Investigation of DNA variation in genes of
the Immune system in wild populations of
Apodemussylvaticusin relation to infection
by Toxoplasma gondiand helminth
parasites.

Abdullah Shater

Supervised by:
Professor: Geoff Hide

PhD thesis submitted to the
University of Salford

Molecular Parasitology, 2017

UnNniversity of
@ salford
MANCHESTER




Table of Contents:

Statement Of AUtNOISNID ... e ————————————— 14
F ol g Lo (=T o 40 T=T o TP PP PPPSPPP PP 15
(S o) AN o] o] £V = [0 1 PP PERPERPPP 16
AN )1 = X T TP PRPR 17
L4 3= T 0] (=] 0 SO 19
I 11 0T [T 1o o 1 PRSPPI 20
1.1 Adaptive IMMUNE SYSTEML.......euuiiiiiiiiie e e s et e e e e e e e e e e s ameera e e e e e e e e e eeaaeeeeens 20
1.2 Innate IMMUNE SYSTEIM.....couuiiiiiiii it ceree et e e e e e e e e e e eaa e e eens 21
1.3 IMMUNE GBNES... . eee ettt eeeee e e e et ettt e e e e e eaaa s emenaaeeeeeeenes 22
I 0 A o L 11 (=07 =T 0] (o OSSPSR 22
L1.3.2 NLRPL QNG ..ot err e et 31
1.4 Justification for testing laboratory hypothesis of stuydimgune genes in the field
0o P TRPPPUPPPR 33
1.5 Parasites Of ROUENT.......ciiiiiiie e eeeee e eeee e smenee 34
1.5.1ApPOdEmMUS SYIVALICUS........ccuiiiiiiiiiiiieieeeiiiieie ettt eeer e e e e e e e e e aeeeeens 35
1.6 TOXOPIASIMOSIS. ...cciiiiiiiieiitie it e s e e e e e e e e e ememre s e e s e e e e e e e e e e e e e aeesannneeeaeeeaees 38
1.6.1TOXOPIASMA GONIL...tttviiiiiiiiiiiiiei et 38
1.6.2 LITE CYCIa .. ettt e e e e e e et a e e e e e 38
1.6.3 TraNSMUISSION. ..ceiiiiiiiiieeeeeee e e e s ime e e e e e e e e e e e s s b nees s s bb bbb ee e e e eeeeannresnees 40
1.6.4 DISBASE.....uuueiiiiiiiiiitiee e e e ettt ettt e e e e e e e e e e e e e e s s s rmm—e e e e e e e nen i rrane s 42
1.6.4.1ASymptomatic TOXOPIASMOSIS. ....cceiiuerriiiieeei ittt e e e e 42
1.6.4.2 Symptomatic infection in immunocompetent hast.............cccoeeecciiviiivinnnnnn 42
1.6.4.3 Congenital TOXOPIASMOSIS.......uuuiriiiiiiiiiiiiiieiiri e e e 43
1.6.4.4 Taoplasmosis in Immunocompromised Patients..............cccccccvvvvvivinninnineeeennenn. 43
1.6.4.5 Ocular TOXOPIASIMOSIS. .....cceiiiuuriieiieeeiiaiiii it e e e e ettt e e e e s e e e e e s sbbnreeeeeeaannes 44
1.6.4.6 Schizophrenia and TOXOPIASIMOSIS.........cciiiirriiiiee it 45
IR A o 1 10T P UPUPURR 45
0 R I 1= 1 4 F= 10 Lo =SSP 45
1.7.1.1PIagiorChis €lEgANS. .......cocuiiieiee e 46
1.7.1.2Brachyla@muUSECUINVUML.........uuuiiiiiiieeiiereeereereeeeeeeseeaaaaeeeeaeeeeessensseesssssesssnsnnnsennss 40
L1.7.2 NEMALOUES......cuuuuueiiieiee e e e e e e eeeees e e s s e e e e e e e et e e eeeeeeanreeeeeeeaaeeeseesesssnnnnnnmmmreeessssee 46
1.7.2.1HeligmosOmMOIdEBOIYGYIUS .....eeeeiiiieiieie e 47
Y/ o = Tol=T= TR (0] o = U o
1.72.3Capillaria MuriSSYIVALIC..........ccooriiiiiiiiiiiiiiiiiiee e 49
1.7.2.4PeloderastroNgylOideS . .......oouuvuiiiiie ettt 49
08 S [ P PPRUPPPT 50
2. Materials and MENOUS. ........iiiiiiiie e e e s e e re e e s s e s e eees 52



2.1.5ample COollECHON......ccii it ernne 52

2.2 DNA EXITACHION.....ceiiiiieeeee e e e bbb eeenenssseeeeees 58
2.3 Primer SYNTNESIS.......ccooiiiiiiiieieeee e e e e e e ennnn s 58
2.4, PCR .ttt 59
2.4.1. Mammalian Tudin PCR.......oooiiiiii e e 59
2.4.2. Polymerase Chain REACHON..........uuuuiiiie e ereee e 60
P G T =@ = @ o] 1 14174 11 o] o P 61
2.5. Gel EleCtrOpNOreSIS......cccc ittt e eenenes 62
2.6. DNA extraction from agaroSe gel..........oeviiiiiiiiiiiiieeee e 62
R = O = G o (o o [N o ol [T ) o 63
2.8. DNA concentration MeasUrEMENL...........uuuiiiiiieiiiieeriiiieee e e e e e e ssssmnne e 63
PR ST =To (01T o[ ] o o T PP PP PP PP PP PPPPPPPP 64
P OS] = 1] 1 02 VPRI 64
L0 =T 0] 1= G SOOI 65
Result: Investigation into the variation of Toll-like Receptor (TLR) genes in relation tohelminth
infections in woodmice APOdEMUS SYIVALICUS .......cuiiiiiiiiiiiiee i ieeeitie e ee e rbbree e e e 65
3. Result: Investigation into the variation of Toltlike Receptor (TLR) genes in relation to helminth
infections in wood mice APOdemMUS SYIVALICUS...........uuuuuiiiiiieeeeeeeeis e e e e eeeeeeee et sre s e s e e e e e e e eeeeanes 66
10 I [ oo [FTox 1 o] o PP PP PPPPPPRR 66
3.1.1. Toltlike Receptor gene variation Apodemus Sylvaticus................cccvvvvviens 66
3.2, StUAY RALIONAIE..........ccceiiiiiieeeeeee e annn 68
G0 T @ o] 1Yo 1Y TSRS 69
G |V F= 1 (=T = L= Vg o 0 0121 T To £ USSR 69
3.4.1. DAt ANAIYSIS......ceeieiiiiiiiiiis e e e ceeerei s e e e e e e e e e e e e e e aeeer e e e e e e e e e e e e e e e e ——————— 69
B 5. RESUIS. ettt e e e e e e e aeeas 70
3.5.1. Invesgating the relation between negative, single and multiple parasitic infections
and presence of the H1 genotype of TLRLL.............uvvuiiiiiicceeieiieeeene e 70
3.5.2.Investigating the relation between negative, single and multiple parasitic infections
and the presence of H2 genotypes of TLRAL...........cccoeeeiiiiiicceciiiiiiicee e 71
3.5.3. Investigating the relation between negative, single and multiple parasitic infections
and H1 genotypes Of TLRILZ........ou i 12
3.5.4. Investigating the relationship between each helminth infection and TLR11 and 12
homozygotes and NeterOZYgOtesS.........ccuuvuruiiiiiieeeiiiiiiiiii e 73
G TR0 ot I . = To [ o] o 1 73
3.5.4.2. HeligmMOSOMOITES.......cuuiii i i e e e et ie e e e e e e e e et s e s e e e e e e e e e eeeeraaaan e e eeeaeeeenees 74
3.5.4.3 SYPNACEA. ... ceeeeeiiiiieeieee e eeeaeaaee e D)
3.5.4.4.CaPIANIA....cccceiiiieiiee e eneanaanaaaaaaaaaeen T
I T = 0T [T - VOO PPPPPPPPRRRRY 4 o
3.5.4.6 BraChYIBEIMUS ... ....uuiiiiiii i a e e e 79



3.5.5. Investigating the relationship between each helminth infection in the presence of

the H1 genotypes of TLRIAN 12.........ooooiiiiiiiiiiiieeeiie s 380
3.5.5. L PIAGIOICRIS. ...t 80
3.5.5.2.HeligMmOSOMOIAES........c.uuiiiiiie et e e 81
B 5. 5.3 . YPNACEA . ... ettt ——————————————— 81
3.5.5.4 CAPIAITA. ....veeeeeee et e e e 82
G TR TR 1 (o T = - USSP 83
3.5.5.6 BACNYIABIMUS ....cuviiiiiiiieiieeeee e 84

3.5.6. Investigating the relationship between each helminth infection in the presence of

the H2 genotype Of TLRLL........oooi oo 85
3.5.6. L PIAGIOICRIS.. ... ettt 85
3.5.6.2.HEligMOSOMOIAES........uuuuriiiiiiiiiiiiiiieeeeeeer et e e e ee e e e e e aae e e e e e e s e e e s s aa s s s s e e ennanenne 86
3. 5.6.3.SYPNACEA . ...ttt 86
3.5.6.4.CAPIIAIIA ... eveeeee e e e e e e aane 87
3.5.6.5.PEIOTEIA. .......euiiiiie e e e e e 87
3.5.6.6.BraChylaBmMUS.......ccooe i a e 88

3.6, DISCUSSION ....ceeieeeiiiiiiiiiis st ettt s e s e e e e e e e e e amenss s s s e e eeeeeeeeaeeeeeeaannneaeeeeeeeeeeeees 92
(O g =T o1 T g PP TP OO PP PPPPTPPPPPPRTN 95
4. Result: Determnation of the Genomic arrangement and DNA Sequence of the NLRP1b Gene from
Apodemus sylvaticuand its Relation toToxoplasma gondilnfection. ............ccccovvevviiiiiiieevivcccee e, 95

g 1 11 o o [ 3o 1) o 1SS 96

R AN | o R 98

4.3. StUAY RALIONAIE..........oueiiiiiiee e eee e e e e e nnne e e eees 99

A4, ODJECHVES. ...coiiiiieeee e ee bbbttt eeenn bbb e 100

T =S | € PPPUPPRRR 101

4.5.1. Produce a map of the NLRP1b gene fidns musculus................cccoevvvnneee. 101

45.2 Designing primers for specific regionsAgfodemus sylvaticuend amplification of

sections of the NLRP1b gene fravius musculusndApodemus sylvaticus........... 110
4.5.2.1 Initial primer design and amplification of sections of the NLRP1b.gene......... 110
4.5.2.2 Second attempt at primer design and amplification of sections of the NLRP1b gene
and analysis Of the data..............ccooeriiiiii e a e 127
4.5.2.3 Successful attempt at primer design and amplification of sections of the NLRP1b gene
AN data ANAIYSIS. . ..eeeeiieeiiee e aas 134

4.5.2.3.1 Analysis Of @XOM3.......cooooiiiiiiiirree e 138
4.5.2.3.2 ANalysisS 0BXON 33 ..o e 149

G Yo 131 o PP 160

4.6.1 Producing a map of NLRp1b gene frblas MusCUlUS..............ceviiiiiiiiieanen. 160

A7 SUMIMAIY...cctteeettntnuneias s amemsessss s a s e e e e e e e et eeamaeaaaaaaeeeeeeeeeeeeessssssbnnneeeaeseeeennnnnes 164

3



L1 0T T o1 1= o TP URUPPTUTR RN 166
5. Investigation into the variation in NLRP1b genes in relation tol'oxoplasma gondiand helminth

infections in the wood mouseApPodemus SYIVALICUS ........covvieeeeiiiii i cccee e 167
00 O [ 0 T ¥ Tox 1 o 5T 167
5.1.1. NLRPILD QENE.. ..ottt e e e e e e e e e e e e anne s 167

S22 | o 168
5.2, StUdy RAtIONAIE.........ooeeeeeiie e 169

L IRC T @ o] [T o 1Y J USSR PPPRPPPPPRPIN 170
5.4. Material and MethodS...........ooooo i 170
5.4.1. SaMPIe COllECHON........uueeeiiii e eeeer e e e e e e e e e e 170
5.4.2. DAta ANGIYSIS.....cceeeeiiiiiiiiiiiiii it s e s e e e e e esensana s s e e e e e e e e e e e e e e e eanana s 170

B, RESUILS. ..o e e e e e e e e e e eeeee e e e e e e e e e e e e e e et ettt it —————aaaeeetaerarrra——_ 171

5.4.1. Investigating the relationship between the presence of each haplotype oRexon 3
of the NLRP1b gene and negatigengle and multiple parasitic infections and ©ion

INFECLEA MICE....ei it emme e 171
5.4.1.1. HI/HL NAPIOtYRE..coi e ettt 172
5.4.1.2. HI/HZ NaPIOtYPE. ...ttt e e e e e 173
N T o 2 o V2 T o] (0] 1Y/ o 1= YOO 174
N o T 2l o= T o] (0] 1Y/ 1= TS 175
o T o L T3 o= T o] (0] 1Y/ 1= TSP 176
5.4.1.6. H2/H3 NaPIOtYPe. ...ttt e e 177
5.4.1.7. H3/H3 NAPIOYRE ... ..vececeeeeeeeeeeeeeee et en e, 178
5.4.1.8. HAHA NAPIOYPE.....c.cvceeeeeeeeeeeeeeeeee e ee e annanens 179

5.4.2. Investigating the relationship between the presence of edotypamf exon 2

of the NLRP1b gene and each helminth parasite infectian................cccceeenees 181
5.4.2. 2 PlagiorChi.......ceiiiiiieiie e 181
5.4.2.3.HEligMOSOMOIAES.......uviieiiiiiiiiiiiceeee e 182
B5.4.2.3.SYPNACEA. ..o e e e e e 183
5.4.2.4.CAPIlATTAL ....eeiieeiiiei e 185
5.4.2.5.PEIOTETA. ......ueiiieeei i 186
5.4.2.6.BraChylamUS...........coooiiiiiiiiiiiiie et a e 187

4.5.3.Investigating the relationship between the presence of each haplotype of&xon 3
of the NLRP1b gene and negative, single and multiple parasitic infections and non

INFECTIEA MICE ... it 188
5.4.3. 1. HI/HL NaplOty Q. ....ueeiiieiiiiiieeeeeeee ettt 189
5.4.3.2. HI/H2 NaPIOtYRE..coi e ittt 191
5.4.3.3. HI/HA NaPIOtY R oo ittt 192
5.4.3.4. H2/H2 NaPIOtYRE..ccie ittt 193



5.4.3.5. H3/H2 haplOtyQ@......uuuiiiiiiiiiiiiiiiieeeeee ettt e e s aeeeees 194

G T T o 7 B g = T o] [0 1Y/ 1= TSP 195
T o 7 P o= T o] [0 1Y/ 1= TS 196
5.4.3.8. HA/H2N@PIOTY PO .. ce ettt 197
5.4.3.9. HAHA NaPIOtYPe. ...t e e 198
5.4.4. Investigating the relationship between the presence of each haplotype of3exon 3

of the NLRP1b gene and each helminth parasite infectian................ccccceeeee. 199
5.4.4. 1 PlagiOrChIS.......oveiiiiiiiiiii e 199
5.4.42. HEligMOSOMOIAES........uuiiiieeiiiiiiie e ettt e e e e e s e e e e e e 201

Two significant associations were obtained betwétrligmosomoidemfection and
haplotypes H1/H4 and H4/Hof exon 33 of the NLRP1b gene.........cccccocvvvivvvvvvnnnnnne. 201
5.4.4.3.SYPRACEA. ......coi it 203
5.4.4. 4. CAPIIAITA. ...ceiieeiiiieee e 204
T =] oo [T - T PSR 205
5.4.4.6.BraCchyla@muUs...........cccoooiiiiiiiiii e a e e e e e e e e e a e 206
[ Yo U £ (o] o 1 TR 207
L = o) 1= S TSPt 211
6. DISCUSSION @QNOBUIMIMIBIY ...eiiiiiitiiiiie ettt ettt e et e e e e e et e et e e e e e bbb et e eemt e e e e s anbbe e e e e e e annrnes 212
6.1 FULUIE DIFECHON. ... uutiiiiiiiiiiiii ettt rmnne e anennne 221
LS (=] =] 1= OSSP 224
Y o] 0 1=] Lo [ G P PSR POPPPRPRP 233



Tables of Figures:

Figure 1.1. ToHlIKe reCeptor SITUCTULE ........iiiiei e eeeeee e 24
Figure 1.2. Specific legeraf each member of the TLR family..........ccccooiiiiiiiiiiiann. 26
Figure 1.3Toxoplasma gondiLife CyCle...........cooiriiiiiiiiiiiiie s 40
Figure 1.4. Different stages ®bxoplasma goNdil.........ccoeeereeiiiiiiiiiemmniee e eeeeeeeeeeeeiiiiiiee 42
Figure 1.9Life cycle ofHeligmosomoides polygyrils MiCe ........cccoeeeeeeiiiiiiiiiiinnneeeeeeee 47
Figure 4.1 Domain structure and activati@af NLRPL..............ccccceeiiiiiiii e 97
Figure 4.2. DNA sequence of Variant 1 of the NLRP1b gene Marsimusculus........... 102
Figure 4.3. Protein sequence of Variant 1 of the NLRP1b geneMwsmusculus........ 103
Figure 4.4. DNA sequence of Variant 2 of the NLRP1b gene Mos musculus........... 104
Figure 4.5. Protein sequence of variant 2 of the NLRP1b geneMigsimusculus......... 105
Figure 4.6. Clustal alignment between NLRRbtein variants 1 and 2 showing the
differences between theml. ... e 107
Figure 4.7. Map of NLRP1b gene variants 1 and 2 that showsexa introns............. 108
Figure 4.8. Clustal alignment of variants 1 and variant 2 of the NLRP1b gend/ftem
IMUSCUIUS ..t s e e e e e e e e e e e s eemea s s s e e e e e e eeeeeeeeeeeeesstnnneeeeeeeeeeeeeeenssnnnnnns 114
Figure 4.9. Representative agarose gel (1.5%) image showing PCR amplificatioMafkthe
musculudeta tubulin fragment............ccoooiii i 117
Figure 4.10. Representative agarose gel (1.5%) image showing PCR amplification of the
Apodemus sylvaticuzeta tubulin fragm@...............oovviiiiiii e, 117
Figure 4.11. Representative agarose gel (1.5%) image showing PCR amplificafios of
musculusNLRP1b fragments using er 2, 33 and 32 primers.......cccccceeeeeeiiniiiiiiceeenn 118
Figure 4.12. Representative agarose gel (1.5%) image showing PCR amplification of
ApodemusylvaticusNLRP1b fragments using exor33and 32 primers............cccceeveee. 119
Figure 4.13. Representative agarose gel (1.5%) image showingiflRcation of the
Apodemus sylvaticSLRP1b gene using €X0N 2 PrMEl . ......cuuiiiiieeiiiiiiiiaaeeeeeeeeeeenn 119
Figure 4.14. Representative agarose gel (1.588ape showing PCR amplification of the
Apodemus sylvaticldLRP1b gene using eXORBPIMET..........uuuiiiiiiieeeeeeeeieeeiieeeeeennn 120
Figure 4.15. Raw sequence aftile 3. ... e 121
Figure 4.16. Reversed raw sequence of sample 3...........ooovviiiiieeiiceeeeveiivn 122

Figure 4.17. Sample 3 forward sequences after correcting unreliable sequences....123
Figure 4.18. Sample 3 reverse sequence after correcting for unreliable sequencesl123
Figure 4.19. Clustal alignment of sample 3 exehfBrward and reverse complement

TS0 [ UL [T PP 124
Figure 4.20. Clustadlignment of sample 3 exon3forward and reverse complement

sequences with a mouse reference sequence (NLRRLD).........ccooooiiiiceeri e, 125
Figure 4.21Clustal alignment for forward sequences of all four samples................. 126

Figure 4.22. SEQ forward and reverse locations in the sequétieeexon 2 product..128

