Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



Bacteria associated with Haemonchus contortus

A thesis presented in partial fulfilment of the
requirements for the degree of
Doctor of Philosophy

at Massey University, Palmerston North,
New Zealand.

Gajenthiran Sinnathamby

2012



Table of Contents

Table Of CONENLS ...cuveviiiiiieiiiici ettt e b ea i
ADSIIACT ...ttt e viii
ACKNOWIEAZEMENTS....viiiiiiiiiiie ittt e e sare e s X
LISt OF FIGUIES 1. oneteiie ettt Xii
LSt Of TADIES ..ouveeieiiiiiceteet ettt XVvii
List Of ADDIEVIAtIONS ...eeiuiiririiiiiiiii ettt Xix
INETOAUCHION ...ttt ettt et ebe e XX1v
Chapter 1 Literature eVIEW ..uieeenniiinieonnenneninsiiseissisiesisemssessasees 1
1.1. Bacterial associations with €UKaryotes .........ccoceeeiiiiiniiivieecienciceec e 1
Lo 1T, SYIMBIOSIS 1ttt ettt et e b ebeaea 2
1.1.2. Evolution Of SYMDIOSIS «...eeiuiiiiiiiiieiiieieeeieeeee sttt 2
1.1.3. Transmission Of SYMDbIONES ...cc.eeeriiiriiriiiiiiiiii e 3
1.2, Symbiotic DACLEITIA ..o..eeuviiiiiiiiieiieieee et 4
1.2.1. GULE SYMDBIONES 1..etiiiiiiiiieeiteeie ettt s e e s beeesasneennneees 5
1.2.1.1. RUMEN MICTODES ..c..oeeiiiiiiiieieiiieniteeie ettt 5
1.2.1.2. HumMan gut MICIODES .......covirieriiiriieiieie ettt siee ettt snaes 7
1.2.1.3. Gut microbes of the “Ecdys0z0oa”.........ccccoviiiiiiiriinieiieeieeie e 8
1.2.2. Bacterial manipulation of reproduction ........c.ceeevireveincniinciieniciiennene, 10
1.2.3. Bacterial manipulation of host fitness.........cccecereinininininicccieie, 12
1.3. Bacteria associated with nematodes..........cocueeveeniiiiiiniiiiencecee 13
1.3.1. Free-living s0il nematodes .......cooceevuiiriiiiiiiiiiieniiece e 13
1.3.2. Free-living maring nematodes........ccoueerieeririrrieenieeniennnieneeereesnseseesseesennss 15
1.3.3. Plant parasitic NemMatodes.........ceeerreeiiiieiriiieiiiiesieeeieeerieeeeereeesrieesereenees 16
1.3.3.1. Xiphinema and Verrucomicrobia.........coceouireririininicnieniieneencereneeiens 16
1.3.3.2. Cyst forming nematodes .........cccoveriiiiiiinieniiniiccneeceeeeereee s 17
1.3.3.3. Radopholus SIIILS ........ccoovvveeiieraeieeeeiteeiie s sriee e sernee s sraesnraesnnnes 17
1.3.3.4. Pine wilt NemMAatodes ......cooveiiiieiiiieiicecee e 18
1.3.4. Entomopathogenic nematodes .........coueevirviriiriiieicneniencree e 18

i



1.3.5. Nematodes Of mamiImalS. .ot a e e e e aeas 19

1.3.5.1. Wolbachia in fllaria........c.ccooceeiiiiiiiiiiiiiiit e 20
1.3.5.2. Wolbachia in Strongyloidae............cocouvrieiiiiiiiciiinciceiee e 21
1.3.5.30 ASCAFIS SUUI ..ottt ettt et e e 22
1.3.5.4. Heligmosomoides pOIYZYIUS .......cccccvvvoeininvcniniecniinc et 22
1.3.5.5. TFICHUFIS TIUFIS..c.eeiieieiieiieeee ettt et 22
1.3.5.6. HaemMONCHUS CONFOTIUS...c..eeeueeauiiiiieiiiieiiieie ettt 23
1.4. Exploring the bacterial profile of Haemonchus contortus ..........c.cccccc..... 24

