at the forks indicates the bootstrap

confidence values and tanch lengths are proportional to genetic distance98

Figure 14 A neighbor phylogenetic tree constructed from exon 2 sequences of DQA1
gene from sheep, cattle and goats. The human DQA1 (L34082) was used as an
outgroup. The number at the forks indicates the bootstrap confidence values
and branch lengths are proportional to genetic distance. The yellow, red and
blue symbols denote OvaiDQAL, BoLADQAL1 and CahDQA1 respectively99

Figure 15 Diagrammatic representation of the second exon of OvaDQA2 and
immediate flanking region of the OvatDQA2 genes showing the location of

oligonucleotide primers detailed in Table 27...............ccoovieeen.00. 107,

Figure 16 Nucleotide sequences of the secona@n of OvarDQA?2 alleles found in
this study. The local allelic nomenclature is used throughout and compared

with AY312375. A dot indicates identity with the top sequence............... 111

Figure 17 The distribution of polymorphisms within amino acid translations of
second exon of DQAZ2 (including DQAIke) found in this study. Sequences
within polymorphic regions: I, Il and Il are underlined. A dot indicates identity
with the top sequence, AY312375........couuuuvuuiiiiiicmmeeeeeiiieveiiiimmmmmmeeee 112

Xi



Figure 18 A comparison between diversity and frequencies between DQAL1 and
1O A | o T (= PP RRUPPPPPR I I o1

Figure 19 A neighborjoining phylogenetic tree constructed from exon 2 sequences
of DQA2 genes from this study. Branch lengths are propootal to genetic
(0[] 7= T (o RPRPPPPPPPPPPPPPRN B Y 4

Figure 20 A neighbor phylogenetic tree constructed from exon 2 sequences of DQA2
gene from sheep, cattle and goats. The human DQA2 (NM_020056) was used
as an outgroup. Branch lengths are proportioal to genetic distance. The
yellow, red and blue symbols denote OvabDQAZ2 (including DQAZike), BoLA
DQA2 and CaRDQA2 respectively............ceeeeeiiiieemccceeiiei e vcmeeen . 118

Figure 21 Diagramatic representation of the second exon of Ov@xQB1 (228424
sequence)and immediate flanking region of the OvailDQB1 genes showing the

location of oligonucleotide primers detailed in Table 32.............ccccnn...... 125

Figure 22 Nucleotide sequence of the second exon of OMR®B1 alleles found in

Figure 23 The distribution of polymorphism within amino acid translation of
second exon of DQB1 found in this study. A dot indicates identity with the top
sequence, AHOOL247........couuoi e ceeemmeee e e seeenmmcei e e enn e e e smmmeeee L3 L

Figure 24 A neighbormphylogenetic tree constructed from exon 2 sequences of DQB1

gene from this study length are proportional to genetic distance............. 134

Figure 25 A neighbor phylogenetic tree constructed from exon 2 sequences of DQB1
gene from she@, cattle and goats branch lengths are proportional to genetic
distance. The blue, red and yellow symbols denote Ov&QB1, BoLaDQB1
and CahiDQBL1 respectiVely..........ccoiiiiiiiicceeemie e eevvemeeeeme 000, L35

Figure 26 Diagramatic representation of the second exon ofv@r-DQB2 and
immediate flanking region of the OvatDQB2 genes showing the location of

oligonucleotide primers detailed in Table 36............ccccovvviiiicceeeeie e 142

Xii



Figure 27 Nucleotide sequence of the second exon of O\MR®B?2 alleles found in

Figure 28 The distribution of polymorphisms within amino acid translations of the
second exon of DQB2 found in this study. A dot indicates identity with the top
sequence, AJ238934.........cooeuiiiiiii i iemmeeeme s nmmenmer e ea e ean s vmmneenes LA T

Figure 29 A comparison between diversity and frequencies between DQB1 and
DQB2 N TEXEL...ooviiiiiiii et ieeeemmeie e ssemmeene e e e e evt s emenmmmnn e eeenn s L DD

Figure 30 A neighborjoining phylogenetic tree constructed from exon 2 sequences
of DQB1 and DQB2 genes from Texel sheep in this study. Bradengths are
proportional to genetic distance. The blue and red symbols denote Ov&xQB1

and OvarDQB2 respectiVely.............eeeieeiiiieemmmceiiiie e eeevvviimmeeeeeee e e eeeennnn. LO1

Figure 31 The association of the MHC class lla haplotype with FEC. The most

frequent haplotype,#p was set equal to zero and acted as a reference...175

Figure 32 Association of the MHC class Il haplotype with IgE activites against L3.
The most frequent haplotype, #p was set equal to zero and acted as a reference.
-

Xiii



AADs
AbMIR
ABS
Ada
ALD
APC
BAC
BLAST
BLV
bp
BZs
CMIR
CHB
DC
dNTP
EBI
EDTA
ELISA
EU
FEC
GIN
GIT
GL
GWAS
HLA
IEC
IFN- a3
g

IPD
IPD-MHC
IUB
LEV
L1

L2

ABBREVIATIONS

Amino-acetonitrile derivatives
antibody mediated immune response
antigen binding site

adenosine amine

asymmetric linkage disequilibrium
antigen-presenting cells

bacterial artificial chromosome

Basic Local Alignment Search Tool
bovine leukaemia virus

base pairs

benzimidazoles

cell mediated immune response
Canarian Hair Breed

dendritic cells

deoxynucleoside triphosphate
European Bioinformatics Institute
ethylenedia-minetetraacetic acid
enzyme linked immunosorbent assay
European United

faecal egg count

gastrointestinal nematode
gastrointestinal tract

globule leucocyte

genome wide association tudies
human leukocyte antigen

intestinal epithelium cell

interferon gamma

immunoglobulin

Immuno Polymorphism Database
Immuno Polymorphism DatabaseMajor Histocompatibility Complex
International Union of Biochemistry
Levamisole and other imidazothiazoles
larvae 1

larvae 2

Xiv



L3 larvae 3

L4 larvae 4

L5 larvae 5

HLA human leukocyte antigen

MEGA Molecular Evolutionary Genetics Analysis

MHC major histocompatibility complex

MLs macrocycliclactones

NCBI National Center for Biotechnology Information
NGIUB Nomenclature Committee of the International Union of Biochemistry
OLA ovine lymphocyte antigen

OPA Ovine pulmonary adenocarcinoma

OPPV Ovine progressive pneumoniavirus

ORF open reading frame

OVAR Ovisaries

PBS phosphate-buffered saline

PCV packed cell volume

PRR pattern recognition receptor

QTL quantitative trait loci

RFLP Restriction fragment length polymorphism

RHM Regionalheritability mapping

RSCA ReferenceStrand-mediated Conformation Analgis
RT-PCR Reverse TranscriptasePolymerase Chain Reaction
SNP Single rucleotide polymorphism

SSCP Single-strand conformation polymorphism

STR Simpletandemrepeat

TBS Tris-borate-EDTA

Th T helper

TLRs Toll like receptors

TSLP Thymic stromal lymphopoietin

UK United Kingdom

WAAVP World Association for the Advancement of Veterinary Parasitology
3-D three dimensional

1 alpha

[ beta

XV



ACKNOWLEDGEMENT

All praises to Allah, I offer You my humble thanks and gratitude for giving me the strength

and patient in completing this PhD thesis.

Working on the PhD has been a wonderful and oftagreat challenge | am foreverthankful
to many individuals who in one way or another contributed and extended their valuable

assistance in the preparation and completin of this study.

Ministry of Higher Education Malaysia (MOHE) and University Putra Malaysia
(UPM) for providing the financial support that allowed thisPhDjourney to become

a reality.

Professor Michael J. Stear, my principal supervisor who has guide@nd supported
me throughout this journey. His excellent advice and constructive criticisms in

thesis works deserve special recognition.

Professor David P.Eckersall, my second supervisorwho has had a very positive
influence on me from the very beginmg of my PhD Lessons he taught me will last

a lifetime.

Mr. Chris McComb, Mrs. Marge Robinson, Mrs. Nicola Brady, Mrs. Denice
Ritchie , Dr. Karen Fairlie -Clarke , Ms. Abby Stear, Dr Shahrom Salisi and Mrs.

Caline Koh for constantly helping mein the lab.

Dr. Josie Beeley, Dr. Ibrahim Abu Anka, Dr. Intan Sameha and Mr. Latif Muti

who has offeredmuch their timein proof reading my draft thesis.

Mr. Mohd Sufri Mohammad Hamka , my husband, words are not enough to
express my gratitude to you. This thesis would nobhave been completed without

your support.

My love, Muhammad Umair Darwisy , thank youdarling for giving me happiness

You are the reasorwhy this journey bearable.



Mr. Haji - A ) OA A Eahd Mrs AHajfaERobani Abdul Jamal, my beloved
parents, both you are always mysource of motivation, all my life.

Mrs. Nur Mardhati Md Isa , my only sistermy best friend,whose encouragement

was never ending.

Mr . Mohd Mahizam Md Isa, Mr. Mohd Ihsan Md Isa, Mr. Mohd lyad Sufi Md Isa
Mr. Mohd Afig Abdul Ghani , Mrs Nur Fasihah Othman and Mrs. Siti Suhaiziah
who always express enough gratitude of for all love and supports.

Special thanks toMr. Irwan Dahnil for helping and supporting me during my
finishing stage. | also wish to thankmy teacher andidol, Professor Dr. Rehana

Abdullah Sani for her advices andnon-stop moral support.

Dr. Nikhbakth , Dr. Bishop and Dr. Schwaiger, who have contribute their data to
to this thesis.

Claire Hevin Zaccaron , Beatrice Beucler , Dagmara Kowalska , Marta , Dorotha ,
Alexandra Muttocks ,Jamie Orr,Jamie McFadzeanand Adam Russell; who helps

for sequencingprocessand became my buddies in the lab.

Thorsten ,Joaquin, Fuhmi, Eilidh ,Mark Braceland and Dr. Hayyan; who sharing
their knowledge and opinions These great people have always beearftastic and
enthusiastic especially when dealing with my endless enquiries about various

things, for which my mere expression of thanks akes not suffice.
| extend my apologies to everyone whom | have not mentioned in this thesis. And

of course, for any erors or inadequacies that may remain in this work, the

responsibility is entirely my own.

NUR MAHIZA MD ISAsebruary 2016.



AUTHOROGS DECLARATI ON

| declare that the work presented in this thesis is original, was carried out solely by

the author or with due acknowledgement and has not been presented for the award

of a degree at any other University

Nur Mahiza Md IsaFebruary 2016.

XViii



2015

2015

2014

2013

2013

LIST OF PUBLICATIONS AND PRESENTATIONS

25" International Conference of the World Association
for the Advancement of Veterinary Parasitology

-The genetic architecture of the Major Histocompatibility
Complex (MHC) class Il in sheep and its role in resistance

nematode infection, Liverpool, UK

British Society for Parasitology Spring Meeting 2015

-Ovar-MHC class Il haplotypes and Nematode Resistance i

Sheep, Liverpool, UK

British Society for Parasitology Spring Meeting 2014

-MHC Class Il DQA1 Diversity and Nematode Resistance
Scottish Blackface, Cambridge, UK

24th International Conference of the World Association

for the Advancement of Veterinary Parasitology

- Variation and High Linkage Disequilibrium among Ovar
DRB1, DQA1 and DQB1 loci in Scottish BlackfacBerth,

Australia

67" Association for Veterinary Teaching and Research
Work (AVTRW)

-MHC class Il DQA1 Diversity and Nematode Resistance
Scottish Blackface Nottingham, UK

19



CHAPTER 1

LITERATURE REVIEW

1.0 General Introduction

The United Kingdom (UK) ighe leading sheep producer among Euroa Union (EU)
countries aswell asbeing one of the nost important sheep producers in the world. In
2012, the UK was recorded as having the largest sheep population in the EU with
approximately 32.2 million animals, including 15.2 million breeding femaleg¢National
Sheep Association2014). In terms of sheep meat exportation, UK is ranked the third
largest after New Zealand and Austr@é, accounting for approximately 10% of the
global sheep exports in the same yedWipond, 2010). Thus, the economic importance

of the sheep industry for the UK is undeniable.

There is no doubt that gastrointestinal nematode$GIN) adversely affect profitability
of the livestock industries in the UK. To illugtate this, Nieuwhof & Bishop (2005)
reported the impact of GINwith an estimated lossof £100 million per annum. Briefly,
the losses derivedfrom three primary sources, the loss associad with performance
of the animals, treatment costsand prophylaxis measures They also reported that los
due to performance was considered the&ey contributor, which made up over lree-

quarters of the total cost

The lossdue to performance in sheeganbe segregated into four contributing factors
(reviewed by Nieuwhof & Bishop 2005). One of them is due t@ reduction of ive-
weight gain and alteration in body compositionThe reduction in live-weight gain alone
resulted in losses totalling £64 million. Secondly, there arealso losses due to
diminution in production of wool and milk. This is a consequencef loss of appeite
among infected animals, causing net movement of amino acid nitrogen to the liver
and gastrointestinal tract (GIT) from muscle and skinhenceleading to the reduction

in milk and wool production. Thirdly, infected sheep eventually loos¢he ability to
reproduce; this is as a consequence that the host needs to pay for immune function
Finally, there is mortality or low survivability, observed especially in heavily

parasitized ruminants.
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Major losses in economic profit together with concern for animal wéhre haveinitiated
various approaches incontrolling GIN problems. The traditional method of using
anthelmintic drugs is still popular option and majority farmers still rely heavily on
these (Ellis et al. 2014) Thisusage of anthelmintic drugs has led to rapidly evolving
resistance to multiple anthelmintic drugs(Papadopoulos et al. 2012)In addition, the
AT gEAOU T £ TAET DIALT EATCI OCBHBAAT AT OEOT T 1 AT ¢
the search for alternative approaches(Waller & Thamsborg 2004) Alternative
approaches for nematode control in ruminants have been researched and some
approaches are promisingChandrawathani et al. 2002Karlsson &Greeff 2006). One
promising approach is to breed genetically nematode resistant animalStear et al.
2006).