Figure 4.23. SEQ?2 primers forward and reverse locations in the sequence of the2ékon 3
o100 18 ox FH TP PPPPPPPPPPPPR 129



Figure 4.24Representative agarose gel (1.5%) image showing PCR amplification of

Apodemus sylvaticl$LRP1b fragment using primers3N.. ........ccccovvveeieeeeeiiivieeeeneeennn 130
Figure 4.25Representative agarose gel (1.5%) image showing PCR amplification of
Apodenas sylvaticulNLRP1b fragment using primersZN.. ........ccccoevveeeieeeeeeevieeeieeeennn. 130
Figure 4.26. Sequence of the PCR product of exBN.3...............ccevviiiiiiiieeeiiiiiiieee 131
Figure 4.28. Clustal alignment of sequences 301, 303,.111.......ccccoeeiiiiiiiiccciiiennennn. 133
Figure 4.30Representative agarose gel (1.5%) image showing PCR amplification of
Apodemus sylvaticl$LRP1b fragments using primefZ3.........cccccceeeeeeiiiiiiiieeene e 136
Figure 4.32Representative agarose gel (1.5%) image showing PCR amplification of
Apodemus sylvaticdLRP1b fragments using primefI3...........ccccoviiiiiiiiiivieesiiieeeeee 137
Figure 4.33. Consensus sequence Of eXBN.3........ccccovviiiieeiiiieeeiiiie e eeeeeeeeen 138
Figure 4.34. Protein translation of eXO2 38QUENCE..............ueueeiiiiiiiieeeereiiiireee e 139
Figure 4.35. Four different haplotypes of the exehréggion of NLRP1b....................... 139
Figure 4.36. Protein translations of the four different haplotypes of e2an 3............. 140
Figure 4.37. Clustal alignment of the four different protein haplotypes.................... 141
Figure 4.38 Association between the haplotypes of &®mand the numbers of the samples.
................................................................................................................................... 144
Figure 4.39Toxoplasmanfected mice and their haplotypes............cccccviiiiiiieeccninnnne. 144
Figure 4.40. Relation between H2/H3 haplotype &oxlbplasmaositive and negative mice.
................................................................................................................................... 145
Figure 4.41. Relation between H4/H4 haplotype &oxlbplasmaositive and negative mice.
................................................................................................................................... 146
Figure 4.42. Association between homozygosity and heterozygosity at the 16 amino acid SNP
location andloxoplasmanfection StatUS..............ooooiiiiiiimmmn e 147
Figure 4.43. Association between homozygosity and heterozygosity at 23 amino acid SNP
location andloxoplasmanfection StatUS..............oooooiiiiiiimmmn e 148
Figure 4.44. Association between homozygosity and heterozygosity at both amino acid SNP
locations (16 & 23) and@oxoplasmanfection Status.............cccovvvvvvveeiiennn e 149
Figure 4.45. Consensus sequence of ex8ntBe red shaded nucleotides show the SNP

[oTo%= 1110} o = PSP 149
Figure 4.46. Four different haplotypes of exe8,3he red shaded nucleotides show the SNP
[oTo%= 11 0] o =TRSO 150
Figure 4.47. Four different haplotypes of eXeB.3...........oooiiiiiiiiiiee e 151
Figure 4.48Clustal alignment of four protein haplotypes of e808...........cccccccvveeeeenn. 152
Figure 4.49 Association between the haplotypes of ex®add the numbers of sampld&4
Figure 4.50. Relation betwedimxoplasmanfected mice and their haplotypes............. 155
Figure 4.51. Relation between H4/H4 haplotypesBEoxbplasmapositive and negative

0o =P RRRRP 155
Figure 4.52. Association between homozygosity and heterozygosity at the 11 amino acid SNP
location in exon B andToxoplasmanfection status..............ccoevviiiiiiieeee e, 157



Figure 4.53. Association between homozygosity and heterozygosity at the 36 amino acid SNP

position in exon B andToxoplasmanfection StatuS...........cooovveeieiiiiiieeeiii e 158
Figure 4.54. Association between homozygosity and heterozygosity at both the 11 and 36
amino acid SNP positions afi@xoplasmanfection status..................cccccceieiviceeeivnnnnnns 159
Figure 5.1. Haplotypes of exorZ3from 80Apodemus sylvaticusice and numerical

infection status of each haplotype (negatsiagle or multiple infections)..................... 171

Figure 5.2. Haplotypes of exor33of the NLRP1b gene from &podemus sylvaticusice
and he infection status of each haplotype (negative, single or multiple infectians)..189



Table of Tables:

Tablel.1. Some TLRsS and their OULCOMES...........ccovvviiiiiiiemmeee et eeeeeeaeees 27
Table 1.2. Examples of different pathogens that arsfieared by rats in different parts of the
11170 ] (o USRI 34
Tablel.3. The prevalence ©f gondiiinfection in disabled children in ChirfZhouet al.,

720 5 SR U P PPPPR 43
Table 2.4. Mammalian tubulin PCR cycling conditions................cccciimmmnnniniiiiinnnee. a9
Table 2.5. Sequences of the Tubulin PrIMErS........cccooeiieiiiiiiieeee e, 60

Table 2.7. Details of NLRP1b primers annealing temperature and expected fragmetlsize.
Table 3.1. Investigation of the relateinp between negative, single and multiple parasitic

infections and the presence of TLR11 haplotype. l.......cccoovvviiiiiiicciieeeeeecee e 70
Table 3.2. Investigatioof the relationship between negative, single and multiple parasitic
infections and the presence of TLR11 haplotype 2..........ccooeiiiiiiieeeiii e, 71
Table 33. Investigation of the relationship between negative, single and multiple parasitic
infection and the presence of TLR12 haplotype.L.......c.cccoooeeiiiiieeeiiiiiie e 72
Table 3.4. Investigation of the relationship betwB&giorchisinfection and the presence of
TLR11 homozygous and heterozygous haplotypes.............eeeeeeviiieeeiiiieieiniiiiiieeeeeeen 73
Table 3.6. Investigation of the relationship betwkletigmosomoidemfection and the
presence of the TLR11 homozygous and heterozygous haplotypes..............ccccceeee. 74
Table 3.7. Investigation of the relationship betwkletigmosomoidemfection and the
presence of the TLR12 homozygous and heterozylgapletypes..............ccovvvvvvvvivvieeen... 75
Table 3.8. Investigation of the relationship betw8gphaceanfection and the presence of
the TLR11 homozygousd heterozygous haplotypes.........ccceeveeeeeeeiiiieeeiiiii e, 76
Table 3.9. Investigation of the relationship betw8gphaceanfection and the presence of
the TLR12 homozygous and heterozygous haplotypes..........cccceeeeiiiieeeeiieiiiee e, 76
Table 3.10. Investigation of the relationshigtweenCapillaria infection and the presence of
the TLR11 homozygous and heterozygous haplotypes...............eeeevvieeciiiiiieieeenieennenn. 77
Table 3.11. Investigation difie relationship betweddapillaria infection and the presence of
the TLR112 homozygous and heterozygous haplotypes.............cccccvmimmmnnniniiiiivnnnnne. 77
Table 312. Investigation of the relationship betwdasloderainfection and the presence of
the TLR11 homozygous and heterozygous haplotypes...............eeevviieeeiiiiiiiieeiniennnenn. 78
Table 3.13. Investigation of the relationship betwBeloderainfection and the presence of
the TLR12 homozygous and heterozygous haplotypes..........cccceeeiiiieeeeiiii e, 78
Table 3.14. Investigation of the relationship betwBeschylaemusgnfection and the
presence of the TLR11 homozygote and heterozygote hppkty............ccoooeviviiiinnnnnn. 79
Table 3.15. Investigation of the relationship betwBeschylaemusgnfection and the
presence of the TLR12 homozygous &eterozygous haplotypes...........ccccovvvvivivvieee.n. 79
Table 3.16. Investigation of the relationship betwBkgiorchisinfection and the presence
Of TLRLL NaPIOtyPe L. ..ttt ettt et e e e e e e e e e e e e e e s s e e e e e as 80
Table 3.17. Investigation of the relationship betwRkgiorchisinfectionand the presence
Of TLR12 NAPIOtYPe L. ...ttt e ettt r e et e e e e e e e e e e e e e s s e e e e e as 80



Table 3.18. Investigation of the relationship betwdeligmosomoidemfection and the

presence of TLR11 haplotype. L........cooooiiiiiiiiiiiieeee et 81
Table 3.19. Investigation of the relationship betwdefigmosomoidemfection and the
presence of TLR12 haplotype.d........cccoooiiiiiiiieiieeee e 81
Table 3.20. Investigation of the relationship betw8gphaceanfection andhe presence of
LI 0 = o] [ 1Y/ o = 0t P PPPPPP 82
Table 3.21. Investigation of the relationship betw8gphaceanfection and the presenoé
LI 2 g = o] [ 1Y/ o = 0t PSPPPP 82
Table 3.22. Investigation of the relationship betw€apillaria infection and the presence of
TLRI1 NAPOLYPE L.ttt e e 82
Table 3.23. Investigation of the relationship betw€apillaria infection and the presence of
TLR12 NAPIOLYPE L.t 33
Table 3.24. Investigation of the relationship betwBeloderainfection and the presence of
TLRI1 NAPIOLYPE Le oo 83
Table 3.25. Investigation of the relationship betwBeloderainfection and presence of
LI 2 g = o] [ Y/ o = e R PSPPRP 384
Table 3.26. Investigation of the relationship between pard&sitichylaemusnfection and

the presence of TLR11 haplotype.L.....ccccooiieiiiiiiiiiieeee e 84
Table 3.27. Investigation of the relationship between par&sitichylaemusgnfection and

the presence of TLR12 haplotype.l.......cooiiiiiiiiii e 85
Table 3.28. Investigation of the relationship betwikagiorchisinfection and the presence
Of TLRL1 NAPIOtYPE 2. ..ttt e ee ettt e e e e e e e e e e e e e e e s s e e e e ns 85
Table 3.29. Investigation of the relationship betwideligmosomoidemfection and the
presence Of TLR11 haplotype.2.......ccooiiiiiiiiiiiieeeiiit e eeer e e e e e e e e e 86
Table 3.30. Investigation of the relationship betwB8gphaceanfection and the presence of
LI A o o] [ Y/ = PO PPPPPPP 36
Table 3.31. Investigation of the relationship betw€apillaria infection and the presence of
LI 3 A =T o] [ Y/ o = OO PPPPPPPP 87
Table 3.32. Investigation of the relationship betwBeloderainfection and the presence of
LI A o o] [ Y/ = PO PPPPPPP 87
Table 3.33. Investigation of the relationship betwBeschylaemusgnfection and the
presence of TLR11 haplotype.2.......ccooiiiiiiiiiiiiieeeiiii e eeer e e e e e e e e 88
Table 3.34. Summary of the statistical significance between TLR 11 (haplotypes H1 and H2),
TLR12 (haplotype H1) and negative, single and multiple parasitic infectians............ 89
Table 4.1 Start and end of each protein domain of NLRP1b variant 1..................... 109
Table 4.2 Start and end of each protein domain of NLRP1b variant 2..................... 109

Table 4.3. Bssible initial primer sequences for amplification of fragments of the mouse
NLRP1b gene and primers after adding ambiguity letters to improve recognition....114

Table 4.4. Forward and reverse initial primer details................cccuvimemniiiiiiiiiiiiiiieee. 116
Table 4.5. Forward and reverse exe2N8and exon BN primer detalls........................ 127
Table 4.6. Forward and reverse SEQ and SEQ2 primer details............cccccvveeeeeennn. 127
Table 4.7. Forward and reverse exeh,2xon 32 and exon 7 primer details............... 134

10



Table 4.8. Summary of primers that had been designed and used to amplify fragments of the

MOUSE NLRPLD ENE.. ..o e e e et nnne e e e e 138
Table 4.9. Summary of SNP positions and amino acid changes................cccceeeeenn. 142
Table 4.10. Table of each mouse ID and its NLRP1b ex®dh&plotype..........cccc.ouu.. 143
Table 4.11. Calculated twiailed P value for each haplotype of exeR.3...................... 147
Table 4.12 Summary of SNP positions and amino acid changes............cccccccoeeeeeee. 152
Table 4.13. Table of each mouse and its NLRP1b ex®dh&plotype...............ceevveees 153
Table 4.14. Calculated twiailed P values for each haplotype of exe8. 3.................... 156
Table 5.1. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exe Baplotype H1/H1 of the NRP1b gene............... 172
Table 5.2. Investigation of the relationship between negative, single and multiple parasitic
infections and the psence of exon-3 haplotype H1/H2 of the NLRP1b gene............ 173
Table 5.3. Investigation of the relationship between negative, sindlenultiple parasitic
infections and the presence of exe Baplotype H2/H2 of the NLRP1b gene............ 174
Table 5.4. Investigatioaof the relationship between negative, single and multiple parasitic
infections and the presence of exe@ Baplotype H3/H2 of the NLRP1b gene............ 175
Table 5.5. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exe@ Baplotype H1/H3 of the NLRP1b gene............ 176
Table 5. 6. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exe Bi2/H3 of the NLRP1b gene haplotype............ 177
Table 5.7. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exe Baplotype H3/H3fathe NLRP1b gene............... 178
Table 5.8. Investigation of the relationship between negative, single and multiple parasitic
infections ad the presence of exor23haplotype H4/H4 of the NLRP1b gene............ 179
Table 5.9. Summary of the P values of the relatiorestigated between the parasitic
infection status and each haplotype of exdh@ NLRPL1D...........cvvviiiiiiiiiiiiice. 181
Table 5.10. Summary of P valuekall haplotypes of exon-3 of the NLRP1b gene and
PlagiorChISINFECTION ..o e e e eeee e 182
Table 5.11. Investigation of the relationship betwHeligmosomoidemfection and the
presence of exon-3 haplotype H1/H2 of the NLRP1b gene..........cccccceeiieeiiiieceeennnnnnns 182
Table 5.12. Summary of P vakief all haplotypes of exon3of the NLRP1b gene and
HeligmosomoideBIfeCtioN............coiiii e 183
Table 5.13. Investigation of the relationship betwBgphaceanfection and the presence of
exon 32 haplotype H1/H2 of the NLRP1b gene..........ccoooiiiiiiiiceen e 183
Table 5.14. Investigation of the relationship betwB8gphaceanfection and the presence of
exon 32 haplotype H3/H2 of the NLRP1b gene..........ccoooiiiiiiiieeee i 184
Table 5.15. Summary of P values of all haplotypes of exdrofthe NLRP1b gene and
SYPNACEMITECTION.......uiiiiiiiiiiiiii e 184
Table 5.16. Investigation of the relationship betw€apillaria infection and the presence of
exon 32 haplotype H3/H3 of the NLRP1D gene.........ccccuviiiiiiiiiieeeiiiiiiieieeeeeeee e 185
Table 5.17. Summary of P values of all haplotypes of exdrofthe NLRP1b gene and
Capillaria INTECHION. ...ttt e e e e e e e e e e e e s s e e e e e e as 186

11



Table 5.18. Investigation of the relationship betwBeloderainfection and the presence of
exon 32 haplotype H3/H3 of the NLRP1b gene..........oooiiiii e 186

Table 5.19. Summary of P values of all haplotypes of exdmf3the NLRP1b gene and
= (o0 [T =L =1 1 0] o PSPPI 187

Table 5.20. Summary of P values of all haplotypes of exdmf3the NLRP1b gene and
BrachylaemuSnfeCtioN. .........coooi i eennne 188

Table 5.21. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exef Baplotype H1/H1of the NRP1b gene................ 189

Table 5.22. Investigation of the relationship between negative, single and multiple parasitic
infections and thengsence of exon-3 haplotype H1/H2 of the NLRP1b gene............ 191

Table 5.23 Investigation of the relationship between single and teyt@pasitic infections
and the presence of exorBhaplotype H1/H4 of the NLRP1b gene.........cccevvvveveeee. 192

Table 5.24. Investigation of threlationship between negative, single and multiple parasitic
infections and the presence of exef Baplotype H2/H2 of the NLRP1b gene............ 193

Table 5.25. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exef Baplotype H3/H2 of the NLRP1b gene............ 194

Table 5.26. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exef Baplotype H3/H3 of the NLRP1b gene............ 195

Table 5.27. Investigation of the relationship between negative, single and multiple parasitic
infections and the presence of exe8 Baplotype H3/H4 of thBILRP1b gene............... 196

Table 5.28. Investigation of the relationship between negative, single and multiple parasitic
infections and theresence of exon-3 haplotype H4/H2 of the NLRP1b gene............ 197

Table 5.29. Investigation of the relationship between negativdesang multiple parasitic
infections and the presence of exe Bi4/H4 of the NLRP1b gene haplotype............ 198

Table 5.30. Investigatioof the relationship betwedtagiorchisinfection and the presence
of exon 33 haplotype H3/H3 of the NLRP1b gene.........ccccoooooeiiiiiiiceciiiie e, 199

Table 531. Investigation of the relationship betwd&agiorchisinfection and the presence

Table 5.33. Summary of P values of all haplotypes of ex8mf3the NLRP1b gene and
PlagiorChiSINFECTION ..o e eeeee e 201

Table 5.34. Investigation of the relationship betwdeligmosomoidemfection and the
presence of exon-3 haplotype H1/H4 of the NLRP1b gene..........ccccceeeeieiiiiieccennnnnnns 201

5.35. Investigation of the relationship betwégzligmosomoidemfections and the presence
of exon 33 haplotype H4/H4 of the NLRP1b gene.........ccoooooeeeeeiiiiieeeeiieee e, 202

Table 5.36. Summary of P values of all haplotypes of ex8mf3the NLRP1b gene and
HeligmosomOoIdeBIfeCtiON.............iii e e s 202

Table 5.37. Investigation of the relationship betwB8gphaceanfection and the presence of
exon 33 haplotype H1/H4 of the NLRP1b gene..........ccoooviiiiiiiieeee i 203

Table 5.38. Summary of P values of all haplotypes of ex8mf3the NLRP1b gene and
SYPNACEANTECTION... ..o e e 203

12



Table 5.39. Investigation of the relationship betw€apillaria infection and the presence of

exon 33 haplotype H1/H4 of the NLRP1b gene.........coooiiiiiiiccc e 204
Table 5.40. Summary of P values of all haplotypes of ex8mf3the NLRP1b gene and
(@1 o] ]| F= T4 = T =T £ o TSP 204
Table 5.41. Investigation of the relationship betwPeloderainfection and the presence of
exon 33 haplotype H2/H2 of the NLRP1b gene.........ccooovvriiiiiiriee e 205
Table 5.42. Summary of P values of all haplotypes of ex8mf3the NLRP1b gene and
PeloderaiNfECHION........ueiiiiiiiiiiii e 205

Table 5.43. Investigation of the relationship betwBeschylaemusgnfection and the
presence of exon-3 of the NLRP1b gene haplotype HL/H2..........ccccceeiiiiiiiiecciiinnnns 206

Table 5.44. Summary of P values of all haplotypes of ex8mf3the NLRP1b gene and
BrachylaemuSNTECION. .....cooe e eeenee 206

Table5.45. Summary of significant associations of exethéhd 33. Red shaded haplotypes
are showing resistance and yellow shaded haploty@eshowing susceptibility to the
11 £=To1 1] o TR PRSP 207

13



Statement of Authorship:

| hereby certify that | am the sole owner of tthesis. The work contained in this thesis has
not previously submitted for a degree or diploma at any other universities or institutions.

To the best of my knowledge, this thesis contains no material previously published or written
by author except whereud to references have been made in accordance with standard

referencing practices.

14



Acknowledgment:

First of all, I would like to thank my God for giving me this opportunity and chance and
guide me to choose the right things. Furthermoregould like to appreciate King Abdullah

Bin Abdulaziz for his decision to invent the scholarship program to support his people. Also,

| would like to thank University of Tabok as well as Ministry of Higher Education for their
thrust and support that Ipgld me during my PhD. Furthermore, | would like to express my
gratitude to my supervisors Professor Geoff Hide for the useful comments, gaudiness,
patience, motivations and the support on the way. Also, Last but not thd lgastd like to

thank my famly; my parents Faisal Shater and Hayat Sindi, my wife Rana Saleem, my sister
Roaa Shater and my twins Faisal and Yousef who have supported me throughout entire
process, both by keeping me harmonious and helping me putting pieces together. | will be

gratefu forever for your love.