Chapter 2 Visualisation of Bacteria using Transmission Electron and Light

IMCEOSCOPY .eererreiruesssenssunssrnssesssnessansssnessnessansssassssesssassssnssanssssassassssesssssssassanssanese 27
2.1, INtroduction ....ccceeeineecinnecinsniniineineninieiiesimeismeemessmseesasanes 27
2.2. Materials and methods .......iiinniienniiiinecnninieneces 28
2.2.1. Sheep and Parasites........cccceceeeerierierieniiecneet e 28
2.2.2. LiGHt MICTOSCOPY wrvveerienirerieerneeeiteerieesitestrtesite st ebeeentesebeebeabeesaeeebeennnens 28
2.2.3. Transmission €lectron MICIOSCOPY -.eeoververrerireerieneerierireseriresieeneeseeeaene 29
2.3  RESUILS corvrnricniininiiiinresirensineccnrennenssnesisneesisnesssnessssnessassssssessssnesssassossaes 29
2.3.1. Light MICTOSCOPY ovvvrireireiiieiiiieiriiiestreesieteeereeessreeeaeeesaneesaseeesnneesseseesnes 29
2.3.2. Transmission electron MIiCTOSCOPY ..cvvvrirreerrriarrirairrsirerieeeieasreaenesssreesenns 30
2.4, DISCUSSION.uuctiiiiirinriiirinineniiiensneienesassssssesssnsesssesssssiesssssssssssssassorsassanes 30
Chapter 3 Development of protocols for DNA fingerprinting........cccocvvineene 32
3.1, INroduCtion .eeieiiineenieecinneciiennnienntiessiinneeesasismisisisesstsesnsssssssesses 32
3.2. Materials and methods .......ccuiinriieinneerininniierinnecnnencnnenneesseenenne 33
32,1 SREEP .ottt e e et snas 33
3.2.2. HAemONCHUS CONLOFIUS.....cc.veceeiieiiiieiiieie ettt 33
3.2.3. Collection of sheep gut SAMPIES ...cccvvriviriieiriiiciiieeerieee e 34
3.2.4. DNA free water and eqUipment ........coocvevieereeciirerieeiieeieeieeie e 34
3.2.5. Development of molecular biological protocols.........coeeeveririiiicenicnnenne. 34
3.2.5.1. Extraction Of DINA ...ttt 34
3.2.5.1.1. Cetyltrimethylammonium bromide.............ccccevervivnveeneeeenie e, 35
3.2.5.1.2. Phenol-chloroform method ..........coceviiiiieiiiiiiie 36
3.2.5.1.3. QIAamp DNA stool-kit method..........occcoiiiiiiiiiiecee, 36

ii



3.2.5.1.4. QlAamp DNA stool-kit method with enzymatic digestion and/or

PhySICAl AISTUPTION L..utiiiiieeiitetie ettt ettt e et ebaesrse e baesrees 37
3.2.5.2. Primer SElECHION ......eoiiiiiiiiieiiietieee ettt 37
3.2.5.3. PCR-denaturing gel electrophoresis (PCR-DGGE)........cccocvvervveniiennnn. 38
3.2.5.3.1. PCR using primer set 338f and 5181 ......cccocvvviniiniiiiinenccicneee, 39
3.2.5.3.2. Selection of denaturing gradients, electrophoresis time and voltages. 39
3.2.5.4. Evaluation of bacterial contamination of reagents and solutions............ 40