The identification of genetically resistant animalscould be facilitated if the loci which
regulate resistanceagainst GINwere known (Stear et al.2007). In addition, it would
aid understanding of the mechanism of the host immune system against parasit&he
major histocompatibility complex (MHQ allele was found to be associated with
nematode resistance in numerous studies(Schwaiger et al. 1995 Stear et al.
1996;Paterson et al. 1998 Sayerset al. 200%; Stear et al. 2005 Keane et al. 2005;
2007; Castillo et al. 2011;Valilou et al. 2015. However, thequestion remains as to
whether the observed effect was a direct or indirect influenceStear et al. 2007Keane
et al. 2007). Identifying the causative mutations remains to be determined (Stear et al.
2009).

In this introductory chagpter, the primary goal is to providean in-depth understanding

of thesefive major areas:

a) Anthelmintic drug resistance and existing approaches for nematode control in

the sheep industry with emphasis on boosting of the host immune response.
b) Selective breeding of genetically nematode resistant sheep
c) Genes underlying nematode resistance

d) MHC structure and characterisation
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e) Existing and current knowledge on OvatMHC (OvarDR and DQ) genes and

their association with disease resistance.

1.1 Anthelmintic Resistance and a Desire for the Alternative Approach

Sheep are infected with a wide array of GINMiller & Horohov, 2006). Based on
predilection sites, these parasitic worms hve been grouped into abomasum
nematodes; Teladorsagia circumcincta(brown stomach worm) and Haemonchus
contortus (barber pole worm), small intestine nematodes Cooperiaspp. (d | DA O3 O
worm), Nematodirusspp. (threadneckworm), Trichostrongyluscolubriformigbankrupt

worm) and large intestine nematodes Oesophagostomunspp. (nodular worm)
(Urquhart et al. 1987). GIN sub as T. circumcincta, T. vitrinus, T. axei, Nematodirus

battus, Nematodirus filicolis Nematodirus spathigerand Cooperiaspp. are prevalent

taxa that affect sheefdStearet al. 1998)

The most significantstrongylid nematode in the UK isT. circumcincta(Stear et al. 1998
Stear et al. 2005Venturina et al. 2013). AlthoughT. circumcinctaposes low fecundity
compared with other members of the trichostrongylid nematodes @-350
eggs/female/day) (Stear & Bishop 1999) they are dominant and successful parasites
in temperate areas of the world(Stear et al.2011). To illustrate this point, more than
80% of adult GIN were identified asl. circumcinctain the necropsy of over 500 sheep
(Stear et al. 1997). The greater survivability ofT. circumcincta is probably best

explained by their survival strategy compared with other GINStear et al. 1997)

Traditionally, anthelmintic drugs are being used by farmersglobally to control GIN
problems. Untiltoday, they still rely heavily onthesedrugs (Ellis et al.2014). The use
of anthelmintic drugs to contrd nematodes started with the launch of phenothiazine
in the late 1930s(Sayers & Sweeney 2007)Threemain classesof chemical drugs are
available for control of sheep GIN namely; benzimidazoles (BZs); levasole and other
imidazothiazoles (LEV) and macrocyclic lactones (MLs). Amineacetonitrile

derivatives (AADs) and derquantelabamectin are the latest clas®f drugs which is

suitable for avariety of species oflivestock nematodes(Kaminsky et al.2008; Little et

al. 2010). The use of anthelmintiadrugs is still popular because they areasy andhandy
to use and costeffective (Hlis et al. 2014). Sargison (2011) argued that efforts to

control nematodes are bound to beunsuccessful withoutthe use of anthelmintic drugs.
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The global issue in the usage of anthelmintic drugs is the rapidly evolving resistance to
anthelmintic drugs in GIN of shee@nd that resigance is a heritable trait(reviewed by
Kaplan, 2004). The first suspicion ofanthelmintic drug resistance was reportedby
Drudge et al.(1957), which was related to phenothiazine resistance. In temperate
regions, the first indication of anthelmintic resistancein farms is usually the failure of
lambs to reach finished weights by late autumn, scouring and mortality due tGIN

infection despite having beergiven anthelmintic drugs (Sargison, 2011)

In the UK, anthelmintic drug resistance has been well studie(bargison et al. 2007,
Taylor et al. 2009;Mitchell et al. 2010). The level of drug rsistance to BZs is higher as
compared to LEV and ML in the UKTaylor et al. 2009). In addition, the three classes
of drugs mentioned were associated with multidrug resistancgSargison et al. 2007)
Taylor et al. (2009) found that 97% of sheep farms incorporated in thig study had
populations containing alleles conferrng resistance to BZsThus, it is undenialle that
anthelmintic drug resistance is a major problem in the UK anthus a search for an
alternative approach is mandatory lt is also aggravated by the fact that the problems
of acquired resistance to anthelmintic parasite is expected to continu@gMitrevaet al.
2007).

Alternative approaches wereproposedto replace the use of anthelmintiarugs with a
different strategy. Thesehave been comprehensively reviewed by authors sucBtear
et al. 2006), Sayers &Sweeney(2007) and Torres-Acosta& Hoste (2008). Each of the
alternative approaches hasadvantages and disadvantages and the choice of
implementation should consider conditions on farmsand local epidemiology(Torres-
Acosta& Hoste 2008). Collectively, three main principlesare applied in the alterndive
approach for GINcontrol. Firstly, to minimize the contact between host and infective
larvae through grazing management. Secondlyo control the paradte with alternative
treatment suchasnatural plants andminerals.Lastly, to boost host immunity (Torres-
Acosta & Hoste 2008). In this chapter, it is not intended to review all possibé
alternative approachesbut anapproachbased on boostinghe host immune response
by breeding nematoderesistant sheepwill be discussedand enhanced with up to date

information.
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1.2 Selective Breeding of Genetically Nematode Resistant Sheep

Selective breeding for disease resistance is a common practice the livestock industry.
The evidence has been extensively revieweBishop et al. 2011) Stear et al. (2001)
asserted that breeding for disease resistance not only sustainable; it is also a feasible
and desirable approachOne example of selective breeding implemented in the sheep
industry is breeding for nematode resistance. In richer countries such as Australia and
New Zealand, sheep breeding companiesate been breeding for nematode resistance

for a long time(Gray, 1997).

7EAT AT 1 OEAAOCET C 1T AT AOGT AA OAOGEOOAT AAh £EE
Resistance is defined as the ability of the host to carry a reduced parasite burden (Stear

et al. 2001). Sheep are classified as resistant animals if three consequemnare
observed after parasite entry into the host body: the parasite is unable to establish
infection, even ifthey can establish infection they are incapable of completing their life
cycle, and if they manage to become established and complete their lifgcle but they

are rejected from host(Stear & Wakelin 1998). Even though the exacand precise
mechanism of resistance is not entirely understood for all GIN, the genenarinciple
applied is an increase in host resistance associated with a better immune resistance

against parasite(Stear et al. 1999)

Breeding of geneticallyresistant sheep isa better option compared toother alternative
methods. Firstly, the effect is a permanent solution demanding nextra resources and
is also an inexpensive method (Waller& Thamsborg 2004) Secondly, slecting
resistant animals is not only able to slow down the development of anhelmintic
resistance,but is meeting the demand for drug free residues in meat for customers
(Stear et al. 2007)Thirdly, selection of resistance against one nematode also enhances
resistance to other GIN(Gruner et d. 2004). Fourthly, a strong favourable genetic
correlation between resistance FEC) and growth rate (Bishop et al. 1996and the
heritabil ity of nematode resistancas one-third (Bishop et al. 1996)suggesting that the
breeding of nematode resistance is feasibléStear et al. 2001).In addition to that,
breeding nematode resistant sheep has been shown to have positive outcomes
(Karlsson & Greeff 2006Kemper et al. 2010) Karlsson& Greeff(2012) suggested that
breeding for nematode resistand E O OEA O1 OEi AOGA OET O0000I /
in the long term.
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Substantial debate exists as tovhether selection shouldbe basel on resistance or
resilience. Resilience is sometimes called tolerand&elly et al. 2013). In contrast to
OAOEOOAT AAh OOAOEI EAT AAG EO xEAT OEA ET
adverse effects and the animal is abl® sustain arelatively undepressed produdion
level during parasite infection (Kelly et al. 2013. Furthermore, there wasevidencethat
there is negative genetic correlationbetween resistance and resilience Rashidi et
al.2013). The main benefit of resistance compared with resilience is to reduce
contamination of larvae in the field, thus other norresilient sheep have a lower risk of
parasite challenge (McManus et al. 2014). Perhaps, selection of resistance in
conjunction with other methods is the more attractiveway to control nematodes (Stear
et al. 2007).

1.2.1 Selection among breeds

There are more than one thousand different breeds of sheep in the world, and evidence
of genetic variation in nematode resistance among breeds is well documented in

different continents (Table 1).

Differences in susceptibilityamongbreeds have been observed especially towards the
blood feeder, H. contortus In the African continent, breeds such Red Masai, Sabi,
Djallonke, Dorper and Menz KMugambi et al. 1996 Goossens et al. 2000Rege et
al.2002; Matika et al. 2003 have been shown to be relatively resistant tél. contortus
Similarly, in Asia, breeds such Sumatra, Garole, Lohi and Local Kashmiri crosses
(Nimbkar et al. 200Q Romijali et al. 200Q Tarig et al. 2008 Saddiqi et al. 2010 are also
relatively resistant to same parasite While, in the American continent, the St Croix,
Blackbelly, Katahdin, Gulf Coast Native, Santa Ines and CrioBu(ke & Miller 2002;
Amarante et al. 2005Miller et al. 2006; Amarante et al. 2009 MacKinnon et al. 2009
Alba-Hurtado et al. 2010 were also established to be relatively resistant toH.
contortus. Studies in European countries provide evidence thafanaran Hair Breed
(CHB), Merinoland and Texebreed (Gruner et al. 2003 Good et al. 2006Hielscher et
al. 2006, Gonzlez et al. 2008 are also relatively resistant to H. contortus The
differences in susceptibility between breeds toward H. contortus are obviously
prominent in different geographical regionsof the world. However, the fact thatsome

of the breeds come fom different countries should be taken into account-or example,
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Criollo sheep which were brought to Mexicaluring colonial time (Alba-Hurtado et al.
2010).
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Table 1 Differences among breeds in resistance against GIN in different continents

Region  Relatively Resistant Relatively Reference
Susceptible
Djallonke Djallonke-Sahelian ~ Goossens et al. 2000
Africa
Menz Horro Rege et al. 2002
Red Masai Dorper Mugambi et al. 1996
Sabi Dorper Matika et al. 2003
Garole Decanni, Bannur Nimbkar et al. 2000
Java Fatail x Sumatra Sumatra Romjali et al. 2000
_ Lohi Kachhi, Thalli Saddiqi et al. 2010
Asia
o Crossbred Kashmir _
Local Kashmiri _ Tariq et al. 2008
Merino
St-Croix X Sumatra Sumatra Romjali et al. 2000
Dorper, Katahdin, S€roix Hampshire, Suffolk  Burke & Miller 2002
North Florida Native Rambouillet Amarante et al. 2005
America
Gulf Coast Native Suffolk Miller et al. 2006
Canarian Hair Canaria Gonzélez et 2008
South Criollo Suffolk Alba-Hurtado et al2010
America lle de France and
Santa Ines Amaranteet al.2009
Suffolk
Blackbelly Romane Gruner et al2003
Merinoland Rhoen Hielscher et al. 2006
European
Texel Suffak Good et al. 2006
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The evidence forvariation in genetic resistance among breesito T. circumcinctais
supported by previous studies. An early investigation on 29 sheep of five different
breeds suggested differences in susceptibility td. circuntincta (Stewart & Miller
1938). Another research group has implied that the purebred Texel breed is more
resistant than sheep of the purebred Suffolk breed tdhis organism in a natural

challenge(Good et al2006) and experimental infection(Ahmed et al. 2015).

1.2.2 Selection within Breeds

Farmers can substitute susceptible breeds with resistant breeds in GIN endemic areas
(Stear et al. 2006). Even though the use of a resistant breed that has already been
adapted is simple, it comes with obstackesuch as unfavourable response from sheep
farmers and good performance in economic traits of the nematode susceptible breeds
(Stear et al. 2006).Substitution of breeds is ot a viable option in all farms.Thus,
selection within a breed is to be adopted $tear et al. 2006). Generally, if a breeder
needs to set up a selection scheme, they are required to identify a selection objective,
followed by a selection criterion and a selection indeXNicholas, 1987). In the big
livestock producer countries suchasAustralia and New Zaland, nematode resistance

is one ofcomponents of the selection objective in somecommercial farms(Stear et al.
2002).