15



List of Abbreviations:

TLR
AIDS
IFAT
LAT
SAG
GRA
MLN
HSE

| FNo
IL-12
NBD
NBD
STAT-3
BN
SNPs
P2x7r
BMDM
LPS
LLRs
SSRNA
MYD88
TRIF
TIRAP
CCL2

NF-kappa B.

HSV-1
SM
PAMPs
FliC

PCR
dNTP
XTBE

DC
UNC93B1
TgPRF
PYD
CASP1
IL-1B
CARD
ASC linker

Toll like receptors

Acquired Immune Deficiency Syndrome
Immunofluorescence antibody

Latex agglutinin Test

Surface Antigen of. gondii

Dense Granule Protein

Mesenteric Lymph Nodes

H. polygyrusexecratory secretory antigen
Interferon Gamma

Interleukin 12

NOD-like receptors

Nucleotides Binding Domain

Signal Transducer and Activator of Transcription 3
Norway mice

SingleNucleotide Polymorphism

P2X Purinoceptor 7

Bone Marrow Derived Macrophage
Lipopolysaccharides

LeucineRich Repeat

Single Strand RNA

Myeloid Differentiation Primary Response 88
TIR-DomainContaining Adaptetnducing Interferorb
Toll-Interleukin 1 Receptor (TIR) Domain Containing Adaptor Protein
Chemokine Ligand 2

The Nuclear Factor Kappa B

Herpes Simplex Virus

Smith Artibody

Pathogen Associated Molecular Pattern

Flagillin

Polymerases Chain Reaction

Deoxyribonucleotide triphosphate
Tris/Borate/EDTA Buffer

Dendritic Cell

Unc-93 homolog B1 Protein

Toxoplasma gondrofilin

Pyrin Domain

Caspase 1

Interleukin 1 Beta

Caspase RecruitmeBobmain

ApoptosisAssociated Speekike Protein Containing a CARD

16



Abstract:

The aims of this study are to investigate DNA sequence variation in immune genes from
Apodemus sylvaticus relation to parasite infection. The purpose is to investigate the
hypothesis that immune gene variation can influence parasite infection. Evfdancether
studies, such as infection of wild voles wibrrelia and cattle with bovine tuberculosis, has
demonstrated that the DNA sequence (and therefore the protein sequence}liké toll
receptors (TLRs) is correlated with infection status. Recerdrdéry studies on mice
showed that the genes for TLR11 or TLR12 are essential for recognition of the parasite
Toxoplasma gondii Furthermore, the NLRP1b gene, a key component in regulating
inflammation during infection, her been found in laboratory stidiee be responsible for
resistance of the mice against toxoplasmosis. Also, it is located &bxbé&locus which has

been shown to be a key host locus for controllifaxoplasmaparasite proliferation and
recent studies on inbred mice confirm that NLRIsLthe main gene that is responsible for
this control. But little is known of the role of these innate immune system genes in natural
populations. The purpose of this study is to investigate gene diversity in relation to parasite
infection in wild rodenpopulations.

A recent study in our laboratory resulted in 126 wild wood mige(lemus sylvatichbeing

tested fofT. gondiiinfection and other helminth parasites. This provides a topical opportunity
to investigate DNA polymorphisms iNLRP1 and TLRsthat could be associated with
infection.

In a study which investigated polymorphisms in relation to TLR11 and TLR 12, several
relations werebtained but only one of them is significant which is the relahgrbetween
Syphaceanfection with H2 and non Bihaplotype

At the start of the project no sequence was available for the NLRP1b gena&.fsyhaaticus

Using Clustal alignment of DNA sequences fréfius musculusand other rodents, several
combinations of PCR primer pairs were designed and testedef@antplification of parts of

this gene fromA. sylvaticus The amplification is complex due to the arrangement of exons
andintrons,but successful sequences have been obtained for Exon 3 part 2 and Exon 3 part 3
(approximately 450 base pairs) which covédre function region, called NACHT, from 80
mice. Polymorphisms were found at amino acid positions 15 and 22 of ékxan@positions

11 and 36 of exon-3. Exon 32 amino acid polymorphism is either methionine or leucine at
position 15 and glutamic aca alanine at position 2Exon 3-3 amino acid polymorphisns

either histidine or leucine at position 16 and glutamic acid or lysine at po8i@ofhe

polymorphisms found in the NLRP1b gene were examineaigrrelationship to a broad
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range of nematodparasitesOne of the exon 2 haplotypeqH1/H2) shows a significant
associationwith different nematodesnd two haplotyps (H2/H3 and H4/H4)have a
significant association witlToxoplasmagondii in respect for different helminth parasites
Furthermore, three of the exor8haplotypegH1/H4, H4/H4andH3/H3) show a significant
association with different nematodes ame:haplotype(H4/H4) hasa significant association

with Toxoplasmagondii. In addition, me haplotype of exon-3 which is H2/H2 showeda
significant association with parasitic infection status (negadiveultiple parasites)Also,

the homozygosity andheterozygosityof the SNPs were investigated. For exoi2, 3the
homozygosity of the first SNPs locus showed significanb@aton with Toxoplasma
gondii. For exon 33, the homozygosity of the first SNAscus, and thesecond SNPs locus
when analysedeparatelyshow significant association whidfoxoplasma gondiiBut, when
analysedogetherthe heterozygosityf both SNPsdcusshowedsignificant associatiowith
Toxoplasma gondin respect for different helminth parasites

In this study, DNA sequence variation was found in the immune genes (TLR11, 12 and
NLRP1b) natural populations of woonhice. There was an associatitbetween some
haplotypes and parasite infection. This provides evidence in support of the hypothesis that
variation in immune gene sequences can influence parasite infection. Future studies should be
aimed at identifying the detailed interactions betweeragtes and host immune genes in

natural populations of wild animals.
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Chapter 1

Introductian



1. Introduction.

1.1 Adaptive Immune System

The adaptive immune response is considered to be a specific mechanism of defence due to its
ability to fight specific pathogens. An adaptive immune response requires more time than an
innate immune response to be activated. However, it has the abilightdlfe same antigen

faster if it invades the bodygain(Alberts et al, 2002) This is very important, because an
innate immune response cannot clear all kinds of infection (Janewaly 2001). Also, an
adaptive immune response works as a memory for pathogens, which helps in the clearance
process in a case of acquiring the same infection repeatedly. The adaptive immune response
is controlled by the T and B Lymphocytes. This kind of immune resporssevioamain parts

that play key roles in the defence mechanism. The first part is antibody production, while the
second part is a cefhediated response. The most important cell involved in antibody
production is the B cell. The function of a erlediatedesponse is to activate different cells,

such as macrophages and natural killer cells. Also, areadiated response is involved in the
production of cytokines. An adaptive immune response is controlled by an innate immune
response via an activation seqae (Schnaret al.,, 2001).

Antigens of foreign pathogens are presented to CD4 and CD 8 T lymphocytes by B cells,
macrophages and dendritic cell3elgkinset al, 2001). CD4 T lymphocytes are very
important for antibody production by B lymphocytes (Jolmnsod Sayles, 2002). CD8 T

| ymphocytesd main function is to destroy par
infection. It produces some cytokines such as interferon gamma to fight infections. The
production of interferon gamma occurs by twagessesCD40/CD40L interaction and
perforirmediated cytolysis of infected host celRefchmannet al, 2000;Denkerset al.,

1997). In vitro experiments show that CD4 and CD8 T lymphocyte depletion from previously
infected mice leads to reactivation of the disease and severe symptoms (Gagiziaklli

1992).
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1.2 Innate Immune Systen.

There are two types of immune defencethe mammalian body. The first defence is an
innate immune response, while the second is an adaptive immune response. Both mechanisms
have amain function, which is protection against any infect{@dberts et al, 2002An

innate immune response is one that exists in the mammalian body fronfSinibn et al,,

2015) As such, it response is very important because it is the first defence mechahism to
triggered directly after infection, while an adaptive immune response requivesiads
(Janewayet al, 2001). The innate immune response is considered the first mechanism of
defence against foreign antigens. It is known as aspegific response due to its ability to be
activated by different types of pathogens. The innate immune response consiste of thre
levels that work together against foreign pathogens. The first level is an anatomic barrier, e.g.
skin, tears, saliva, mucus and cilia in the intestinal and respiratory tracts. The second level is
ahumoral barrier, e.g. theomplement system and Intarlen-1. The third level is a cellular

barrier, e.g. neutrophils, macrophages, dendritic cells, natural killer cells and natural killer T
cells. Each type of cell plays a very important rolenie innate immune response. The innate
immune response plays anportant role in the control of. gondiiinfection. Many studies

have shown that-Tymphocytedeficient animals have high levels of parasitaadberg and

Frenkel, 1977). Following infection, three types of immune system cells are directed to the
site of a parasite, these amonocytes, neutrophils and dendritic ceufayet al, 2008;

Bliss et al, 2000; Taitet al, 2010). After that, IE12 is produced by the antigen presenting

cells, which leads to the production of interferon gamma by T lympéseytd natural killer

cells. IFN-2 producti on i S very I mpoaaplasena gondii o r p
replication and infectionGazzinelli, 1993; Hunter, 1994n vitro studies show that an{12

orlIFN-o deficiency i n | ab® gandiofferg noncontrat overthé ect e d
parasite $uzuki, 1988; Gazzinelli, 1994)oxoplasma gondinust be recognized by the host

in order to start the mechanism of an innate immune response. TLR receptors are responsible
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for detection of parasites. TheMyD88 sends a signal from the TLR receptors to initiate a
response. MyD88 deficient mice show susceptibility to infect®rafiga, 2002)There are
many types of tollike receptors and four of them, TLRs 2, 4, 9 and 11, are involved in
activation of the immoe response again3t gondii infection (Yarovinsky et al, 2005;
Jenkinset al, 2010). Many types of cells are involved in fightifgpxoplasma gondii
infection. Four cells are responsible for production elLf, these ardendritic cells $canga

et al, 2002) neutrophils which store H12 (Bliss et al, 2000), macrophages and
inflammatory monocytesDendritic cells are the main source of-1P during T. gondii
infection Reis e Sousat al, 1997). Neutrophils are important not only for1R production

but asan important mechanism for killing parasites. For example, the release of reactive
chemical species, the formation of extracellular traps and the formation of an enzyme that is
important for oxidative burst are neutroptiégpendentAbi Abdallahetal., 2012; Chtanova

et al, 2008; Konishiet al,1992). Natural killer cells are innate producers of interferon

gamma (Gazzinelli, 1993).

1.3 Immune Genes

1.31 Toll-like receptors.

The immune system has two main components, innate immunity and adaptive immunity.
These two components have the ability to select any invading microbial pathogens. Microbial
pathogens are recognized by the immune system asatioand this leads to activan of the
immune system talear themToll-like receptors are a group of receptor proteins that play a
major role in the innate immune response. They have the ability to detect certain pathogen
molecules due to their pathogassociated molecular patterThis process is called pattern
recognition(Christmas, 2010)A study in 1990 confirmed that telike receptors are very
important in innate immunity since mutations in the toll gene led the fruiDfbsophila

melanogasterto become more susceptible to infectifiremaitre et al, 1996) Toll-like
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receptors are type 1 membrane protéias consist of a trarmembrane domain and external

and internal domains. The external domain has small structural domains wi{ttenlier &
Lemaitre, 2008)

Toll-like receptors were identified as the main receptors that start host immunity against
fungal infection inDrosophilaat the end of the #0century(Lemaitreet al, 1996) After

that, TLR4 was discovered to have a function in the expression of a gene that plays a role in
inflammatory respongMedzhitovet al, 1997) Also, TLR 4 mutation in some mouse strains
makes them not respond to LPE.R 4 is considered to be the fidiscoreredmammalian

TLR. Later, many proteins that are structurally similar to TLR4 were discovered and called
toll-like receptorgRocket al, 1998) The TLR family consists aipproximatelyl3 TLRs in
mammaliarspecies(Takedaet al, 2003) Both humans and mice share the same TLRs from
TLR1 to TLR9. TLR 10 is functional in humans but not in mice. TLR 11 is functional in
mice but has a stop codon in humans which responds in the absence of TEZRaffd,

2004)

After discovering the role of TLRSILRs were first called the Toll/I-1 receptor (TIR)
domain due to the strong similarity between the cytoplasmic part of TLRs and-the IL
receptor familyHowever,there is no structural similarity between the extracellular parts of
TLRs and I:1. The extracellulapart of TLRs is leucingich repeats (LRRs), while the
extracellular part of 11 has immunoglobulin. H1 receptors possess an immunoglobulin

like domain, whereas TLRs reside in the extracellular donfBwitorak, 1998)In the
beginning, the role of TLR 4 was established, and subsequently the role of each individual

TLR was discovered (Figure }.4

Toll-like receptors are a type 1 membrane protein that cemdisttransmembrane domain
andexternaland internal domains. The external domain has small structural domains within it

(Figure 11 )(Leulier & Lemaitre, 2008 Pathogen molecules bind to the external domain.
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This binding activates the internal domain (cytoplasmic), which leads tactination of
different types of proteinThose proteins include MYD88, TRAM, TRIF and MAL/TIRAP
(Johnston2007) MYD88, TRAM, TRIF and MAL/TIRAP are five adaptor proteins that are
involved in the signalling pathway O6 Ne i | | & . e bindirgg betveén @ /Rs and
MyD88, Mal/TIRAP, TRAM and TRIF mediates the signalling of hstrobial interaction.

For example, TLR4 use two proteins, Mal/TIRAMYD88 and TRAMTRIF, to initiate tke
MyD88-dependenpathway(Figure 1.1).(Choiet al, 2010)

Also, other types of protein are activated inside the cell by this process, which leads to signal
transduction eents as a response to a patho@ieulier & Lemaitre, 2008)Binding of tolt

like receptors to foreign microbes leads to the activation of an innate imrespense
(Tablel.1) and the production of inflammatory cytokines, such as interledkintumour
necrosis factet) an d i 46.tSabsdquentlk amadaptive immune response is activated

(Johnston2007) The TLRs are a family of genes and their exact numbers vary from species
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Figure 11. Toll-like receptor structurf@_eulier & Lemaitre, 2008).
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There are about 13 tdike receptors in the mammalian immune system. The family of toll
like receptors consists of various humbers depending on the mammal. Humans have 10 toll
like receptors, TLR 1110. Mice have 12 tollike receptors, TLR19 and TLR1113. Each
toll-like receptor has a specific ligand, location autdcome(Figure1.2) (Takeda& Akira,

2005) TLR 11 is expressed in mice and has a pseudogene in hi{Raashet al, 2005)

TLR11 is a receptor that is located intracellularly and resides in the endoplasmitunetic
(Pifer et al, 2011) TLR11 plays a key role in the detection ®bxoplasma gondii
(Yarovinsky, 2005) Toxoplasma gondprofilin-like protein (TgPRF) has been identified as

an activator of the innate immune response. This protein is detected by TLR 11 and thus
leads to initiation of the production of cytokine interleuki by dendritic cells (DC), which

have a protectiveffect againsifoxoplasma infectiorfYarovinsky, 2005) The activation of
dendritic cells against Aoxoplasma gondinfection is regulated by the UNC93B1 protein.
UNC93B1 comprises 12 membragpanning endoplasmic reticulumesident proteins
directly coupled to TLR11n vivo. Ineffective UNC93B1 protein evokes the secretion of IL

12 by the dendritic cells and critically increases the sensibility to infection due to constraining

the Thl respons@iferet al, 2011)
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Figure 12. Specific legend of each member of the TLR familicrobial lipopeptides are
detected by TLR2, LP$s detected by TLR4, CpG DNA is recognized by TLR9, viral
dsRNA is detected by TLR3, viralerived ssRNA is recognized by TLR 7 and TLR 8, TLR5
recognizes flagellint@ken fromMeylan et al., 2004)

Many studies have investigated TLR ligands. The first study found thamnetnylated CpG
DNA is a ligand for tollike receptor 9, which is located in the endosome (Klinman, 2006).
Another study on TLR 7 and TLR 8 found that singleand RNA is their lignd and located

this in the endosome, while a further study confirmed that destlded RNA is a ligand for

toll-like receptor3 (Figure 1.2)Pichimairet al, 2011; Katcet al, 2008).
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Tablell. SomeTLRs and their outcomes.

TLR Outcome Referencés)

TLR 2 | Thl response and T cytotoxic | (Underhillet al, 1999)
(Duthieet al, 2011)

TLR 3 | Interferon production (Katoet al, 2008)

TLR 4 | Thl response and T cytotoxic | (Duthieet al, 2011).

TLR 5 | Thl response and T cytotoxic | (Franchiet al, 2006).

TLR 7 | Thl response (Hemmiet al, 2002)

TLR 8 | Thl response (Philbin & Levy, 2007)

TLR 9 | Thl response and T cytotoxic | (Klinman, 2006)

Toll-like receptos play a veryimportant role in pathogen detection and activatioraof
innate immune response in mamewhd insects. In 2001, Medzhitov explained thatliké
receptors have the ability to detect specific microbial elements (Medzhitov, 2001).

A study carried out in China found that tbKe receptor 2 playa crucial rée in patient
pulmonary tuberculosis susceptibility some particular arsasuch as Asia and Europk.
also found that tollike receptor 1 increasehe susceptibly to pulmonary tuberculosis in
Africa and AmericaOn the other hand, telike receptor6 is respongle for decrease risk

of the disease. That reswias achievedia ametaanalysis (Zhangt al, 2013).

Toll-like receptor 1 play an important role inthe case of infection e.g. Yersinia
enterocolitica It is responsible for cytokine CCL2 production. This kind of chemokine is
very important ina Yersinia enterocoliticanfection (Sugiuraet al, 2013).Toll-like receptor

2 is very important in the case of acute immune comgtesen arthritis.A deficiencyin
TLR 2 causes severe symptoms a@sllts inacute immune compledriven arthritis. It also

causes mangthersymptomssuch as joint, bone and cartilage diseases. The effect of TLR2

isexpressdi n managi ng Fco2Rs o0n-Rovdsaztalp2dld)ges ( Abdol |
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TLR 3 has the ability to detect the doulsteand RNA of pathogens. The detection of dsSRNA
leacs to the activation and production of different things such askdppaB and type 1
interferon.An experimentthat wasdone on mice confirmed that TLR3risquired to produce
some kind of cytokines Alexopoulouet al, 200]). Central nervous system epithelial tissue
has toll-like receptor 3. Tis receptor is very important and pkag vital role in herpes
simplex virusl (HSV1) encephalitis in the centraérvous system. On the other hards
not required in the defea against many pathogens (Zhatgl, 2007).

Plasmacytoid dendritic cells and B cells have the ability to detect many kinds of yauses
as vesicular stomatitis virus and influenzausir They have this ability because of 4k
receptor thatthey express. TLR 7 catchesalisinglestrand RNA. This process results in
the activation of cestimulatory molecules anthe production of cytokines. An experiment
done on mice showed that mice deficiemtTLR7 hase a lower response to vesicular
stomatitis virusl(und et al, 2004).

Experimentson autoimmune antibody disordehave shown the involvement of tohlike
receptors. For example toll-like receptor 7 has a major impaoh Systemic Lupus
Erythematosus disease. Systemic Lupus Erythematosus is an autoimmune disease where the
immune system attacks the body and causes damage. Seidrdigt observed some
reductiors in chranatin, Sm and rheumatoid factor autoantibodgiin autoimmune prone
mice. Thesekind of mice lack the tollike receptor adaptoprotein myeloid differentiation
adaptor proteinlyD88) (Lau et al,, 2005).

Toll-like receptor 8 is also involved in SystienLupus Erythematosus. TLR &fects the
production of interferon 1 aftehe activation ofaninnate immune respons¥dlimer et al,
2005).

