e

&
'
|

!

" 23 SEP 1996
INTERACTION BETWEEN ROOT LESION NEMATODE, PRATYLENCHUS

NEGLECTUS, AND ROOT-ROTTING FUNGI OF Wﬁl}ilAT

TP
'

by
ABDOLHOSSEIN TAHERI

(BSc., Crop Protection, Tehran University, Iran)
(MAgr., Plant Pathology, Sydney University, Australia)

Thesis submitted for the degree
of
Doctor of Philosophy
in
The University of Adelaide
(Faculty of Agricultural and Natural Resource Sciences)

February 1996



TABLE OF CONTENTS
SUIMIMATY ..ccraniacs coon oo msnstonamssmiriaims s nsyiskanansess o SesEm A ok mes e s s H P S RS HONST Vviii
Statement of Originality cicsismaninisirisasiivainssmiscssatsisassnssonsssssisasssnsasasssssssnsiasiossens X1l
Acknowledgements .......... cussunasossssoissssiesiss i i s s A S e e e nerarnanes Xiii
List Of pUDLICALIONS............ounueanmonsnsmsssmsonpenseasrorsarsnstonsansstnosnnsosassassonsrsssnsssssssse s s sststants 3Y
Chapter 1: General introduction and review of literature................ccccoocevnnce... 1
1.1 IDrOQUCHION «.........cuiirienniiencr s misitsrasisiiisesmesnassssmisis st esaevbessoras Ve 1
1.2 Pratylenchus SPP. .c......curiesrunissas cissiassssihasiiiuassvissnss soiasssisnssssivonshisavaarssiossans 2
1.2,] SYMPLOMS.....coeeierneonessissassommssvmsissmmpibiviseesmimissmisissit s 2
1.2.2 ECONnOmMIC iMPOTLANICE .....ccceeruirrerrreerseernsaseeseessasessessssersessssessssssens 3
1.3 Pratylenchus neglectus .....ouscismsasseaminssiisssississovasmssiesssisssisissseisiiass 3
1.3.1 DESCTIPLION ..ccuvirieinenririnnisieesasseesseessaesssessassssssseessseesssssasasessssessnees 3
1.3.2 Life cycle.......... spssasismmmnimiiis s nmiss G s 4
1.3.3 Penetration Sites suussssinnsesinssnssnmsiinsiamsiamimi 6
1.3.4 DiStIDULION .....oovuieriiiiiiieriieriessaesssecsaeseraessanssessnessssessssssnssssessssenens 6
1.3.5 Host 1ange ........cosssnammmmissssmmmsia i i mmsssmsssmammermrsnnssmssase [
1.4 ROOE-TOtHNG FUNZI ..oooviiiiiiriiiiiicie ittt cs e s ae s e nne s s erseenns 1
1.4.1 Gaeumannomyces graminis Var. tritiCi .........c..ceveevveervesnsesiueereenens 8
1.4.2 Rhizoctonia solani.....auscsmavsviissssesisssssisamimsssiinsaidssiimns 9
1.4.3 Bipolaris SOrOKIiRIANQ..............cccoovvrerieereerreeirreseesseesesasseessesseesans 10
1.4.4 Microdochium DOlleyi .................cceeeueeeeeereeeisieeesesciseceneesensssenans 11
1.4.5 PYrenoChQeIa tEYTESIIIS ........covueivueirisererseesessessessssssessessssssessssnsens 11
1.8.6 PYLRIUI SPP. ...c.evennnnensormsmenesensnesoissims @i sissoiss s s 12
LA T FUSAFIUN SPP...cucreirrireeeeeiieieitcneieseiaeeseesesessessessesessssssesssesseseseens 13
1.5 Nematode-fungus iNtETaCiONS ..........eceereerereereesesemieresinerseressesseesesesessensenss 14
1.5.1. Synergistic INtEraCtion..........cceereereevrerreessesserseessessessesssessessssssessens 16
1.5.2 AntagonistiC INtETaCtion .........ccccveueeiieierieisnseessereseesesseeessessesnsnenes 16
1.5.3 Nematode/root-rotting fungi interaction ................. 17
1.5.4 Nematode/nematode interaCtions ............cceveeveeerverververesessessesnenns 19
1.5.5 Nematode interactions with non-pathogenic fungi....................... 20
1.6 Mechanisms of fungus-nematode interactions..............cceeeveeveeeveevereenrereenne. 21
1.6.1 The role of nematodes in the interaction............cccoeoveeueernerennnnn. 21
1.6.1.1 Nematodes as rhizosphere modifiers ...........coooveevenn...... 22
1.6.2 The role of fungi in the INtEraction .............ccoevevveveeresreeeerseneennnnnn. 23

1l



1.7 Concluston ...

1.8 Project aims..

................................................................................................

R L Tl T R

24
26

Chapter 2: General MEthods ...............c.coceiimeiiiiimninceeniieisieseeesee e reenenes 28
2.1 Field Samples.........coooveeinuiiiiiiiiiiiiiiiiicitir e srte st 28
2.1.1 SHES ... sssnissvisi b beeisiss s sviess eieeses siitassssdouuavsassisias ssss soa s oE NG 28

2.1.2 SamMPUNE wuinsmmssmssorscnsmsrassevcnsksssossbamsssctorsosomssssnesnsisssassovoionssss sosinis 28

2.1.3 DiSEase TAtINE .....covuereriiiiriieritecerirersiesiseessssssssssssstesassssessasssanessens 31

2.1.4 Isolation Of flNZI....ccceevieruiiieircrerreece e 31

2.1.5 Isolation MEdia.........eoeiicriniriicicncnnenereiiissmimiisvissississsn 32

2.1.6 Incubation CONAItIONS .......ccccccerirreerrererriesiireeesesesteerersr e e eenens 33

2.1.7 Identification Of fUngi .....ccceeveeiiiceeriecreeeeeee e e 33

2.1.8 Nematode eXtraction ..cwanuimvsissssississsssiissossivvssisenssssssussisiassssvsssss 34

2.1.8.1 S0il ........coissmamsinimummsisinassosabsnsienisissbiissesrssisssssssatiie 34

2.1.8.2 ROOLS ...ttt csceisens s seesesssseseneeeae e s eneennas 34

2.1.9 Nemnatode COUNING .......covveerrrerreeriieiiiriecineiisnaessessssssssssssnsssssesses 35

2.1.10 Staining nematodes, fungi or both in roots ........ccccccceceueerrcennennnn. 35
2.1.10.1 Nematodes.........cocvverirveenienirnterienresiesessisseeseessseraennes 35

2.1.10.2 FUNEG] sinsisnsseissssssineransanssssopnnsososssaososssnssnsssonssnsmrnnenssss 35

2.1.10.3 Nematodes and fungi ........c.ccceevevueeeeerrenreeiecseecsesnrinnnns 35

2.2 POt X PeTIITIC IS by s s i N i o T AT ST PN SRR RSSO 36
2.2.1 S01l ..o e SRR s R TRTRA 36

2.2.2 POLS ...t inins et b oS e NS 37

2.2.3 Fungal INOCUIUIN ....cccoiiiiniiiiiiciiniint e ere s 37

2.2.4 Inoculation of soil with fungi.......cccccccvevviiiviieiiiiiicicicee e, 38

2.2.5 Seed sterilisation and germination ..............cccccveceveieeveiiieessneennn. 39

2.2.6 Nematode inoculum ........c.ccceevveruevueerceveesnenrenns 39

2.2.7 Growing CONAIitiONS ......ccevveviirieecrerierrersessesreesssesssssssessessessssssenss 40

2.2.8 Harvesting and MEASUTEINENES ........cveerreeeirerreeseisesaessecseieesssennns 40

2.3 Field EXPETIMENLS ....c..ovuiriiirereireerinrieiissesessesaesieses e sesssessesseseenessseneesessenneseses 40
2.3.1 Nematode population in SOil .......ccceerriiiuiiceiiieeceerese e 40

2.3.2 SAMPINEG ..oovvvviireiriiriisesseieenseseseneeseasse e ssesesaeeesessesneeesssssssesesss 40

2.4 Experimental design...........coviseen. . ssussinssimiesssnsivissmiismiiaiicnsiimsinmss 41
2.5 Data analyses. cusiiasisisssisssiissssonssssiismorirmiiviitismmemmmmenmasestaammssnssenes 41

11



Chapter 3: Field survey of fungi infecting roots of wheat in soil naturally

infested with Pratylenchus neglectus ...................cccocoiiuinomiiiviiiiieecsseesieeesissssiessessnnans 42
I B 110 (0 Ta Lol Lo s AT 42
3.2 Methods.......ccoiereeeenens sisivimsmsniisrisisiossiassissnssissssnssasssSiiansiis Saaiii e nnnnn 43

3.2.1 SHE SEIECION wuvueeeeeeieiiieeeie e teeeeeeeteeseeeseeaaseseesesaesssseeeessesssseseensnens 43
3.2.2 WHheat CUMIVALS ......ccovviiiieiiiieieieeeeiersetsaesesseseeseaesessesssssssssssennnssenns 43
3.2.3 Sampling seussesssmeisivisiconisssssesaiossusatia i m s m i a it 43
3.3 RESUIS snmicinvisiisia e isien it iahitis Srmsnnnmnrnnnnrsvs sesoannsen s on see somressmmmsn st oarsss 44
3.3.1 Isolation of fungixauuscasissississesaimssisssamimmsmim s 48
3.3.2 Other species of fungi isolated............cceeeevvevuereererinreneiriiceiecrenn 54
3.3.3 Nematode NUMDEr IN TOOLS ....ceeeeeeeeeeeeeeeeeeeeeeseeeeeeseseesenseessssesssas 54
3.4 DISCUSSION ..evveeiiviireieieeietriesesesesieeesssseessssssesssssssessssnnssesssesssssssssessnnssseesssssns 55

Chapter 4: Glasshouse pathogenecity tests: Effect of root-rotting fungi on

wheat in combination with Pratylenchus neglectus .....................couoeeeeeeeveeseeereeenann, 60
L N 016 ¢ 16 L1 (o] 4 (o) o RO RN UTUUUSUUUTORTRT 60

.2 MEINOGAS ..coceiieeeieeee ettt a e s s s e e e e e s e sr e aeeeee s nnnee s s et e s s 61