1.2.3 What Traits Reflect Resistance to GIN?

Resistance to GIN is clearly a complexhpsiological characteristic(Dominik, 2005) and
nematode resigance status can be descridin terms of parasitological, immunological
and/or pathological parameters (seeTable 2). Low FEC is usually regarded as a sign
of a nematode resistant animal. Typically, higher abilities of immunological and
pathological respmses ae associated with low FEC thus immunological and
pathological parameters become the indicator of resistance. review on parameters
which reflect nematode resistance in the context of the small ruminant has been well
provided by Saddiqgi et al.(2012).
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Table 2 Three groups of indicator traits for host resistance to GIN (adapted from Dominik, 2005)

Indicator Traits

Parasitology Immunology Pathology

FEC, number of Serum (IgG1, IgA, IgE), Pepsinogen cocentration,

adult, length of peripheral eosinophil, albumin concentration,
adult mast cells, eosinophils, fructosamine concentration, PCV,
goblet cells dag score, faecal consistency

1.23.1 FEC asa Phenotypic Marker for Nematode Resistance Advantages and

Disadvantages

FEC is achosen parameter reflecting nematode resistancebecause i) simple to
measure(Raadsma 1998)and highly repeatable(Stearet al. 199%), ii) the heritability
of the single FEC ranging from 0.2 to 0.4, andlis valueis similar to heritability of milk
production in dairy cattle (Bishop et al. 1996 Morris et al. 2000), iii) selection of low
FEC is a part of breeding programmes and has begroven to be successful in Australia
and New Zealand, without any adverse genetic correlation with important ecaomical
traits (Karlsson & Greeff, 2006) The test has been promoted in small ruminant
production (Preston et al. 2014) and iv) a computer similation model has shown that
selection of resistance based on FEC is promising and should be usefuldoother 20

years (Kemper et al.2013).

Even though FEC was sucssful in determining resistanceanimals, the drawbacks
seemed toovershadowthe advantages. The drawbacks of FEC include tingensuming
and labour intensive processes and most importantly, the animal needs to have
encountered the parasitic challenge.Thisampromises the health and welfare of the
animal. In addition, with the less fecund GIN such. circumcincta, the number of eggs
and worm burden are poorly correlated(Lee et al. 2011) The fact that thedensity-
dependent relationship contributes to a low FEC even though the animal is heavily

infected is anotherimportant concern(Bishop & Stear 2000)
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1.2.3.2 Other Potential Phenotypic Markers?

Other phenotypic pathological or immunologicalparameters could potentially also be
used as a marker or supplementary markers for nematode resistarce (Saddigi et al.
2012). However, the markers could not be broadly applied to all nematodes species
(Stear et al. 2007) A trait such as packed cell volume (PCV) by FAMAGCEIAvas only
important with blood feeder nematodes, wiile pepsinogen may be appropriate for only
abomasal parasites likeT. circumcincta For parameters to be applied, several
considerations must be taken into accountThe heritability of trait, is one of major
determinant as it would affectthe selection ofresponse(Beh & Maddox,1996). Besides
heritability, a correlation with other production traits and cost of testing are important
criteria for trait selection of nematode resistance Preston et al. 2014) Even though
there are several possible phenotypic markers that are good quality and potentially
useful, problems such as uncertai exposure to parasite and variation of climatic
conditions hinder the use of phenotypic markers to be used widelgHunt et al. 2008).
With these constraints, genetic markers have been suggested for identifyingmatode

resistance animal.

1.2.3.3 Genetic Markers for Nematode Resistance?

Genetic markers or DNAbased tests have been proposed asmarker for nematode
resistance. Genetic markers were introduced in the 1970s, with the aim to detect
quantitative trait loci (QTL) or loci that control genetic variation (Gibson & Bishop
2005). Genetic markers can avoid problems encountered when phenotypic marker is
not efficient anymore due to absent of parasite challenge in field (Hunt et al. 2008).
Many studies attemptal to find QTL for nematode resistance irsheep and will be

elaboratedfurther in the next section.

1.3. Hunting Genes Underlying Nematode Resistance

The identification of genes or QTl.which codefor control nematode resistancegcould
aid selective breedirg (Stear et al. 200). Two methods are used in genetics to ideify
the gene associated nematode resistancéheseinclude QTLmapping and candidate
gene analysis. The main key difference between the two methods ikustrated in

Figure 1. Both have advantages and disadvantages, and implementation depends on
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the specific aims and available resourceqVenturina et al. 2013). The important
difference between the two approaches ithat candidate gene analysis is able toatect
a gene with a small effec{Venturina et al. 2013). Candidate gene analysishall be

focussedon the next subsection as this topic is relevant in th study.

QTL Mapping  Candidate Gene Analysis

KEYPOINTS KEYPOINTS

1. Detect causal
mutation and effect
by gene by assessing
association between
trait and mutation

2. Required info on
physiology of traitin
relation to gene

3. Can detect gene with
small effect

4.  Less costly

1. Detect causal
mutation and effect
by gene by using
linkage and
recombination site

2. Required DNA
marker and info on
pedigree and
phenotype

3. Cannot detect gene
with small effect

4. Time consuming and
expensive

Figure 1 The work flow of two main approaches; QTL mapping and candidate gene analysis for
identifying genes associated with traits. Adapted from Venturina (2012). The key points of QTL mapping
and candidate gene analysis are listed.
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1.3.1 Candidate Gene Analysis

Testing or analysis of candidate genes is useful approach when there is prior
knowledge of the genes or ptaways in biological, physiologicaland functional of
disease in question. The aim of the candidate gene analysis igleggermine the relation
between a particular phenotypic trait and mutation in a given gene. As illustrated in
Figure 1, the advantage of candidate gene analysis compared to QTL mapping is
powerful due to its ability to detect trait loci with even a small effect. From thousands
of genes,two important genes havebeen used for candidate gene analysis for
identifying QTL underlying resistance tonematodes, predominantlyT. circumcincta
Theseinclude interferon gamma (Sayers et al. 2008) and MHC genegSchwaiger et al.
1995; Paterson et al. 1998Sayers et al. 200B; Stear et al. 2005; Stear et al. 200.7

The biological and functional explanation of interferon gamméaaving been identified

in association studies is that interferon gammanfluences the variation in cytokines
(Stear et al. 2007. The interferon gamma gene halseenassociatedwith susceptibility

of animals to nematode infections Abuargob (2006) study has concluded that the
interferon gamma F allée locusis associated with dominant susceptibility in young
male sheep. Crawford and others performed investigatison free-living Soay sheep,
and they foundthat the interferon gamma allele (o (IFN)r 1t v w  wAslassdciatéd
with reduced FECin lambs and yearlings (Crawford et al. 2001) While the work of
Davies and others has identified the chromosome 3 as being associated with IgA

activity and is very close in the interferon gammaocus (Davies et al. 2006)

On the other hand MHC influences antigen presentation and the quality of immune
response (Stear et al. 2007. The polymorphic MHCclass Il shows heterozygote
advantageresistance to nematode infection (Stear et al. 2005)n particular, the G2 or
Ovar-DRB1*1101 allele is associated with nematode resistance. TRdHC andits

association withnematode resistance willbe elaborated later.

1.4 Major Histocompatibility Complex (MHC)

MHChasbecome one of the most widelstudied regions in higher animal genomes in
the fields of immunology, genetics and evolutionary biologyHorton et al. 2004). The

discovery of MHC was initially from genetic studies of transplant inconpatibility
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(Gorer, 1934), from its name derived. The MHC ecodes glycoproteins that present
antigen peptides on the cell surfaceto T cells and thus create histocompatibilityor

@ A1 A6 ificakiol,AforOthe immune response (Gorer et al. 1948) Tissue
transplantation experiments first discoveredan MHC in mice, the F2 complex and
later, Dausset(1958) working on human leukocyte antigens @écovered the Human

Leucocyte Antigen system or HLA.

MHC molecules playcentral role in the adaptiveimmune system (Warner et al. 1987)
The activation and differentiation of the T cellis prerequisite the interaction of MHC
molecules present on antigen cells and T cell receptors(Ting et al. 2002) It is well
known that MHC moleculeson cell membranebind to parasite peptides and display
them on the cell surface where they are later recognized by T cell receptos. The
difference in resistance to the parasite could occur because of the failure of antigen
presentation by MHC molecules to T cells (Ste& Wakelin 1998). It has been known
that specific HLA alleles may significantly chage the presentation of antigen derived
peptides to T cells resulting in different outcomes in immunityRacioppi et al. 1991)
In order to further the understand the MHC, the review presented irthe following
section will focus on the MHC genes andheir molecular structure. In addition, the

essential basicconcepts in the MHGreawill alsobe discussed

1.4.1 Organization of MHC

MHC is an organised cluster of tightly linked genes. Within the human MHC or HLA,
nearly 10-20% of the genes are associated with the immune systeffirowsdale 2011).

In humans, the MH@ene is located at the 6p21.3 band on chromosome 6 and contains
about 224 genes spanning approximately 4Mbp equal to 0.1% of the human genome
(Trowsdale, 2011). MHC is divided into three parts on thehort arm of chromosome 6:
MHC class | (telomeric class), Il (centromeric class) and 1l (central class). HAA-B
and zC are located in MHC class | (refer to HLA class I) and HDRB1, HLADQB1 or
HLA-DPB1 are found in MHC class Il (refer to HLA class Il). The MHC class lll is
composed of immunerelated genes (eg: TNF) and neimmunological genes and
pseudogeneqKelley et al. 2005) The class | has been identifieds a paralogous gene
(diverged after a duplication event) , while the class Il and class Il regions are

orthologous genes ({iverged after a speciation event]Dukkipati et al. 2006b).
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1.4.2 Three-dimensional Structure of the MHC Molecule

MHCmolecules are glycoproteinsvhich are important for the capture of peptidesfrom
antigens on cell surface and their presetation to T cells Therefore, there has been
considerable interestto study the structure of MHC molecules especially the antigen
biding site. The hree-dimensional (3-D) structures of MHC molecules have been
revealed by Bjorkman et al. (1987) and Brown et al. (1993). They used Xray
crystallography which revealedthe site for antigenbiding and contact withthe T cell

receptor.

Both class | and Il molecules consist oélpha (d ) and beta @ ) glycoprotein chains
(Figure 2). The class | molecules (encoded by HLA -B, or -C gens) consist of
multiple domainsincludingd 1,d 2 andd 3. Thed 1 andd 2 are distal domain andj

3 isproximal to the cell surface membraneThed 1 andd 2 domainsform the antigen
binding cleft of class | moleculéBjorkman et al. 1987) As illustrated in Figure 2, dass
| genes contain eight exonsand only exons 2 and 3 of Class | gen@se important for

encoding the polymorphic antigen-binding domains (Rajalingam et al. 2010)

The dass Il molecules(d encoded by DRA, DQA1 or DPA1 axld encoded by DRB1,
DQB1 or DPB1yonsistof two external domains:q 1 andd 1 (distal domain),d 2 and
d 2 (proximal domain) (Figure 2). It is well known that the distal domainsg 1 andd

1 form the antigenbinding cleft (Brown et al. 1988). The class Il genes containp to

seven exons and only exon 2 of Class Il genes encodes the antigen binding site

(Rajalingam et al. 2010)

The class | and Il molecules differ in their expression and functio(Dukkipati et al.
2006a). Theclass| molecules are expressed on all nucleated cells and theyesent
exogenous peptides to CD8+ T lymphocyseClass Il molecules, on the other hand are
expressed on antigen presenting cellfAPC) Example of APGncludes dendritic cells

macrophages, B cé&d and the thymic epithelium
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Figure 2 A schematic picture of MHC molecules and genes for class | and Il; adapted from Rajalingam
et al. (2010).
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1.4.3 Fundamental Features of MHC: Polymorphism

The most important feature of MHC is extreme polymorphisnPolymorphism of MHC
is characterised by extraordinarily large numbers of alleles and the nucleotide
sequences between alkeles can differat multiple sites(Apanius et al. 1997) In HLA,
Immuno Polymorphism Database (IPD) has provided the most update information on
the number of alleles, with more than 2000 alleles having been reported atads |, and
more than 1000 at the class I(Robinson et al. 2013) MHC is recorded as the most
polymorphic gene in the mammalian geome (Erlich, 2012), with exceptionof several
wild animals such as moose and bisoifMikko et al. 1999). This might may be a

conseqguence of genetic baieneck (Ujvari & Belov 2011).

MHC polymorphismis associated with diversity of antigen presentation and there is a
believe thatMHC polymorphism predates speciation and the polymorphissiare long-
lived (Figueroa et al. 1988) This mechanism is called transpecies polymorphism
(Klein 1987). It is characterised by retention ofalleles across species leading to
discordance between species trees and allelgdylogenetically (Figueroa et al 1983).
However, it has been argued that the polymorphism of the HLA allele are of more

recent origin (Bergstrom et al. 1998)

MHC diversity has been thought tde due to recombination processes, resulting in
exchange of segmenstbetween alleles or loc. Recombinationincludes gene conversion
and crossing over(Adamek et al. 2015) Gene conversion is defined as transfer of
genetic material froma donor to an acceptor gene without the donor being changed in
the process (one chromosome to its homolog), while, crossing over involves
bidirectional transfer of genetic material between homologous chromoson® In 1991,
Gyllensten& colleaguessuggested that allelic diversity of DRB1 mafiave originated
from different variant mixtures of two structural domains in primates. Recently, a
study by Adamek d al. (2015) that used seven novel HLA alleles has suppat the
involvement with gene conversion in shaping diversity of MHC. In addition, the study
also highlighted intralocus and interlocus gene conversion among HLA alleles. While,
in a study of MHC diersity in a sheep,Schwaiger et al(1993) advocate that he DRB
polymorphism may be generatedoy double-recombination or/ and gene-conversion-

like events. Studies in other animals such as American bison and cattle also support the
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importance of recombination process in shaping MHC diversityOhta, 1995; Mikko et
al. 1997).