Toll-like receptors have the ability to detect bacterial DNA because it haethylated CpG
di-nucleotides. TLR 9 is responsibfer detecing un-methylated CpG dnucleotides of

bacteria whetheyenter the bodyAn experimentfound thatmice with no tdl-like receptor 9
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hadno cell response in the presence ofnuethylated CpG dnucledides. (Hemmiet al,
2002). Also, TLR9 has the ability to regulate natural interfgnaducingcells (IPC) thatare
responsible foithe detection of some viruses atiae production of type 1 interferon and
interleukin 12. For instance, TLR 9 plays an important roldn@detection and clearance of

murine cytomegalovirus (Kruet al, 2004).

The susceptibility to parasitic infection varies among individuals. This nbghtlue to
genetic diversity. Several mechanisms control host resistance, such as negative frequency
dependent selection, ovdominance or temporal and spatial variation in the composition of

the parasite community.

Genetic diversity in host resistancancbe maintained by several aowtually exclusive
mechanismgHedrick, 2002Apanius et al, 1997Woolhouseet al, 2002). Due to their
intimate interactions with parasites, the genes involved in parasite recognition, rather than
immune signaling or effector genes, are predicted to be the main targetafegpaediated

directional selectiofTiffin & Moeller, 2006Sacktonret al, 2007 Turneret al, 2012)

Various approaches in biomedical research have been used to identify immune genes that
have the fundameal function of pathogen defendeor examplegene knockout in mice to
investigate the susceptiltyli of mice to some laboratory pathogens after impairing the
function of certain genef.i, Corraliza& Langhorne, 199®&lexopoulouet al, 2002Cooke

& Hill, 2001).

Whereas such an approach can provide important insights into parasite infection and host
defense pathwaysdt is agnostic about the level of naturally occurring polymorphisms
(laboratory mice are usually highly inbred) or the role of genes identified in coevolutionary
processes in natural populatiomsdeed, parasitenediated selection can only act if there is

variation in host defense traits. Thus, it remains generally unclear if candidate genes for

29



parasite resistance identified in a laboratory setting mediate variation in host resistance under

ecologically meaningful conditions, especially in #Fmmman vertbrates.

Also, there is accumulating evidence that environmental factors play a crucial role in shaping
immune system functioning, and thus the ways in which hosts interact with their
parasitefAbolins et al, 2011Boysen, Eide & Storset, 2011Therefore, we may gain
important insights into the evolution and function of the vertebrate immune system by
studying patterns of infection in natural hqstrasite systemgPedersen& Babayan,
201LMaizels & Nussey, 2013 urner & Paterson, 2013 his could prove particularly
fruitful for our understanding afefense strategies against zoonotic diseases, given the long

co-evolutionary history of wildlife with diseassausing agents.

TLRs are a group of proteins that play an important role in pathogen recognition. They can
detect a part of pathogens called paginassociated molecular patterns (PAMPS) either
extracellularly or inside the endosome. After they interact with PAMPSs, they send signals to
start an immune reense and antimicrobial actiafWest et al, 2006)TLR 11 plays an
important role in the detection dfoxoplasma gondiprofilin (TPRF)Yarovinsky, 2005)
Recent studies confirm that TLR 11 also plays an imporale in the detection of flagellin
(FIiIC) in some bacteria such 8almonellaand Typhimurium(Mathuret al, 2012)

TLR polymorphism is found to haveraajor effect in the susceptibility to different parasites

in humans and some domestic animals (eRyightbill, 1999Texereau et al,
2005Garantziotiset al, 2009 .

TLR12 is another of the TLR receptor proteins that plays an important role in the immune
system. TLR 12 also detects profilin protein and induces an innate immune response reaction
(Yarovinsky, 2005%Kuceraet al, 2010) Profilin is required for motilityhostcell invasion

and virulence for the parasitelattneret al, 2008) Two majorroles have been identified for

TLR12 against toxoplasma infection. The first role is the activation of TLR12 after exposure
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to the TgPRF offoxoplasma gondiihat then activates plasmacytoid dendritic cells (PDCs)
(Koblansky et al, 2013) while the second function is to form heterodimers with TLR11
(Andradeet al, 2013 Raetzet al, 2013) Experiments on laboratory mice show a higher
mortaity rate among mice deficient in TLR12 than mice deficient in TLR11, when mice are
in the acute phase of infectigoblanskyet al, 2013) TLR12 exists in the mouse genome

but not inthe humargenomé¢Roachet al, 2005)

1.3.2NLRP1 gene

NLRP1b is the scientific name of a gene in N@D-like receptor (NLR) moleculéamily
(Wagner, Proell, Kufer & Schwarzenbacher, 2008his family is characterized by the
presenceof the NACHT andnucleotidebinding domais (NBD) and Leucine rich repeat

(Ting et al, 2008) The main function of the NLRP1 gene is to synthesizegketeins in the
nucleotidebinding domain that are leuckieh and contain NLR proteinghis protein is
involved in initial immune response activation to regulate inflammation by stimulating the
grouping of inflammasomes that initiate an immune resp@gsenst pathogens such as
parasites and bacter{8Vagner, Proell, Kufer & Schwarzenbacher, 2004so, it plays an
important role in apoptosiBruey et al, 2007 Fernandelnemri et al, 2007 Franchiet

al., 2009. Recentstudies show that an increase congenith toxoplasmosis is related to
NLRRP1polymorphism Dinarelloet al, 1998).

T. gondiiis considered to be one of the most successful intracellular parasites that exist inside
the host cell for a long period of time, due to many secretions by the pana#it host
cytosol. The function of those secretions is to cut the host cell signals, such as ROP16, ROP 5
and ROP 18, and dense granule proteins. ROP 16 stops host molecules such as JAK kinases,
and phosphorylating STAB and STAT6. ROP 5 and 18 stop ®ases and inhibits their

ability to attack the parasitophorous vacuole membrane. Dense granules interrupt some of the
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host cell functions by altering gene expression (Evealdl., 2014;0nget al, 2010; Behnke

et al, 2012; Fleckensteiet al, 2012; Bougdouet al., 2013).

Inflammasoms work as sensors for all microbial and foreign pathogens which have the
ability to wipe out cell cytosol as a sign of infection. Thastammasomebelong to the

NLRP and PYRINHIN families. This protein families contain domain which are responsible
about cell death and their known functionsagnalingspecially during the assembly of the
inflammasomegChuet al, 2015) The direct interaction between those sessod caspasel

and 11, via the linker ASC, leads to the accumulation of those sensors and subsequently the
secretion of IL1 cytokines, a pyroptotic cell death.-ILand pyroptotic cell death employs

other types of cell to inhibit parasite replication (Nteoh, 2002).

Mice and rats vary in their reactions Tmxoplasma gondiinfection. The mice group is
susceptible to infection. The rat group has the ability to fight infection and protect itself. For
example, Lewis rats restrict infection while BN (BrowioriWay) rats are more permissive.
Toxollocus is found to be a responsible for resistance of rats to Toxoplasirmdlocus

is a single 1.#entimorgan region located at chromosomeQ#évéilleset al., 2006).Toxo 1

locus is thought to be controlled by th& RP1 gene at chromosome 10. Also, the same gene
controls the sensitivity to anthrax lethal factor susceptibility (Newreairal, 2010).
Susceptibility to congenital toxoplasmosis was found to be related to singleotide
polymorphisms (SNPs) iNLRP1and the NLRP3 inflammasome activax7r (Witola et

al., 2011).

An experiment by EwaldndcolleaguesZ014) found that bonanarrow derived macrophage
(BMDM) in response to d&. gondiiinfection does not requirelathal factorproteolysissite.

This was discovered in 129 mice that had alleles of NLRP1b and this was enough for the

activation of a macrophage response. Also, the N terminal activation mechanism, which is
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known to date, was absent durind .agondiiinfection. Therefore, NLRP1b is considered to
be the main sensor of an innate immune responfexoplasma gond{Ewaldet al., 2014).
Another study was carried out by Gorfu and his t€a814) on inbred mice, they found that
NLRP1 is the main gene responsible for the control of parasite proliferation dndnidl IL-

18 processing. AlsoJoxoplasma gondiis the main activator of the NLRP1 sensor in rat
macrophage. They confirmed that knocking the NLRP1 gene in sensitive macrophages
resulted in the increased replication of parasites, andexymession of the NLRP1 gene in
sensitive macrophages made them resistant (@owl, 2014).

In China, polymorphisms of NLRP1 gene efe proven to hae influences on gene
transcription which is a risk factor for rheumatoid arth8si et al, 2012)

NLRP1 gene polymorphism was investigated and six SNPs in the NLRP1 region were
discovered However none of the SNPs were associated with disease susceptibility or the
ocular, neurolgical, and dermatological manifestationskafyanagiHarada Diseasehich

is an auto immune disedBlrie et al, 2011)

1.4Justification for testing laboratory hypothesis of stiyding immune genain the field

mice.

TLRs have an essential role for pathogdstection Tschirrenet al, 2013. Laboratory
studies have suggested that TLR 11 andhdZimportancen detecing Toxoplasma gondii
(Morgeret al, 2014). No association between TLR 11 and 12 haplotypes and genotypes with
susceptibility and resistance T@xoplasma gondivas foundhowever, thestudyfound that

TLR 11 and 12 were polymorphic despite the fact that TLR 11 and 12 are very important in
recognition ofT.gondii(Morgeret al.,2014). These mice wesdsoinfected with 6species of
helminth parasitewhich provided a topical opportunity to iestigate TLR 11 and 12

polymorphismsn relationto these parasites.
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Several studiemvestigated the role of NLRP1 gene role and revealed the importance of this
gene in during parasitic infection and laboratory studies suggest that NLRP1 is activated
during theT.gondii infection independent of the lethal fact@qffu et al., 2014; Ewaldset

al., 2014; Cavailleset al, 2006; Martinon, 2002. The NLRP1b gene has not previously
characterized in thApodemus sylvaticu3 herefore, the availability of the 126 wood mice
sampla that wereused previously provided a topical opportunity to investigageNLRP1b

gene and study the polymorphisms in relation to these parasites.

1.5 Parasites of Rodent

Rodents are animals thhave the ability torainsfer many kinds of parasitdsgcteria and
viruses to humans and other anim@lg¢Tablel.2) Rodents are considered to be a major
pathogen carrier around the workhereforemany studies have been conducted to study the

role of rodents in disease transmission.

Table 12. Examples of different pathogens that are transferred by rats in different parts of the
world.

Pathogen Rodent speciej Country Reference
Toxoplasma gondii | R. norvegicus UK Webster, 1994
Toxoplasma gondii | R. norvegicus USA Smithet al.,, 1992
Toxoplasma gondii R. rattus Netherlands Kijlstra et al, 2008

Listeria spp. R. norvegicus UK Websteret al, 1995
Cryptosporidium R. norvegicus UK Webster andMacDonald,
parvum 1995
Salmonellaspp. '\(Aj musqulus UK Pococket al, 2001
omesticus
Salmonellaenteritidis Mice UK Davies and Wray, 1995

Rodents play a key role in the transfer of zoonotic parasites sd@dxaglasma gondiiSince

cats are a definitive hosif this parasite, rodents are considered to be the main source of

transmission to cats. A study of 523 samples of wild rodents was conducted using different
detection methods, such as an Indirect Fluorescent Antibody Test (IFAT) and a Latex

Agglutination Test (LAT), 17% of them were seropositivBapritz et al, 2008) Also,
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rodents play a major role in the transmissionTofgondiito pigs. RT PCR was used to
determine the prevalence of the parasite in infected hearts and brain from rodents and shrews.
The prevalence off. gondiiwas as follows: 10.3% ifRattus norvegicys6.5% in Mus
musculus 14.3% in Apodemus sylvaticuand 13.6% inCrocidura russula The sere
prevalence percentage amongst slaughtered pigs W& and this decreased t0610%

after they controlled rodent3Neigelet al,, 1995;Kijlstra et al., 2008).

Toxoplasma gondhas an ef fect on rodent behaviour .
increase transmission of the parasite. A study showedTthgondii makes rodents more
attracted to at urine while normally they are averse to it (Ber@byl, 2000). Interestingly,

T. gondiican change rodent behaviour only for cat pheromones and not for other predator and
nonpredator animalsL@mbertonet al, 2008;Vyas et al, 2007). A study condied to
investigate congenital transmission in mice showed that two species ofviisanusculus
andApodemus sylvaticudelivered more than 80% of infected pups (Oeteal., 1998).

Congenital transmission in some species, such as BALB/c mic&attals mostly occurs

when the animal is infected during pregnancy, while a chronic infection is less likely to cause
congenital transmissior-(eyreet al, 2006).Mice showed 75% of vertical transmission in a

natural population (Hidet al, 2009).

1.5.1 Apodemus sylvaticsl

Apodemus sylvaticusy the wood mouse, is the most common mouse in Great Britain. They
are also called lontpil mice due to their long tails. The tail size is usually the same as the
head and body combined. They are characterizea gney belly and a brown fur head and
can be distinguished from the very similar yelloecked mice in lacking a yellow collar
around their neck. The head and body size is usually a@iliidd3 mm,and the tail siz&1i

95 mm. Their weight is arounti3i 27 g. They are mostly nocturnal, but young males and

females sometimes appear during the day. Their food includes fungi seeds, fruit, nuts,
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seedlings, invertebrates and moss. They reproduce from March or April until October
andhey live for 18 20 months.

Seaonal variation iknownaboutApodemus sylvaticu3 heir number is higher in the winter
andhen the number starto decline in the springrtil it reachesto a low stable number in

the summe(Flowerdew, 1974)In arable farmland eco system in Uie reproductiomf the

wood mice usuallyakes place in the winter. But there is a certain time in the winter which
the reproduction is absen¥lale Apodemus sylvaticusas a very fast growth during the
sexual developmenmhaturity timewhich corresponds tthe spring season. Both msiland
females gain extraweight during the breeding seaso8sme factors affect the juvenile mice
survival such as food supply and adult density in the area. Endosperms of wheat and grain
seal areconsidered as one of the most parft wood mice food irautumn and early winter
(Green, 1979)

Mice are considered to play a major roleTingondiitransmission, since they are potential
prey for cats (Tenteet al, 2000). Both serological and PCR studies have been applied to
check the prevalence @&t gondiiin mice. Serological studies found Igwevalencebut PCR
studies found high prevalence (Fragitial, 1976; Jacksoat al, 1986; Marshalet al, 2004;
Zhanget al, 2004). Beverley explains that serological studies might not be effective for
studyingT. gondiiin mice, especially in chronic infection cases (Beverley, 1959). A study
carried out omApodemus sylvaticus the UK showed relativelyigh prevalence. A total of

206 DNA samples extracted from the brains Agodemus sylvaticusvere tested. The
prevalence off. gondiiwas 40.78%Thomassoret al, 2011). The samples used in this study
were collected from a low calensity area (2 cats pesguare km.) based on this paper
(Thomassoret al, 2011) Nonethelessthe prevalence of the parasite was very high despite
the low number of cats. This might be explained by congenital transmission of the parasite
from mother to foetus. This was confirmbg investigating an infection of pregnant mice,

showing that congenital transmission virdeedoccurring (Thomassoet al, 2011).
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A study carried out by Bajnok investigated a host genotype and spatial locatedationto

T. gondiiinfection. A totalof 126 samplesApodemus sylvaticusvere collected from four
locations. PCR markers, SAG1, SAG2, SAG3 and GRAG6, were used to detpandiiin
infected tissue. They found 44 positive samples, giving an infection rate of 34.92%.
Significant differencesn T. gondiiprevalence were found in different genotypically derived
mouse populations, but not between geographically defined populations (BagloR015).
Apodemussylvaticusmiceareknownto be infected by different parasites. For example

Nine species of helminths were discovered amb84 wood micein southern UK which
includes five different nematodes which &teligmosomoides polygyrus, Syphacea stroma,
Pelodera strongyloides, Trichuris muris, Capillaria murissylvatemnd two estods;
Microsomacanthus crenatand Taenia taeniaeformisThese mice were also infected by two
trematodes which ar€orrigia vitta and Brachylaemus recurvum91.8% of this population
were infected by more than one helminth paragiBehnke et al, 1999) Furthermore,
Plagiorchiselegars was studid by Boyce and a group oésearchers at Malhamaf. They
found high prevalence (25%) of thisematode speciesand mouse age, as well as
interestingly, mouse sex, appeatedssociatevith the P. elegansnfections(Boyceet al.,
2014).

Also, wood micecan hosbacteriaknown to be zoonoticApodemus sylvaticugasfound to
bereservoirfor Borrelia burgdorferiin The Netherlandsince47 % of the tested miosere
infected (De Boeret al, 1993) FurthermoreBorrelia lusitaniaewas reported among 196
wood mice in Portuggde Carvalheet al, 2010)

Viruses alsdransmitted by the wood mic8erology and PCR analysis revealed that M#HV

herpesvirus 4s endemic in wood mice in the UgBlasdellet al, 2003)
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1.6 Toxoplasmosis

Toxoplasmosis is a disease caused by a unicellular parbsiteplasma gondiiMillions of

people have this parasite in their blood but only some of them show symptoms of the disease.
This might be due to the effi cicleprotegtstieein s o me
from this disease. This disease, though, may cause serious symptoms in some cases, such as
pregnant women and immuaeficient patients (Centers for Disease Control and Prevention,

2017).

1.6.1 Toxoplasma gondii

Toxoplasma gondiiis an obigate intracellular parasite that belongs tothe Phylum
Apicomplexa. It has a complex life cycle with three stages: sporozoites, tachyzoites and
bradyzoites Dubeyet al, 1999. Toxoplasma gondivas first discovered in 1908 by Nicolle

and Manceaux in a rodent in the United States of Americ&C#mbdactylus gondin Brazil
(Fergusoret al. 2005 Ferguson2009. Since then, this parasite has been seen as a common
infection in many warablooded animals and humans. Later, in 1920, scientists discovered a
clinical effect of this parasite in children who were born with hydrocephalus,
retinochoroiditis and encephalititn 1980it was discoveredhat Toxoplasma gondiis a

major cause of fatal encephalitis in AIDS patiehisff & Remington, 199

1.6.2 Life Cycle

Toxoplasma gondiis an obligate intracellular parasite that has a complex dyfele
(Figurel.3) This includes sexual and asexual cyclbsiliey, 2004). The sexual cycle only
occurs in domestic and wild catBubeyet al, 1998; Dubey, 2009)The parasite can be
transmitted by vertical or horizontal transmissibtufchison, 1965; Frenkel, 1973). The life

cycle starts after the ingestion o€gst by a cat, which is a definitive host. Five sexual stages

of the parasite are seen in the cat before the formation of gametocytes. Two to 15 days after

infection, gametocytes are found in the small intestine with high numbers in the ileum. In the
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small intestine, a microgamete fertilizes a macrogamete and forms a fertilized oocyst inside
an enterocyst. Then, the enterocyst wall ruptures and the oocyst is released in cat faeces. The
period between ingestion of the cyst and release of the oocyst is ardéorl days (Dubey

and Frenkel, 1972). The oocyst becomes sporulated after 1 to 5 days of shedding and divides
into two sporocysts, each with 4 sporozoites. The sporocyst retmginly infectious for a

long period of time (Dube¥t al, 1998, Dubey, 2(). A sexual cycle also occurs in cats
when bradyzoites penetrate the lamina propria and divide as tachyzoites. These tachyzoites
spread out through the body of the cat and encyst. An intermediate host ingests the oocyst
from contaminated food or waterh@&n, the parasites differentiate into tachyzoites that spread
through the body and rapidly divide by endodyogeny. The tachyzoites invade macrophages
and lymphocytes and stay free in plasma. This stage of infection is called the acute phase.
Tachyzoites mayransform into another stage, bradyzoites, and form tissue cysts. Tissue
cysts are present in the muscles of the intermediate host and are highly infectious (Sibley,

2011, Dubey, 1997, Dubet al, 1998; Dubey & Frenkel, 1976).
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Figure 13. Toxoplasma gadii Life Cycle (taken from Dubet al, 1998).

1.6.3 Transmission

There are three forms of the infectious stage$.ajondii i.e. tachyzoites, bradyzoites and
sporozoites inside the oocy¢Figurel.4) Tachyzoites cause an acute infection while
bradyzoites cause a chronic infection, and both of them reproduce asexually. The oocyst
remains infectious in the environment and reproduces sexually inside the cat @wey
1998; Sibleyet al, 2009).There are different modes of transmission Taxoplasma gondii.