4.2.1 Experiments 1 and 2...... 0 smismim i miiisismmmmes e soeosons 61

4.2.1.]1 SO0l umusrencionssimmnnsissi s i i i e e e eaness 61

4.2.1.2 Fungal inoculum .........cccocueeererenriiierceeeereeeeieee e, 61

4.2.1.3 Seed germination and planting............cccceevveerereerennnnnn.. 61
4.2.1.4 Nematode inOCulum .........c.oovevivviieieeeecieiiieriesseseanenns 62
4.2.1.5 Growing conditions ............cc.ceerviviivievicnnvaresesesesasnen, 62
4.2.1.6 Experimental design........cccoevvreeuereererieereieeereeeeressnsnannns 62
4.2.1.7 Measurements and harvest ...............ccoccoeverveeererserennnnn. 62

4.2.2 EXPEIMENt 3 ......... omummumimnscssires o ismsioisssss i isince 62

4.2.3 Harvest and MEaSUTEMENLS........c.c.eevererereeeesieeeesesererereseesesensesensans 63

4.2.4 EXPEIIMENL G .......cootriiniiventerariosssssnesesssessossossssssessensasssesessessensns 63
4.2.4.1 S0il simeansmmmsumssimminasciismiiais i 64

4.2.4.2 Experiment design and harvest ........... 64

R0 IRCSUTES' .. o - st ol S e i 64
4.3.1 Experiments 1 and 2........ccoceeevuermecerieeuiesseceeeeeesses oo, 64

4.3.2 EXDETIMENt 3 ............csisisisivissssiimiienss mnasaon aens eamsessonsrerssmnias 72

4.3.3 EXPEHMENt 4 . cusmsiisansmsmmissmsesinmisssisisshimaiiiaii. 81

v



Chapter S: Interaction between Pratylenchus neglectus and Rhizoctonia
solani and/or Gaeumannomyces graminis Var. {FiliCi...............cccccveveeerveeereriresserseesn, 88

5.1 INETOQUCHION ...cuvieniiireireeeeeeesreseeseessree s e sasesesasesssnseseesssessassnsesseesnsesnsensanns 88
5.2 Methods.........cocuiniinen csvimssnmsisamsmsissinssmsisnsinsssssoremsiesbvanvesse i imsississis 89
5.2.1 Glasshouse EXPEriments ..........cecveecveerveeseeeiereienecsrernresasesnessneeseens 89
5.2.1.1 Experiment 1 ...........snnisimmssssrmsicorsiainitmssssensrs 89
5.2.1.2 Experiments 2 and 3auunsssssummsnssansnsnniisinis 90
5.2.2 Field EXPEIIMENLS ....ccueriuerrieriaerreeaeearessessaessnerssersssesssnssssssensessens 93
5.3 RESUIS ...ccuveernerinecenne opinsmmneriivorsimssssabiss s s i s A s bitees 94
5.3.1 POt EXPEIIMENLS .....oocvemirirrierinrererieneerecsesnernessessessessesesssessseeseennss 94
5.3.1.1 EXPErmeNnt 1 ...cccceeeeerererierrereereereesenssesessssseseesesessenes 94
5.3.1.2 EXperiment 2 wausasossvississnsissstonsssssisasisdasiiimisagamion o o- 105
5.3.1.3 EXPEriment 3 ......cccoeiciieieereceeeneerrecssiesesssesseesesenennes 113
5.3.2 Field EXPErMENLS ......ooiiueriicriiieiericae et ese et e sesesaeseseseneesenenes 122
5.4 DISCUSSION ..coviieiviirieeretirsesssansseseseserssssessessessssessssssssssssrssssssssssssssssesssssesssnes 130
Chapter 6: Aseptic fungus-nematode interaction tests.............................. e 137
6.1 INTTOAUCHION .....oiiiiiiiiiiiieteeri et es s s neesesssassnasesessensessesssessessas 137
6.2 MENOMAS .. ..ottt ettt ees e ses s ebeesaesaesns s s eessensessssaeens s 138
6.2.1 Fungus and nematode inocula..........ccoeeeevereeeeeeseeeeeeenereeesseenennnan 138
6.2.2 Experimental design..........suamsssisssiisisvasaaioms s s 139
6.2.3 Harvest and Measurements..............coeeveruerveeesesresessesssereesssnsannn, 139
6.3 Results.....cccecereeeiiiineccniennns A G e S0 NS s T S T e o SRR TS b smp e mrnm 139
6.3.1 EXPErMENt 1 ..cooviiiiiiiieirieieeiieee e eea e 139
6.3.2 EXPEMMENE 2 ....cviiiiiiiieieeiereseiese st et saees et sreenesesssnesennanas 141

6.4 DISCUSSION ..eevriiireiriierieeriaererinessseessssssssssersesssessssssessssesssssssessssssesessssseeeonn. 153

Chapter 7: Fungal interactions with Pratylenchus neglectus or P. thornei .......... 160
7.1 INFOQUCTION ...ttt ettt et e e s es e 160

T.2 MEROAS......oiiiiieciicce ettt ettt 161

7.2.1 EXPETIMENE 1 ..oiuiiiiiiiiieieieieeeeet sttt eene e en e 161

7.2.1.1 Fungal and nematode inoculum ..........ccoevereeveververennnnn. 161

7.2.1.2 Experimental design and harvest ...........ccccccocevemeunnnnn..... 161

7.2.2 Experiments 2 and 3........coceueuiuieeerieiiiieeeeee oot 162

7.3 RESUILS ..ottt ettt ere s e e s s e ens e e e e e s e 163



7.3.1 Experiment 1 s s iosissnisiuinimmonnssmassensaonsssnasases s osesessesesse 163

7.3.2 EXPEriment 2 susesissississnssssivsisssnssstsssoss ciossmvsssiiaomsasamsstioe eevoersassase 172

7.3.3 Experiment 3 ssscmirmvsrssnsssvisisasssosiisisvisiin sessiensenresanesns 179

7.4 DISCUSSION ....cuvverinvesivesirissesensonaecssense SaiissssibainsEsShan e A RTRHRTATAES R v e v v encssons 188
Chapter 8: Effect of soil temperature on the nematode-fungus interaction ........ 194
8.1 INrOAUCHION ...ceieiiiiiiiiiiit ettt ceae e s ab e e e ne s s e sanasessseaenas 194
8.2 MEtROAS .....cicnieirinnosreossessnsononss s oossibian v s o S oA RSk 195
8.2.1 EXPEriments 1-3 ....ccoiiiiiiiieiriiriiceiinieessesceee e s s ssnsesesaesae s sssensens 195

8.2.2 EXPErMENL 4 ...ttt s essae e ess e se b ets s s ssnene 196

8.2.2.1 Methods... oumiumraniinisimsissinsiassusassssssssssssisisissere o 197

8.3 ReESUILS ..ottt RS ES i S Ss bRy a s mss asm s s s onmspy PSR s e aS s o0 197
8.3.1 Experiment 1 .............canssemiausiisisiossssissssosssssbissssssssaiasmseibiesees 197

8.3.2 Experiment 2 ............. commmoumumesmmmeonssiesisiossib s e st o oo. 207

8.3.3 EXPErIMENt 3 ....cocciiiiiiieeiieineninneiessereeseeseeseessessesseessesereessssesnness 216

8.3.4 EXPEriment 4 .............icisiissessmssivsosesissssronssosssssstosssqsnnossnnnsnnsect oo 223

8.4 DISCUSSION ..eviiririiiiieienisteineie e sitssneeeasssaesaessessssessasssssesassessseenssessnesnsenens 230

Chapter 9: Field investigation of interaction between Pratylenchus neglectus

and root-rotting fungi of wheat...................cccooiiiii e 234
9.1 INtroduction .......c...eeivviimmeimercovmmsmimaeis v ai bt 234
9.2 Methods........ ssomssmmmissivisesississ s saiceis s e smmssssnniasme 235

9.2.1 MICroplot EXPETMENLS ........cccerrmrreerenmsssisssssansivisnisissisiissisimes 235
9.2.1.1 Seed germination and planting ............ccoceevevveereeeeecennnn. 235
9.2.1.2 Nematode inoculim.......ccc.ocuevevrieieiieieseeresressessersenenns 235
9.2.1.3 Fungus inoculum ......coccmssssssissicisissvasiisommmi 235
9.2.1.4 1993 microplot experiment (Experiment 1) ................... 236
9.2.1.5 1994 microplot experiment (Experiment 2) ................... 236
9.2.1.6" Sampling scasusmmsnasisaisssiisacamnisiimmisinmenme 237

9.2.2 1994 field experiment (Experiment 3) ........c..ccceeeueeeveessnennenenne. 238

B B L 1 . 239

9.3.1 1993 microplot experiment (Experiment 1).........ccccccovvvevvervennnsnn.. 239

9.3.2 1994 microplot experiment (Experiment 2).........cccveveveerevereennne. 246

9.3.3 1994 field experiment (Experiment 3) ........c.cccvveeveeeeeereerereerennnnn, 253

0.4 DISCUSSION c..uvvreiireernieiitieceitseesseesereseseeessesesesesssesssssssssssssseeneeeeeneseesesseeseennnns 260

Vi



Chapter 10: Investigation in vitro of the mechanisms of interaction between

Pratylenchus neglectus and root-rotting fungi of wheat ........................................ 266
10.1 INtrOQUCHION ..coiuueriiniriitiieeiciartssiaee s ssaesn s r s aressne s rae s s s ssane s be s aesaaaes 266

10.2 MEethOdS.......cocoiemeccmricrisioissonsanesssesstssseanses oo shusissmsaintaosnses sossssamesms e issasss 267

10.2.1 Experiment 1 siiiusssssespisssrsmnsspmmsonsopssssapstssssbiomsansarsapsonasens - 20 1

10.2.2 Experiment 2 ... cusumsaisiimsaiaaiuasiimg .. 268

10.3 RESUILS ..ooiiiiiiiiiiiiniiencnne ettt s 271

10.3.1 Experiment 1 sssismsisnmisssissinssisiieesiammiivaisssidisiiiie 271

10.3.2 EXPEIINENE 2 quoninsovussosssusinsssssmrnnss imssisektssss s ssmsadssiass 272

10.3.2.1 Root exudate analyses.................. . 274

10.4 DISCUSSION ... commsssassonsasnnssersmsrsnsinionsssmnmissmssmiborssesvsisssmasmssrossvmhesivsmvnsssios 280
Chapter 11: General diSCUSSION .............c.ccccueuirmueieeriiiesisesesscessses e eessresesseans 284
11.1 DiSCUSSION ....orrueienmresnenensnsiitssassiissssiibassessiiasss vssssiiies seesssoatesivissimssisorisines 284

11.2 Critique and suggestions for further Work .........ccccoeereevrecveieceeceecriecnee,

Appendix A.........coooovii s

REECICIICES ...t eeeae e e ese e s eessesssesseeaseenseesseansesnsesssessseesnsessesenessseessssns

288

e 292

vii



Summary

It is now recognised that the root lesion nematode, Pratylenchus neglectus, is an
important pest of crops in the wheat growing districts of South Australia. Since a number
of root-rot fungi are also associated with wheat roots, investigating the interaction between
P. neglectus and these fungi was considered important in understanding the severity,

aetiology and control of root disease.