MHC polymorphsms are believed to be maintained by pathogendriven balancing
selection. There are three types of patbgendriven balancing selection;heterozygote
advantage, negative frequency dependent selectiorand fluctuating selection
(reviewed by Meyer & Thomson, 2001; Stefan et al. 201. Heterozygote advantage is
believedthat cause of maintenance dfIHC class Igenepolymorphism in sheep(Stear
et al. 2005).The divergent allele advantagds one of theheterozygote advantage form
(Wakeland et al. 1990)and with divergent allele advantage as a selection mechanism
in amodel, several key features of MHC were well explained, thus supportitize idea

of MHC polymorphsms are maintained by heterozygote advantagétefan et al. 2014)

1.4.4 MHC Linkage Disequilibrium

In humans and animals there is growing interest inthe diversity of the MHC in the
genome.One interesting pattern of diversity in the MHC islinkage disequilibrium.
Linkage disequilibrium is the nonrandom association between alleles at different loci
(Ardlie et al. 2002). Linkage disequlibrium is observed whena particular allele at one
locus isinherited together onthe same chromosome with a pdrcul ar allele at a second
locus more regularly than expected (Ardlie et al. 2002). The level of inkage
disequilibrium between markers is influenced by molecular and genetic factors
(Kauppi, 2003).

Different measures areavailable for linkage disequilibrium and have been reviewed
extensively (Slatkin, 2008). The first measurement of ihkage disequilibrium was
introduced by Lewontin (1964) who used coefficient of linkaye disequilibrium (D) but
had several weaknesss. The square of the correlation coefficient @) is an alterndive
which can be more robust ad less prone to overestimate ihkage disequilibrium
(Ardlie et al. 2002 Lee et al. 2012) Recently, aymmetric linkagedisequilibrium (ALD)
measures have been deeloped by Thomson & Single (2014) which tend to be more
appropriate and informative especially when there is an uneen number of alleles at

each locus.
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High linkage disequilibrium is recorded in the MHOn humansas well as in animals A
previous study in 39 human families has revealed high LD across the DRB1, DQA1 and
DQB1 regions(Begovich et al. 1992)In addition to that, they also detected a strong
linkage disequilibrium between the haplotype DRBIADQAXDQB1 and HLAB.
Interestingly, Klitz et al.(1995) found astrong linkage disequilibrium present between
DR-DQ and DPBL. In the cattleAndersson &Rask(1986) provided the evidence of
strong linkage disequilibrium between DR-DQ geneslt was also evident that the
linkage disequilibrium occurred between the class | lymhocyte antigen G13br and the
allele G2 in sheefStear et al. 1996)

1.5 Sheep MHC or Ovar-Mhc

The ovine MHC or OvaMHCj O/ OA08 O AdsGAed ids Giscdveedfrom
serological studies on sheep lymphocyte antigen. The OwMHCpreviously known as
ovine Lymphocyte Antigen (OLA)s located on the long arm of ovine chromosome 20
(OAR 2001520g23) (Hediger et al. 1991) This organiation distinguishes the Ovar
MHCfrom the MHC of humans and rodents, which are located on chromosome 6 and

chromosome 17 respectively (Kelly et al. 2005).

Studies of theOvar-MHCover several decades have revealed a reasonalpeture of
the genetic organisation and function of the genetike MHC in other mammals, Ovar
MHCis mainly partitioned into three distinct regions, classes I, Il and I\vith the class

| region telomeric to the class Il and class Il regiond={gure 3). The physical mapping
of OvarMHCregion was accomplished by means of a 190,000 BAC clonelhy et al.
(2006). Later, a complete sequence of the Ovdthc classes |, Il and llwas published
by Gao et al(2010) using DNA shotgun sguencing of overlapping 26 BAC clones. They
have identified 177 protein-coding geneson the basis of pen reading frames (ORF)
with approximately 2,434, 000 nucleotides in length within Ovar-MHC The complete
MHC sequence obtained from this work and aomparison sequence analysesvith
humanand cattlesequencegevealed a high conservation in the MHC structure and loc

order except for the class Il.

The class kclass 1l contig spans approximately 1.9 Mb on chromosome 2Dukkipati
et al. 2006b).The OvarMHCclass | contains 1.3Mb and the OvarMHCclass IIl region

is 600 kb (Liu et al. 2006). The cass lla and class llb contigs sm approximately 400
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and 300kb respectively (Liu et al. 2006). The Ovar-MHCclass Icontains classicalclass

| genes and other na-classical MHC gene@Viiltiadou et al. 2005). The Ovar-MHCclass

Il cluster comprises he classical class lla genes (Ov®@Q and-DR) and the class IIb
genes(DNA, DOB, DYA, DYB, DMA and DMB) (Dukkipati et al. 2008W%hile, the Ovar
MHCclass Il contains a high density ofienes includesseverd genes which have been
identified as important in innate immunity, for example genes coding for C4 and TNF
(Dukkipati et al. 2006b).

#= Class llb #4+=Extended Class || =+4=Class lla —#¢——Class l||——+s—Class | ——»

Centromeric end Telomeric end

Figure 3 A schematic picture of Ovar-MHC on chromosome 20. The Ovar-MHC class Il is divided into
class lla and IIb by autosome insertion. This figure is adopted from Gao et al. (2010).

1.5.2 Ovar-Mhc Class Il Region

The Ovar-MHC class Il region is the area of special interest in this study. The class Il

region is the best-characterized regionand associatedwith the development of the
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specificimmune response to parasiteg§Dukkipati et al. 2006b).A distinct feature of the
sheep class licompared with other species is that class Il splits into two clusters
(Figure 3). Thesetwo clustersare calledclass Ila and class IlIb, whichre separated by
an inversion. This division is similar toan observation in bovine MHC (BoLA{(Childers
et al. 2006). Recently, the invesion region complete sequence has beconevailable
through the work of Li et al. (2012) using a BAC clone. Thy have revealedthat the
arrangement and genetic architectureof this inversion/insertion is similar to cattle.
Thus, their work gives further support to the previous hypothesis that ancient
chromosome rearrangement occurs through chromosome looping and later crossover

in the ancestor ruminant(Amills et al. 1998).

1.5.3 Ovar-MHC class lla: DR and DQ loci

The sclematic structure of the OvarMHC Class llaregion is illustrated in Figure 4.
Unlike HLA, the OvatMHCclass lla consists of DR and DQ loci without DP i¢g€hardon

et al. 1985) A detailed ccount of the genomic oganization of MHC classlla was
published by Herrmann-Hoesing et al. (2008a) who used genanic DNA from
Rambouillet sheep.The DQAL neighbouring DRB1 and two DQ loci each comprise one
DQA and one DQB gene positioned in tad-tail orientation. The DQA1 neighbouring
with DRB1 was also observed from a BAC library using genomic DNA from Merino
sheep (Liu et al. 2006). The transcription direction is the same for DQA1 and DQA2,
while DRB1, DQB1 and DQB2 loare transcribed in the opposite way (Hermann
Hoesing et al. 2008). A previous report using 20 novel SNPs of class Il providdhe
evidencethat some region ofclass lla in sheepis ©3 . 0 AnRichAi@cterized
with low heterozygosity (Lee et al. 2012) The class lla, llb and lllsubregions are
together creatingthe haplotypic block which showedlow frequency of recombination

within thesethreesubregions (Lee et al. 2012)
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Figure 4 Schematic picture of Ovar-Mhc class lla loci in a Rambouillet ram; modified from Hermann-
Hoesing et al. (2008a). The red and blue arrows indicate of transcription process.

1.6 Ovar-DR Genes

DRmoleculesare made up ofd andd chains. The DRA gene encodes thg chain of the
DR moleculeOn the other hand,the DRB gene encodes thd chain of the same

molecule.

1.6.1 OvarDRA

The existence o single DRA gene has been demonstrated@aBouthern hybridization
study (Scott et al. 1987) The OvarDRA has been shown to have a lowumber of
polymorphisms by RFLRFabb et al. 1993 Escayg et al. 1996)Low polymorphism or

monomorphic DRA gene has also been reported in catf{&owane et al. 2013)

1.6.2 Highly Polymorphiof OvarDRB1

In contrast to DRA, the genes that encode thie chain of the DR molecule oDRB gene

are highly polymorphic. There are four DRB locin sheep (Dukkipati et al. 2006b).
However, only oneof the four is a functional gene namely DRBXnd the remaining

three are pseudogenes, DRB2, DRB3 and DRB4. The pseudogenes lack exon 1 and 2
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(Dukkipati et al. 2006b). The polymorphisms of the DRB1exon 2have beenfocussed
on in many studies as this region is importantin encoding glycoprotein dimmers
(Fremont et al. 1996)

DRBL1 is believed to be analogous to the first domainf (1) in HLA-DR1 (Brown et al.
1993). Among OvarMHC class Il genes, the expressddRB1 locus was the most
polymorphic with more than 100 distinctive DRB1 alleles having been reported in
Genbank(Ballingall et al.2011). Based on the sequencinbased typing, 38 OvalDRB1
exon 2 nucleotidesequences were recognised in a singktudy in sheep(Ballingall &
Tassi 2010) Ovar-DRB1 contains six exons totalling 801 bp (Herman#ioesing et al.
2008a).

1.6.3 Database IPIMHCand Standard Nomenclature of DRB1 locus

The MHC sequences ofmultiple species have been reported inthe Immuno
Polymorphism DatabaseMHC (IPDMHC) website.The IPDMHC website sequence
submission tools provide continuous updating of new allele sequenceR. offers the
opportunity for investigators to submit new allele/alleles by submitting a novel
complete sequenceThe minimum requirement for submission to this database is a
complete sequence of the second exon. For sheep, the IMBIGOLA is the platform
that provides the updated information on allelic diversity
(http://www.ebi.ac.uk/ipd/mhc/ovar/index.html). There are more than 100 Ovar -
DRB1 sequences submitted in the websit@allingall & Tassi 2010).

The allelic group assignments were basedn regions that encode for the peptide-
binding domains. The region includes polymorphisms in the exon 2 and 3 sequences

for class | alleles, and exon 2 sequence for class Il alle{&ajalingam et al. 2010) The
Ovar-DRB1 allelic assignments are designated in accordance with the MHC
nomenclature system. According to the MHC nomenclature, the Ovar class |l lafeare
designated by the prefix Ovar and their gene locus (e.g. OM2R, OvarDQ), followed

AU OEA 1 AOOAO O!o 10 O" pandyichandddBeD@AORD OF
Ovar-DQ (e.g.OvaDQA, Ovas$ 2" @ AT A TT1 U AU ORAshsiBiGOAO
only polymorphic chain (e.g. OvaiDRB). As some regions have various genes, each
locus is given number (e.g. OvaDRB1). The first two digits assigned after the species

and locus designation represents the allelic family (e.g. OW&RB1*01). Thesame
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family alleles do not differ by more than four amino acids from the second exon. This
is followed by the other set of digits representing coding change within the same family
allele (e.g. OvarDRB1*0101). The next set of digits represents synonymous silent
substitution in a coding region (e.g. OvabRB1*010102) (Ballingall et al. 2011)

1.6.4 Multiple Techniques & DissectOvarDRB1Polymorphisns

Multiple techniques have been used to disseg@olymorphisms of the DRB1 locus, and
different numbers of alleles amplifiedin different breeds (Table 3). RALPwas initially
used to dissect polymorphisms of DRB1 using a DRB%on 2 specific probgBlattman
et al. 1993. However, this methodology is frequently problematic because of extensive
cross hybridization between the DRB proband the DQB locugEscayg et al. 1996)In
addition, high cost is involved in use of restriction enzymes with large numbers of
samples, and the techniqueas not able to discriminate between a large number of
alleles (Buitkamp & Epplen 1996).

Single strand conformation polymorphism (SSCRa technique which isbased on the
electrophoretic mobility of a single strand of DNAalso been described for typing ofhe
DRB1 locus (Jugo & Vicario 2000). This technique is effective to captue
polymorphisms and facilitatelow cost genotyping(Gasser et al. 2006)However, SSCP
suffers from technical problems suchashigh rate of reannealing of DNA strandsral
appearance of multiple bands from a doublestranded PCR product(Schwieger &
Tebbe, 1998).

An RNAbased approach has also been used to capture DRB1 polymorphisms. Reverse
transcription ZPCR (RTPCR) using the primers located on conserved regions of exon

1 and 3 has enabled the identification of the diversity of DRB1 together with a
functional of gene from cDNA fragmentgHerrmann et al. 2005 Herrmann-Hoesing et

al. 2008a).