The first one is ingestion of a tissue cyst from contaminated food or wiite&( Dubey,

2002. A cat can get a cysf it ingests an infected rodent or an animal that has a cyst in its
brain or tissues; and after that, a sexual cycle occurs in the cat to produce doalystse(

al., 1970. A human can get a cyst from eating undercooked meat, e.g. infected pork or beef
(Dubeyet al,, 2005 Hill et al, 2010Q.

Cats shed up to 10 million oocysts per day. This might last for around two weeks after
infection. Following shedding, an oocyst takes around five days to bdofewgous or may

stay uninfectious for around a year in warm sbilljeyet al, 1998. Humans and animals

can easily be infected from ingesting fruit and vegetables contadinath oocystsubey,
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201Q Pereira and Francet al, 2010. Oocysts are found to cause moreesevinfections in
humans than cyst®@bey, 201). Oocysts are highly resistant to environmental factors and
can survive for up to six months in seawateéndsay& Dubey, 2009.

The second mode of transmission is congenital transmission from mother toHiHil& (
Dubey, 2@2). This happens when the mother has acute toxoplasmosis and tachyzoites
circulate in her bl ood. The tachyzoites are
serious infection in the foetudgne<et al, 2003 Montoya& Remington, 2008 The severity

of the infection and the frequency of transmission depend on the stage of the pregnancy.
Tramsmission occurs less during the first trimester (<20%) but high transmission (>80%)
occurs during the late stages of pregnhartmnéset al, 2003 Ortiz-Alegria et al, 2010.
Transmission during the first trimester can cause a severe infection, with clinical symptoms
such as mental retardation and abortion, while transomisai the last trimester causes less
severe infections, which might be asymptomatig@asent as chorioretinitigiontoya and
Liesenfeld, 2004 Studies show that the vertic@hnsmission rate from mother to child in
humans is abou®.9 % (Haq et al, 2016)Other studies carried out on sheep and rodents
found that sheep have a 65% vertical transmis@igiliams et al, 2005) while rate and
rodents around5% (Marshalket al2004;Hide et al, 2009 when measured using PCR.

Also, tachyzoites may be transmitted during organ transplantation and blood transfusion. It is
not clear which mode of transmission i®n@ common than the other, this might depend on

the culture and eating habits (Tergéerl, 2000).
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Figurel.4. Different stages
and (D) sporulated ogst (taken from RobeiGangneux& Laure Dardé, 2012)

1.6.4 Disease

1.6.4.1 Asymptomatic Toxoplasmosis
Toxoplasma gondinfection is mostly asymptomatic in normal healthy people parasite
may exist ina host body with no symptomia their entire life. In some casebe parasite is

activated by factors such as Al@8&cancer and caussevere symptoms (Hoyen, 1990).

1.6.4.2 Symptomatic infection in immunocompetent host.

Despite the fact thatoxoplasma gondinfection is mostly asymptomatic in healthy people, a
primary infection may cause muscle weakness fever and cervical or occipital

lymphadenopathy for around 4 to 6 weeks-{#m, 2009).
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1.6.4.3 Congenital Toxoplasmosis

Congenital transmission of. gondii can lead to major problems in the foetus, such as
hydrocehalus or microcephalus, cerebral calcification egtthochoroiditis(Tablel1.3) and

it may result in abortion or stillbirth (Goldenberg and Thompson, 2003; Gibbs, 2002). During
pregnancy, a newly infected mother can pass the infection to her foetuspnileusly
infected women have strong immunity to the parasite which may prevent reinfection. The
severity of the symptoms depends on the time of becoming infected. Having an infection
during the first trimester of pregnancy is believed to be more semgtiisharsher symptoms

but less congenital transmission. Infection during the third trimester has high congenital
transmission (Wong and Remington, 1994). A high percentage of newborn babies do not
have any physical symptomBowever,they mayhave chorieetinitis, neurological damage

or delayed growth as they get oldéh¢uet al, 2011)

Tablel3. The prevalence df. gondiiinfection in disabled children in ChirfZhouet al.,
2011).

Chil dr ends s|T.gondiiprevalence
Hypophrenia 21.7%
Epilepsy 20.0%
Retinochoroiditis 26.1%
Cardiovascular defects 25.0%
Respiratory system defect| 14.3%

1.6.4.4 Toxoplasmosis in Immunocompromised Patients

Toxoplasmosis can beery harmful in an immunocompromised patient due the
reactivation ofa chronic infectionlIf the immune systens damaged bynimmune disease,
the parasite becomes actifdraujo, 2010)(Tablel.4) Studieshavefound a high prevalence

of the parasite among immunocompromigetividualsin different countries.
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Table 1.4. The prevalence of. gondiiin different cancer patients in Chirfdhou et al,
2011)

Cancertype Prevalence ofT. gondii
Rectalcancer 63.6%
Nasopharyngealancer 46.2%
Breastcancer 78.9%
Hepaticcancer 77.8%
Gastriccancer 61.1%
Leukaemia 15.1%
Refractoryleukaemia 35.0%

There is a higlprevalencg30%) of T. gondii parasite in immunocompromised patients in
Egypt Baiomy et al, 2010). Also, studies in Korea have found similar results to those in
Egypt (Shin, 2009). Toxoplasmosis in immunocompromised patients mostly affects the
central nervous system. Infection may lea@naephalitis, chorioretinitis, pneumonitis, acute
respratory failure and haemodynamic abnormalities -em, 2009; Luft and Remington,
1992). Another study reported that 26% of AIDS patients Rawgondiiinfection in China

(Zhouet al, 2011)

1.6.4.5 Ocular Toxoplasmosis

This disease occurs after 30% of the middle layer of the eye becomes inflamed in individuals
in the Western world (uveitis). Ocular lesions may be present in both acute and chronic
phases of a toxoplasma infection. Seventy per cent of ocular scar forisasioggested as

being due to congenital transmission. Congenital ocular toxoplasmosis may lead to several
symptoms, such as malformation, wéthophthalmus, chorioretinal, congenital cataract, optic
neuritis, strabismus, amblyopia and congenital aniridfi®e most common symptoms of
ocular toxoplasmosis found in China were central exudative chorioretinitigvaitts Zhou

et al, 2011).Ocular lesion results from contracting an infection after birth and are due to an
immune response that leads to tisdestruction Gaddj 2007). Toxoplasma gondis found

to be present in about 38% of ophthalmology cases in GBh@uet al, 2011)
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1.6.4.6 Schizophrenia and Toxoplasmosis

Many studies have investigated the presencg. @fondiiin some psychosis patiesn These
studies suggest thdt gondiimight be present as a major pathogen. Practicallgondii
parasites are found to have an effect that leads to an increase in dopamine theatsanse
brain, which plays an important role in some cases ssithpalar disorder and schizophrenia
(Huberet al, 2007; Skallova, 2006%chizophrenic patients in China are found to have 1% to
28.7% seregprevalence off. gondiiinfection (Xiao et al, 2010). Sixty-seven children with
schizophrenia and aged frorl& years old were tested fdoxoplasmdgG and 85.7% of

them were positiveZhouet al, 2011)

1.7 Helminths

In this study, a population @hice were used to investigatexioplasma infection in ration

to immune gene variation. Additionally, data was available for otleéminth parasites
including two trematodes and 4 nematsdnd hencethese parasites were also included in

the study. The following text provides background information on thibee parasites.

Helminth parasites are a group of elongated, flat or round invertebrate worms. Medically,
they are divided into two groups. The first group is the platyhelmiottffat worms, which

includes flukes and tapeworms. The second groupénematodesor roundworms

1.7.1 Trematodes

Trematodes aopriseabout 18,000 species of flat wori@reimanet al, 2013) Their life

cycle is complicated with three groups of hosts involved in it. Intermediate hosts are normally
gastropods (mollusks) but they can also be found in several animals such as vertebrates and
arthropods andthese animals areesondintermediate hosts. The definitive host is normally

all vertebrates. Laboratory work on trematodes requine cultivation of trematodes

themselves, gastropods and all other hosts due to their complicated lifeStyadtework o
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trematodes is very helpful for producing vaccines against trematode infections and in

biochemical and diagnostic studigreaniet al, 2014Mwangiet al., 2014)

1.7.1.1Plagiorchis elegans

Plagiorchis eleganss related tahe plagiorchiid digeneans found across Europe and in some
regions of North America (Rudolphi,802). As a trematode, it is has a huge range of
definitive mammaliarhostsand alscsome reptile (Ndiayeet al, 2013).

According to natural and experental studies of Plagiorchis elegansby Styczynska
Jurewicz(1962) the life cycle starts withymnaeastagnaliswhich act as an intermediate
host in nature. The second intermediate host Gulicidag and additional experimental
laboratory work has shown that a definitive hosttli® white nouse (Bock, 1984

St yc z-Ju@widz, 496

1.7.1.2Brachylaemusrecurvum
Therearevery limited studie®n Brachylaemus recunm (Loxton et al, 2016Behnkeet al.,
1999; Boyce et al, 2013) The relatedBrachylaemuserinacei was shown to have@ %

prevalencen a study o0 hedgehagjin Iran (Naemet al, 2015)

1.7.2 Nematodes

The phylumNematodas one of the most diverse phylums with an estimate of more than 10
million species around the wor{lambshead, 1993any of which infechumars andother

animal Across the globe?.9 hllion people are infectewith parasitic nematodes according

to WHO (Ranganathaet al, 2009) Due to the number of infectiomnong humans around

the world, especially in tropical areas, nematodes are considered to be the most common
infectious parasite ofhumans; 120million are infected with filariasis, 70@nillion with
hookworm, 700million with trichuriasis and 12ZDmillion with ascarass (Lustigmanet al,

2012)

46



1.7.2.1Heligmosomoidegolygyrus

H. polygyrus,previously calledNematospiroides dubiuss a nematode parasifeom the
family Trichstrongylidaethat infects the intestines of mouse populatiohsH. polygyrus
infection can last for a long period of time in mice, which makes the parasite a good model

for chronic helminthiases.

Experimental studies show th24 hours after ingestion of the L3 larvae of the parasite by
mice, the larvae migrate to the small intestiof the mouse, penetrate the submucosa and
transform into two different forms; after moulting, it goes back to the lumen as an adult
parasite. In the lumen, the parasite feeds on the tissue of the small in(Bstirsemir &
Sukhdeo, 1994)Two processes happen in the small intestine, mating and producing eggs
that are shed ifaeces After that, the eggs hatch and transform twice to become L3 larvae

(Figure 15) (Reynoldset al, 2012)

2. Within 24 hours of
ingestion larvae have

3. By day ten post
ingestion adult

penetrated through the worms have
wall of the small returned to the gut
intestine to the lumen where they
submucosa, where they ' mate, and female
underge two molts worms release eggs
#. Epgs escape the host via
1. Mice ingest £Es escape
infective larvae the faeces. Larvae emerge
which pass from the eggs in the
through the Ty ; external environment, and
digestive tract e el T molt twice prior to
tothesmall becoming infective
intestine s, ‘
< b .=

Figure 1.5 Life cycle of Heligmosomoides polygyrua mice (taken fromReynoldset al,
2012)
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Two ways can give an idea about the tibhepolygyrusspends in a host. The first way is to
count the number of eggs that are shed in the faeces of an infected dmenaécond way

is to count the number of adult parasites in the small intestine of an infected animal
(Reynoldset al, 2012) Also, H.polygyrus excretorysecretory antigens (HES)an be
measured after cultivation in the laboratory. After collection, the HSE can be identified
(Hewitson et al, 2011) Thus is very helpfuin vaccine production and immunological
studies(Reynoldset al., 2012)

Laboratory mice show a variable immune response aghingtolygyrusinfection, from

slow to rapid. For example, CBA, H3c and SL mouse strains show weak responses against
infection. TheMesenteric Lympi{MLN) cell count is a very lomumber Also, the mast cell
numberis low in the gut of micéLawrence & Pritchard, 1994nd there is low eosinophil
levelsin the white blood cell{Zhong & Dobson, 1996A/J mice show a wéaresponseand
protective action is abseiiBehnkeet al, 2003) whereas;57BL/6, C57BL/10 and 129/J

mice showed intermediate response. The immune resp®isgav but more rapid than in the
previous group and there is low eosinopleVels in the blood circulation(Wakelin &
Donachie, 1983)The third group, which includes DBA/2, BALB/c and NIH mice, has a fast
response and lymphocyte, neutrophil and monocyte counts in white blood cells are higher
than in the intermediate gropli et al, 1985) SJL and SWRnice alschave a fast immune
response. An antibody response is generated and fast HSE antigen recognition occurs and is
measured using a western blatso, titres ofa parasitespecific antibodyare found in serum

(Ben-Smithet al, 1999)

1.7.2.2Syphacea stroma
Syphaceaspecies wa first mentioned by Von Linstow in 188hd re called the parasite
Oxyuris stromaThis species was discovered in wamite (A.sylvaticug and was thought

for a long time to be the same &gphaceabevtala,which was widespread in mice and
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humans. In 1915, Seurat suggested @haturis stromandSyphacea obevtalaerethe same
speciesandsubsequentlyhe referred toO.stromaasS.obvetalaNo studies had investigated
S.obvetalan A.sylvaticus It is difficult to find any differences between genematodeand
Linstow concludedthat the tail ends dboth male parasites were the same. It is difficult to
study the male tail ends of both parasites due to the rare appearance of the male. This seems
to be due to the death of the male after fertilizing the female, which occurs before the female
gets to full size. In1932, Morgan had a chance to study and investigate the males of both
species from field mice. He found that some males had distinguishingctadrastics which
differentiate Sobvetala from Mus musculusAs the host was the same one that Linstow
describe, this speciesvas thereforecalledSyphacea strom@lorgan, 1932)

The length of th&.stromdemale is about 3.45 to 3.95 mm, the width is about 0.05mm at the
head and increases to 0.21mm in théva region, the width decreases to 0.08mm at the tail
and he tail is very sharp. The length of the male is about 1.74 to 2.20tmenmaximum

width is about 0.15mrmand te tail is coiled at the er{florgan, 1932)

1.7.2.3Capillaria murissylvatici

Capillaria murissylvaticiis a nematode parasite that infethe small and large intestines of
Apodemus sylvaticuéLewis, 1967). Capillaria murissylvaticiwas reported among 134
Apodemussylvaticus in the southern part of the UK collected in the September of four
consecutive years, 1908997, along with other halinthic parasites such as

Heligmosomoides polygyruSyphacea stromandPelodera(Behnkeet al, 1999)

1.7.2.4Peloderastrongyloides

The nematoddelodera strongyloidess a freeliving parasitethat Ives its life in organic
matter The length of this parasite is abdu@ 1.5 mm It has been reported in humasrsd
in different animals, including dogs, horses caifeeep and guinea piggeruham & Perl,

2005) The infection leads to skin lesions that are generally polymorphic, with papules,

49



pustules, scaling and alope¢ieanakaet al, 2004) Pelodera strongyloidelsrvae irvade the
skin of mammals, whereupon they became thtedje larvaehowever,but dermatitis rarely
occurs Organic soil is a natural habitat fBelodera strongyloide$elodera strongyloideis
a cause oflamp straw bedding, erythema, alopecia, papustous and skin lesions, and
pruritus usually occurs due to direct contact with the habitat, which is organiSaaii &
Nikander, 2006)

Pelodera strongyloidebas been reported among bank vdl@kethrionomys glareolysand
wood mice Apodemus sylvaticugHominick & Aston, 1981).

In the south of the United Kingdon®elodera strongyloidesvas reported in wood migce
Apodemus sylvaticudetween 1994 and 1997, along with nmier helminthic parasites
such asthe nematodes,Heligmosomoides polygyruand , Syphacea stromaand also,

trematodeg¢Behnkeet al,, 1999)

1.8 Aim

The broad aim of this thesis is to investigate the relationship between the genetic variations in
host immune genes within a natural population of animals in response to their infection with
parasites. The overall hypothesis is that variation in host[@Bi#esequences (and therefore

the proteins they produce) influences the susceptibility of animals to infectiboxoplasma

gondiiand helminth parasites
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Chapter 2

Materiak and Method



2. Materials and Methods

2.1. Sample Collection

Wood mice for the collection were trapped in the Malham Tarn woodland area in North Yorkshire
using Longworth small mammal traps. This aigdocatedin Northwest England at an altitude of
375m above sea level. Multiple studiesrecarried out in thisarea to investigate different parasites

(Roganet al, 2007;Behnkeet al, 2009;Boyceet al.2014). The collection was done by others as
described previously(Boyce et al, 2013 Boyce et al, 2014Bajnok et al, 2015) Ethical
approval(College of Science and Technology Research Ethics Panel, University of Salford
Reference, CST 12/3&as obtained for the collection by the previous authors, as described
(Bajnok et al, 2015). The samples were obtained from four differergss{Tarn Wood
54A06Nj03. 3njN, 002A09Nj44. 9nw, Spigot Hi | | ¢
Plantation 54A05Nj64.5nN, O0OO02A09Nj53. 7nW; Tarr
October 2009 and October 2011 within the border of Malham Tarn Nature Res&lwgh

Yorkshire, UK.

Figure 2.1. Map of Malhaniiarn showng the4 different collection locatias1 Ha Mire (HM),
Tarn Wood(TW), Spiggot Hill(SP)and Tarn FelfTF) (Taken from Boyce et al., 2014).
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Permission was obtained from the National T{B&tyceet al, 2013Boyceet al, 2012)and

the Field Studies Council emperated with the work as reflected in theauthorship of some

of their staff. In all cases, animal body weight and length was meaatréee time of
collectionand age/maturity and sex status was determined. Body length was measured from
t he anianaits@mus. Mhensuse morphometric and infection data are summarised

below (Tables 2.1 and 2.2)
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Table 2.1. Summary of the capture details and morphometric data on the 80 wood mice
studied in this thesisData derived fronBoyceetal. (2014.