A field survey of soil-borne fungi associated with the roots of South Australian wheat
crops was conducted during the 1992 growing season (Chapter 3). The fungi most
frequently isolated from lesioned and non-lesioned segments of wheat roots collected from
two fields infested with P. neglectus were Fusarium equiseti, F. acuminatum, F.
oxysporum, Microdochium bolleyi, Gaeumannomyces graminis var. tritici, Bipolaris
sorokiniana, Pythium irregulare, Pyrenochaeta terrestris, Phoma sp. and Ulocladium
atrum. Root samples collected also contained a high number of nematodes. The
nematodes invaded both seminal and crown roots, but were more concentrated in the

seminal roots.

Although considered to be a major root pathogen of wheat, Rhizoctonia solani (AG-8)
was not isolated from field samples in 1992, but was subsequently included in interaction
tests with P. neglectus as the fungus is an important root pathogen occurring in South
Australia. Other major root pathogens, such as G. graminis or P. irregulare, were isolated
frequently, particularly from lesioned segments of root. The fungi most frequently isolated
from damaged roots were those considered to be minor pathogens of wheat, such as M.
bolleyi and Fusarium spp. Numerous other fungi were identified, but these occurred

sporadically and at low frequencies.

Association of P. neglectus with species of fungi detected in field samples was
examined under controlled glasshouse conditions. Field experiments were supplemented

with interaction tests in the glasshouse and laboratory.
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Preliminary experiments (Chapter 4) indicated a positive interaction between P.
neglectus and some root-rot fungi tested. The number of nematodes/plant and nematodes/g
dry root and severity of root lesioning increased in the presence of some fungi. When
combined with the nematode, B. sorokiniana, M. bolleyi, P. irregulare, P. terrestris or R.
solani resulted in significantly higher nematode numbers in the roots. P. terrestris, P.
irregulare, F. oxysporum or G. graminis in combination with P. neglectus significantly

increased root lesion rating.

Association of root lesion nematode with major fungal pathogens, G. graminis, R.
solani (Chapter 5) or P. irregulare (Chapters 8 and 9), was tested. The hypothesis that
some minor pathogens (such as M. bolleyi, Fusarium spp. or P. terrestris) interact with P.

neglectus was also examined in detail.

The hypothesis that M. bolleyi influences disease caused by G. graminis was tested
(Chapter 5). M. bolleyi reduced the level of G. graminis infection in experiments carried
out in the glasshouse, consequently decreasing the severity of damage caused by G.
graminis. A second hypothesis, that G. graminis and R. solani may have an antagonistic
interaction which may then affect their interaction with P. neglectus, was tested both in the
glasshouse and in the field, using different densities of either fungus and P. neglectus. The

two fungi reacted antagonistically, which resulted in less root damage and increased yield.

While many fungi positively interacted with P. neglectus, G. graminis showed a
negative interaction with the nematode. Plants inoculated with nematodes two weeks prior
to G. graminis inoculum suffered less damage than plants inoculated with G. graminis

alone.

In 1993, a field trial was conducted at Minnipa Research Centre using G. graminis, R.
solani or G. graminis plus R. solani (Chapter 5). Nematicide (Temik®) reduced the
number of nematodes in wheat roots by 98%. G. graminis alone reduced yield by 48%,
whereas R. solani did not affect yield where nematodes were controlled. With the

combination of G. graminis and R. solani, grain yield was not affected in either soil
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treatment (+Temik®). However, G. graminis reduced grain yield by only 14% in the

presence of P. neglectus. The nematode alone reduced yield by up to 20%.

The interaction between F. acuminatum, M. bolleyi or P. terrestris and P. neglectus was
tested aseptically under growth chamber conditions using a sterilised sandy soil (Chapter
6). The hypothesis that feeding by P. neglectus may cause physiological changes in the
host was tested using mechanical root wounding. The effect of timing of inoculation was
also tested in this experiment. The results indicated that F. acuminatum could not be
considered a major root pathogen, as the fungus alone did not cause severe damage to the
root system, while both M. bolleyi and P. terrestris alone caused considerable root
lesioning. Combination of P. neglectus with M. bolleyi or P. terrestris further increased
disease rating. Mechanical lesioning on the surface of roots did not augment disease rating
and was not attractive for fungi. Different inoculation times for fungus and nematode had

a significant effect on the nematode-fungus interaction.

Interaction between P. thornei and some soil-borne fungi was also examined, and
compared to the P. neglectus-fungus interaction results (Chapter 7). M. bolleyi or F.
acuminatum in combination with P. thornei increased root lesion rating significantly
compared to either pathogen alone. Both nematode species at higher inoculum density

decreased root dry weight and caused severe root damage.

The effect of soil temperature on the nematode-fungus interaction was tested using F.
acuminatum, M. bolleyi or Pythium irregulare and P. neglectus at several inoculum levels
(Chapter 8). At lower soil temperature (15°C) neither fungal or nematode inoculum level
caused severe damage to the root system. Nematode multiplication rate in most treatments
was below 1.0. However, at higher soil temperature, the activity and pathogenicity of both
nematodes and fungi increased. The highest multiplication rate of P. neglectus was
recorded at 25°C, at which temperature a synergistic interaction between the nematode and
all fungi tested occurred. In most experiments, fungi alone caused early stimulation of
plant growth and increased plant tillering. However, lower initial densities of P. neglectus

also stimulated plant growth in glasshouse experiments.



The effect of soil temperature on the M. bolleyi-P. neglectus interaction was tested using
several wheat cultivars ranging from moderately resistant to susceptible to P. neglectus and
the resistant triticale cultivar Abacus (Chapter 8). All wheat cultivars tested were similarly
infested by both fungus and nematode. Combination of M. bolleyi and P. neglectus
increased root lesion rating but had no significant effect on number of nematodes extracted
from the roots. The triticale cultivar Abacus contained the lowest number of nematodes

and very little root damage was observed.

The effect of the nematode-fungus interaction was tested under natural conditions in the
field using microplots and a field trial (Chapter 9). In 1993 and 1994, microplot
experiments were conducted at Roseworthy Campus. M. bolleyi, F. acuminatum,
Pyrenochaeta terrestris or Pythium irregulare in combination with P. neglectus led to a

higher root lesion rating and increased nematode numbers in roots.

The mechanism of the interaction between nematode and fungus was investigated in
agar under laboratory conditions (Chapter 10). The hypothesis that P. neglectus may feed
on fungal mycelium was tested. Nematodes died in all agar plates with fungi (M. bolleyi,
F. acuminatum or G. graminis), indicating they were unable to feed. The attractiveness of
P. neglectus to roots that had been infected with these fungi was also investigated. M.
bolleyi and G. graminis infected roots were more attractive to the nematode than those

infected with F. acuminatum.

From the results of this study, it was concluded that in soils in South Australia where
the fungi and P. neglectus exist together root disease of wheat is caused by the combined
effects of P. neglectus and some root-rotting fungi. Evidence suggests that P. neglectus
not only contributes to this interaction through mechanical wounding of roots, but also
causes biochemical and physiological changes in plants making them more prone to fungal

infection.
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Chapter 1

General introduction and review of literature

1.1 Introduction

With 15,000 described species, nematodes are among the most numerous
multicellular animals on the Earth. It has been estimated that there are at least 500,000
species of nematodes (Bogoyavlenskii et al., 1974). Plant-parasitic nematodes are
found in all agricultural regions of the world. The genus Pratylenchus (Tylenchida:
Pratylenchidae), with the common name of "root lesion nematode”, currently contains
about 70 valid species (Frederick and Tarjan, 1989; Loof, 1991) which are of economic

importance to crops of agricultural interest.

The relationship of nematodes to other soil-borne organisms in most cases remains
unclear. Interactions between nematodes and other pathogens often have important
economic effects on the growth and yield of plants in agricultural ecosystems, and
diseases induced by interaction between pathogens are well documented on various
crops (Powell, 1971; Sikora and Carter, 1987; Evans, 1987; Storey and Evans, 1987;

Evans and Haydock, 1993), including wheat (Benedict and Mountain, 1956).

Pratylenchus spp. are distributed in all agricultural soils worldwide and have a wide
range of host plant species. Wheat (Triticum aestivum L.), a susceptible host to several
root and shoot diseases caused by fungi and bacteria (Butler, 1961), is also subject to
attack by various species of nematode, in particular Pratylenchus spp. (Goodey et al.,

1965).

In Australia, two species of Pratylenchus, P. neglectus (Rensch 1924) Filipjev and
Schuurmans Stekhoven 1941 and P. thornei (Sher and Allen 1953), are the most

important migratory endoparasitic nematodes causing considerable damage to root
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systems of wheat and other cereals. In South Australia, P. neglectus is widespread and

infects the roots of many crops including wheat and pasture species (Vanstone, 1991).

1.2 Pratylenchus spp.

Nematodes of the genus Pratylenchus Fillipjev 1936 (Nematoda: Tylenchida:
Pratylenchidae) are migratory endoparasites, moving within the root cortex and between
the root and soil (Dropkin, 1980). They are obligate parasites that feed on a wide range
of cultivated and wild hosts worldwide. Their feeding and migration within the root
causes considerable damage to the cortical cells. Migratory nematodes can create
potential infection sites for soil fungal and bacterial plant pathogens, including some

that normally are not pathogens or are only weak pathogens.

1.2.1 Symptoms

Infested wheat plants show light-brown discolouration to extended dark-brown
lesions on the root cortex (Plate 1.1), rotting and degradation of root hairs, and may be
stunted with fewer tillers and yellowed lower leaves. Both P. neglectus and P. thornei
appear to occur in greater numbers in seminal than in crown roots (Kimpinski et al.,
1976; J. P. Thompson, personal communication), so that lesions are more frequent on
seminal roots than on crown roots. Crown roots do not develop until about six weeks
after sowing, so the nematodes first infect seminal roots. There are also more seminal
than crown roots and they may be more physiologically active, and may be the
preferred sites for nematode invasion (Kimpinski ez al., 1976). However, crown roots
are produced throughout the life of the plant (under suitable growing conditions) and
may offer a continuous food supply. Also, when seminals are severely damaged or
over-crowded with nematodes, the nematodes may move to crown roots. Furthermore,
by the time crown roots are formed, one generation of nematodes would have already
developed in seminals, and rapid multiplication and competition for the food source
may force nematodes to migrate to crown roots (V.A. Vanstone, personal

communication).