Another commontechnique is calledsequencebased typing ordirect sequencing. It is
a simple method used to detecall MHCpolymorphisms (Sayers et al. 2006; Ballingall

& Tassi, 2010).Sequencebased typing involves yping of specific coding regions of
MHC genes with direct sequencing of the PCRmplicons. However, the challenge
posed bythis technique isthe needto design the primers that is able to detect all

polymorphism (Ballingall & Tassi;Rajalingam et al. 201).
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Microsatellite or simple tandem repeat (STRhave been used to assess the diversity of
Ovar-DRB1 Schwaiger & Epplen 1995 Schwaiger et al. 1995)For example,Ovar-
DRB1possesses &TR[(GT) n (GA) m] which exists in intron 2Schwaiger & Epplen
1995) and sequencing of this STR together with exon 2 was able to capture
polymorphisms of DRB1(Schwaige et al. 1995. Schwaiger et al. (1995) have shown a
high correlation between PCR products and alleles. However, this technique fails to

differentiate some of the allelegStear et al 2005)

Different numbers of OvarDRB1 alleles amplified wih different techniques are
summarised inTable 3. One of the interesting observations from previous studies is
that the number of alleles amplifiedin similar breeds is different. This could be
explained due todifferent number of samples ortechnique used The difference may

also be attributable in part to the different allele profile in different breeds.
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Table 3 Different numbers of alleles of the Ovar-DRB1 gene in multiple breeds of sheep. Adapted from

Dukkipati et al. 2006a

Breed Typing Method  No of sheep No of alleles  Reference
Single Breed
Arabi 1 111 8 Lotfi et al. 2012
Blue Du Maine 2 1 2 Ballingall & Tassi (2010)
Bluefaced Leicester 2 2 3 Ballingall & Tassi(2010)
British Milk/ Suffolk cross 2 20 13 Ballingall & Tassi(2010)
British Milk/ Texel cross 2 16 13 Ballingall & Tassi(2010)
Cheviot 2 3 6 Ballingall & Tassi(2010)
2 20 14 Konnai et al. 2003b
Chinese Merino 1 204 16 genotypes Shen et al.2014
. Hermann-Hoesing et al.
Columbia 3 9 6 2005 g
Hermann-Hoesin l.
3 129 17 zgo st? oesing et a
Corriedale 2 6 9 Konnai et al. 200®
Greyface 2 9 11 Ballingall & Tassi (2010)
Karakul Ram 2 33 24 Polat et al. 2014
2 156 40 Larruskain et al. 2010
Karrantzar 4 17 4 Jugo & Vicario (200)
Laxta 4 83 8 Jugo & Vicario (2000)
Lleyn 2 1 2 Ballingall & Tassi (2010)
Merino 5 130 8 Outteridge et al. 1996
5 234 16 Bot et al. 2004
6 189 29 bands Blattman et al. 1993
North Ronaldsey 2 1 2 Ballingall & Tassi(2010)
Polish Heath 1 101 65 Gruszczy'ska et al. 2005
haplotypes
Polish Lowland 1 99 68 Gruszczy'ska et al. 2005
haplotypes
Prealpe 6 89 10* Grain et al. 1993
2 2 4 Ballingall & Tassi(2010)
Polypay 3 8 5 Sgggann—Hoesing etal.
Hermann-Hoesin l.
3 126 21 2508: oesing eta
. Hermann-Hoesing et al.
Rambouillet 3 15 10 2005 g
3 128 26 Hermann-Hoesing et al.

2008b
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Breed Typing Method  No of sheep No of alleles  Reference

Scottish Blackface 7 21 8 McCririe et al. 1997
Buitkam Epplen
7 299 17 (1l;9§‘) P & Epple
Sdcwaiger et al. 1995;

! 179 19 Stear e%l[ al. 1996 ’

2 64 18 Ballingall & Tassi (2010)
Scottish Blackface cross 2 77 20 Ballingall & Tassi (2010)
Scottish Mule 2 2 3 Ballingall & Tassi (2010)
Soay 2 15 5 Paterson (1998

5 1209 8 Paterson et al. 1998
Suffolk 2 71 28 Konnai et al. 2003b

2 179 7 Sayers et al. 200b

2 5 5 Ballingall & Tassi (2010)

1 52 13 Konnai et al. 2003b

haplotypes

Suffolk/Texel cross 2 9 7 Ballingall & Tassi (2010)
Texel 2 155 8 Sayers et al. 200b
Texel/unknown cross 2 2 3 Ballingall & Tassi (2010)
Mixed Breed
Four different breeds 2 15 13 Schwaiger et al.1993

Coopworth, Landrace,
Merino, Perendale, 2 34 34 Schwaiger et al. 1994
Romney and Texel

Finsheep and Russian

4 31 9 Kostia et al. 1998
Ramanov
Lori-Bakhtiari, Shaul and 1,2 92, 40,47 14 Nikbakht et al. 2011
Zandi haplotypes

Xinjiang Karakul Ram
Bashibai populations and 2 116 42 Polat et al.2014
Bashibai/AltaiArgali

1= PCRRFLP of exon 2

2= PCR amplification and sequencing of exon 2 either alone or together with a part of adjacent intron
3= RT-PCR of exon land 3 from cDNA

4= SSCP and sequence analysis of exon 2

5= Length polymorphism of microsatellite in intron 2

6= RFLP wih exon 2 specific probe

7= Length polymorphism of STRs in intron 2 plus hybridization of oligonucleotides within exon 2

* Existence of more than one locus has been determined
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The frequency distibution of Ovar-DRB1 alleless of particular interest in OvarMHC
research. The information aids in the understandingf the lineage of breed (Hermann
Hoesing et al. 2005). Specifically, the Ov@WRB1*1202, *0203, *0404, *0801 and *1101
are possibly common alleles from Spanish and English descesiieep (Hermann-
Hoesing et al. 2005). The most frequent alleles in different breeds are reported in
Table 4. From the table, t seems that DRB1*0702 has been reported frequently as the

most common allele in previous studies.

Table 4 Association of breeds and their common alleles reported in multiple studies

Origin Common allele Frequency Reference

Asia

Bashibai DRB1*2F10c8 and 13.2 Polat et al. 2014
DRB1*0803

Bashibai/ Altai

Argali cross:

-F1 DRB1*2F16c2 17.6 Polat et al. 2014

-F2 DRBT1601 14.3

-F3 DRB1*0803 20.0

Karakul Ram DRB1*K18cC 21.2

New Zealand

Corriedale DRB1*0201 25.0 Konnai et al. 2003b

Europe

Cheviot DRB1*0203 27.5 Konnai et al. 2003b
DRB1*02032 8.7 Hermann-Hoesing et al. 2008a

Rambouillet DRB1*1202 4.3 Hermann-Hoesing et al. 2008a

Scottish Blackface  DRB1*0101 35.0 Z(_:ngéger etal. 1995; Stear et

Suffolk DRB1*0702 23.9 Konnai et al. 2003b
DRB1*03411 NA Sayers et al. 2006

Texel DRB1*0203 NA Sayers et al. 2006

South America

Karrantzar DRB1*0702 28.0 Jugo & Vicario (2000)

Laxta DRB1*0702 32.0 Jugo & Vicario (2000)
DRB1*0702 11.5 Larruskain et al. 2010
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1.6.5 OvarDRB1 Association Studies

Sudies on the association of Ovar-DRB1 with resistance to important veterinary
diseases have also bea undertaken (Table 5). In Sottish Blackfacelambs, Ovar-DRB1
G2 allelewas found to be significantly associated withT. circumcincta infection
(Schwaiger et al1995; Stear et al1996). In addition, the substitution of the prevalent
allele I, with the allele G2 was found to be significantly associated with dramatic
decreases of FE(Stear et al. 2005) Further investigation in Suffolk sheepalso
suggested an association witkthe same allele and resistance to GIkBayerset al. 2005).
Interestingly the other two alleles (OAMHC213 and OvabDRB10 also influenced
susceptibility to GIN. In the freeliving Soay population examined by Paterson et al.

(1998), the OLADRB257allele is associated with strongyle resistance.

Ovar-DRB1 allele was also associated with resistace against specific viral diseases
(Table 5). In Chinese Merino sheep, Shen et al. (2014) have investigated the
relationship between DRB1/DQB1 gene polymorphism andcystic echinococcosis.
They found that the DRBiSaclab/DRBXMvalbb/DQB1-Taqglaa/DQB1-Haellinn
haplotype is echinococco® resistant. The other study involved three breeds;
Cdumbia, Polypay and Rambouillethas shown that the specific expression of Ovar
DRB1*0403 and DRB*07012 alleles was associated withw levels of the virus of OPPV
(Herrmann-Hoesing et al. 2008). While, anotherresearchers have demonstrated that
the DRB1*0325 allele was associated with susceptibility with the same virus
(Larruskain et al. 2010) In addition, they have alsaedentified the OvarDRB1*0702as
a resistant alleleagainst ovine pulmonary adenocarcinoma (OPA) and alleles such
DRB1*0143 and DRB1*0323are considered as asusceptible allele against OPA
(Larruskain et al. 2010; 2012).
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Table 5 Association of Ovar-DRB1 with disease resistance reported in previous studies

Disease Breed Allele Type of association Reference

Parasite

Nematode SBF DRB170203 Resistance Schwaiger et al. 1995Stear et al2005
Soay OLADRB257 Susceptible Paterson et al. 1998
Suffolk OAMHC213 and DRB10 Susceptible Sayers et al. 200b6
Suffolk DRB1*0203 Resistance Sayers et al.20086

Cystic Echinococcosis Chinese Merino SRB1Saclab/DRBXMvalbb/ DQB1- Resistance Shen et al. 2014

Taqlaa/DQB-Haelllnn (haplotype)

Virus

Ovine progressive pneumonia virus
(OPPV)or MaediVisna (Maedi)

Ovine Pulmonary Adenocarcinoma
(OPA)

Columbia, Polypay
and Rambouillet

Laxta

Laxta

Laxta

DRB1*0403 and DRB1*07012

DRB1*0325

DRB1*0702

DRB1*0143, DRB1*0323
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Resistance(lower
level of OPP)

Susceptible

Resistance

Susceptible

Hermann-Hoesing et al. 2008a

Larruskain et al. 2010

Larruskain et al. 2010; 2012

Larruskain etal. 2010




Specific amino acid residues of the OvdDRB1 allele play a pivotal role in determining
the type and magnitude of the Tlymphocyte response to specific diseases (Hermann
Hoesing et al. 2008b; Larruskain et al. 2012)The studies have detded the specific

amino residues at the DRB1 locus association with several diseases is giveiiable 6.

Table 6 Association of specific of amino acid positions with resistance or susceptibility against
several diseases

Disease Association with Amino Acid Position Reference
Ovine progressive Susceptible H32, A38, 167 Hermann-Hoesing et al.
pneumonia virus . 2008a
(OPPV) or Maedh Resistance Lf;i T32, T51, Q60,
Visnha (Maedi)
Bovine Leukaemia Resistance R70 and K71 Nagaoka et al. 1999
Virus (BLV)

Susceptible S70 and R71 Konnai et al. 2002
Ovine Pulmonary Resistance Y31, T32, N37, T51, Larruskain et al. 2012
Adenocarcinoma Q60, A74, S70, F86
(OPA) Susceptible N42, T74, 186

1.7 Ovar-DQ Genes

OvarzDQ genes encode the DQ molecsleln cattle, DQ moleculesre known to be
equally important as DR molecules for the presentation of peptide antigens to T cells
(Norimine & Brown 2005). As sheep and cattle are closely related, it is likely that DQ
molecules are imprtant for the same function and there have beemany attempts to

characterise DQ genes in sheep which will be discussed in the next section.

1.7.1 OvarDQ genes: OvabQA and DQB

The presence of DQ genes gheepwas confirmed bythe work of Chardon et al. (1985)
They usedgenomic Southern blot analysis using probewhich bind to the HLA DQ
region. In a laer study, two DQA genes per hdptype were observed in OvartMHCfrom
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sequences of DNA clones and®NA cloneqScott et al. 199%k; Fabb et al1993). This is
consistent with a genomic organization of the DQ subregion reported by Wright &
Ballingall (1994). As mentioned earlier, there arewo DQ loci each containing two DQA
and two DQB gens, organized in tal-to-tail orientation (Hermann-Hoesing et al.
2008b). The two loci are 2225 kb apart and are lirked on a linear tract of 130 kband
160 kb of DNA(Wright & Ballingall 1994; HermannHoesing et al. 2008b). The DQA1
and DQAZ2loci transcribed in the opposite diredion from DQB2 and D@1, and they

contain four exons both totalling 768 bp (HermannHoesing et al. 2008b).