3.2.6. Bacterial profiles of L3 and adult worms during recovery from gut contents

.............................................................................................................................. 40
3.2.6.1. Collection of samples during larval culture.........ccccceoverveveniinieriiennnnne 40
3.2.6.2. Collection of samples during adult worm recovery........ccoceeveviencrncnnen 41
20 TR 2] 1 RO 42
3.3.1. Development of the experimental protocol .........ccoevvevveniiireniciinnecnene. 42
3.3.1.1. DNA eXtTACION ..oiuiriiiiiiiiiieiieiie sttt et eiee e sttt e e esb e s sbeeineenes 42
3.3.1.2. Primer SElECION ..c.eoviiiiiiiiiiiie et 43
3.3.1.3. Denaturing gradients, electrophoresis time and voltages ............c......... 43
3.3.1.4. Evaluation of bacterial contamination in reagents ...........cccccceervvveerenenns 43

3.3.1.5. Bacterial profiles of adult worms and L3 during recovery from gut

COMEBIIES Loiiieiiiie ettt ettt ettt e e bt e e et s ebba e e sbn e e cebeeeseneenabeas 44
3.4, DISCUSSION.cciiiriiiiirriirreessieesseioieieisreesssnessssesssaseesssesssssesssnsssssassssanssssanesssae 45
3.4.1. DNA fingerprinting protoColS......ccciieriaririiiieiiieiiesieeiieeereeie e 45
3.4.2. ParaSIte TECOVETY ..uvvverivreeirereiiieeriieesririeerieessnteesseseesscnaeseeessesssseesssnusansseens 46

Chapter 4 Identification of bacteria associated with Haemonchus contortus

using DNA fingerprinting ... 47
4.1, INtroduction ....coeicineeiiniciiieioniiniiecenincneiensiesesesessn 47
4.2. Materials and methods .......ciriennineinnninnnnienee, 48
O B 1 1<) T OSSNSO SO PP RP S 48
4.2.2. Samples used for DNA eXtraction .......c.cccoceeveriienieneninieiieneesceneenene 48
4.2.3. EXtraction 0f DINA .......ooiiiiiiieiie ettt sttt et et ebre e 48
4.2.4. PCR-DGGE.....oiiiiiieee et e 49
4.2.5. Sequencing DNA fragments in excised DGGE bands.........cocceeeeiniinnnes 49
4.2.5.1. DNA extraction and PCR........c.ccoooiiiiiniii e, 49

iii



4.2.5.2. Cloning and SEQUENCINE ......cccuterueirriariarieareeseeaereaareesreaseessassneasseesssens 49

4.2.5.3. DNA extraction and sequencing of Band 8 in DGGE gels.......c...c........ 50
4.2.6. Sequence editing and analysis ........ccccceriiereiiiiiienie et 50
4.3, RESULLS cuuveirnrinirneininieiiniiinniinisnenineesinenisanesssiiassssntessseisssisssessssssssssssssns 51
4.3.1. Haemonchus contortus and abomasal contents ............cocevecevrveecnenieneen. 51
4.3.2. Eggs, adult worms and L3 .....ooceiiiiiiiiiiiiicees e 51
4.3.3. Male and female WOTImS ......c.oooieiciieiiieieerieiee et 51

B8 rrtrtteeeeinaah ittt ee e e e e ertee e et e e et e e e ee e s b banaet e e ea s n b beetaeeeaanbtneeeeeenaantranaens 52
4.3.4.1. Haemonchus contortus adult WOIMS.......ccevviriiimvierninniinieni e 52
4.3.4.2. Haemonchus contortus L3 ..o 53
4.3.4.3. Haemonchius CONTOFIUS €ZES w.uveeerireerrireeiriieeeiireeanieeeniieesneesreesneesnnsesennes 53
% 3 T 1) T T 4 o O 54