Plate 1.1 Seminal and crown root systems of wheat cultivar Machete.

A. Healthy plant with numerous lateral root branches collected from a
field plot fumigated with methyl bromide.

B. Plant collected from the field showing symptoms of Pratylenchus
neglectus infection.

(photographs courtesy of V. A. Vanstone)
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1.2.2 Economic importance

Nematodes are both major pathogens in their own right and through their interactions
with other plant pathogens (Sidhu and Webster, 1977). The nematode genus
Pratylenchus contains a number of parasitic species that infect a wide range of the most
important crop species worldwide. P. thornei and P. neglectus are the most important
migratory nematodes that parasitise the roots of wheat crops in Australia. P. thornei is
predominant in heavy-textured soils whereas P. neglectus tends to occur in light-
textured soils, although mixed populations of both nematode species can be found in

both soil types (Nicol, 1996).

P. thornei decreased yield of susceptible wheat cultivars by up to 85% on the Darling
Downs of Queensland (Thompson et al., 1980, 1981). In northern New South Wales,
severe yield losses of wheat have been reported with high populations of P. thornei
(Doyle et al., 1987). Other workers from Mexico, Canada, Israel and the USA have
reported yield loss on different crops, in particular wheat and potatoes, where either P.
thornei or P. neglectus occur in high populations (Benedict and Mountain, 1956;
Thorne, 1961; Van Gundy et al., 1974; Amir et al., 1991; Orion and Shlevin 1989;
Olthof, 1990).

P. neglectus has been found to be damaging to cereals (Griffin, 1992; Mojtahedi er
al., 1992; Umesh and Ferris, 1994). However, experiments to measure crop loss due to
nematode attack are difficult to design because of the many overlapping interactions

(biotic and abiotic) involved (Dowler and Van Gundy, 1984).

1.3 Pratylenchus neglectus

1.3.1 Description
P. neglectus (Rensch 1924) Filipjev and Schuurmans Stekhoven 1941 (Syn. P.

minyus Sher and Allen 1953) is a vermiform, migratory endoparasite.
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Female: (Townshend and Anderson, 1976) "body 0.312-0.588mm long; stylet 15-
19um and stylet knobs 4-6um across, typically indented on anterior surfaces; head with

two annules of about equal size; tail usually curving ventrally, with rounded smooth

tip".

Male: (Taheri et al., 1996 in press): "body large (428-4321um), assuming a straight
to very open "C" shape when killed. Lateral field with four lines. Head with two
annules about equal size, the apical one comprising the lips. Stylet knob 3-5um across,
typically indented on anterior surfaces. Dorsal gland orifice 3-5um posterior to stylet.
Excretory pore 66-70pum from head end”. Male and female P. neglectus are described

fully in Appendix A.

1.3.2 Life cycle

P. neglectus is an obligate parasite which reproduces parthenogenetically. Because
males are very rare, females do not have functional spermatheca. Reproduction is by
mitotic parthenogenesis (Townshend and Anderson, 1976). From egg to adult there are
four moulting stages, the first within the egg and the others either within root cortical
cells or in the soil (Wiese, 1987). All active juveniles and adults can infect roots of host
plants. Females are attracted to host roots, penetrate and migrate through the root
cortex, laying eggs as they feed. The nematode can penetrate anywhere along the root,
particularly at the tip (Townshend and Anderson, 1976). Nematodes move from cell to
cell and desposit eggs within the root cortex, or in the soil when females are outside the

roots.

The life cycle of P. neglectus may be completed in about 28 days under optimal
conditions (Mountain, 1954), depending upon host species and soil temperature. For
example, the life cycle of P. neglectus on tobacco is completed in about 28 days at
38°C. This comprises eight to ten hours for the female to completely enter a root (eggs
are laid almost immediately after root penetration) and seven to nine days for the egg to

hatch into a second stage juvenile (the first stage moult occurs within the egg). After
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penetration, the nematode becomes stationary in the cortex and feeds for four to six
days, then migrates through the cortex to feed on other cells, resulting in breakdown
and necrosis of the tissues (Townshend and Anderson, 1976). Mountain (1954)
observed that cortical tissues of tobacco roots turn brown and die four to six days after

penetration but the epidermis remains intact although necrotic.

Of abiotic factors influencing nematode biology (rate of development and
reproduction), temperature is particularly important (Wallace, 1973). The optimum
temperature for development and reproduction of P. neglectus on alfalfa and wheatgrass
is 30°C (Griffin and Gray, 1990; Griffin, 1991, 1992). Under optimal conditions
(temperature and availability of favourable hosts), the reproduction rate of P. neglectus
is very high and nematode numbers in the root system increase exponentially.
Similarly, Baxter and Blake (1968) observed that the number of P. thornei per root
system of wheat increased exponentially from an initial 30 to 450 after 40 days. Unlike
cereal cyst nematode (Heterodera avenae), which completes only one life cycle in the
life of a wheat crop, Pratylenchus spp. can complete several life cycles within the life of

a single wheat crop (Van der Plank, 1968).

During dry conditions, and in the absence of a host, eggs and other stages of root
lesion nematodes can enter an anhydrobiotic state, similar to other nematode species
(Townshend and Anderson, 1976). P. neglectus has a considerable capacity to survive
in the soil. Meagher (1970) found that about 50% of the initial population of P.
neglectus survived for fifteen months in a dry sandy topsoil (1.5% moisture) of a
solonised brown soil from a wheat field. The nematode survives best at 2°C
(Townshend, 1963), but does not survive sub-zero temperatures (Townshend and
Anderson, 1976). Nematodes survive in soil or within dead roots until the next season.
With increases in soil moisture early in the season and availability of host plants, the

nematodes start to move, soon penetrate roots and begin feeding.
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1.3.3 Penetration sites

Lownsbery (1956) noted that the favoured sites for Pratylenchus spp. penetration
and feeding are the root hairs. Similarly, Zunke (1990) observed that all stages of P.
penetrans are able to probe and feed on root hairs. In general, Pratylenchus spp. prefer
seminal roots rather than crown roots for penetration and feeding. Kimpinski et al.
(1976) reported that penetration of P. neglectus into wheat roots is not limited to a
certain part of the root, but seminal roots are invaded about ten times more often than

crown roots.

Invasion seems to occur at random along the root. However, it has been observed
that once a root segment is invaded, many other nematodes are attracted to the invasion
site and also enter the root. Root exudates leaking from damaged roots may attract
other nematodes. This results in many areas with few or no nematodes and some areas
with many nematodes (V.A. Vanstone, personal communication). However, these
lesion nematodes do not penetrate or damage vascular tissues of host plants (Krusberg,

1963).

1.3.4 Distribution

Root lesion nematodes have a wide geographical distribution, ranging from the
temperate zones to the tropics (Townshend, 1963). P. neglectus occurs in temperate
regions worldwide, and has been reported from Europe (Townshend and Anderson,
1976), Canada (Olthof and Hopper, 1973), the USA (Cotten, 1970), North Western
India (Sethi and Swarup, 1971) and Australia (de Beer, 1965; Thompson et al., 1981;
Vanstone, 1991; Nicol, 1996). Mojtahedi et al. (1992) noted that high numbers of P.
neglectus were extracted from roots of stunted dryland winter wheat in Washington

State, USA.

In Australia, P. neglectus occurs widely in the wheat belts of Victoria, northern New
South Wales and some areas of Queensland, infecting cereals and other crops grown in

rotation with cereals (de Beer, 1965; Meagher, 1970; Thompson, unpublished data). It
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is also widespread in cereal-growing areas of South Australia (de Beer, 1965;
Kimpinski, 1972; Stynes, 1975; Kimpinski et al., 1976; Patel, 1983; Vanstone, 1991)

infecting a wide range of cereals, pasture legumes, grain legumes, oilseeds and weeds.

1.3.5 Host range

Pratylenchus species have been associated with a wide range of plant species. In
particular, P. neglectus is a parasite of several species of cereal, legume, potato and a
wide range of other crop plants (Siddiqui et al., 1973), including Citrus spp., Prunus
spp., Lolium spp., vines and subterranean clover (Khair, 1987). Mountain (1954)
reported that this nematode is quite destructive to tobacco and it is also present on red
clover, soybean and peppermint (Faulkner and Skotland, 1965; Faulkner and Bolander,
1969). P. neglectus has also been reported on grasses, legumes, crucifer, sunflower,
strawberry, carnation, fruit trees (Goodey et al., 1965; Tobar-Jimenez, 1971), vetch,
chickpea (Guevara-Benitez et al., 1970), alfalfa (Griffin and Gray, 1990) and white
clover (Townshend and Potter, 1976). Vanstone et al. (1993) found that all crop species
tested (cereals, grain legumes, pasture species, oilseeds) were infested by P. neglectus,
although the multiplication rate of the nematode differed both between and within crop
species. At 2000 nematodes per plant, P. neglectus reduced shoot and root growth of

five cultivars of wheatgrass tested in a glasshouse experiment (Griffin, 1992).

1.4 Root-rotting fungi

There are several species of fungi involved in root-rotting of plants in disease
complexes (Gorter, 1943; Jooste, 1965; Maas and Kotze, 1981). Rhizoctonia solani,
Gaeumannomyces graminis var. tritici, Pythium spp., Phytophthora spp., Fusarium
Spp., Bipolaris sorokiniana and Microdochium bolleyi are commonly isolated from
roots of wheat, but have differing degrees of pathogenicity. R. solani and G. graminis
are widely spread in agricultural soils worldwide and are known to be pathogens of
wheat. Some species of Fusarium and Pythium, B. sorokiniana and M. bolleyi are also

known to be pathogenic to wheat.
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Fedel-Moen and Harris (1987) isolated a wide range of soil-borne fungi from roots
of wheat and barley in South Australia, including B. sorokiniana, F. equiseti, F.
acuminatum and F. oxysporum. Other fungi such as M. bolleyi, Curvularia spp.,
Phoma spp., Embellisia sp., Athelia sp., Cylindrocarpon sp., Alternaria alternata,
Ulocladium atrum and Periconia macrospinosa have been also found associated with
cereal roots in South Australia (Moen and Harris, 1985; Harris, 1986, 1987). Moen and
Harris (1985) concluded that although many of these fungi are classified as minor
pathogens (Colhoun, 1979), they should not be overlooked as a primary source of
damage to roots. Vanstone (1991) also listed a similar range of species isolated from

wheat roots in the field. Association of P. macrospinosa in "crater disease" of wheat in

South Africa was reported by Scott et al. (1979).