1.7.2 OvarDQA A Highly Poymorphic Gene

The DQ molecules that are encoded by DQ genes aital for antigen presentation
(Hickford et al. 2004). Oneinteresting feature of Ovar-DQA1lis that 10-18% of sheep
are reported to completely ladk of the DQAL geneor referred to as DQAIN, suggesting
that the number of DQA genes varieamong haplotypes in an earlier investigation
(Snibson et al. 1998) However, the duplication at the DQA2 locus or DQARke
sequenceswas associated with DQAL1 nullThus, it maintains two DQA loci per
haplotype in sheep(Hickford et al. 2000). Interestingly,these DQAZ2like sequencesare
characterised to be more closely related with cattle DQA3 and DQA4 sequences
compared with sheep DQA2 sequence@ickford et al. 2004). There is evidence of
historical recombination at DQA(Hickford et al. 2007). The diversity of both DQA1 and
DQAZ2 alleles has been well characterized in previous work$able 7). Generally,DQA2
seems to be morepolymorphic than the DQA1 Common DQAZ2alleles or haplotypes

have been reported(Table 8). However, there were no specific patterns observed.
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Table 7 Polymorphisms of the Ovar-DQA gene reported in multiple breeds of sheep

Breed Typing Method No of sheep No of alleles Reference

DQA1

Romney, Coopworth/Perendale, Corriedal@and ahers RFLP 48, 19,222,50 8 Escayg et al. 1996
Merino, Romney PCRSSCP NA Snibson et al. 1998
Merino, Corriedale, Borderdale, Romney, Awassi and PCRSSCP 300 14 Zhou& Hickford (2004)
Finnish Landrace

Merino, Corriedale, Romneyand athers (New Zealand PCRSSCP 520 12 Hickford et a. 2007
crossbred sheep)

DQA2

Romney, CoopworthfPerendale, Corriedale and thers RFLP 48, 19,222,50 16 Escayg et al. 1996
Merino, Romney PCRSSCP NA 10 Snibson et al. 1998
6 breeds; Merino, Corriedale, Borderdale, Romney, PCRSSCP 2000 23 Hickford et al. 2004
Awassi, Finish Landrace

Variety of breeds PCRSSCP 40,000 22 Hickford et al. 2007
3 breeds: German Mutton Merino, German Merino and PCRSSCP 347,115, 175 21 Ennen et al. 2009
German Blackheaded Mutton

Chios PCRSSCP 400 20 Gelasakis et al. 2013
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Table 8 Common DQA2 alleles or haplotypes found in different breeds of sheep

Common allele/ Frequency Reference
Breed
haplotypes (%)
Merino, Corriedale, DQA2*0101-*1401 13.2 Hickford et al.2004
Borderdale, Romney, Awassi,
Finish Landrace
Variety of breeds DQA2*1201 and 158 and Hickford et al. 2007
DQA2*0101-*1401 14.5
German Mutton Merino, DQA2*0103 and 25.9 and Ennen et al. 2009
German Merino and German DQA2*060L 15.9
Blackheaded Mutton
Chios DQA2*0301 31.7 Gelaskis et al2013

Bold indicatethe OvarDQAZ2like sequences

1.7.3 Nomenclature of DQA genes

Ovar-DQA1 and DQA2 gene nomenclature is based on those fmvine leukocyte
antigen (BoLA) (Zhou & Hickford, 2004). Similarly, in OvarDRB1, the squence is
based on abnes derived from PCR amplification; therenust beat least three identical
clone sejuences. Names ar constructed from the predicted amino acid sguencesand
comprised of four or five digits. The first two digits denote the major type, the third
and fourth digits specify the subtype whereas the fifth digit indicates silent
substitutions. Allelesthat differ by less than five amino acidsn the first domain are
considered as subtypes within a single major typeHowever, unlike OvarDRB1, the
Ovar-DQA alleles have been not updated in the IPMHGOLA.

1.7.4 OvarDQA Alleles and Haplotypes

Strong linkage disequilibrium shown in the MHC loci allows researcher® report
findings in terms of haplotypes rather han by individual alleles (Rajalingam et al.
2010). In addition, the haplotypes have been shown to b& good tool for identifying
complex diseaseqClark, 2004). First, the statistical power of associationtests with
haplotype data is expected to be enhancedue to reduction in dimension. Secondthe
protein of the candidate genes occur in polypeptie chains whose physicaproperties
may depend on specificamino acids combination. Third, genetic variation in

populations is inherented as ahaplotypes(Clark, 2004).
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The MHC OLA Nomenclature Committee has not yet established a nomenclature
system for OvarMHC class | and Il haplotypes. However, DQA haplotypes in sheep have
been reported by Hickford et al. (2007)Table 9).

Table 9 Haplotypes found in two DQA genes. Adapted from Hickford et al. 2007

Breed DQAl DQA2 DQA2 like
41 siresin New Zealand 0104 1201 -
0402 0101 -
0601 1101 -
0101 0602 -
0101 0103 -
0103 0602 -
0301 1201 -
0401 08011 -
0701 0901 -
0302 1201 -
0901 0901 -
0301 0901 -
0501 0601 -
0103 1101 -
0601 0602 -
0501 1101 -
0901 0601 -
0103 0601 -
0801 1001 -
0104 0301 -
0901 0301 -
Null Null -
Merino, Corriedale, - 0101 1401
Romneyand OthersNew - 0102 1601
Zealand crossbred sheep - 0401 1501
- 0102 1401
- 0402 1701
- 0702 1401
- 0701 1401
- 0401 1401
- 0101 1601
- 0701 1301
- 0401 1601
Merino and Others New - 0702 1601
Zealand crossbred sheep - 0701 1601
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1.7.5 Association of OvaDQA and Diseases

In humans, the polymorphism ofDQAhas been linked with the development of several
autoimmune diseasessuch insulin-dependent diabetes mellitus(Glass & Giannini,
1999). In sheep, it has been reported that lack of Ow@QAL is linked with
susceptibility to GIN (Table 10). Amicroarray-based expression study has shown that
in a susceptible selectionine, more expression of OvabDQAL1 null alleles was observed
(Keane et al. 200Y. The susceptibility wasassociated with the hypothesis ofailure in
presenting parasitepeptidesto T cells However, this associatiorwas foundin only one
(Perendale) of three sheep breeds examinedKeane et al. 2007) This suggeststhat
increased expression of OvaDQA1 null allelesor a lack of DQAL alleless not a cause
of susceptibility itself (Keane et al. 2007). Othemultipler factors such as a mixture of
susceptible alleles, linkage disequilibrium between nofMHC with OvarDQAL1 and
expression levels of OvalDQA1 on APCs or aixture of these factors arepossible
influence (Keane et al 2007). Forrest et al.(2010) has investgated urther the role
Ovar-DQAL nul allele in nematode resistant infour different breeds (NZ Merino, South
Africa Meat Merino, Polwarth and Corriedale), however no universal association was
found between the allele and FEC. They only found a significant association with the

presence of @ar-DQA1L null with low GIN inonly one breed

On the other hand, the presence of specific Ov&8TQA2 allele was associated with
higher susceptibility against ovine foot rot (see Table 10). Escayg et al.(1997)
suggested that the presence of OvddQA2*1101lincreased the risk of susceptibility to
foot rot infection. Later, Ennen et al.(2009) showed that the likelihood of a footrot
infection is lessfor ewes having one of he DQAZDQAZ2like haplotypes 010171401
(G) and 070%1401 (J2)than for ewes arrying the alleles OvarDQA2*110)(E). The
study by Gelasakis et al. (2013) pnades further evidence thatOvar-DQA2*1101is

associated withhigher susceptibility to foot rot.
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Table 10 List of associations of Ovar-DQA alleles with important diseases in sheep

Disease Allele Breed Examined Type of Reference
association
Nematodes DQAIL1*N Perendale, Romney Susceptible (only Keane et al. 2007
and Coopworth in Perendale)

NZ Merino, South Susceptible (only Forrest et al. 2010
Africa Meat Merino, in South Africa

Polwarth and Meat Merino)
Corriedale
DQA2*1101 Corriedale Higher Escayg et al. 1997

susceptibility

Ovine foot DQA2*0101/ German Mutton Resistance Ennen et al. 2009
rot DQA2*1401 Merino, German compared with

or Merino and German DQA2*1101/

DQA2*0702/ Blackheaded Mutton DQAZ2*0501

DQA2*1401

DQA2*1101 Chios Higher Gelasakis et al.

susceptibility 2013

Bold type indicatesthe DQAZ2like sequence the duplicated allele

1.7.5 OvarDQB andPolymorphismns

There isan indication that MHCclass Il loci are homologous withHLA-DQBin sheep
(Deverson et al. 1991) OvarDQB region is a highly polymorphic genévan Oorschot
et al. 1994)with two DQB genes in sheep, namely DQB1 and DQB2 (Herma#foesing
etal. 2008b). The nucleotide sequences of Ov®@@QB1 and OvaDQB2 are similar with
>90% similarity reported (Wright & Ballingall, 1994).

Unlike DRB1, OvaiDQB genes are less well characterized. Two typing $gs1s have
been developed for OvarDQB genesTable 11). These include RFLP and refence
strand-mediated conformation analysis (RSCAThe results obtained from RSCA so far
are most promising, with the finding of 16 new OvaiDQB sequencdFeichtlbauer-
Huber et al. 2000) In spite of these promising results, currently there is also a lack of

information of DQB genes irsheep
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Table 11 Polymorphisms of the expressed Ovar-DQB gene in multiple breeds of sheep

Breed Typing No of No of Reference
Method sheep alleles
Prealpe PCRRFLP 89 9 Grain et al. 1993
Romney, PCRRFLP 48, 6 Escayg et al. 1996
Coopworth/Peren 19,222,50
dale, Corriedale,
Others
Scottish Blackface RSCA 10 16 Feichtlbauer-Huber et al. 2000

1.8 Thesis Objective

The importance ofthe MHC molecules in the regulation of the immune response,
together with the numerous associations of MHC alleles thi nematode resistance,
have shed light on the use of MHC as a genetic marker nematode resistanceThus,
the main aim of this study is to establish the role of MHC genes and netode
resistance in Texel population. If a significant association between nematode
resistance and MHCwas found, this may have benefits in the selective breeding of
sheep with nematode resistance. In addition, this study also will help in esthéhing

molecular typing methods for characterizing MHC class Ila genes.

This study has five specific objectives

1. To establishasequencebased typing system for MHC class llgenes

2. To characterize theOvar-MHC class llaliversity profile in Texel population.

3. To establish the haplotypes and exent of linkage disequilibrium in Texel

population.

4. Todetermine the associationbetween MHC class Ila haplotypeand nematode

resistancein Texelpopulation.

5. To investigate the evolutionay history of MHC class Hgenes
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2.1 Introduction

This chapter describes the general materials and methods used in this study. Exact
details of the modifications of assays and changes are described in the relevant

chapters.

2.2 Previous Work

This thesis project is a continuation of previos work, the aimof which is to acquire
better understanding of the mechanism of nematode resistance to GIN in sheep. In this
section, a brief description of previous work will be elaborated as some of the previous
data has been incorporated in achievingthe objective of this thesis.The animal
sampling and parasitological tests (FEQ described in this thesis had been carried out
previously prior the author commencingthe study (Bishop et al. 2004) Methods not
performed by the author are acknowledged in the acknowledgent section and he
succeeding works elaborated in this thesis were carried out using previsly stored

biological samples.

Briefly, Texelsheepwere used in this thesis A total of 235Texel lambsfrom Roslin
pedigree record Appendix 1) and producingapproximately 70 lamb per year All sires

are purebred Texeloriginating from Texel Sire Referencehomebred and purchased
rams. The lambs were sampled on three occasions, July, August and September (lambs
were 5, 6 and 7 months olds) in 199&000.
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2.2.1 Parasitological Data: FEC

FECswere previously determined from the Texel breed using a modified saturated salt
flotation technique described by Bishop et al. (2004). Eggs were assignedto
Nematodiruspp. or Strongyle The following genera are considered under Strongyle
spp: Oesophagostomum Chabertia Bunostomum Trichostrongylus Cooperia
Ostertagia Teladorsagiaand HaemonchugBishop et al. 2004)

2.2.2 Blood Sampling

Blood samples were collectedat the same time together with faecal samplingThe
blood samgdes were obtained by jugular venepuncture into evacuated glass tubes
containing 20mM disodium EDTA (Becton Dickinson UK Ltd, Oxford) as anticoagulant.
Plasma and buffy coat were obtained by centrifugation at 1@xg for 20 minutes and

stored at-20°C beforeuse.

2.2.3 Anti-L3 IgE Measurement

The serologic specific for antL3 IgE was analysed previously bivurphy et al.(2010)
using indirect ELISA. The transformation used was (IgE +0.0Qi in order to

normalise the IgE value.

2.3 MHC Class Il Sequence-based Typing

Figure 5 showsa simplified overview of the methods implemented in this thesis. This
processwas applied to the characterization of OvaDRB1, DQA1, DQAMQAZlike),
DQB1 and DQB2Some specific modifications shallbe specified in the research
chapters, whererelevant. All the composition and preparation of methods for all

solutions and media are explainedn detail in Appendix 2 .
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DNA Extraction
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PCR Amplification
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Gel Electrophoresis
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PCR Purification
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Sequencing Reaction
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Sequence Data Processing and Analysis
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Genotyping Quality Control

X

Statistical and Phylogenetic Analysis

Figure 5 Main steps for sequencing-based typing in this study
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2.3.1 DNA Extraction and Concentration Measurement

QIAamp DNA Blood Maxi Kits (Qiagen, Germanwere usedto extract genomic DNA
from the buffy coat following manufacturerd O OA AT | I. 300pl & QRGEN
proteinase Kwere mixed with a solution of 10ml thawed buffy coat(added phosphate
buffered saline (PBS)12ml of buffer AL was added ahthe solution mixed thoroughly.
Next, the solution wasincubated at 70°0Cfor 10 min, followed by addition of 10ml of
100% of ethanolto the sample. This was mixecgain throughvigorous shaking.The
solution was then transferred into a QlAamp Maxi Column anaentrifuged at 1850g

for 3 min.