Chapter 5 Phylogenetic analysis of bacteria associated with Haemonchus

COMIOFTUS covvvirresssureenrereissssssssensesinisissessssresnensessssssssatsesisessessasessrssssssassasesrasssssansnnses 57
5.1, INtroduction.....ccuiiinneinneiinninninnnieiacnsieniecsmieimssssesieses 57
5.2. Materials and methods ........eivminieriiniinniiiiniicniccnnreneesceesennes 59
5.2.1. Haemonchus contortus DNA .......ccccooiiiimiiiiiii ittt 59
5.2.2. PCR, cloning and colony PCR........cccoociiiiiiiiiccec e 59
5.2.3. SeqUENCE EAItINZ ... cooveieeriiiiiirieiieie ettt ettt 60
5.2.4. Clone library and phylogenetic analysiS.......cccceerceverrivercirecneeneeerneennnnn 60
5.3. RESUILS weivcuriiiieiiiiniiitinnniericnieinisensteisntesssnisesesstsssessssseesanessassssssessssas 61
5.3.1. Clone IIDTATIES ...eeovviiiiiiiieiiiiteie ettt s 61
5.3.2. Phylogenetic analysis of phylum Firmicutes ~1400bp 16S rRNA sequences
.............................................................................................................................. 62
5.3.3. Phylogenetic analysis of ~1000bp 16S rRNA gene sequences ................. 63
5.4, DiSCUSSION..ccivuiiiiniiiisteisseionteienieiistneisisesissiessassesssanssssnssssssossassssasssssnssnsanes 64
Chapter 6 Fluorescence in situ hybridisation.......c.ccevviviniiiineenirensnensennineenns 67
6.1, INtroduction ....ceieeeeineineiniiiiinienneinneceineiessesss i issssssesanens 67
6.2. Materials and methods ..., 69
6.2.1. Parasite SAMPIES ......ccoviiiieriiiiiee et 69

iv



6.2.2. Reference Dacterial CULLUTES .....oc et eeee s e e e e e ereveeeeraeseaeesveeans 69

6.2.3. Bacterial Culture ........covvvieriiiiieieeeee e 69
6.2.4. Fixation of bacterial cells.........cccooiiiiiiiiiiiiiniiiicree e 70
6.2.5. Oligonucleotide ProbeS .........coceeveeiiiiiireriereerceee e 70
6.2.5.1. Optimisation of hybridisation stringency for FISH probes..................... 71
6.2.5.2. FISH of PFA fixed reference bacteria .........cccoecevviivnincieninciiieneens 72
6.2.5.3. Epifluorescence mMiCrOSCOPY . .ocueverrrerrerierrieenienieteenteeesreeiesneseeenseseeens 73
6.2.5.4. Confocal MICTOSCOPY -veverreerirriirierieeriete e steete et e et eee e enee e e 73
6.2.6. Haemonchus contortus tiSSUE SECHIONS........coeerierierieeiienieeieieesreree e 73
6.2.6.1. AUt WOTINS. .e.vtitirierieiiestete ettt e ettt s sneeneens 73
6.2.6.2. Eggs and L3 ..ottt e 74
6.2.6.3. Preparation of sections for FISH.......c.ccccoviiviiiiiiniiniice e 74
6.2.6.4. FISH on Haemonchius contortus SECHONS ......cc.eevuervuiecirerverivrenrensieenseens 75
6.2.6.5. Epifluorescence and confocal laser scanning microscopy.........cceeeveennnn. 76
LT TR 2T | 76
6.3.1. Optimisation of hybridisation StringeNCy........ccocovvvvirieririreeecieeireiienenns 76
6.3.2. Identification of bacteria in Haemonchus CONtOFIUS ..........cccevcveeeracrenannns 77
6.3.2.1. Bacteria in female WOTMS .......ccoocciiiiiiiiiiiiieiieee e 77
0.3.2. 1. 1. T @ZES oot e 77
6.3.2.1.2. In the uterus but outside the €ggs.........cceooiiiiiiiiiiii e, 78
6.3.2.2. Bacteria in 1aid €ZES....c.coouiviiiiiiiiieeiee e 78
6.3.2.3. GUE DACLEITA . ...ieeiiiiieeiiee ettt ettt bbb 78
6.3.2.4. Bacteria in L3 ...cocooiiiiiieec e 79
0.4, DISCUSSION.cuutiniiiiiniriniintintisii ittt sssesasssasssssessssssssessasssssesseses 79
6.4.1. Probe specificities and optimal hybridisation stringencies.........c..cc.ce....... 79
6.4.2. PTOtEODACLEIIA ...ttt ettt 80
6.4.3. GUE DACTETIA ...eeeieeiiieiie ettt et sra e 80
0.4.4. BACLEIIa IN S .. ccuriiriieiieiieeiie ittt ettt et e st sbeesar ettt e sabeebeaeseaeneas 80
6.4.5. Bacteria in the ULETUS ...c.c.eoiiiiiiriiieeere et 82
Chapter 7 General diSCUSSION .....covvieinnriniiiinnneiiinieniinnecnieeeemecmene. 83