1.4.1 Gaeumannomyces graminis var. tritici

G. graminis (Sacc) Von Arx and Olivier (1952) var. tritici (Walker) is an ascomycete
which produces ascospores (Asher, 1981). The fungus is known as a cause of the root
rot disease "take-all", which is found worldwide and can cause great damage to most

cereal species (Garrett, 1942).

G. graminis has a cosmopolitan distribution in temperate climates (Garrett, 1981). In
South Australia, the disease has been known since the middle of the last century (Anon,
1868). The fungus is the most serious cause of root disease in wheat and barley

occuring in the cereal growing areas of South Australia (Murray and Brown, 1987).

Severity of take-all disease is dependent upon host and environmental conditions,
such as soil moisture and soil pH (Reis et al., 1982). Under conditions favouring
pathogenicity of G. graminis, the fungus is able to grow and spreads into the root
system (seminal roots, crown roots and up the culm base), resulting in production of
darkly pigmented mycelial growth along the root surface or within the root cortex
(Cook, 1981). Cook et al. (1972) found the rate of hyphal ectotrophic growth was

directly proportional to matric water potential: growth was minimal in dry conditions (-
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50 bars) and reached a maximum in moist conditions (-1.5 bars). The severity of take-
all was greatest on areas where drainage was very poor (Yarham, 1981). In severe
infections of seedlings or young plants, stunted and unthrifty plants occur within a crop
in irregular patches (Butler, 1961; Rovira and Venn, 1985). Apparently healthy plants
approaching maturity may senesce prematurely and heads are either completely empty
of grain or the grain is severely shrivelled. The disease caused by G. graminis is known
in Australia as "take-all" and "white-heads" or "hay-die", which are different phases of
the same disease (McAlpine, 1904). Hay-die is the severe phase mentioned above.
The incidence of hay-die is greatest when there is a dry finish to the season (MacNish,
1980). In contrast, take-all is always most severe in years with a wet winter and/or

spring (MacNish, 1980).

It is also possible for this fungus to interact with other soil organisms, including
nematodes, to either increase or decrease damage to the host. Cook (1975)
demonstrated that G. graminis reduces formation of H. avenae (cereal cyst nematode)
cysts by rotting roots and competing for root sites, thus reducing the nematode
population. A mutual antagonism between R. solani and G. graminis was described by

Patel (1983).

MacNish (1980) estimated a $20 million annual average loss in cereals due to take-
all in Western Australia. Rovira (1976) found a yield decrease of 47% in a trial in
South Australia, and this loss was ascribed to severe take-all alone. Yield losses
attributed to take-all disease in the cereal belt of South Australia average 5-10%

(Rovira, 1980; Murray and Brown, 1987).

1.4.2 Rhizoctonia solani

The genus Rhizoctonia contains heterogeneous species comprising morphologically
similar basidiomycetous imperfect fungi of diverse relationship. R. solani Kiihn 1858
(teleomorph: Thanatephorous cucumeris (Frank) Donk 1956) is recognised as a

destructive pathogen causing root rot in a wide range of plant species, including wheat,
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worldwide (Samuel, 1923; Hynes, 1933). No source of host resistance in wheat to R.
solani has been found, but Neate (1984) suggested that cultivation reduced the

incidence of disease.

Interaction between R. solani and various plant parasitic nematodes has been noted
for several crops (de Beer, 1965; Meagher and Chambers, 1971; Patel, 1983). The work
of Mountain (1956) and Benedict and Mountain (1956) showed a positive interaction
between R. solani and P. neglectus. Meagher and Chambers (1971) noted that the
combination of R. solani and cereal cyst nematode (H. avenae) had a significantly

greater effect on wheat growth than did either pathogen alone.

1.4.3 Bipolaris sorokiniana

B. sorokiniana (Sacc.) Shoem. 1959 (Syn. Helminthosporium sativum Pamm. et al.
1910; teleomorph: Cochliobolus sativus (Ito and Kurib.) Drechsler ex Dastur 1942) is
known as a cause of "common root rot" disease. The fungus is a major cause of root rot
worldwide, infecting several plant species including cereals and other grasses, and is a
major pathogen of wheat (Simmonds and Ledingham, 1937; Sprague, 1950; Harper and
Piening, 1974; Verma et al., 1974; Diehl, 1979; Hill et al., 1983; Fernandez et al.,
1985).

In Australia, wheat is a major host of B. sorokiniana and the disease has been
reported from every state (Samuel, 1924; Butler, 1961; Price, 1970; Harris and Moen,
1981; Mayfield, 1981; Tinline, 1984; Wildermuth, 1986; Whittle, 1992). The fungus is
commonly associated with a disease complex (Jooste, 1965; Skou, 1967; Statler and
Darlington, 1972; Maas and Kotze, 1981). B. sorokiniana is a relatively minor
pathogen of several plant species worldwide (Russell, 1931; Salt, 1977) and can infect
plants throughout the growing season (Tinline, 1977). However, a loss of 28% in wheat
with severe lesioning of the subcrown internode was estimated by Ledingham et al.

(1973).

10
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1.4.4 Microdochium bolleyi

M. bolleyi (Sprague) de Hoog and Hermanides-Nijhof 1977 (Syn. Gloeosporium
bolleyi Sprague 1948) is a weak pathogen and has been isolated from several
graminaceous and non-graminaceous species (Sprague, 1948; Domsch et al., 1980; Kirk
and Deacon, 1987b). M. bolleyi is probably the most widely distributed soil-borne
fungus associated with wheat and barley and has been found worldwide (Sprague, 1948;
Salt, 1977; Domsch et al., 1980; Maas and Kotze, 1981; Murray and Gadd, 1981;
Jonsson, 1987; Kane et al., 1987).

In Australia, M. bolleyi is associated with root-rotting of cereals in the field (Moen
and Harris, 1985; Harris, 1986). The fungus has been isolated from wheat roots
infected with P. thornei in northern New South Wales (Taheri, 1992). Vanstone (1991)
has also reported M. bolleyi from South Australia, where the majority of plant samples
from the field were infected with this fungus. Light to dark brown or black lesions on

roots infected with M. bolleyi have been noted by Broom (1972).

The fungus produces small conidia (10-12um) in a conidiogenecell and black
chlamydospores which are obvious in root cortical cells (Murray and Gadd, 1981). The
fungus can enter plant tissues by direct penetration or through stomatal openings, and
produces groups of dark celled chlamydospores both in the outer and inner cortex (Kirk
and Deacon, 1987b). M. bolleyi is a late coloniser of roots in field and glasshouse
studies (Murray and Gadd, 1981; Kirk and Deacon, 1987b; Liljeroth and Baath, 1989,
Vanstone, 1991). The species has been recently renamed Idriella bolleyi. However, in

this thesis I will continue to use the more familiar name, Microdochium.

1.4.5 Pyrenochaeta terrestris

P. terrestris (Hansen) Gorenz, Walker and Larson (syn. Phoma terrestris Hansen)
causes pink root rot of onion and some other crops. It was originally identified as the
causal agent of onion (Allium cepa) pink root by Hansen in 1926. In Australia, Phoma

spp. are widely distributed, but have received very little attention (Harris, 1986).
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P. terrestris has been reported from all over the world (Punithalingam and Holliday,
1973). The fungus has been recognised as a weak pathogen causing root rot of wheat in
Australia (Butler, 1961). It has also been reported on other cereals including maize and
rice (Jayaweera et al., 1988; Sumner et al., 1990; Campbell e al., 1991). Hyphae enter
the young roots, grow through the cortical tissue and form pycnidial primordia in the
epidermal and cortical cells (Kreutzen, 1941). Optimal temperature for growth and

development of the fungus is 28°C (Gornez ef al., 1949).

P. terrestris produces the phytotoxin pyrenocine A which possesses general
antibiotic activity against plants, fungi and bacteria (Sparace et al., 1987). P. terrestris
has been associated with populations of H. glycines (soybean cyst nematode) on

soybean.

1.4.6 Pythium spp.

The genus Pythium Pringsheim 1858 contains numerous described species
distributed worldwide (Robertson, 1980). Pythium spp. are cosmopolitan in soil, and
capable of parasitising seeds, roots or aerial parts of a wide range of plants (Robertson,
1980). There are numerous species of Pythium that can infect wheat and other cereals

(Sprague, 1950; Tesoriero and Wong, 1988).

In Australia, serious losses due to poor emergence of wheat and barley caused by
Pythium spp. have been reported by several researchers (Bratoloveanu and Wallace,
1985; Blowes, 1988). The most commonly pathogenic species of Pythium isolated
from rotted roots of wheat or barley in South Australia are P. irregulare, P.
graminicola, P. volutum and P. troulosum (Bratoloveanu and Wallace, 1985). Moisture
content and temperature are known to influence the abundance of Pythium spp. and the
severity of infection. Among the fungi, Pythium spp. have one of the highest soil water
requirements for growth. Like Rhizoctonia spp., Pythium spp. are most damaging at
lower soil temperatures. For instance, infection of barley roots with P. irregulare was

greatest at 13°C (Bratoloveanu, 1985).
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1.4.7 Fusarium spp.

The genus Fusarium contains many pathogenic species which cause a wide range of
plant diseases (Nelson et al., 1985). Species of Fusarium have a worldwide distribution
and are known to be pathogens of many plant species, and many are saprophytic species
and common in soil (Nelson et al., 1981). Fusarium survives in soil as chlamydospores
or as hyphae in plant residues and organic matter (Burgess, 1981). The genus includes
some species, for example F. oxysporum, which are quite variable in their pathogenicity

depending upon host plant and environmental conditions.

There are over 1000 published names of Fusarium species due to very similar
features (spores, mycelium, colony size and pigmentation in agar) and occurrence of
formae speciales within individual Fusarium spp. (Booth, 1971). Some species which
are parasitic in one host may be a secondary coloniser in another host. The genus
contains many soil-borne populations which are isolated from diseased root tissues but
appear to be secondary colonisers. In general, many Fusarium spp. are involved in a
root disease complex rather than being pathogenic in their own right (Russell, 1931;
Gorter, 1943; Jooste, 1965; Diehl, 1979; Scardaci and Webster, 1982; Hill et al., 1983;
Sturz and Bernier, 1987a,b). F. acuminatum is considered a weak pathogen, inflicting
the most damage when adverse environmental conditions, such as drought stress, persist

(Sprague, 1950; Hill and Blut, 1994).