Number Date Location Sex length (cm) weight (g) age group
6 31.10.09 Ha Mire M 8.5 19 Young adult
9 02.11.09 Ha Mire M 7 15 Young adult
10 07.02.10 Tarn Wood M 8.7 20 Adult
11 11.05.10 Tarn Wood F 8.6 19 Young adult
12 12.05.10 Tarn Wood M 8.5 24 Adult
15 01.07.10 Spiggot Hill M 8.2 14 Young adult
18 02.07.10 Tarn Fen M 7.4 15 Young adult
23 16.09.10 Spiggot Hill F 7 14 Young adult
25 16.09.10 Spiggot Hill M 8 20 Adult
26 16.09.10 Spiggot Hill F 7 18 Young adult
27 16.09.10 Spiggot Hill F 8 22 Adult
28 16.09.10 Spiggot Hill M 7.6 21 Adult

31 16.09.10 Spiggot Hill M 5.8 8 Juvenile
32 16.09.10 Spiggot Hill F 7.3 17 Young adult
33 18.09.10 Tarn Wood F 5.9 9 Juvenile
34 18.09.10 Tarn Wood M 8.8 22 Adult

36 19.09.10 Tarn Fen F 4.5 4 Juvenile
37 19.09.10 Tarn Fen M 8.4 11 Juvenile
38 19.09.10 Tarn Fen F 5.5 7 Juvenile
39 19.09.10 Tarn Fen M 7.5 16 Young adult
40 19.09.10 Tarn Fen F 7.5 13 Young adult
41 19.09.10 Tarn Fen M 7.4 11 Juvenile
43 20.09.10 Ha Mire F 7.5 15 Young adult
44 20.09.10 Ha Mire M 8.5 24 Adult

45 20.09.10 Ha Mire M 8.7 20 Adult

46 20.09.10 Ha Mire M 8.2 20 Adult

47 20.09.10 Ha Mire F 7 15 Young adult
48 20.09.10 Ha Mire F 6.6 14 Young adult
53 20.09.10 Ha Mire F 7.9 20 Adult

56 20.09.10 Ha Mire M 7.2 19 Young adult
57 16.01.11 Ha Mire M 7.8 19 Young adult
58 17.01.11 Tarn Wood F 8.3 21 Adult

60 23.01.11 Tarn Fen F 6.7 12 Juvenile
61 03.02.11 Spiggot Hill M 7.6 20 Adult

64 05.05.11 Tarn Wood F 7 26 Adult

66 05.05.11 Tarn Wood M 7.3 23 Adult

70 29.06.12 Tarn Fen M 7.2 19 Young adult
71 29.06.13 Tarn Fen F 8.7 17 Young adult
72 28.06.11 Ha Mire M 8.4 20 Adult

73 19.07.11 Tarn Wood M 8.2 20 Adult

74 19.07.12 Tarn Wood M 8 19 Young adult
75 19.07.13 Tarn Wood M 8.3 15 Young adult
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76 19.07.14 Tarn Wood M 9.2 22 Adult

77 19.07.15 Tarn Wood M 9.5 19 Young adult
78 19.07.16 Tarn Wood M 7.5 15 Young adult
82 27.09.11 Tarn Wood M 8.6 21 Adult

84 27.09.11 Tarn Wood M 8.7 0 Adult

85 27.09.11 Tarn Wood M 7.8 0 Young adult
86 27.09.11 Tarn Wood M 8.8 0 Adult

87 30.10.11 Tarn Fen F 7.8 12 Juvenile
88 30.10.11 Tarn Wood F 7.2 17 Young adult
89 30.10.11 Tarn Wood F 8.7 20 Adult

90 30.10.11 Tarn Wood M 9.2 22 Adult

91 30.10.11 Tarn Wood F 8 15 Young adult
92 30.10.11 Tarn Wood F 8.1 16 Young adult
94 30.10.11 Tarn Wood F 8.5 19 Young adult
95 30.10.11 Tarn Wood M 7.4 20 Adult

96 30.10.11 Tarn Wood M 7.9 14 Young adult
99 30.10.11 Tarn Wood F 8.5 19 Young adult
100 30.10.11 Tarn Wood M 7.9 16 Young adult
101 30.10.11 Tarn Wood M 9 19 Young adult
102 30.10.11 Tarn Wood M 8 18 Young adult
103 30.10.11 Tarn Wood F 8 17 Young adult
104 30.10.11 Tarn Wood M 8.5 17 Young adult
106 30.10.11 Tarn Wood M 7 16 Young adult
108 30.10.11 Tarn Fen F 8 15 Young adult
110 30.10.11 Tarn Wood F 8 19 Young adult
112 30.10.11 Tarn Wood M 8 13 Young adult
115 30.10.11 Tarn Wood M 8 16 Young adult
116 30.10.11 Tarn Wood M 7.2 18 Young adult
117 30.10.11 Ha Mire M 7.3 12 Juvenile
118 30.10.11 Ha Mire F 7.5 15 Young adult
119 30.10.11 Ha Mire F 8.5 18 Young adult
120 30.10.11 Ha Mire F 8 19 Young adult
121 30.10.11 Ha Mire M 7.5 13 Young adult
122 30.10.11 Ha Mire M 9 14 Young adult
123 30.10.11 Ha Mire M 7.5 16 Young adult
124 30.10.11 Ha Mire M 8.8 20 Adult
125 30.10.11 Ha Mire F 7.2 12 Juvenile
126 30.10.11 Ha Mire M 9.3 25 Adult
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Table 22. Summary othe parasiténfectionstatus of the 80 mice studied in this thefdata
derived fromBoyceet al. (2014).

Number

Toxoplasma

Plagiorchis

6

Pos

9

10

11

12

15

18

23

Pos

25

26

o |©O |O |©O |Oo | |Oo |©o

27

28

Pos

31

Pos

32

Pos

33

34

36

o |©O |0 |©O |Oo |©o

37

38

39

40

41

43

Pos

44

Pos

45

46

47

48

53

Pos

56

57

o |©O |0 |©O O | |o

58

60

61

64

66

70

71

Pos

o |O |O |©O (o

72

Pos

73

74

Heligmosomoides | Syphacea| Capillaria | Pelodera Brachylaemus
0 0 0 0
0 0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 s ]
77 0 0 0
0 0 0 0 0
23 0 0 0
0 0 0
0 0 0
0 0 0 0 0
44 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 ; 0
0 0 0 0 0
0 0 0 0
0 0 0 - 0
0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
13 0 0 0
0 0 0
0 0 0
11 0 0 0
0 0 0
0 0 0
0 0 0
21 0 0 0
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32

16

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

10
56

87

100

10

Pos

35

22

53

19

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

Pos

34

75
76
77
78
82

84
85
86
87

88
89
90
91

92

94
95
96
99

100
101
102
103
104
106
108
110
112
115
116
117
118
119
120
121
122
123
124
125
126

Total
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2.2 DNA Extraction

Mus musculuandApodemus sylvaticugrice had previously been used for various studies on
parasitic infections (Marsha#t al, 2004; Boyceet al, 2013,2014; Morgeret al, 2014;
Bajnoket al, 2015) DNA was extractedrom the miceusing standard methods and stored at

-20°C (Bajnoket al, 2015).

2.3 Primer Synthesis
Gene sequences for two variants of NLRP1b were retrieved fro@ahd3ank databaset

NCBI http://www.nchi.nlm.nih.qgoy and Ensembl Http://www.ensembl.org/index.htiand

their translations were checked. The firstariant is labelled MEQSQPKKK
(NP_00103786.1) ad the second IMEESQYKQ (NP_001155886.1pnd a ClustalW
alignment was done using the alignment tool from EBI

(http://www.ebi.ac.uk/Tools/msa/clustalofor both DNA variant sequences andbitlp

translations. After that, possible primers were designedaanmguity codes were added to

recognize more than one base. Pridéhttp://primer3.ut.ed/is online software that is used

for primer validation andlecking & criteria that must be mdor optimal performancelhe

primerswere ynthesized byeurofins Genomicg¢Table 23).
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Table 23. Sequences of NLRP1b primers.

. Name
Primer (forward)

Primer (reverse)

56 ATGGAASAATCTCAGYMC| 5&MTTSAAGKKWCYCTCTGGY EXON2

56 AWTTCCARAAGTAYAYAT 50 ACATAGCTCAGGATTCTG( EXON31

56 TRYRAGMAGCTGAGTCTGE 586 GCAAAGAACTCCTGGAGA EXON32

50 GAGGATGCCRTTGCCAYT1 56 CTGTCAGYKYATRTCCY] EXON33

EXON 3

56 GCTGAGTCTGGCTGAGCT| 56 GAACTCCTGGAGACACA 2N
EXON3-

56 CCTTCAAAAGCAGGCC 50 GCAGAAAGTGACCAC 3N

5 SE
56 CCCACTGTGCGCTTTC 55 AGTGACCACCATGAGC Q

SEQ2
5 TGCTGCATCTGTTACCT 5 GGGTCCCCTAAGATGAIT °

A A EXON 31
50GAGACTCTGGACCCCACATD 3 56GACTTCCCAATTCCAGCAG 3

6 EXON3-2
56AGAGAGCCTGGAAGGAAGS 3 50AGCTCAGGATTCTGGTCTG® 3

EXON3-3
56TGACCTCACAGACCACAS 3 50CCTGCTTTTGAAGGATACC® 3

24.PCR

24.1. Mammalian Tubulin PCR

PCR amplification of the mouse tubulin gemeas used as a control to confirm that DNA

extractionswvere ofsuitable gality for subsequent assay. The cycling conditiand primers

used for the tubulin PCR are shown in Taldd and 2.5

Talde 24. Mammalian tubulin PCRycling conditions.

Cycle Conditions Number of Cycles
1 94°C for 5 minutes 1

94°C for 40 seconds

60°C for 40 seconds

2 72° C for 1 minute 30 40
seconds
3 72°C for 10 minutes 1

The first denaturation cycle was at°@4for 5 minutes followed by a second cycle that

included denaturation at 9@ for 40 seconds, then annealing af@Zor 40 seconds and
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extension at 7Z for 1 minute and 30 seconds. The last step wiasahelongation a72°C

for 10 minutes.

Table 25. Seaquences othe Tubulin primers.

Tubulin forward Primer Tubulin reverse primer

5 GGTGAGTGCATCTCCATCCAD § 5 GCCCTCACCCACATACCAGT® 3

The PCR master mix (Table&.consisted of a 10X Bioline NH4 PCR buffer (no MGl
MgCIF, dNTPs mix (Bioline), forward and reverse tubulin primers and distilled water
(Sigma), which made a total volume of@4Thefinal total volume in each PCR tube was 25
m as1 m of mouse DNA was then added il of distilled water was used for a negative
control purpose).

Table 26. PCR Master mix contents, concentraamd amount per sample for amplification
of themouse tubulin anBlILRP1b geng

Material Concentration Amount
Bioline NHs PCR buffer |  --—-- 25n
MgCIF 50 mM 1nm

dNTPmix 25 mM each 0.25m
Forward primer 25 pmhi 0.5m
Reverse primer 25 pmi 0.5nm

Distilled water T 18.75m
Taq DNA polymerase 5 unitim 0.5m

2.4.2. Polymerase Chain Reaction

A master mix was prepared comprising: 2i%f 10x Bioline NH4 PCR buffer, i1 of 50

mM MgCIF (Bioline), 0.25n each of 25 mM dNTPs, 0.5 of 25pmhforward primer, 0.25 of
25pmi of our designed reverse primer, 18m%f distilled water and 0.51 of Sunit/m Taq

DNA polymerase (Table 2.4). Standard PCR cycling conditions were as follows: DNA
denaturation at 9€ for 10 minutes for one cycle, followed by 40 cycles of DNA

denaturation at 9€ for 40 seconds; primer annealing was done at different temperatures
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according to the type of primer and this was for 40 seconds with an extensio &br720
seconds. A final extensiagtepat 72C for 10 minutes was carried out.

Also, a Bioline MyTaq Mix was used at a certain tsmeth some of the PC& It comprised
a MyTag DNA Polymerase buffer, dNTPs and Mg@hd requird adding only water

primers and DNA as follows: 1m of 25 pmhi forward primer, 1m of 25 pmfi reverse

primer, 1m of DNA templet, 12.51 of MyTag Mix and 9.5 of water.

Table 27. Details of NLRP1b primers annealing temperatureexectedragment size.

Primer Annealingtemperature| Size (bp)
EXON2 57°C 142
EXON3Part1 59°C I
EXON3Part2 52°C 770
EXON3Part3 52°C 610
EXON3Part2N 60°C 757
EXON3Part3 N 60°C 610
EXON3-1 59°C 215
EXON3-2 59°C 235
EXON3-3 59°C 235

24.3. PCR Optimization

Two factors were taken intaccount during PCR optimizatipannealing temperature and
MgCl> concentration. The optimization used may improve target segment quantity and
specificity. Theoptimal annealing temperatungas determined by setting uptemperature
gradient across a thermyxler plate. For example, if the PCR plate has 12 columns, each
column will have an increment of@ in temperature. This should help to determine the best
primer annealing temperatur®.MgCl. dilution serieswasusedin some cases to enhance the

recovery of PCR product.
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2.5. Gel Electrophoresis

Agarose gel electrophoresis was used to check faettwrery ofPCR produc A 1.5% gel
concentration was used for gel electrophorasid this was prepared by additionldd g of
agarose powddBioline) to 100 ml oflx TBE buffer(Bioline). The mixture was heated in a
microwave for about 30 seconds to allow the agarose powder to dissolve. The solution was
put onto a rotary shaker, and when it had cooled to approxim#&@®Dy 8 m of concentrated

gel red solutior{Biotium) was addedThe agarose solution was then poured into a gel casting
tray that contained appropriate dams and a comb and it was allowed to solidify. Then,
approximately 400 ml of the 1xTBE buffer was poured into the casting tank, the casting dams
and comb were removed and the DWth 3 ni of the concentrated 6x loading buffer from
Bioline) was loaded into the well§he DNA was Howed to electrophorese for 1 hoat

100V and 100 mA. The DNA was then visualized by placing the gel in a UV transilluminator

(SynGene). The gel was imaged and the photo saved.

2.6. DNA extraction from agarose gel

A Bioline Isolated Il Gel Kit was used to extract DNA from the agageeUsing UV eye
protection, aclean scalpel was used to cut tleguiredDNA fragment from the gel. Excess
agarose was removed from the fragment and the weight of the slice was measurkedf 200
CB binding buffer was added to the slice in a glagbeand incubated in a 8Q water bath

for 5/ 10 minutes with a vortex every 2 minutes to completely dissolve the gel slice. After
that, an Isolated Il PCR column was placed in a 2ml collection tube and the sample was
loaded and centrifuged for 30 seconds g0QQ rpm. The flowthrough was discarded and
700 m of CW washing buffer was added to the Isolated Il PCR column, another centrifuge
was done for the same time and speed. The-ffwaugh from the previous step was
discarded and another centrifuge wasiedrout to remove any ethanol from the washing

buffer. The last step was to place the Isolated Il PCR column in a 1.5ml tube with albdut 25
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of an elution buffer, followed by incubation at room temperature for 1 minute before a last

centrifuge waslone fa 1 minute at 11,000 rpm.

2.7. PCR Product clearrup

A Bioline Isolated Il PCR Kit was used in this stage. The sample was prepared by adding
water to adjust the total volume torBOThen, one volume of the sample was mixed with two
volumes of CB mding kuffer. Thelsolated Il PCR column was placed in a 2 ml collection
tube and the sample loaded and centrifuged for 30 seconds at 11,00thgofltow-through

was discarded and 70 of CW washing buffer was added to the Isolated Il PCR column,
anotlter centrifuge was done for the same time and speed. The previous step was repeated to
remove and minimize any Chaotropic salt cawer. The flowthrough was discarded and
another centrifuge carried out to remove any ethanol from the washing buffesoldted |1

PCR column was placed in a 1.5 ml tube with aboui2&f an elution buffer, followed by
incubation at room temperature for 1 minute before a last centrifuge was done for 1 minute at

11,000 rpm

2.8. DNA concentration measurement

A Nanodrop spectrophotometer (ThermoFisher Scientific)was used to measure the
concentration othe recovered®CR product, since a specific concentration is required by
SourceBiosciencethe DNA sequencing companytilised throughout this studyAn aliquot

of 2i 3 m of deionized water was placed on the lower @btgurface and the upper optical
armwasclosed to clean both optical surfaces. Then, the water was wiped awaiGamicf
buffer was added to the optical surface and the arm closed to blank the measuframent.
type of sample was closed, douteand DNA, and di of the sample was loaded onto the

lower optical surface and the upper arm closed to measure the concentration.
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2.9. Sequencing

PCR products were prepared to be sent to Source Bioscience Lifesc@mopany in order
to sequence them. There are some requirements from the company to get quaagd
sequencelata The forward and reversgrimers must be 51 volumesand at a concentration
of 3.2 pmolf. Samples must be arbvolume for each PCRroduct and the concentration
must be 1ngf per 100bp. Also, it is prefable thatprimer lengthsare betweerli8i 23 base
pairs, the primemannealingtemperature between 55°C and 60°C, #mat primersshould
have about 40% and 60&C content.

The date were analysed using various software: FinchTV
(http://officialsite.pp.ua/?p=295849hromasProNCBI blast search

(https://blast.ncbi.nlm.nih.gov/Blast.cqi?PAGE_TYPE=BlastSdanthstal alignment

(http://www.ebi.ac.uk/Tools/msa/clustalpprotein translatiorExpasy

(http://web.expasy.org/translaxend ChromasPro

(http://technelysium.com.au/wp/chromaspré&inchTV and ChromasPro were used for

sequencing visualization and analysis. NGRist searcbswas used to check the similarity
to mouse references. Clustal alignment was used to align all sequences and find any

differences between them. Expasy was used to translate all sequences into their proteins.

2.10. Statistics
Minitab 16 was used for statistical analyses of the data (licensed to the University of Salford).
Also, GraphPad, online software, was used inlfgnaith Minitab

(http://graphpad.com/quickcalcs/contingencyl.cfm)
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Chapter 3

Result: Investigationinto the variation of Toll-like
Receptor (TLR) genes in relation to helminth
Infections in woodmice Apodemus sylvaticys
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3. Result:Investigation into the variation of Toll-like Receptor (TLR) genes in relation
to helminth infections in woodmice (Apodemus sylvaticys

3.1.Introduction

3.1.1. Toll-like Receptor gene variation inApodemus sylvaticus

A number of researchers have showattkariations in toHike receptors can have an
influence on resistance or susceptibility to infectious agents in both laboratory studies and
natural populations. A previous study was carried out in which a large collection of wild
wood mice were tested wh infections from botir. gondii(Bajnoket al, 2015)and a range

of helminth and other parasit@Boyceet al, 2014) Individual mice in this population also

had their genes for TLR11 and TLR12 sequenced as part of a study to investigate any specific
relationship between TL&Rgene polymorphism and. gondiiinfection. A large quantity of

other parasitological datan relminth infectionsvas also obtained for these m{cklorgeret

al., 2014; Morgeeet al, 2014;Boyceet al, 2014. Since &idence suggesthat TLR11 and
TLR12 may interact with parasgether thanToxoplasma gondihe aim of tis chapter is to
investigate whether there is any association between variations in TLR11 and TLR 12 gene
sequences and helminth infection.

According to the first quantitative study on the genetic diversity of TLR 11 and TLR12 in
nature inApodemussylvaticus an intermediate level of genetic diversity was observed in
TLR 11 andresulting mino acid changes give four haplotygd®&%orgeret al, 2014) Two of

these haplotypes are frequently present and twbeshare very rare (Figure 3.1). TLR 12
shows a higher genetic diversity compared to TLR 11, with nine amino acid changes and nine
haplotypegMorger et al, 2014) Only oneTLR12 haplotype is very frequent (Figure 3.1).
These variations in TLR 11 and TLR 12 appear to have a minimal effect orstiepshility

or resistance ahe studied population oApodemus sylvaticus T. gondiiinfection (Morger

et al, 2014)
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Figure 3.1. Genetic diversity of TLR 11 and TLR 1Apodemus sylvaticysaken from
Morgeret al, 2014)
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3.2.Study Rationale

Little is known about the interactions between parasitic infections in natural populations of
Apodemus sylvaticuend genetic variations in genes of the immune system. The availability
of a population of woodnice well characterised for their parasite atfens (Boyce, 2013;
Boyceet al, 2014), and which had had their TLR11 and TLR12 genes sequi@vioegkr et

al., 2014) provided an opportunity to explore this further.

As TLRs are an important mechanism for detecting parasites and triggering the innate
immune system, a broad hypothesis might be that different variants of each TLR have
different efficiencies of detection and therefore the ability to resist infection. Furthermore,
heterozygous mice have two different variants and might have a greatsr tabdetect and

deal with infection than homozygous mice. If these hypotheses are correct, one might expect
certain variants to be associated with specific infections or with a lack of infection.
Furthermore, heterozygous mice might be more likely to dsms linfected than their
homozygous counterparts. Looking at this from another perspective, parasite infection could
be acting as a selecéivforce driving TLR variants or heterozygosity in wild populations,
such asApodemus sylvaticusAdditionally, the reertoire of TLRs could also have an
influence on obe influenced by multiple or emfections. The availability of this collection

of mice and genetic data offers the opportunity to investigate these questions.
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3.3.0bjectives

There are severajuestions that would be interesting to address regarding these infected
samples and their genotypes:

1- Is there any relationship between the H1 haplotype of TLR11, negative, single and
multiple parasitic infections and nomfected mice?

2- Is there anyrelationship between the H2 haplotype of TLR11, negative, single and
multiple parasitic infections and naomfected mice?

3- Is there any relationship between the H1 haplotype of TLR12 and negative, single and
multiple parasitic infections?

4- Do TLR11 homozygadsy and heterozygosity have a relationship with each parasitic
infection?

5- Do TLR12 homozygosity and heterozygosity have a relationship wih pearasitic
infection?

6- Is there any relation between the H1 haplotype of TLR11 and each parasitic infection?

7- Is there any relation between the H1 haplotype of TLR12 and each parasitic infection?

8- Is there any relation between the H2 haplotype of TLR11 and each parasitic infection?

3.4.Material and methods.