7.1. Studying the community of bacteria associated with Haemonchus contortus



7.2. Comparison of bacterial communities of parasites and their environments..85

7.3 GUE DACLEITA ettt ettt et ettt sbee e s 86
7.4. Bacteria 1n the ULEIUS ...c.ooviiiiiiiieeieeeee et 87
7.5. BACLETIA 111 €S ...uveeruiiiriieiiieeiriree et teeeites st ee e st e e s treestbe e e b e e saraesabeessebeeeas 89
7.6. Weissella and LeuUCONOSIOC .........cocueeiueeiiiiiieeiieiese et 89
7.7. Symbionts of Haemonchis CORIOFIUS .........ooeeivcieieieiiiniieiiieciesreee e 90
7.8, FULUIE WOTK ..ottt 92
REfEIeIICES cuuviriuneiineiiiiiiiiteinniirssnessisnecsssnesssnssssseesssnnesssasesssesssssessssesssansssssessnas 93
Appendix 1: Samples collected from experimental sheep ......cccoceeereuennne 120
Appendix 2: Parasitology .....eviiniiinninnciininnene e 121
2.1. Faecal egg@ flotation. ......cceoiiuiiiiiiiie et 121
2.2. Infection of sheep With L3 ....ccooiiiiiii e 121
2.3, Larval CUlTUIE .....coiiiiieie e 121
2.3.1. S1eve MEthOA (A) oottt 121
2.3.2. Tray method (B)....oovoiieiiie ettt ettt 122
2.4. Recovery of adult WOTMIS ....iiivvirieiie et 123
2.5. InVitro 1aid ©ZES «..veveevveeiiiee ittt e 123
2.6. Eggs extracted from faeCeS.......coovveriiiiiiiiiiiiiie e 124
APPENdiX 3: MICIOSCOPY . iierererrrisssrerissssnnnesissssressssssnnessssssnsssssessessssssesssssassessse 126
3.1. Neutral buffered formalin ..........ccooceevviriiiniiniiie e 126
3.2. Gram TWOrt StAINING ..c.eeecveiririieiieieetere ettt et e 126
3.2, 1. TWOIT SEAII...eeeeeruitteeienirteeeeirieee e et e e eeiireeeestabereeseartreeeeamtneeesaanreessareenrennnne 126
3.2.2. Gram TwOTt STAINING ...cccveerueeeiierieeiienie ettt s 126
3.3. Nematode processing for TEM .......cccccovieiiriiiiininiinieccereeeeccree 127
Appendix 4: Denaturing gradient gel electrophoresis......cccoeeereriueriisiencnnnn. 128
4.1 SOIULIONS .ottt sttt et ees 128
4.1.1. 50X Tris-acetate-EDTA (TAE buffer)........ccocooeiiiiiiiiie 128