There are numerous reports of Fusarium-nematode interactions in several plant
species which are of economic importance and, in some instances, this complex disease
causes considerable yield reduction to crops (Powell, 1971; Powell et al., 1971).
Fusarium spp. have been isolated from plants infected with nematodes, and association
of Fusarium spp. with the lesions initially produced by Pratylenchus spp. is well

documented (Powell, 1971).
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1.5 Nematode-fungus interactions
"Nature does not work with pure culture. I suspect that many plant diseases
are influenced by associated organisms to a much more profound degree
than we have yet realised, not only as to inhibition but also as to
acceleration of the process. It may be that a number of diseases require an
association of organisms for their occurrence and cannot be produced by

infection of one organism alone” (Fawcett, 1931).

The soil ecosystem is a complex of various biotic and abiotic factors. Roots grow in
soil containing a great number of microorganisms including fungi, bacteria, viruses,
insects and nematodes. Thus, under natural conditions, plants are potential hosts to
many microorganisms which can influence each other by occupying and/or modifying
the same habitat. Synergism has been demonstrated in several plant disease complexes
involving interaction of nematodes and fungi (Benedict and Mountain, 1956; McKeen
and Mountain, 1960; Mountain and McKeen, 1960). Taylor (1990) suggested that
infection by one pathogen may alter the host response to subsequent infection by
another soil microorganism. Powell (1971) also noted that, in nature, plants are rarely if
ever subject to infection by only one potential pathogen, especially soil-borne

pathogens.

The first report of a nematode-fungus interaction was made by Atkinson in 1892. He
found that Fusarium wilt of cotton was more severe in the presence of the root-knot
nematode (Meloidogyne spp.) than in its absence. Since then, a number of interactions
between plant parasitic nematodes and fungal plant pathogens have been reported
worldwide. Although a fungus is an essential component of the interacting system of a
nematode-fungus disease complex, the role of these organisms in their interactions with
the nematodes has not been defined (Hasan, 1993). However, the roles of nematodes in
such interactions have been thoroughly studied and are well documented (Pitcher, 1965;

Powell, 1979).
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Nematode-fungus disease complexes have been recognised and investigated for
many years. Association of nematodes with certain fungi in which nematodes become a
part of an aetiological complex is an important aspect of the role of parasitic nematodes
as plant pathogens. It has been suggested that nematodes, during penetration and
feeding, create potential sites of infection for fungal hyphae (Faulkner et al., 1970). In
the soil microbial community, many fungal pathogens interact with the nematodes and

in particular the endoparasitic nematodes.

Under natural conditions in the field, a host plant is likely to be infected by more
than one pathogen. Thus, the activities and effects of one are likely to be influenced by
the activities and effects of the other. Nematode infections too, may modify host
physiology in some way which may benefit the fungal or bacterial pathogens. The
mechanism of modification of the host plant may be mechanical or physiological or a

combination of both.

Interactions of plant parasitic fungi and Pratylenchus spp. have been reported on
several plant species (Faulkner and Bolander, 1969; Faulkner et al., 1970; Kotcon et al.,
1985; Kurppa and Vrain, 1989; LaMondia and Martin, 1989; Jin et al., 1991) including
wheat (Mountain, 1956; Benedict and Mountain, 1956; Mojtahedi et al., 1992; Taheri,
1992; Taheri et al., 1994). Of several nematodes of economic importance, root-knot
nematodes (Meloidogyne spp.) have been most thoroughly studied in their interaction

with wilt-causing or root-rotting fungi.

Considering the damage suffered by plants under combined attack by nematodes and
fungi, Wallace (1983) divided the interactions between them into synergistic or positive
interaction, in which the combined effect is greater than the sum of the individual
effects of nematode and fungus, and antagonistic or negative interaction in which the
combined effect is less than the sum of the individual effects. When the amount of

damage is simply additive, it is considered that there is no interaction.
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1.5.1 Synergistic interaction

Synergistic interactions occur due to the role of nematodes in favouring fungal
infection, even though in some cases nematode development and reproduction are
suppressed by fungi. It is not always easy to identify synergistic interactions, however
they have been reported more often than other types of interaction (Evans and Haydock,
1993). Synergistic interactions between Verticillium spp. and several species of plant
parasitic nematodes have been reported. The majority of these interactions occur with
the root lesion nematode, Pratylenchus spp. Synergistic interactions between P.
penetrans and Verticillium sp. have been reported on peppermint (Bergeson, 1963), on
tomato (Mountain and McKeen, 1962; Conroy et al., 1972), sugar beet (Dwinell and
Sinclair, 1967), eggplant (Mountain and McKeen, 1962) and cotton (Riedel and Rowe,
1985; MacGudwin and Rouse, 1990).

1.5.2 Antagonistic interaction

There is some evidence that the interactions between plant parasitic nematodes and
soil-borne fungi result in less plant damage, compared to the sum of the individual
damage. El-Sherif and EIWakil (1991) reported the antagonistic effect of F. oxysporum
f. sp. lycopersici on Meloidogyne javanica when both pathogens were individually
applied to split root systems of tomato. The fungus inhibited development and
reproduction of M. javanica and decreased number of galls on the roots. Similarly,
Qadri and Saleh (1990) found that F. oxysporum and F. solani reduced tomato galling
index as well as parasiting M. javanica and H. schachtii eggs. Jorgenson (1970) found
an antagonistic interaction between F. oxysporum and H. schachtii on sugar beet, where
combined effects of the nematode and fungus resulted in less plant damage and an

increase in fresh plant weight compared to the effect of the nematode alone.

In some studies, combination of nematodes and fungi did not affect the development
of symptoms or yield reduction compared to the individual pathogen, or the effect of the
combinations were as great as the sum of individual effects (Abawi and Barker, 1984;

Riedel and Rowe, 1985; Wheeler and Riedel, 1994).
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Plant pathologists and, in particular, plant nematologists, generally agree that
parasitic nematodes can predispose plants to certain fungal pathogens or to a complex
disease. These are tripartite interactions, of which soil-borne fungal pathogens are the
most important component of interaction. The time at which a plant is inoculated with
either the fungus or nematode seems to play an important role in nematode-fungus
interaction. In fact, other than a few seed-borne or seedling diseases such as R. solani,
it is most unlikely that plant species under field conditions will be infected with fungi
prior to nematode invasion and, in most cases, nematodes will be the first pathogens
infecting plant roots. For instance, wheat seedlings are infected by P. neglectus during

very early stages of growth.

1.5.3 Nematode/root-rotting fungi interaction

In recent years, there has been an increase in the number of reported interactions
between nematodes and fungi other than the Fusarium wilt fungi. There have been over
45 reports of nematode-fungus interactions (Evans and Haydock, 1993). Evans and
Haydock (1993) in their comprehensive review mentioned a list of interactions between
nematode and root-rot fungi together with the genera of nematodes and fungi involved.
Plant parasitic nematodes increase the severity of several fungal diseases. Benedict and
Mountain (1956) stated that there was a relationship between R. solani and P. neglectus,
causing root-rot disease of wheat in Canada. They have found a consistent association
between R. solani and P. neglectus under field conditions (Benedict and Mountain,

1956).

In a glasshouse experiment carried out by Benedict and Mountain (1956), field soil
infested with both R. solani and P. neglectus was treated with either ethylene dibromide
(nematicide), Malachite green (fungicide) or methyl bromide (fumigant) to control both
pathogens. Reduction of either pathogen in soil resulted in an increase in plant growth.
However, when both pathogens were controlled with application of methyl bromide,
growth response of wheat was twice that achieved by either of the other soil treatments.

Thus, the effect of both pathogens was necessary to produce full disease expression. A
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similar result from a field study confirmed this glasshouse finding but, in an aseptic test

using agar medium, no interaction between nematode and fungus was obtained.

Later, LaMondia (1992) investigated the effects of inoculation timing on interaction
between F. oxysporum and Globodera tabacum or M. hapla on broadleaf tobacco. Wilt
incidence and severity was greater for plants inoculated with nematodes one to three
weeks prior to addition of F. oxysporum than for plants inoculated with nematodes and

fungi simultaneously, or with F. oxysporum alone.

Root-rot fungi, in general, seem to increase the number of nematodes, particularly
migratory endoparasitic nematodes such as Pratylenchus spp. A significant increase in
the population of P. penetrans occured with high inoculum density of F. avenaceum on
red clover, suggesting that nematode reproduction was stimulated by the fungus (Jin et
al., 1991). In another instance, Carter (1975) noted that interaction between R. solani
and M. incognita on cotton resulted in an increase in nematode numbers. Similar
stimulation of P. neglectus reproduction was observed in peppermint plants infected by
V. dahliae f. sp. menthae (Faulkner and Skotland, 1965; Faulkner et al., 1970).
Presence of the nematode increased both incidence and severity of the disease, while
presence of the fungus increased the reproductive rate of the nematode in a synergistic

interaction (Faulkner and Skotland, 1965).

The relation of soil temperature to nematode biology and to the combined effect of
nematode and fungus is likely to be important. Benedict and Mountain (1956) showed
that the optimum soil temperature for reproduction of P. neglectus on winter wheat was
approximately 32°C. Umesh and Ferris (1992) reported that the optimum temperature
for development of P. neglectus on barley plants was about 25°C, and on soybean and

alfalfa optimum temperature for reproduction of the nematode was 30°C.

Faulkner and Bolander (1969) investigated the effects of soil temperature on P.
neglectus and V. dahliae f. sp. menthae interaction on peppermint. They used a range

of soil temperatures (18, 21, 24, 27 and 30°C). The incidence and severity of
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Verticillium wilt were increased at all temperatures by the presence of the nematode.
Nematode reproduction in the absence of fungus was greatest at 30°C but, in
combination with the fungus, nematode reproduction increased with each increase in
temperature up to 24°C where the fungus causes severe symptoms on roots of
peppermint. However, 27°C was optimal for disease development when both pathogens
were present. Plant growth at all soil temperatures was retarded more when both
pathogens were present than with either pathogen alone. P. neglectus alone retarded

growth of peppermint most severely at 24°C.

1.5.4 Nematode/nematode interactions

Interspecific competition between plant parasitic nematodes is common and
considered to be of major ecological importance in structuring natural communities
(Schoener, 1982, 1983; Eisenback, 1985; Rhode, 1991). Nematode species may inhibit
other nematode species through competition for feeding sites (Duncan and Ferris,
1982), or through changes in host physiology that may render the host unsuitable for
other species (Estores and Chen, 1972; Kraus-Schmidth and Lewis, 1981). Feeding by
one species of nematode may alter attraction of the roots to other species, or change
availablity of penetration sites. It has been suggested by Eisenback (1985) that plant
damage induced by a single nematode species may be increased or decreased by the

presence of another species, depending on the nematode species and host plant.