Wood mice sample collectioand investigations werearried out by Boyceand her group
(Boyceet al, 2014) TLR polymorphism andnyassociation withl. gondii were carried out
by Morgerand his group (Morgeet al, 2014). The prevalenatatafor Toxoplasma gondii

wereinvestigatedy Bajnok and his group (Bajk et al.,2015)

3.4.1. Data Analysis
Graphpad online software was used to calculate associations using a Fisher's exact test and a

two-tailed P value analysig\ two-tailed valueoP O 0. 05 was considered
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3.5. Results

3.5.1. Investigating the relation between negative, single and multiple parasitic
infections and presence of the H1 genotype of TLR11

One hundred and twenty mice were examined for helminth parasitic infections and six
species of helminths were found. The prene&of infection with at least one parasite was
79.2% while the negative infection prevalence was 20.8%. The number of mice with multiple
parasitic infections was slightly higher than those with a single paraséaatior; 49 (51.6%)

and 46 (48.4%), resggtively. The H2/H2 TLR 11 genotype comprised about 48% of the
sample while H1 genotypes were 21.6%; the remaining samples were a mixture of H1/H2,
H1/H3, H2/H3 and HMH4 genotypes. The following tables show the relationship between
negative, single and rtiple parasite infected mice and norfected mice, and according to

the presence of the H1 and Add genotypes of TLR11.

Table 3.1. Investigation of the relationship betweegative single and multiple parasitic
infections and the presence of TLRidplotype 1

H1 Genotype Non H1 Genotype Total
No infection 4 21 25
Single Parasite 6 40 46
infection
Multiple Parasites 8 41 49
infection
Total 18 102 120

The table abovéTable 3.1) was constructed to investigate the association between parasitic
infection statuses according to the H1 haplotype of TLR11. Six out of 46 mice were H1 and
infected witha single parasite, and 8 out of 49 mice were H1 and infected with more than one
parasie. The twetailed P value was calculated for the previous table and was 0.77.
According to the twdailed P value, the association between single and multiple parasitic

infections and the presence of the H1 haplotype of TLR11 is insignificant.
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Also, it presents the data for negative and multiple infection mice based on the TLR 11
presence of haplotyfel to find out the relation between themidtal of 18 micewere H1, 4

of them were not infected al®were multiple parasites infected. The calculatedtaied P

value is> 0.05 which shows no significant relation between negative and multiple parasitic
infections in the presence of H1 of TLR 11.

The association between negative and single parasitic infections in the presence of TLR11 H1
haplotype is investigated in Table 3.3. Four out of 25 mice were H1 and had no parasitic
infection and 6 out of 46 mice were H1 and infected with a single parB&itassociation
between negative and single parasitic infection and the presence of haplotype H1 of TLR11 is

found since théwo-tailed P value is 0.73.

3.5.2. Investigating the relation between negative, single and multiple parasitic
infections and the pesence of H2 genotypes of TLR11

Thenexttable show the relation investigated between TLR11 H2 haplotypes and each

parasitic infection: negative, single and multiple.

Table 32. Investigation of the relationship betwemggative single and multiple pasitic
infections and the presence of TLR11 haplotype 2.

H2 Genotype Non H2 Genotype Total
No infection 15 10 25
Single Parasite 23 23 46
infection
Multiple Parasites 20 29 49
infection
Total 58 62 120

The table abovéTable 3.2) was constructed to investigate the association between parasitic
infection statuses according to the H2 haplotype of TLR11. Twibnée out of 46 mice
were H2 and infected with a single parasite, which makes 50% of them, and 20 out of 49
mice were K2 and infected with more than one parasite. The -taited P value was

calculated for the previous table am 0.43. Accordingto the twetailed P value, the
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association between single and multiple parasitic infections angrdsznce of the M
haplaype of TLR11 is insignificant.

Another relation from the previousble Table 3.2) wasinvestigatedwhich is the relation
betweemegative and multiple infection mice based on the TLR 11 presence of haplotype 2.
A total of 58 mice were H2, 15 of them were not infected a®dwre multipleparasites
infected. The twdailed P value calculated .14, which indicates no significant relation

between negative and multiple parasmifctionsin the presence of H2 of TLR 11.

Theassociation between negative and single parasitic infection in the presence ofHZR11
haplotype is investigated in Table23Fifteen out of 25 mice wereZHand had no parasitic
infection and 23 out of 46 mice were H2 and infected with a single parssitassociation

was found between negative and single parasitic infection and the presence of the haplotype

H2 of TLR11 since the twailed P value is @6.

3.5.3. Investigating the relation between negative, single and multiple parasitic
infections andH1 genotypes of TLR12

Sixty per cent of TLR 12 genotypes were H1 homozygotes and the other 40% were a mix of
H1/H2'H1/H9. The next few tables show the interaction between infection status and the

genotypes of TLR12.

Table 33. Investigation of the relatnship betweemnegative single and multiple parasitic
infection and the presence of TLR12 haplotype 1

H1 Genotype Non H1 Genotype Total
No infection 15 10 25
Single Parasite 28 18 46
infection
Multiple Parasites 29 20 49
infection
Total 72 48 120

The table abovéTable 33) was constructed to investigate the association between parasitic
infection statuses according to the H1 haplotype of TLR12. Tweigty out of 46 mice

were H1 and infected with a single parasite and 29 out of 49 mice weredHifected with
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more than one parasite. The ttaled P value calculated for the above tablke @505
According to this twetailed P value, the association between single and multiple parasitic

infections and the presence of the H1 hggle of TLR12 ignsignificant.

Also the table Table 33) presents the data for negative and multiple infection mice based on
the TLR 12 presence of haplotype 1 to determine the relation between them. &f it2al

mice were H1, 15 of them were not infected and 29 wedépte parasite infected. The two

tailed P value calculated ’ 0.05 which indicates no significant relation between negative
and multiple parasitilfectionsin the presence of H1 of TLR 12.

The association between negative and single parasiticioriedh the presence of TLR12 H1
haplotype is investigated in Table3315 out of 25 micewere H1 andhad no parasitic
infection and 28 out of@ mice were Hland infected with a single parasite. No association
was found between negative and single parasitic infections and the presence of haplotype H1

of TLR12 since the twaailed P value is 0.05

3.5.4.Investigating the relationship between each helmih infection and TLR11 and 12
homozygotes and heterozygotes

3.5.4.1 Plagiorchis

Plagiorchisinfection has been discovered amaxgpdemus sylvaticusice; 20.8% of wood
mice were infected while 79.2% of wood mice were negativé’fagiorchisinfection. The
two tables below show the details fBlagiorchisinfection and the TLR11 and 12 genotypes

heterozygosity and homozygosity.

Table 34. Investigation of the relationship betweelagiorchisinfection and the presence of
TLR11 homozygasand heterozygas hapldypes

Homozygote Heterozygote Total
Plagiorchis 16 9 25
No Plagiorchis 60 35 95
Total 76 44 120

The table above(Table 34) was constructed to investigate the association between

Plagiorchisi nf ecti on and the genotypesdé allele st
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11. Sixteen mice infected witRlagiorchis were homozygos and 9 infected mice were
heterozygas 60 out of 95 mice were not infected wiagiorchisand were homozygs
for TLR11, and 35 of the negative ones were heterazydgche tweotailed P value calculated
for the above table is 0.05 which meanghere isno association betweetle numbers of
Plagiorchisinfected mice and nemfected mice in the presence of TLRhé&terozygosity
and homozygosity.

Table 35. Investigation of the relationship betweRlagiorchisinfection and the presence of
the TLR12 homozygas and heterozygas haplotypes

Homozygote Heterozygote Total
Plagiorchis 16 9 25
No Plagiorchis 56 39 95
Total 72 48 120

Table 35 showsthe association betwedpiagiorchisinfection and therLL12 allele status
(homozygote or heterozygote) for TLR 12. Sixteen mice infected Rébiorchisand were
homozygais and 9 infected mice were heterozygo56 were not infected witRlagiorchis
and were homozygs for TLR12, and 39 of the negative ones were heterarygihe twe
tailed P value calculated for the above table is 0.8190, which meansstinerassociation
between the numbers &lagiorchisinfected mice and nemfected mice in the presence of

TLR12 heterozygosity and homozygosity.

3.5.42. Heligmosomoides
81 out of 120 samples were infected wiileligmosomoideand 39 mice were negativEhe
tablesbelow show the relation betweddeligmosomoideffection and the genotype status

of TLR 11land 12, respectively.

Table 36. Investigation of the relationship betwddaligmosomoidemfection and the
presence of the TLR11 homozygmand heterozygas haplotypes

Homozygote Heterozygote Total
Heligmosomoides a7 34 81
No Heligmosomoides 29 10 39
Total 76 44 120
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The association betweeHeligmosomoidesnfection and allele status (homozygote or
heterozygote) for TLR 11 is investigated in the table ab@able 36); 47 mice were
homozygais and infected wittHeligmosomoidesand 29 homozyges ones were negative;
34 of the heterozygs mice were infected and 10 were negative. The-tailed P value
calculated for the above takike0.1,which means there is no significant assocratietween
the numbers oHeligmosomoidesnfected mice and nemfected mice in the presence of

TLR11 heterozygosity and homozygosity.

Table 37. Investigation of the relationship betwddaligmosomoidemfection and the
presence of the TLR12 homozygmand heterozygas haplotypes

Homozygote Heterozygote Total
Heligmosomoides 48 33 81
No Heligmosomoides 24 15 39
Total 72 48 120

Table 37 showsthe association betwedfeligmosomoidesnfection and the allele status
(homozygote or heterozygote) for TLR 12; 48 mice infected Wighigmosomoidesvere
homozygais and 33 infected mice were heterozygo 24 were not infected with
Heligmosomoidesand were homozygws for TLR12, and 15 of the egative ones were
heterozygas The twotailed P value calculated for the abdable is 0.5, which mean there
is noassociation between the numbersHafligmosomoidesfected mice and nemfected

mice in the presence of TLR12 heterozygosity and homusityg

3.5.43. Syphacea

27.5% of the mice were infected witByphaceawhile 72.5% of mice were not infected;
51.5% of infected mice were TLR 11 homozygptehile 48.5% were heterozygsteAlso,

67.8% of the negative samples were homomggmd the rest were heterozygdTable 38).

TLR12 homozygote genotype samples were about 63.6% while the heterozygote genotype

samples were around 36.3% (Tablg)3.
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Table 38. Investigation of the relationship betweByphaceanfection and the presence of
the TLR11 homozygasand heterozygas haplotypes

Homozygote Heterozygote Total
Syphacea 17 16 g8
No Syphacea 59 28 87
Total 76 44 120

The association betweeByphaceanfection and theTLR11 allele status (homozygote or
heterozygote) isshownin the table abovdTable 38); 17 mice were homozygos and
infected withSyphacea59 of the homozygosenvere negative; 16 of the heterozyganmice

were infected and 2Beterozygotesvere negative. Thewo-tailed P value calculated for the
above table i9.14, which means there is no significant association between the numbers of
Syphaceanfected mice and neimfected mice in the presence of TLR1dtdrozygosity and

homozygosity.

Table 39. Investigatio of the relationship betwe&yphaceanfection and the presence of
the TLR12 homozygas and heterozygas haplotypes

Homozygote Heterozygote Total
Syphacea 21 12 Ee
No Syphacea 51 36 87
Total 72 48 120

Table 39 showsthe association betweeByphaceanfection and theTLR12 allele status
(homozygote or heterozygote); 21 mice infected Vv@#phaceavere homozygos and 12
were heterozyges 51 were not infected witByphaceaand were homozygs for TLR12,
and 36 of the negative ones were hetggozres. The twotailed P value calculated for the
above tablas 068, which means there 130 association betweethe numbers oSyphacea
infected mice and noemfected mice in the presence of TLR1ztérozygosity and

homozygosity.
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3.5.44. Capillaria
The number of mice infected Wyapillaria was relatively low, as shown in Tabled@and

3.11

Table 310. Investigation of the relationship betwe@apillaria infection and the presence of
the TLR11 homozygas and heterozygas haplotypes

Homozygote Heterozygote Total

Capillaria 4 4 8
No Capillaria 72 40 112
Total 76 44 120

The association betwedbapillaria infection and theTLR11 allele status (homozygote or
heterozygote) ishownin the table abové¢Table 3.10) Four mice were homozygos and
infected withCapillaria and 72 of thdhomozygote werenegative. Four of the heterozygote
mice were infected and 4teterozygotesvere negative. The twtailed P value calculated for

the above tables 0.42,which means there is no significant association between the numbers
of Capillaria infected mice and neimfected mice in the presence of TLR11 heterozygosity

and homozygosity.

Table 311 Investigation of the relationship betwe@apillaria infection andhe presence of
the TLR112 homozyges and heterozygas haplotypes

Homozygote Heterozygote Total

Capillaria 5 3 8
No Capillaria 67 45 112
Total 72 48 120

Table 311 showsthe association betwedPapillaria infection and theTLR12 allele status
(homozygote or heterozygote). Five mice infected \W@tpillaria were homozygas and 3
infected mice were heterozygose 67 were not infected withCapillaria and were
homozygais for TLR12 and 45 of the negative ones were heterozggdtee tvo-tailed P
value calculated for the above table>i9.05 which meanshere isno associatiorbetween
the numbers oCapillaria infected mice and neimfected mice in the presence of TLR12

heterozygosity and homozygosity.
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3.5.45. Pelodera

Peloderawasthe second least prevalent infection among the mice. Only 5 mice were positive

while the other 115 were negative.

Table 312 Investigation of the relationship betwdeeloderainfection and the presence of
the TLR11homozygaisand heterozygas haplotypes

Homozygote Heterozygote Total

Pelodera 1 4 5
No Pelodera 75 40 115
Total 76 44 120

The association betwedpeloderainfection and theTLR11 allele status (homozygote or
heterozygote) ishownin the above tabl¢Table 3.12) One mouse was homozygoand
infected withPeloderaand 75 of thehomozygots were negative. Four of the heterozygo
mice were infected and 40 were negative. The-tailed P value calculated for the above
table is0.6, which means there is no significant association betweznumbers dPelodera
infected mice and noemfected mice in the presence of TLR11l heterozygosity and

homozygosity.

Table 313 Investigation of the relationship betwdeeloderainfection and the presence of
the TLR12 homozygas and heterozygas haplotypes

Homozygote Heterozygote Total

Pelodera 4 1 5
No Pelodera 68 a7 115
Total 72 48 120

Table 3.B showsthe association betwedPeloderainfection and theTLR12 allele status
(homozygote or heterozygote). Four mice infected Witlkoderawere homozygoteand one
was a heterozygote; 68 mice were not infected wirbloderaand were homozygs for
TLR12, 47 of the negative ones were heterozygdike twotailed P value calculated for the
above tablas 0.6, which means there 130 associabn between the numbers Belodera
infected mice and neimfected mice in the presence of TLR12 heterozygosity and

homozygosity.
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3.5.46. Brachylaemus

The least prevalent among the six parasitesBrashylaemusOnly 3 mice were positive, as

shown inTables 314 and 315.

Table 314. Investigation of the relationship betwdgrachylaemusgnfection and the
presence of the TLR11 homozygote and heterozyuméotypes

Homozygote Heterozygote Total

Brachylaemus 2 1 S
No Brachylaemus 74 43 117
Total 76 44 120

The association betwed@rachylaemusnfection and thdLR11 allele status (homozygote or
heterozygote) ishownin the above tabl€¢Table 3.14) Two mice were homozygateand
infected with Brachylaemusand 74 of thehomozygote were negative. One of the
heterozygote mice was infected and 43 were negative. Théatled P value calculated for
the above table i 0.05 which means there is no significant association between the
numbers ofBrachylaemusdnfected mice and nemfected mice in theresence of TLR11

heterozygosity and homozygosity.

Table 3.15Investigation of the relationship betwdérachylaemusgnfection and the
presence of the TLR12 homozygmand heterozygas haplotypes

Homozygote Heterozygote Total

Brachylaemus 2 1 g
No Brachylaemus 68 a7 117
Total 72 48 120

Table 315 showsthe association betwedBrachylaemusnfection and theTLR12 allele
status (homozygote or heterozygote). Two mice infected JdtAchylaemuswere
homozygots and one was heterozyg® 68 mice not infected wittBrachylaemuswere
homozygais for TLR12 and 47 of the negative ones were heterozygotes. Thtaited P
value calculated for the above table>i9.05 which means there iso associatiorbetween
the numbers of infected mice andrrinfected mice in the presence of TLR12 heterozygosity

and homozygosity.
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3.5.5.Investigating the relationship between each helminth infection in the presence of
the H1 genotypes of TLR11 and 12

In this study, the H1 genotyp# TLR 11 and TLR12was nvestigated in relation to each

helminth infection.

3.5.5.1.Plagiorchis
The tables below show the relation betw&dagiorchisinfection and the H1 genotypes of

TLR 11 and TLR 12.

Table 316. Investigation of the relationship betwdelagiorchisinfection and the presence
of TLR11 haplotype 1.

H1 NonH1 Total
Plagiorchis 5 20 25
No Plagiorchis 13 82 95
Total 18 102 120

The above tabléTable 3.16howsPlagiorchisinfection was higher in the nedl genotype
than the H1 genotypaf TLR11; 80% and20% respectivelyTwenty positive mice were nen
H1 while only 5 were H1 for TLR11. The twailed P value indicates that there is no relation

betweerPlagiorchisinfection and the H1 genotype of TLR (P value= 0.53).

Table 317. Investigation othe relationship betwedPlagiorchisinfection and the presence
of TLR12 haplotype 1.

H1 Non-H1 Total
Plagiorchis 16 9 25
No Plagiorchis 57 38 95
Total 73 47 120

Table 317 showsPlagiorchisinfection was higher in mice of TLR12 H1 genotype. Sixteen
positive mice were H1 while only 9 were nbii for TLR12.NegativePlagiorchisinfected
mice ofthe H1 genotype were 57 amn-H1 were 38. The twailed P value indicates that
there is no relatin betweerPlagiorchisinfection and H1 and neH1 genotypes for TLR 12

(Pvalue=0.82).
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3.5.5.2.Heligmosomoides
The tables below show the relation betwéégligmosomoidesnfection and TLR 11 and

TLR 12 H1 genotypes.

Table 318. Investigation of the relationship betweddaligmosomoidemfection and the
presence of TLR11 haplotype 1.

H1 NonH1 Total
Heligmosomoides 10 71 81
No Heligmosomoides 8 31 39
Total 18 102 120

The above tabl¢Table 3.B) for TLR 11 showshat only 10 H1 mice were infected with
Heligmosomoidesvhile the other 71 positive mice were RHA. Also, negative H1 mice
were 8 while norH1 were 31. The P value outcome from the above table2& vhich

means there is no significant relation betwétrligmosomoidesnd the H1 haplotype of

TLR11.

Table 319. Investigation of the relationship betweddaligmosomoidemfection and the
presence of TLR12 haplotype 1.

H1 Non-H1 Total
Heligmosomoides 49 32 81
No Heligmosomoides 24 15 39
Total 78 47 120

Table 319 shows the data for TLR 12aplotype landHeligmosomoidemfection. The data
showsthat 49 H1 mice were infected witheligmosomoidewhile the other 32 positive ones
were norH1. Also, negative H1 mice were 24 while Add mice were 15. TheP value
outcome from the above table>9.05 which means there is no significant relation between

Heligmosomoideand the H1 haplgpe of TLR12.

3.5.5.3.Syphacea
The tables below show the relation betw&gphaceanfection and the H1 genotypes of TLR

11 and TLR 12
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Table 320. Investigation of the relationship betwegyphaceanfection and the presence of
TLR11 haplotype 1.

H1 NonH1 Total
Syphacea 8 25 g8
No Syphacea 10 77 87
Total 18 102 120

The table above shows th&yphaceavas prevalent in 33 out of 120 mice. According to
Table 320, for TLR 11 only 8 mice were Hand infected withrSyphaceandthe other 25
infectionswerein non-H1 mice Furthermore, there were 87 negative mice, includiddil
and 77#non H1 for TLR 11. The calculated twailed P value for TLR 11 mice is 0.09, which

is not significant.