vi



4.1.2. Dcode dye SOIULION ..iivviiieieiieiieeiee ettt e see et e e e ete e neeenieens 128

4.1.3. 2X Gel 10adiNg AYC ...veeivieniieiieiieieieeieet ettt e 128
4.1.4. Denaturing gradient solutions for a 6% polyacrylamide DGGE Gel ...... 128
4.2, Gl CASHIINE c.vveeniiiiiiie ettt et et st 129
4.3. Sample loading and electrophoresis........cocueriveiiireniriiiecrienieeeeeeiceeeeiees 129
4.4. Staining and de-staining the gel.........ccccoiiiiiiiiiiin e 130
Appendix 5: Results of phylogenetic analyses.......ccceevvevieneenrinencnnienniannnne 131
Appendix 6: Fluorescence in situ hybridisation. ..........eeveeineiierisennianennnnne 132
0.1, SOIULIONS .ottt 132
6.1.1. 4% Parafomaldehyde (PFA) SOIUtioN .......ccocieiiiiiiiiiiinieniccceceeeen 132
6.1.2. Hybridisation BUffers ..........cooeeeiiiiiiiiicieeeecceeee e 132
6.1.3. Washing DUErs .........cocviiiiriiiiiiiecec e 133
6.2. Hybridisation of reference bacterial cultures.........coccoveeniiiniinieinieneennn. 133
6.3. FISH on nematode SAmMPIES .....cccuveerruiiriiiieiiieeiiiee e 134

Appendix 7: Results of optimisation of probe hybridisation stringency

against reference bacterial cultures. .....civvvvienniennniininieinieenneinnnennnnn. 137
7.1. Lactic acid bacterial specific probe Lab158 .......coccceiiniininiiniiin 137
7.2. Weissella sp. specific probes (S-G-Wei-0121-a-S-20 and Wgp)................ 138
7.3, SHCAO3 e 139
7.4. Proteobacterial Probes ......ccccccverieriieiieiiiiiiiiie 140

Appendix 8: Bacterial sequences btained from the DGGE bands and

accession numbers of their closest match from the NCBI database. .......... 141

vii



Abstract

Internal parasitism, a major cause of production losses in sheep, is routinely
controlled by anthelmintic drenches, however, alternative control strategies are
needed to combat the increasing resistance to these chemicals. A possible novel
method of controlling abomasal nematodes, such as Haemonchus contortus, is
manipulation of their essential resident bacteria, as is currently used to control
filarial nematodes. For the first time, bacteria have been identified in the
reproductive tract, as well as in the gut, of H. contortus, using genetic
fingerprinting, light and electron microscopy and fluorescence in situ

hybridisation (FISH).

PCR-DGGE analysis showed that adult worms had less complex bacterial
profiles than did abomasal contents. L3, eggs and adult worms had similar
bacterial profiles; 16S rRNA sequences obtained from seven major common
DGGE bands were dominated by lactic acid bacterial and Proteobacterial
sequences. PCR-DGGE short sequences and clone libraries of nearly full length
sequences from all three life-cycle stages contained sequences belonging to
Weissella, Lactococcus, Leuconostoc and Streptococcus. Clone library
sequences were used to design group-, class- and species-specific FISH probes

to locate bacteria in the parasites.

The gut lumen of adult worms contained a mixed population of Gram-
positive and Gram-negative bacteria, which appeared to be multiple
morphotypes in TEM images. The FISH probe (EUB338), which targets most
bacteria, hybridised with the gut bacteria, but only some of these were targeted
by Strc493, which targets most Streptococcus sp. and some Lactococcus sp.
Neither the lactic acid bacterial group- nor the Weissella species-specific probes

targeted any bacteria in the gut.

A single morphotype of Gram-positive bacteria was seen in large numbers in
the distal uterus of female H. contortus in the TEM. They were close relatives of
either Lactococcus sp. or Streptococcus sp., as they were targeted by the FISH

probe Strc493. These bacteria seemed to be non-pathogenic to the nematodes, as

viii



adult female worms appeared to be healthy (normal in size and active) and carry

normal eggs within them. Their roles in worm biology are unknown.

A smaller number of bacteria were seen in the TEM in eggs within female
worms. They were closely related to Weissella confusa, as all were targeted by
lactic acid bacterial group- and Weissella species-specific probes, as well as by
EUB338. These bacteria were dispersed throughout the eggs, as they could be
seen at different focal panels in confocal microscopy. DNA fingerprinting and
visualisation of these bacteria in eggs strongly suggest they are maternally

transmitted endosymbionts.

As this study was carried out on a parasite strain which has been maintained
in the laboratory, practical applications of this research would depend on these

bacteria being present in field strains of H. contortus.
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