Pratylenchus spp. often occur as mixed populations and are probably very
competitive with each other (Eisenback, 1993). Antagonistic competition between P.
alleni and P. penetrans on soybean has been reported by Ferris et al. (1967). However,
due to mixed populations of Pratylenchus spp. in the field, and the difficulty of

identifying individuals to species level, studies of interactions of species are difficult.

In experiments on competition between P. neglectus and M. chitwoodi on barley

plants (Umesh and Ferris, 1994), the species that parasitised the root first inhibited
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penetration by the later species. In the presence of P. neglectus, the reproductive index

of M. chitwoodi decreased but P. neglectus numbers were not affected.

1.5.5 Nematode interactions with non-pathogenic fungi

Most of the literature is related to interactions between nematodes and fungi, bacteria
or viruses already known as plant pathogens in their own right. There is little on
interactions with non-pathogenic or weakly pathogenic fungi. Fungi non-pathogenic to
a host plant may become pathogenic in the presence of nematodes, and weak pathogens
may become more damaging. There is a growing body of evidence that nematodes may
interact with organisms not generally recognised as plant parasites (Khan, 1993).
Weakly parasitic fungi and bacteria can cause considerable damage once they gain entry

into plant roots in the presence of feeding nematodes.

Mechanical wounding of roots by nematodes generally assists bacterial and fungal
plant pathogens, and other soil organisms which are not normally considered as plant
pathogens, to enter the plant. Saprophytic fungi such as Curvularia trifolii, Botrytis
cinerea, Aspergillus ochraceous, Penicillium martencii and Trichoderma harzianum in
combination with the root-knot nematode (M. incognita) caused extensive decay to
plant roots (Powell et al., 1971). These fungi were added to roots that had been
exposed to M. incognita for three to four weeks, suggesting that physiological changes

in the host plant may have favoured fungal attack.

Migratory nematodes also predispose some plant species to infection by certain
fungal and bacterial plant pathogens. Gnomonia comari, considered a weak parasite,
was extremely pathogenic to strawberry in combination with P. penetrans (Kurppa and
Vrain, 1989). In sterilised sand, the fungus alone colonised young strawberry roots but

did not develop perithecia and was not pathogenic.
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1.6 Mechanisms of fungus-nematode interactions

Mechanisms responsible for the interactions between plant parasitic nematodes and
soil-borne fungi are not entirely understood (Mani and Sethi, 1987). Nematodes and
fungi have different roles in promoting the interaction, and the host plant is the third

component in a nematode-fungus interaction.

1.6.1 The role of nematodes in the interaction

Riedel (1988) divided host predisposition into mechanical and physiological
predisposition. Mechanical predisposition involving nematode-fungus interaction is
mostly due to wounding of the host by nematodes. Plant parasitic nematodes frequently
destroy apical meristems during feeding and this often stimulates the development of
lateral roots. Natural wounding where lateral roots emerge, or injury because of
nematode feeding, especially for endoparasitic nematodes such as Pratylenchus,
Meloidogyne spp. (Porter and Powell, 1967) or Heterodera sp. (Polychronophoulos er
al., 1969), facilitate fungal infection of plants. Polychronophoulos et al. (1969)

reported that R. solani grew along H. schachtii juvenile invasion tracks in sugar beet.

Based on their histopathological study of the interaction between Globodera pallida
and V. dahliae on three potato cultivars, Storey and Evans (1987) reported that G.
pallida juveniles were able to break down the intermediate resistance of potato cultivars
by assisting V. dahliae to evade the natural defences of the root. The second stage
Jjuvenile was able to bypass the cortical cell lignotuber, and hence it provided an

invasion channel for the fungus to colonise the tissue.

Evidence of mechanical predisposition was also obtained by Inagaki and Powell
(1969), who imitated nematode damage by wounding roots mechanically. Results
showed that in the wounding treatment, black shank disease caused by Phytophthora

parasitica var. nicotianae developed faster than in the treatment with the fungus alone.

However, the role of nematodes in predisposing hosts is not just in providing access

for fungi. Much research suggests that alteration of host physiology by nematodes is

21



General introduction and review of literature

the more important mechanism of predisposition (Riedel, 1988). This is supported by
evidence that the incidence and severity of fungal diseases increased significantly when
the nematode was inoculated onto plants prior to the fungus (Bowman and Bloom,

1966: Porter and Powell, 1967; Mani and Sethi, 1987).

The predisposition of plant tissues to fungal infection caused by nematodes is not
limited to the tissues they invade, but increased susceptiblity can also be in tissues away
from the infection site (Hillocks, 1986). Using split-root experiments, some researchers
have found that the resistance of some tomato cultivars was broken down by M.
incognita, even though each pathogen was inoculated on separate halves of the root
system (Bowman and Bloom, 1966; El-Sherif and EIWakil, 1991). A similar result was
obtained by Faulkner ef al. (1970), who observed the interaction between P. neglectus

and V. dahliae on peppermint.

1.6.1.1 Nematodes as rhizosphere modifiers

Microbial activities in the rhizosphere and rhizoplane are greatly influenced by the
quantity and quality of root exudates. Many plant pathogens generally exist in soil in a
resting form. However, a fungus may be in a resting stage for reasons other than soil
fungistasis and root exudates can stimulate pathogen spores to germinate (Russell,

1984).

Plant parasitic nematodes appear to affect root exudates both directly and indirectly.
Quantitative and qualitative changes in root exudates could occur directly as a result of
parasitism or indirectly as a result of stresses imposed on the host, accompanied by a
reduction of root function, photosynthesis and nutrient level (Mai and Abawi, 1987).
Indeed, Powell (1971) suggested that direct quantitative change in exudates could occur
by rupture of root cell membranes during feeding, penetration and migration within the

root.

Bergeson et al. (1970) found a consistent increase in F. oxysporum f. sp. lycopersici

in the rhizosphere of tomato infected with M. javanica. They also found a significant
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decrease in the population density of actinomycetes which could be antagonistic to the
fungal pathogen. Therefore, they concluded that the nematode infection may have a
dual effect, by stimulating plant pathogens while at the same time inhibiting their
antagonist. Subsequently, it has been reported that roots parasitised by Meloidogyne
spp. exude higher concentrations of several elements including Ca, Mg, Na, K, Fe, and
Cu (Van Gundy et al., 1977; Melakebrhan et al. 1985), carbohydrate and amino acids

(Wang and Bergeson, 1974), which are necessary to stimulate fungal germination.

Van Gundy et al. (1977) demonstrated that exudates from M. incognita-infected
tomato roots attracted hyphae of R. solani to the galls and enhanced sclerotial formation
as well as severity of root decay. However, the decay did not develop when root
exudates were continuously removed by leaching. In contrast, when leachates were
collected from M. incognita-infected roots and applied to R. solani-infected roots, the
rot became more severe. Indeed, observing the aetiological sequence of the disease
complex, they reported that during the first fourteen days after nematode infection,
when carbohydrates were abundant and C/N ratio was high in M. incognita-infected
root exudate, R. solani was stimulated in the rhizosphere and attracted to the root.
Between 14 and 28 days after nematode infection, the C/N ratio decreased. This
indicated that the concentration of N was high and therefore favourable for parasitic

development of R. solani.

1.6.2 The role of fungi in the interaction

In fungus-nematode interactions, fungi have different effects on the nematode. In
some cases they can break down plant resistance to nematodes (Hasan, 1985; Hasan and
Khan, 1985), increase nematode penetration (Edmunds and Mai, 1966) and in many
cases influence nematode development and reproduction (Powell, 1971; Qodri and
Saleh, 1990; El-Sherif and EIWakil, 1991). However, research regarding the
mechanisms whereby fungi break down resistance and increase populations of

nematodes is very rare.
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Fungi are likely to differ in their effects on nematode penetration and reproduction.
In many cases, populations of migratory nematodes such as Pratylenchus spp. appear to
increase, as a result of interactions with fungi, whereas populations of sedentary
nematodes such as Meloidogyne spp. and Heterodera spp. are generally suppressed

(Powell, 1971).

A few studies have attempted to determine the possible mechanisms whereby fungi
increase nematode infection. Klingler (1965) suggested that increased nematode
infection may be associated with the increase in CO, concentration, acting as an
attractant for nematodes to roots infected by fungi. Mountain and McKeen (1962)
pointed out the possibility of fungi aiding nematode entry into root tissues. A major
barrier to penetration of epidermal cells by nematodes are cell walls which contain
cellulose and pectin. The degradation of these cell components by fungi might facilitate
penetration of root cells by nematodes (Edmunds and Mai, 1966). This is supported by
the evidence of Morsink (1963, in Edmunds and Mai, 1966) that P. penetrans which
failed to penetrate roots of potato seedlings were able to invade when roots were already

infected by fungi.

Regarding the mechanism enabling fungi to increase nematode reproduction,
Dwinell and Sinclair (1967) suggested that the effect of V. dahliae on P. penetrans
reproduction was not direct, but determined by host reaction to fungal infection. The
fungus appeared to modify the host to create a better substrate for nematode

reproduction.

1.7 Conclusion

In general, the level of interactions between plant parasitic nematodes and soil-borne
fungal pathogens can not be validated using appropriate statistical tests (Wallace, 1983;
Sikora and Carter, 1987). There are only few studies using multi-factorial analyses to
determine the significance of the interactions (Sikora and Carter, 1987). Synergistic or

antagonistic interactions have been considered by comparing the combined effect of
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nematode-fungus interactions to the effect of either nematode or fungus alone, rather

than the sum of the individual effects.

Abawi and Barker (1984) demonstrated the effect of nematode population density on
nematode-fungus interactions. In their experiments, increasing the initial level of M.
incognita led to an increase in Fusarium spp. and F. oxysporum f. sp. lycopersici

infections as well as wilt development in some tomato cultivars.

The timing of inoculation of the pathogens also influences fungus-nematode
interactions. Sequential or simultaneous inoculations of the pathogens affects the type
of interaction, determining whether it is synergistic or antagonistic. Different results
obtained in experiments studying the interaction between M. hapla and Fusarium spp.
on chrysanthemum seem to be due to the difference in the time of nematode
inoculation. Inoculation of nematodes a week prior to the fungal inoculation resulted in
a synergistic interaction (Littrell and Heald, 1967). However, when the two pathogens
were inoculated simultaneously, no interaction occurred (Johnson and Littrell, 1969). A
contrasting result, because of the different time of inoculation, was found by Husain er
al. (1985). In their study, a sequential inoculation in which R. solani was inoculated ten
days prior to nematode inoculation resulted in the inhibition of nematode multiplication
and root-knot development. On the other hand, a simultaneous inoculation led to a

significant increase in nematode multiplication and root galling on pea roots.