Buffer AW1 (5ml) was addedand the solutionwas centrifugedat 45009 foranother 2
min. Later, buffer AW2 (5ml) wasthen addedandwas centrifuged at 45009 ér 20 min.
The cdumn was placed in acentrifuge tube and the collection tube cordining filtrate
discarded. Riffer AE(1ml) was pipetted directly onto the memlyane of the column, the
cap closed andncubated at room temperature for 5 minand subsequently centrifuged
at 45009 for 2 min Buffer AE (1ml) was again pipetted directly onto the membane of
the column, followed by incubation at room temperature for 5 min, subsequently

centrifuged at 45009 for 5 min.

DNA concentration was determined by pipetting 200 ul of mixture of each DNAmple

and TBE buffer at a ratio 1:50, into a well of 96 well microtitre plate (Nunc, Denmark).
Awell containing 200 ul of waterwas useda referencestandard. Resuls were obtained

using a PowerWaveX Select Scanning Microplate Spectrophotometer and KC4.0v3
xEOE 01 xAO2ADPI OOOA AA OATEIO dérohtOBEIAJ. The WNAOD x |
sampleswere stored at-20°C until further used. Purity of DNA sample is indicated by

the ratio of absorption values at 260nm and 280nm.
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2.3.2 Polymerase Chain Reaction Amplification

Polymerase Chain ReactiorRCR is a commonlaboratory technique to makecopies of
specific fragments of DNAThe specificPCRprimers used to amplify the genomicDNA
are listed in Table 12. The forward and reverse primers of OvaiDRB1, DQAL, DQA2
DQB1 and DQB2 (108mol/ pl, Eurofins MWG Operon) wre diluted with sterile water
(Invitrogen, California, USA) to giva final concentrationof 20 pmol/ pul for each primer.

The details ofeachprimer design shallbe discussed in theelevant research chaper.

PCRamplification was carried out in 96well plates on a thermal cycle(GeneAmp- PCR
system2700 Version2.0Bio systems A&B) usind.5 U Taq DNA polymerase({iagen),

0.5 uM of each primer, 25 mM of Mg&{Qiagen) 150 uM dNTP(ANTPs Invitrogens,
Germary) AT A CATTITEA $.! EIT A . ARGRelEoONd inclided O1 A
a negative control The PCR conditions were adjusted for each gene after optimization
trials to reach the best melting temperature (the specific PCR conditions for each gene

are described in research chapters and also iAppendix 3).

2.3.3 Agarose Gel Electrophoresis

Agarose gel electroporesis wasised for analysng DNA fragmens. The gel sizes was
made by melting agarose powder $eaken® LE Agarose, Rockland, ME Uk TBE
buffer in a microwave oven. Gels were made routinely.5 % (w/vol ). The gels vere
cast with the addition ofethidium bromide (50pg/ml) and using plastic combs for wells
into which samples could be loaded. Once set, gels were submerged in TBE buffer in
the electrophoresis tank. Samples were mixed with 5x loading dye (Qiageand loaded
into the wells of the gel. Samples were subjected to electrophais for approximately
30min at 120 mV depending on the size and percentage of agarose of thed. g’he DNA

was visualzed with a UV transilluminatar.
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Table 12 Primers used to amplify the second exon of the MHC class Il gene

Amplification Primer Name Primer Sequence

region

DRB1 ERB3 u-€TC TCT CTG CAG CAC ATT TOGBT
SRB3 L-&£GC TGC ACA GTBMCTCo §
DRB1_27F u-ATT AGC CTC TCC CCA GGAGTC
DRB1_27R u-&AC ACA CAC ACT GCT CCATGA

DQA1 DQAlup u-8CC TGA CTC ACC TGA CCAICA
DQAldown U -AAC ACA TAC TGT TGG TAG CAGoGA
NikDQAL F U -ACT GGC CAC AAA TGA AGC CCAICCAA
NikDQA1R U-BAGA AGG CAG AAG ATG AGG GTTECAG
DQA1_92.y085F L-&CTC CGA CTC AGC TGA QCA
DQAL_92.y085R u-BAC ACT TAC TGT TGG TAG CAGOGA
DQAL_ 728518 F u-£CC TGA CTC AGC TGA CGa GA
DQA1_728518 R u-BAC ACT TAC TGT TGG TAG CAGOGH

DQA2/ DQA2sup u-&CT ACC AAT CTC ATG GTC CGT 6T

DQAdike DQA2sdown 0 -GGGA GTA GAA TGG TGG ACA CTFABC

DQB1 JMO5 L-FCT CCC CGC AGA GGA TTT C@TEG
JM06 L-&TC GCC GCT GCC AGG TGAAGG
991 L-&TG ACC GAG CGG CT&T
994 v-£GG CTC TCT GTC OWGo &

DQB2 JMO5 L-FCT CCC CGC AGA GGA TTT C@TEG
JMO7 L -BCC GCT GCA AGGGTGA TGA Go §
1005 u-&TG ACC GAG CGG CTG-FGT
1007 L-&TC GCG CGC TGA GT6
MJS05 u-FCC CCG CAG AGG ATT TC&T8
JMO7 L -BCC GCT GCA AGGGTGA TGA Gao §
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2.3.4 PCR Purification

The process of prification was undertaken using the QIAquick PCR Purification kit
(Qiagen). Briefly, the genomic DNA adhered to the filter within the column, separating
it from all other components of the PCR reaction, whiclvere washed away with
various buffer solutions. The genomic DNA was finally eluted with 30 Elution buffer
(EB). A gel was then prepared to determine banding strengths after purification.

Samples with null and very weak bands were discarded at this stage

2.3.5 Sequencing Reactions

Sequencing reaction master mix solution was prepared using primer, Sequencing
Buffer (5X), sterile water ard the Big Dye Terminator Cycle Sequencingv3.1 Ready
Reaction Kit (ABI Prism) (Table 13). Two master mix solutions were nade, one with

the forward primer and one with the reverse primer. The concentation for each

primer was 1pmol/ ul. The forward and reverse master mix solutions were plated out

into AB gene 96 well plates. PCR products were added to wells containing the fang

and reverse mix. The plate was then carefully sealed using thermal film and placed in
OEA o#2 1 AAEET A8 4EA OANOAT AET C O"EC $UA:
in Table 14.

Table 13 The reagent of master mix solution Table 14 The temperatures and times of 'Big
for sequencing reaction Dye' program in the thermo cycler
Volume Temperature . .
Reagent required (ul) °Q) Time (min )
Sequencing primer 3.2 96 10
5x Sequencing 50
2
Buffer 60
Big Dye 1 4
Water 1.8 |
PCR product 2
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2.4 Sequence Data Processing and Analysis

Sequences were readnd evaluated manually by use o€LC Genomic Workbench6/1
software (CLC bio, Denmark)Firstly, the sequences were trimmed anthen followed
with the asseembling processof forward and reverse strand. Theassembled sequence
is called a consensus. The consensus was analysed ath@ polymorphisms in the
sequence werethen assigned a letter representing the appropriate substitution
according toTable 15. Thissubstitution is based on guidelins from the International
Union of Biochemistry (IUB) ambiguity code (Nomenclature Committee of the
International Union of Biochemistry (NGIUB) 1984).

Table 15 Appropriate letters to be assigned to possible bases

Code Base Base Base

)
>
®

W A T -
M A C -
Y C Y -
S C G

K T G -
ID A G T
H A C T
B C G T
Vv A C G

Secondly, Basic Local Alignment Search Tool (BLAST) searches were performed
againstalocal allele databaseThe local datébaseis a collection of alleles which have
been identified through National Centre for Biotechnology Information (NCBIland
European Boinformatics Institute (EBI) databases(Appendix 4). NCBI is a resouce

for genetics and containpublicly available databaseghttp://www.ncbi.nlm.nih.gov/ )

and it is especiallyimportant for retrieving information such as nucleotide or protein
sequence.EBI is another particularly useful web resource for the same function

(http://www.ebi.ac.uk/ ). The BLAST gave a list of percentage similarities of known

alleles to the consensus sequence. By a process of elimination, it was then possible to
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assign the alleles. Theleele assignments werethen made, relating these to existing
sequences whenever possible. On occas®rwhere no canplete match was obtained,

it was suspectedthat a novelallele is present.

Table 16 illustrates example of the assignmentof the allelesin five Texellambs. The
lambs have AJ238935 in the first column and asterik in second column(98t009,
98t022 and 99t071). These animas were designated as homozygotegnly one DQB2
allele found). On the contrary 98t023 and 99t008 lambs clearly are heterozygous at

DQB2 locus, as two alles were found in a single sample.

Table 16 A table shown the example of the DQBZ2 alleles found from five Texel lambs.The lambs found
with one allele had an * in the second column.

Lamb First Allele Second Allele
98t009 AJ238935 *
98t022 AJ238935 *
99t071 AJ238935 *
98t023 AJ2389F AJ238937
99t008 AJ2389F AJ23893

2.5 Genotyping Quality Control

A crucial step intyping processfor this study is quality control. Once the genotype was
determined for each sheepseveral stepsfor the quality control of the assignment were
taken to task This includes three essential steps namelgloning of suspected novel
alleles, checking with haplotype and pedigree inheritance and rexamination of the

null alleles.
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2.5.1 Cloning of Suspected Novel Alleles

As mentioned earlier, in the typing processjovel alleles were discovered. Thesnovel
alleles were submitted to the European Bioinformatic Information (EBI) and the
Immuno Polymorphism Database IPD) database. However, gspected novel alleles
sequencefrom heterozygous animas were checkedby cloning. This cloning step is
important for the validation and also to meet the requirement for inclusion in IPEMHC
database(Ballingall & Tassi, 2010, Ballingall et al.2011).

The PCR products were TOPO® clodento One Shot ® MachlTMTIR Competent
Cells (chemically competentE. colicells) were transformed with the recombinant
OAAOI O AAAT OAET ¢ Oi OEA |1 A1 6EAAOOOAOGO
0.5ml tubes (without vortexing) and incubated @ room temperature for 20 min. The
reaction wasthen placedon ice.The doning reaction (2ul) was added toa vial of One
shot E. colimixed gently andincubated on ice for 30 minThe cells were he&shocked
for 30s at 42°C in avater bath, then removed ad transferred directly into ice. RT SOC
(250ul) was added and shakerhorizontally at 37°C for 1hr. @lls (40ul) were then
spread onto a prewarmed agar plate and incubated at 37°C overnight. White colonies
were picked and grownin 5ml LB broth containing 50 ug/ml ampicillin . Plasmid DNA
was purified following the QlAprep spin miniprep kit protocol (Qiagen). At least three

clones representing each allele were sequenced both directions for verification.

2.5.2 Checking with Haplotype and Pedigree Inheritance

The individual haplotype for sire, dam and lambsvas deduced followed with checking
of pedigree inheritance. The histocompatibility genes are well knownto be co-
dominantly expressed in anindividual, one from each parent, andnherited as a
haplotype (set of alleles)(Erlich 2012). By this concept, firstly we sorted the lambs by
the same sire and dam by using the programme in the SASQRT BY. By using this
means, all lambs from the same sire should possess similar haplotypésxcept
technical errors or recombination occurs) that they got from their sire and dam.
Occasionally, we identified some of the lamb haplotypes which differed from its parent.
We then, reexamined the particular gene sequence or repeated genotyping to

eliminate technical errors (Table 17).
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Table 17 Haplotype obtained from six lambs from the same sire, G173. An asterisk (*) symbol shows
that there was suspected error for assignment of DQBZ2 allele for lamb, y006. The sequence was then

re-examined.

Sire  Lamb DRB1 DQAL DQA2  DQA2like DQB1  DQB2

G173 y005 G2 Null AY312375 AY312394 Null  AJ238946
y006 G2 Null  AY312375 AY312394  Null  AJ238941*
y019 G2 Null AY312375 AY312394  Null  AJ238946
y020 G2 Null  AY312375 AY312394  Null  AJ238946
y023 G2 Null AY312375 AY312394  Null  AJ238946
y030 G2 Null  AY312375 AY312394  Null  AJ238946

2.5.3 Re-examination of Null Alleles

Null allele canoften result from PCR errors.To solve this problem the pedigree and
haplotype data were used for confirmation. For exmple, Table 18 shows the problem,
which indicates the sample 100t022 poses errors of a false positive null for DQA1 and
DQB1 genesNull alleles could also be due to a point mutation at a primer binding site
(Mikko et al. 1999), this problem could be solved by using an additional set of primers
(Ballingall & Tassi 2010) Examples of this problem shall be discussed in details in

research chapters later.
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Table 18 Lamb haplotypes obtained from the same sire, 8t055 by the SORT BY programme. An asterisk
(*) symbol showed there was an error of null for DQAL1 and DQB1 genes for lamb, 100t022.The DQA1
and DQB1 retyping process were redone for that particular DNA sample (100t022).

Sire Lambs  DRB1 DQA1 DQB1 DQA2 DQB2
8t055 100t022 GSF  Null* Null* AY312387 N_all3
100t023 GSF  HES574809 GU191460 AY312387 N_all3
100t032 GSF  HE574809 GU191460 AY312387 N_all3
100t032 GSF HE574809 GU191460 AY312387 N_all3
100t034 GSF  HE574809 GU191460 AY312387 N_all3

2.6 Submission of Alleles to the Databases

2.6.1 European Bioinformatics Information (EBI)

Novel alleles were submitted to the EBtlatabase. Firstly, the sequences were prepared
according to the standard guidelines as described in the EBI website. Confirmation was
required that primer sequences were not included in sequences submitted. The
EAAT OEAEAAQEIT 1T 1 /£ lodatiodnumbers($tart Arid stdpicofonvdsN O A 1
determined from the sequences. All alleles submitted from this study are listed in

Appendix 5.