Table 321. Investigation of the relationship betwegyphaceanfection and the presence of
TLR12 haplotype 1.

H1 Non-H1 Total
Syphacea 22 11 33
No Syphacea 51 36 87
Total 73 47 120

Table 321 shows the data fd8yphaceanfection in relation to the H1 genotype of TLR12;
22 positive mice were H1 while 11 positive mice were 4htihh The negative mice were as
follows: 51 H1 and 36 noehl1l. The twetailed P value calculated for TLR 12 mice>i9.05

which is not significant.

3.5.5.4 Capillaria
The relation betwee@apillaria parasite infection and H1 for TLR11 and 12 is investigated

in the next two tables & and 323.

Table 3.2. Investigation of the relationship betwegapillaria infection and the presence of
TLR11 haplotype 1.

H1 NonH1 Total

Capillaria 1 7 8
No Capillaria 17 95 112
Total 18 102 120

The above tabl¢Table 3.22)for TLR11 shows that only one mouse with H1 genotype was

Capillaria infected while 17 H1 genotype mice were negative. Also, 7 infected mice were
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nontH1 while 95 negative mice were nétl. No significant twetailed P value was obtained

from the above table as it¥s0.05

Table 3.3. Investigation of the relationship betwe@apillaria infection and the presence of
TLR12 haplotype 1.

H1 NonH1 Total

Capillaria 5 3 8
No Capillaria 68 44 112
Total 73 47 120

Table 3.3 shows that 5 infected mice and 68 finfected mice had the TLR12 H1 genotype.
Also, 3 infected and 44 nanfected mice had the ndAl genotype. No significant two

tailed P value was obtained from the above table asi0i85for TLR12.

3.5.5.5.Pelockra
The relation betweeReloderainfection and H1 for TLR11 and 12 is investigatedha next

two tables 3.2 and 325.

Table 324. Investigation of the relationship betwdeeloderainfection and the presence of
TLR11 haplotype 1.

H1 Non-H1 Total

Pelodera 0 5 5
No Pelodera 18 97 115
Total 18 102 120

According to Table 24, which displays the data for TLR11, no infected mice were found
with the H1 genotype and all 5 infected mice had thetbmenotype; 115 were not infected
and among these mice 18 were H1 and 97 wereHioriThe TLR11 P value is equal to
0.05 which meas there is no association between the numb@etafderainfection and H1

genotype of TLR11.
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Table 325. Investigation of the relationship betweeeloderainfection and presence of
TLR12 haplotype 1.

H1 NonH1 Total

Pelodera 4 1 5
No Pelodera 69 46 115
Total 73 47 120

Table 325 shows the data for TLR12. In contrast to the TLR 11 data, 4 positive mice were
H1 and 1 mouse was néiil. The number of H1 negative mice was higher thanhhbmice

at 69 and 46, respectively. The twaled P value callatedfor the above table is (b6
which means there is no association between the numbiteladerainfections and the H1

genotype of TLR12.

3.5.5.6 Brachylaemus
The relation betweeBrachylaemusnfection and H1 for TLR11 and 12 is investigatedha

next two tables 26 and 327.

Table 326. Investigation of the relationship between parasitachylaemusnfection and
the presence of TLR11 haplotype 1.

H1 Non-H1 Total

Brachylaemus 0 3 g
No Brachylaemus 18 99 117
Total 18 102 120

Brachylaemusnfection prevalence was 3 out of 120 mice. According to Tal2éfor TLR
11 data, no mice were H1 while the other 3 mice wereHhbnFurthermore, there were 117
negative mice, comprising 18 H1 and 99 #&h The calculated twtailed P vale for the
above table is 0.05 thus there is no significant association betwBeathylaemusnfection

and the presence of the H1 genotype of TLR 11.
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Table 327. Investigation of the relationship between para8itmchylaemusnfection and
the presence of TLR12 haplotype 1.

H1 NonH1 Total

Brachylaemus 2 1 S
No Brachylaemus 71 46 117
Total 73 47 120

Table 327 shows the data fdBrachylaemusnfection in relation to the H1 genotype. Two
positive mice were H1 while only one positive mouse washbnThe negative mice were
as follows: 71 H1 and 46 nddl. The calculated twitailed P value for the above table>is
0.05 thus there is no signdant association betweerachylaemusinfection and the

presence of the H1 genotype of TLR12.

3.5.6.Investigating the relationship between each helminth infection in the presence of
the H2 genotype of TLR11

3.5.6.1.Plagiorchis.
Twentyfive five mice were infected witRlagiorchisand 95 mice werPlagiorchisnegative

(Table 328).

Table 328. Investigation of the relationship betwdelagiorchisinfection and the presence
of TLR11 haplotype 2.

H2 Non-H2 Total

Plagiorchis 11 14 25
No Plagiorchis 47 48 95
Total 58 62 120

Table 328 shows the data fdPlagiorchis parasite against the H2 and Ad2 genotypes of
TLR11; 11positive mice were H2 while 14 were nbl2. The negative mice numbered 95;
47 of themwere H2, while 48 weraonH2. The twetailed P value for the above table is
0.65, which is more than 0.05 and means there is no significant relation beRlaegorchis

infectionand theH2 TLR11genotype.
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3.5.6.2.Heligmosomoides

Eighty-one out of 120 mice were infected witteligmosomoidesyhile the other 39 were
Heligmosomoidesegative.Heligmosomoideparasite had the highest prevalence among the

six otherhelminthparasitegTable 329).

Table 329. Investigation of the reteonship betweeleligmosomoidemfection and the
presence of TLR11 haplotype 2.

H2 Non-H2 Total

Heligmosomoides 37 44 81
No Heligmosomoides 21 18 39
Total 58 62 120

Like Plagiorchisinfection, the positivéHeligmosomoide#$i2 infected mice were fewer than
the nonH2 ones at 37 and 44, respectively. But there were more H2 negative mice than non
H2 infected mice at 21 and 18, respectively. There is no significant association between

Heligmosomoideand the TLR1H2 genotypesince the Ralue is 0.4.

3.5.6.3.Syphacea

Thirty-three mice out of 120 were infected wilyphaceavhile the other 81 werByphacea

negative (Table 30).

Table 330. Investigation of the relationship betwegyphaceanfection and the presence of
TLR11 haplotype 2.

H2 Non-H2 Total
Syphacea 9 24 Ee
No Syphacea 49 38 87
Total 58 68 120

Like the previous two tables, H2 infected mice wilgphaceawere fewer than noh2
infected ones. The H2 infected mice numbered 9 whileHi®nvere 24; 49 out of 87 nen
infected mice withSyphaceavere H2 and 38 were noil2 TLR11 genotype. The calculated
two-tailed P value for both TLR mice variants is 0.007, «€.05. Therefore, the P value

shows a strongtatistically significant association betweSgphaceanfection and thenon
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H2 genotype of TLR 11Upon further analysis of th®yphaceanfection, all data showed
that the association was not significanthwespect to théleligmosomoideso-infection (P

value = 0.28)see appendix 1,dblel)

3.5.6.4 Capillaria
Eight mice out of 120 were infected witbapillaria while the other 12 wer€apillaria

negative (Table 31).

Table 331 Investigation of the relationship betwe@apillaria infection and the presence of
TLR11 haplotype 2.

H2 Non-H2 Total

Capillaria 2 6 8
No Capillaria 56 56 112
Total 58 62 120

As shown in the above tab{@able3.31) the majority ofCapillaria infected mice were nen
H2 genotype and only two mice were H2; 112 mice were not infected, half of them were H2
and the other half were nd#2. There is no significant association betweeapillaria

infection andhe TLR11H2 genotype since the P valuedi7.

3.5.6.5.Pelodera
Five mice out of 120 were infected witheloderawhile the other 115 wer®elodera

negative (Table 33.

Table 3.2. Investigation of the relationship betwdeeloderainfection and the presence of
TLR11 haplotype 2.

H2 Non-H2 Total

Pelodera 1 4 5
No Pelodera 57 58 115
Total 58 62 120

Table 3.2 shows the data for thPeloderaparasite in relation to the H2 and RHR
genotypes of TLR11. Only one positive mouse was H2 while 4 werdH@oThe negative

mice numbered 115; 57 of them were H2 while 58 wereH®mgenotype (Table.32). The
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two-tailed P value for the above tableGs86 i.e. more than 0.05, which means there is no

significant relation betweeReloderaparasitic infection and the TLR11genotype.

3.5.6.6.Brachylaemus
Three mice out of 120 were infected wiBrachylaemuswhile the other 117 were

Brachylaemusegative (Table 33.

Table 3.3. Investigation of the relationship betwdgrachylaemusgnfection and the
presence of TLR11 haplotype 2.

H2 Non-H2 Total

Brachylaemus 2 1 3
No Brachylaemus 56 61 117
Total 58 62 120

TLR11 data indicate thainly 2 H2 mice were infected witBrachylaemuswhile only 1
positive mouse was nerl. Also, negative B mice numbered 8 while neid2 were 31.

There is no significant association betwd&yachylaemusnfection and the H2 genotype of
TLR11 since the P value is .6

The following tables(Tables 3.34, 3.35 and 3.36) summarise gtagisticalinvestigations
carried outin this chaptemwith respect to any associations between TLLRand TLR12
haplotypesand helminth infections. Note, the only significant link was found with the TLR

11 haplotype 2 and resistance towd&sgphacedTable3.36).
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Table 334. Summary of thestatisticalsignificancebetweenTLR 11 (haplotypes H1 and H2)
TLR12 (haplotype H1) and negative, single and multiple parasitic infections.

H1 haplotype of TLR1|Pvalue Significance
Single and multiple parasitic infections 0.77 No
Negative and multiple parasitic infections >0.05 No
Negative andingle parasitic infections 0.73 No

H2 haplotype of TLRI1

Single and multiple parasitic infections 0.43 No
Negative and multiple parasitic infections 0.14 No
Negative and single parasitic infections 0.46 No

H1 hapl ot y prelatanfo TLR1

Single and multiple parasitic infections > 0.05 No
Negative and multiple parasitic infections > 0.05 No
Negative and single parasitic infections > 0.05 No
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Table 335 Summary of the statistical significance between homozygosity and
heterozygosityf TLRs 11 and 12 animfections withdifferent parasites.

TLR11 homozygote or P value Significance
heterozygote relation to:

Plagiorchis > 0.05 No
Heligmosomoides 0.10 No
Syphacea 0.14 No
Capillaria 0.43 No
Pelodera 06 No
Brachylaemus > 0.05 No

TLR12 homozygote or
heterozygote relation to:

Plagiorchis 0.8 No
Heligmosomoides 0.5 No
Syphacea 0.68 No
Capillaria > 0.05 No
Pelodera 0.65 No
Brachylaemus > 0.05 No
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Table 336. Summary of thetatisticalsignificancebetweerhaplotypes offLRs 11 and TLR
12 and different parasitafectiors.

TLR11 haplotype H1 againg P value Significance
Plagiorchis 0.53 No
Heligmosomoides 0.28 No
Syphacea 0.09 No
Capillaria > 0.05 No
Pelodera >0.05 No
Brachylaemus > 0.05 No

TLR12 haplotype H1 agains

Plagiorchis 0.8 No
Heligmosomoides > 0.05 No
Syphacea >0.05 No
Capillaria > 0.05 No
Pelodera 0.65 No
Brachylaemus > 0.05 No

TLR11 haplotype H2 agains

Plagiorchis 0.66 No
Heligmosomoides 0.44 No
Syphacea 0.0073 Yes
Capillaria 0.27 No
Pelodera 0.36 No
Brachylaemus 0.61 No
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3.6.Discussion

Little is known about the interactions between parasitic infections in natural populations of
Apodemus sylvaticusnd genetiovariation in genes of the immune system. The purpose of
this chapter is to study the association between the TLR11 and 12 haplotypes and six
helminth parasites Plagiorchis HeligmosomoidesSyphacea, Capillaria, Peloderand
Brachylaemuslt is also to deermine the effects of TLR heterozygosity and homozygosity on
infection.

To our knowledge this is the first study that investigates the relations between TLR
polymorphisms anthe abovehelminth parasitesOnly onepublishedstudy was found that
investgatal the association betweegoat TLRs and infection with the nematode
Haemonchus contortusndeed, polymorphismsef the goatTLR gene werefound to be
associated wittdaemonchus contortusfectiorn a total of31 SNPs were discovered and 9 of
them showed statistically significaassociationgAlim et al.,2016)

Multiple studies have investigated TLR polymorphism in relation to different diselase
example, a study that was carried out in Chinadatat TLR 9 polymorphism is associated
with knee diseases in hunsfzhenget al, 2017) Also, another study showed that TLR9
polymorphismsare associated withaltered IFN-0 levels inchildren with cerebralmalaria
(SamAgudu et al, 2010) Furthermore, a study of TLR 2 polymorphsand tuberculosis
revealed an association between cattle tuberculosis and susceptibility/resistaratdeo
(Bhaladhareet al, 2016)

This current study presents eviderbat he H2 genotype of TR 12in wood miceconfers
resistance againsdyphaceainfection, having a twdailed P value of 0.0073No other
associatios were discoveredetween the TLR11 and TLR12 genotypes and the helminth
parasites investigatedt would be interesting to addredsrther how the H2 haplotype
apparently confers resistanceSgphaceaA comprehensivéditeratureunfortunatelyrevealed

that noexistingstudies thaimight help explairthe date presentewthin this chapter
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The prevalence of some parasites, ®glodera and Brachylaemusias very low, which
clearly would impact the quality of the data analyBisr example, an increase of 1 infected
mice with certain parassavould make the relati@hip being analysesignificant.Only five

mice were infected i Pelodera,while only 3 mice were infected witBrachylaemusThis

might be due to different factors, such as age, sex, season of sample collection and other
factors that might affect the numbers of infected mice.

Apodemus sylvaticusnfected with helrmth parasiteshas beerstudied in two different
areas, Aberystwyth and Skomer Island. Aberystwyth is a grassland area and Skomer Island is
woodland. The prevalence tilminth parasites was higher in adults than juveniles. The
composition of helminthic grasites and some seasonal variations in their prevalence in mice
were discovered (Lewis, 2009). Both extrinsic factors, which include seasonal and site
effects, and intrinsic factors, which include age and sex, interact with helminths prevalence
and abundnce(Langley and Fairley, 1982 lontgomery and Montgomery, 1988pu-Madi

et al, 2000) Seasonal variation (extrinsic) appears to be the factor most affecting variations
in prevalence and abundance. This could be through indirect effects occurring in the
reproductive cycles of animals and through direffects such as seasonal differences in
climate which affect the transmission and survival of each helminth(stag®ladi et al.,

1998 Montgomery and Montgomery, 1990)ge is the most important intrinsic factor that
affects the richness of helminths. This can be explained as young infected animals having
fewer parasites and fewer spedig®ntgomery and Montgomery, 1988pu-Madi, Behnke,

Lewis & Gilbert, 1998) Sex has very few effects on richness and abund@etenkeet al,

1999; Ferrariet al, 2004) Synergistic and antagonistielationships between parasites may
affect the richness of helminth parasi(Behnkeet al, 2001) For example, some hosts can

be expose to two infective stages of different parasitegnergistic)at the same tim@_otz

et al, 1995) On the other hand, some helminths make their hosts more @ukseptible to

otherspeciesThree mice withPeloderawere infected with different helminth parasites, and
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other parasites might make the host meusceptible to infection. There were no mice
infectedonly with Pelodera

A hypothesis by Behnke (2005) suggests that theepoes of the intestinal nematode
Heligmosomoides polygyrusfluences woodnice to have more than one helminth parasite.
It was confirmed thatwood mice in Portugal infected withd. polygyrushad a higher
prevalence obther helminths, but other factoatso had an influenced, such as the season
(Behnkeet al., 2009). In this datathat is reported in this chaptenice carryingH. polygyrus
were more likely to be infected with other species, but only older mice. This confirnts. that
polygyrusis a facto that increases the gofection of woodmice with other helminth
parasites (Behnkeet al, 2009. The prevalence dfl. polygyrusamong micean the current
study was very high, and most of the mice were infected with more than one species of

helminth
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Chapter 4

Determination of the Genomic arrangement and DNA Sequence
of the NLRP1b Gene from Apodemus sylvaticuand its Relation to
Toxoplasma gondilnfection
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4.1 Introduction
The NLRP1b protein is found within inflammasomes and works as a sgysem to scan
sterile hostcell cytosol for any foreign gern{dlartinonet al, 2002) Therefore, the NRP1

gene plays a vital role in innate immune response activation.

The NLRP1 gene, like all the NLR family, hascentralnucleotide binding domaiand a

short leucinerich repeat domaifLRR). NLRP1 also has domain calledunction to find

FIIND (Martinonet al, 2009) The FIIND domain issimilar tothe ZU5 and UPA domain,

as found in notNLR family protens, such as PIDD and UNC5BD 6 Os etall, 2001)

The function of these domains is to go through different processes, mature and make the
NLRP1 able to respond to stimuliFinger et al, 2012 Frew, Joag& Mogridge, 2012)
Another two domains have also been found in the NLRP1 gene structure;téneingl

pyrin domain (PYD) and the-@rminal caspase activating aretruitment domain (CARD).

These two domains are related to tgoptosissuperfamily and are structuraliglose

(Figure4.1) (ChavarriaSmith& Vance, 2015)
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Figure 4.1.Domain structureand activationof NLRP1. The NLRP1 gene has different
domans including anucleotide binding domain (NBD) accompanied by helical domain 1, a
leucinerich repeat (LRR) domain, a function to find domain (FIIND), a caspase activating
and recruitment domain (CARD) and at&minal pyrin domain (PYDThis figure shows

how the anthrax factor activates the NLRP1b in mouse. FirsOF$f-process starts for the
NLRP1b to become mature and response for the anthrax lethal (fla€joAfter that, direct

or indirect activation takeplace. Direct activation occurs when the N terminus is removed
from the N terminal part that is cleaved by the lethal factor wleiatisto the activation of

the NLRP1b N terminal regulatethe NLRP1b and kegpt off. This process subsequently
leads tarecruitment of the CARD domains which activate Caspase 1 (CASP1) and initiate the
IL1B and IL-18 cleavage which end by programed cell death. ifhdirectedactivation
initiate when unknowrX) factor which keep the NLRP1b off is cleaved by the lethabfact
and affect the stabilization of the NLRP1Bhis subsequently, break down the unknown
factor by proteasome and lead to the activation which recruit the CASP1 and cledes IL
and IL18(ChavarriaSmith & Vance, 2015)

The NLRP1 gene is found in different mammals and takes on diverse forms. For instance,
the nouseNLRP1b gene goes through two gene duplications whiakeresulted in three
different paralogs, NLRP1A, NLRP1B and NLRP1C, in the mouse genuiitbin the

single paralog oNLRP1b,five allelic variants have been found and identified in different

inbred mouse strains, with exwve protein coding differences among théBoyden &
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Dietrich, 2006) The NLRP1bgene is very diverse in mouse genomics and it has been found
that the same gene codes only one paralog in humans. Therefore, the NLRP1 gene is
considered to be one of the top 150 genes thes tibough a process called signature

selection, which is indative of positive selectiofGeorgeet al, 2011)

Laboratory studies have found that NLRP1 gene activity calisgendii parasite resistance
and susceptibilityn rats(Cirelli et al, 2014) Also, single nucleotide polymorphisms in the
NLRP1 gene lead to susceptibility to congenitadoplasmosisknocking down NLRP1 in
human monocytes boosiBoxoplasmagrowth (Lees et al, 2010 Witola et al, 2011)
However, there are almost no studies of the role of the NLRP1b gene in wild aiSimaés.
we had access to 126 sampleg®\pbdemus sylvaticubat wee used in previous studiasd
thesehad been tested faroxoplasmanfection(Morger et al, 2014 Bajnok et al, 2015)it

was of interest to study thHLRP1 gene locus these animals

4.2. Aim

The aims of this chapter are to sequence releivagimentsof the NLRP1b gene from the
wood mouse Apodemus sylvaticuandinvestigate whether variations in the gene sequences
in natural populations of woonhice are related to infection with the parasi@xoplasma

gondii.
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