2.6.2 Immuno Polymorphism Database (IPD)

The IPDis the specific databases for polymorphic genes related to immune system. One
of specific databases in this system is IRBMIHC whidt consists of MHC sequences from
different species. This database astas a centralised resource for those working the

same MHC area.
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The requirements for submission of alleles in the sheep IRBIHC are available in the
IPD-MHC website fttps://www.ebi.ac.uk/ipd/imgt/hla/subs/submit.html ). Briefly,

prior to this submission, the novel sequences must be accepted in the EBI or NCBI
database. In addition, only sequences that consist of the feéquence of exon 2 &
acceptable. Thus, only selected sequences which amplified the whole exon 2 were

submitted to IPD database in this study.

2.7 Statistical Analysis

The procedures on the SAS suite of statistical programs version 8.2 (SAS InstitutayCa

North Carolina) were used.

2.7.1 Allele Frequencies

Allele frequencies were computed usinghe ALLELE procedure on SAS/Genetics
statistical package. This procedure has been chosen because it delivers maximum
likelihood estimates of allele frequenaces with the nonexistence of recessive genes
(Stear et al. 2005)

2.7.2 Association between MHC class Il Haplotypes with FECs

FEG were transformed to In (FEC + 1)before the analysis. This is to correct
heterogeneity of variance andalso produce approximately normal distribution. The
association between haplotypes and nematode resistance were madéth a MIXED

procedure on the SAS

2.7.3 Linkage Disequilibrium

Linkage disequilibrium was determined by theALLELEprocedure in SASIn this study,
two linkage disequilibrium measuresfor each pair of alleles at OvaDRB1,DQAL,
DQA2 (DQAZike), DQB1, DQB2 and DQB&ere determined. This measure includes

the correlation coefficient (r) and Lewontiné (D§.
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https://www.ebi.ac.uk/ipd/imgt/hla/subs/submit.html

2.8 Phylogenetic Analysis

Neighbour-joining trees (Saitou &Nei, 1987) were built on the basis of genetic
AEOOAT AAh AOOEI AGAA -gathmeteErheth@A Gsidy Moleady m q
Evolutionary Mega5(http://www.megasoftware.net). The reliability of the trees was

estimated by bootstrap confickencevalues(Felsenstein 1985).
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CHAPTER 3

GENETIC DIVERSITY OF OVAR-DRB1 IN TEXEL

3.0 Summary

Ovar-DRB1 polymorphisms have beemoted to influence resistance to infectious
disease Thus, many attempts have been made to characterize the genetieedsity of
Ovar-DRB1 in different breeds of sheep. A populatichased study in Ireland
determined OvarDRB1 Texel profiles by using sequeneeased typing. We aimed to
extend the characterization of the genetic diversityOvar-DRB1 using the same
approachon another flock. A total of 235 Texel DNA samples were tested. 18 distinct
Ovar-DRB1 different alleles were detected in this study. The alignment of 18 exon 2 of
Ovar-DRB1 revealed the existence of 2Zmino acid polymorphic sites, eleven of which
frech rceh roxh rowh r v g hre higplyrdolynorphgchwithy @ X h
three amino acid substitutions.Four amino acid substitutions were found at the two
AT ETT AAEA OEOAO ¢fthesitesAp fvie aminp &l subsbiutibns A
were observed. The most prevalent alleles were M and G2 in Texel. Thé&allele was
found distinct from the rest of Texel DRB1 alleles. The high level of sequence
polymorphisms detectedfrom this study demonstratesthe extersive diversity of Ovar
DRB1. The results alssupported the factthat sequencebased typing with multiple

primers is an efficient typing method of OvarDRBL1 in sheep.
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3.1 Introduction

DRmolecules are made up ofd andd chains. The DRA gene encodes tide chain of the

DR molecule On the other hand,the DRB gene encodes thd chain of the same
molecule. There are four DRB locin sheep(Dukkipati et al. 2006b). However, only one

of thefour is a functional gene namely DRBAandthe remaining three arepseudogenes,
DRB2, DRB3 and DRB4. The pseudogenes lack exon 1 and 2 (Dukkipati et al. 2006b).
Ovar-DRBL is one of the MHC class Il genes that are polymorphic (Batiall et al.
2011).

Characterizing diversity of DRB1 exon 2 is an area of particular interest for many
researchersas this region is importantin encoding glycoproteindimers (Fremont et
al. 1996). Earlier studies have sequenced DRB1 exon 2 in &icsh Blackface(Schwaiger
et al. 1995), Latxa andKarrantzar(Jugo &Vicario,2000) Finnish and Russiar(Kostia et
al. 1998), Texel (Sayers et al. 2006), Coopworth, Sufblk, and Cheviot(Konnai et al.
2003). Today, there are more than 100 catalogued sheep DRBL1 allele sequences & th
GenBank databaseMultiple approaches have been repoed to describe the diversity
of the DRB1 locusn sheep Theseinclude PCRRFLP, PCESSCP, length polymorphisms
of microsatellite in intron 2 together within exon 2 and sequencebased typing
(reviewed by Dukkipati et al. 2006). Sequencebased typing is thought to be efficient
compared with other methods because it is sufficiently sensitive to capta single-base

mutations (Ballingall & Tassi2010).

Texel is one of the most important sheep breeds in the U&nd are known to be
resistant against nematodegBishop et al.2004). A previous study by Sayers et al.
(2005) has examined the genetic diversity of DRB1 in a Texel flock in Ireland. Their
work showed extensive polymorphisms of DRB1 by means of sequenroased typing.
Although Texel sheep have been characterized frorthat previous study, it is
interesting to determine the variation of DRB1 in otherpopulations. This study
therefore, explores thegenetic diversity of DRB1 with approximately 235 samples

from Texel breed using sequenc®ased typing.
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3.2 Materials and Methods

3.2.1 Sheep and DNA Source

I Ol OAl 1T &£ ¢ouv 4AgAl 1 AT A0 xAOA OOk&AA
Scottish Borcer region. The flock has consistent pedigree recordshey had been
collected for a previous study byBishop et al.(2004). The lambs were sampled (blood
and faeces) on three occasions each, July, August and September (lambs were 5, 6 and
7 months old) in 19982000 (Bishop et al. 2004) Genomic DNAfor use in PCR
amplification was isolated from the buffy coat using a DNA extraction kit (Qiagen,

Germany)aswas described inChapter 2.

3.2.3. Primers

Genomic DM\ amplification of OvarDRB1 alkles was performed using two sets of
locus-specific primers (seeTable 19). The primers and their positions relative to the
second exon are illustrated inFigure 6. The first set of primers, ERB3 and SRB3
(Konnai et al. 2003 was positioned in the flanking regions of the exon 2, while th
second set of primers, DRB1_27F and DRB1_27R (Ballingall et al. 2008) passtioned

in introns 1 and 2 respectively Theuse of the second set of primers was to cover the
whole of exon 2, b validate alleles amplified by the first set of primers and to check

homozygotes or null allele.

3.3.4 Amplification and Sequencing of Ovar-DRB1 gene

For the PCR reaction, {1l of the DNA containing solution was added to 30 of the PCR
master mix as desdbed in Chapter 2 (using 0.5Uraq DNA polymerase Qiagen),0.5

UM of each primer, 25 mM of Mg€[Qiagen) 150 uM dNTRANTPs Invitrogens).PCR
amplification was carried out on a thermal cycler (Gene AmpPCR system2700
Version2.0- Bio systems A&B)Negative controls consisting of samples without DNA
were run in for each PCR. The PCR reaction used and the band sizes amplified by
ERB3/SRB3 and DRB1_27F/DRB1_27R are showrilable 19.
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Table 19 PCR primers for amplification of the second exon of the Ovar-DRB1 gene. Amplicon size includes the primer sequences.

Primer Name Primer Direction  Primer Sequence Amplicons Number Reaction conditions
Position* sizes (bp) of Cycle
ERB3 6677- F U-ETC TCT CTG CAG CAC ATT TOG®T 276 32 94°C fa'2 min, then 94°C for 30 s
6698 61°Clor 30 s, 72°C for 30s72°C for 5
min
SRB3 6936- R LU -&€GC TGC ACA GTG AAA @16
6953
DRB1_27F 6634- F U-ATT AGC CTC TCC CCA GGAGHC 368 32 95°C for2 min, then 95°C for 60 s,
6953 60°Cfor 60 s, 72°C for 60 s72°C ér 5
min
DRB1_27R 6983- R L -&€AC ACA CAC ACT GCT CCAGA
7002

*Primer position refer to AM884913 sequence reported byBallingall et al.(2008)
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ERE3 Exon 2

B BED 6,680
| |
CCATCCCTCATTAGCCTCTCCCCAGGAGTCCGCTCCTOTGACCAGATCTATCCCOTCTCTGCAGCACAT
ERE3
Exon 2

TTCTTGLAGTATACTAAGAAAGAGTCTCGTTTCTCCAACGLGACGLAGCLLOGTOGCLLGTTCCTGGACAGA

|E:nn 2

TACTTCTATAATCCAGAAGAGTACGTGCGETTCGACAGCCACTGGGGCCAGTACCCAGCGGTGGCCGAG
Exon 2

CTOCLOCCGCCGLACGCCAAGTACTGGAACAGCCAGAAGGAGATCCTGGAGCLGAGLGCLGACCGAGGTG
6,960

Exon 2 SR E3|
|

GACACGTACTGCAGACACAACTACGOGGTCATTGAGAGTTTCAGTOGTGCAGCGOCGAGGTGAGCGCGAG

DREL_27R
o4 ﬂ T
CGoCTCGCCCLCCCAGTOGTOGAGCAGTGTGTGCGTGTGTGCLTGTGCGTGTGCGTGTGCGTGTGCGTGTGTG

7040 7060 T080 7,100

I I I I
TGETGTGTOGTGTGTOTGTGTGTGTGTGTGTGTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA

Figure 6 Diagrammatic representation of the second exon and immediate intronic flanking regions of
the Ovar-DRB1 gene (AM884913) showing the location and direction of primers detailed in Table 19.

3.3.5 Nomenclature

Allele assignment is usually reported as a local name, gene accession number and IPD
name. Throughout this chapter, the combination of gene accession name and local
name was adoptedfor convenience In several cases, there were several identical
alleles with different accession numbers in GenBank. Ongbeoccasiors, one accession

number was arbitrarily chosen for clarity.

3.3.6 Phylogenetic Analysis

A neighbaur-joining tree (Saitou &Nei, 1987) wasconstructed on the basis of genetic
distances, estimated by theKimura (1980) two-parameter method, using theMEGA
program. GerBank sequences were trimmed to the lerty corresponding to the PCR

amplimers before generating the neighbar-joining tree.
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3.3 Results

3.3.1 Sequence Polymorphism of the Exon 2 Ovar-DRB1

The :quencing was initially performed with ERB3 and SRB3 primers by which 276 bp
were amplified. The amplification did not cover the whole of exon 2. Using the second
primer set (DRB1 _27F and DRB1_27R), the whole exon 2 and adjacent intron
sequences were ampfied (368bp). 18 distinct sequences were identified from the 235
Texel sheep Table 20) and no novel alleles were determined as all alleles Halready

been reported in the database.

Table 20 Nomenclature of Ovar-DRB1 alleles detected in Texel

Local name Accession number IPD name
A FN543119 DRB1*0901
B2 FN543117 DRB1*0601
Cc2 AM884914 DRB1*0401
D2 FM209040 DRB1*1601
DQ659115 DQ659115 DRB1*1501
FM998807 FM998807 DRB1*0308
FN393738 FN393738 DRB1*1202
FN543114 FN543114 DRB1*0201
FN870432 FN870432 DRB1*0805
FR686849 FR686849 DRB1*2202
G2 AB017206 DRB1*1101
GSF AY227049 DRB1*1401
H3 AM885929 DRB1*0102
HG515541 HG515541 DRB1*0406
L AM884913 DRB1*0302
M u00212 DRB1*0201
TUV KC733423 DRB1*0701
u00219 u00219 DRB1*2002
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There were considerable nucleotide variations and corresponding amino acid
variation amongDRBL allelesfound in Texelsheep 55 of the 237-nucleotide sites (23.2
%) analysed in his study showedvariability ( Figure 7). An alignment of the deduced
amino acid £quence encoded by exon 2 is shown iRigure 8. Twenty-six (33.3%)
amino acid polymorphic sites were identified. Most variable werefound in amino acid
residuesr 12 (K, R, T)r26 (F, L, Y)r37 (F, T, Y)r38 (A, L, V)1 56 (P, Q, R); 60 (H, Q,
Y), 166 (D, E, N)y67 (I, L, F),y 70 (Q, R,S) 74 (A, E, N) ang 86 (F, G, I)with three
different amino acids per site and in residueg 57 (A, D, E, S3nd[ 71 (A, K,T, R) with
four, and five different amino acid per site ag 11 (A, H, S, T, Y) was observed. All
polymorphic amino acid sitesthat were included in the peptide-binding region were
polymorphic (Table 21).
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Figure 7 Nucleotide sequences of the second exon of Ovar-DRB1 alleles found in Texel.






































































































































































































































































































































































































































































































































































































































































































































