Because the nematode-fungus interactions can be altered by many factors, the
phenomenon of interactions is not well established. Therefore, the results of many
studies on interactions are often contradictory. Sikora and Carter (1987) even
questioned the existence of such interactions in nature. According to them, most
experiments regarding nematode-fungus interactions were conducted in the greenhouse
where environmental conditions do not approach those of nature. Therefore,
experiments could produce forced interactions. Furthermore, they also pointed out that
the densities of both organisms used in experiments were often high or even higher than

those under natural conditions, so that interactions may be favoured.
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To obtain reasonable results, however, field observations and the nature of
interactions should be taken into consideration. Experimental conditions regarding
environmental factors, timing of inoculation and the population density of pathogens
should simulate those in the field as closely as possible. More research dedicated to the
study of the mechnism of fungi in suppressing nematode development and reproduction

is also required.

1.8 Project aims

The literature indicated that attention has been paid to the effect of nematode-fungus
interaction on many crops. However, the interaction between nematodes and fungi
normally not considered as plant pathogens has not been studied on many crops. In
South Australia, particularly, the effect of interaction between root lesion nematode, P.
neglectus, and root-rotting fungi of wheat has not been investigated in detail. The aims

of this project were:

1. To isolate and identify fungi infecting wheat roots in fields naturally infested

with P. neglectus.

2. To determine the pathogenicity of the nematode and associated fungi and

their relative contributions to disease of wheat roots.

3. To conduct glasshouse pathogenicity tests using fungi found to be associated

with damaged wheat roots infected with P. neglectus.

4. To use aseptic pathogenicity tests to determine the effect of fungi on
nematode penetration into the root and to investigate nematode-fungus

interactions.

5. To study the influence of factors such as soil type, timing of inoculation, the
population density of both fungus and nematode and soil temperature on the
nematode-fungus interaction. Different wheat cultivars were also examined

in relation to the nematode-fungus interaction.
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6. To conduct field experiments using fungi positively associated with P.

neglectus in glasshouse studies.

7. To investigate the mechanisms of the interaction between nematode, fungus

and/or host.



Chapter 2

General methods

2.1 Field samples
To investigate nematode-fungus interactions, two sites were selected on the basis of
preliminary observations of P. neglectus in the soil. Wheat roots were sampled six, ten,

fourteen and eighteen weeks after sowing.

2.1.1 Sites

The first site was at Stow, approximately 125km north of Adelaide. Wheat cultivars
sampled at this site were Spear and Condor. The previous crop rotation was wheat,
medic pasture and wheat in 1990, 1991 and 1992 respectively. The second site was at
Palmer, approximately 80km east of Adelaide (Figure 2.1). Wheat cultivars sampled at
this site were Spear and Molineux. Means of rainfall for the 1992 growing season at both

Stow and Palmer are listed in Table 2.1. Soil type at both sites was a sandy loam.

2.1.2 Sampling

At all sample times, five plants were sampled randomly from each of four replicate
plots (5.2m?2) in wheat variety evaluation trials conducted by the Roseworthy wheat
breeding group and by Dr. V.A. Vanstone. Plants were carefully dug to include most of
the root system and the surrounding soil to a depth of 15cm (approximately 2.0kg soil).
Plants and soil were placed in plastic bags, transported to the laboratory and stored at 4°C
until processing on the same day or within two days. Roots were then carefully washed

under running tapwater to free them of soil.
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Figure 2.1 Map showing sites where field experiments were conducted.



Table 2.1 Monthly and total rainfall (mm) recorded at Balaklava, Palmer, Roseworthy and Minnipa. Source: Bureau of Meteorology,
Kent Town, South Australia and Minnipa Research Centre.

Balaklava Palmer Roseworthy Minnipa

1991 1992 1993 1994 1991 1992 1993 1994 1991 1992 1993 1994 1991 1992 1993 1994
January 102 00 746 1.8 138 42 372 34 232 00 528 242 NA 04 772 NA
February 0.0 6.6 7.0 4.6 0.0 34.4 5.0 10.0 0.0 9.8 10.4 12.0 N/A 18.6 5.6 N/A
March 68 694 68 0.0 06 544 1.0 00 58 572 114 0.0 NA 411 32 NA
Apl‘il 36.2 474 1.8 2.0 302 520 0.0 4.8 398 29.0 3.6 2.6 N/A  40.2 04 N/A
May 1.0 796 164 18.6 88 384 158 320 106 556 244 168 N/A 388 219 NA
June 109.4 382 318 968 752 204 252 1068 1182 560 442 77.8 NA 268 308 NA
July 350 232 440 236 602 384 NA 158 602 238 368 274 N/A 224 276 NA
August 42.8 45.8 19.0 7.4 754 1184 N/A 11.6 68.4 1821 352 17.6 N/A 730 315 N/A
September 33.2 99.5 50.8 7.8 48.0 101.8 N/A 34.0 596 1424 774 15.2 N/A 884 3338 N/A
October 14.8 554 434 11.0 1.6 71.2 N/A 27.0 4.0 812 930 27.8 N/A 700 726 N/A
November 338 43.8 122 21.6 184 77.0 N/A 154 350 722 214 446 N/A 480 154 N/A
December 1.2 38.4 N/A 7.0 4.0 208.8 N/A 7.4 0.8 75.8 N/A 8.4 N/A 990 312 N/A
Total 324 547 N/A 202 336 819 NA 268 426 705 NA 274 NA 567 346 NA

N/A= data not available.
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2.1.3 Disease rating
Lesions on root samples caused by nematodes, fungi or both were assessed for

severity according to a scale of 0-5 as follows:

0= Healthy root system, free of lesioning

1= Up to 10% of root system lesioned

2= Between 10 and 25% of root system lesioned
3= Between 25 and 50% of root system lesioned
4= Between 50 and 75% of root system lesioned

5= Between 75 and 100% of root system lesioned.

Two root segments, each 1cm long, were removed randomly from lesioned parts of
both the seminal and crown roots of each plant. Similarly, another two root segments
from non-lesioned parts were collected (that is, 8.0cm total from each plant). The
remaining roots were placed in a misting chamber to extract nematodes (Section 2.1.8.2).

Lesioned and non-lesioned roots were not separated for nematode extraction.

Shoots from each sample were oven dried at 80°C for 48 hours and weighed. After

four days in the mister for nematode extraction, roots were also dried and weighed.

2.1.4 Isolation of fungi
In a laminar flow cabinet, representative root segments were surface-sterilised prior to
plating on agar. Half were surface sterilised by immersion in 2.5% sodium hypochlorite

for 60 seconds, followed by washing in three changes of sterile distilled water.

The other half were washed in three changes of sterile distilled water only, because
some soil-borne fungi (such as R. solani and Pythium spp.) are sensitive to sodium
hypochlorite. All root segments were blotted dry on sterile tissue before plating on the

isolation medium.
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Each lesioned or non-lesioned root segment from both seminal and crown roots was

cut into two parts and plated onto two different isolation media.

1) Half strength Potato Dextrose Agar (PDA) plus antibiotics (RA medium) (Harris

and Moen, 1985a). This isolation medium can be used as a general medium for a large

number of soil-bome fungi. The medium consisted of half strength PDA (19.5g/1 PDA),

which had been autoclaved at 121°C for 20 minutes then cooled to approximately 55°C.

The following concentrations of antibiotics were added to each litre of medium prior to

pouring into 9cm diameter plastic Petri dishes:

Streptomycin Sulphate
Neomycin Sulphate

Chloramphenicol

50ppm
50ppm
250ppm.

2) Modified VP3 medium (Pankhurst and McDonald, 1988). This medium is selective

for the isolation and identification of Pythium spp. and Phytophthora spp. from roots.

The medium consisted of:

Sucrose

CaClp

MgS04.7H20

ZnClp

CuS04.5H20

MoO3

MnClp

FeS04.7H20
Thiamine HCI

Difco® Cornmeal Agar

Distilled Water made up to

20.0g
10.0mg
10.0mg
1.0mg
0.02mg
0.02mg
0.02mg
0.02mg
100mg
17.0g
1000ml.
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The medium was autoclaved at 121°C for 20 minutes, cooled to approximately 55°C,

and the following antibiotics were added to each litre before pouring:

Pimaricin 5.0 mg
Vancomycin HCI 75.0 mg
Penicillin 50.0 mg

[benzylpenicillium sodium BP]

PCNB 100.0 mg
[pentachloronitrobenzene]

Rifampicin 10.0 mg
[3-(4-methylpiperazinyl-iminomethyl) rifamycin SV].

Each 1cm lesioned or non-lesioned segment of seminal or crown root was divided into
two parts and plated onto each of the above media. Five segments of approximately

0.5cm length were plated per Petri dish of each medium.

2.1.6 Incubation conditions

All cultures on RA or modified VP3 media were incubated in the dark at 25°C for three
to four days. After the second day, cultures were checked and all growing fungi were
sub-cultured onto PDA and placed under a light bank with a 12 hour photoperiod for
three to four days (incubation period) to induce sporulation of isolates. The light bank

consisted of four florescent lights and one black light.

2.1.7 Identification of fungi

Two media were used for fungal identification:

1) Carnation Leaf Piece Agar (CLA) (Burgess and Liddell, 1988). This medium
contained four to five (0.5cm length) Y-irradiated sterile carnation leaf pieces on each Petri
dish of 2% water agar (WA). Leaves were placed on agar while it was still molten so
they became partially embedded in the agar. The medium was used for identification of
several species of soil-borne fungi, particularly Fusarium spp. as they readily sporulate

on carnation leaves.
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2) Potato Dextrose Agar (PDA) (Toussoum and Nelson, 1976). All fungi growing
from the original root samples on RA medium or on modified VP3 medium were
subcultured onto PDA and incubated under a light bank for up to one week to encourage
sporulation and colony growth. Fungi were identified by microscopic examination of

spores and other structures as well as colony form and colour on PDA medium.

Fusarium spp. were subcultured onto CLA medium for sporulation, and the single
spore technique of Burgess and Liddell (1988) was used to identify species of Fusariun.
A single spore germinated on WA was transferred onto PDA and stored in the dark in
both 25°C and 30°C incubators for 72 hours, after which time colony diameter and colour

were recorded for each temperature.

2.1.8 Nematode extraction

2.1.8.1 Soil

Ten random soil samples were collected from 10-15cm depth of top soil in the field
using 10cm diameter plastic cores of 15cm length. Root lesion nematodes were extracted
from 200g sub-samples using the Whitehead Tray method (Whitehead and Hemming,
1963) (Plate 2.1A). Each sample was spread on a perforated plastic basket that had been
covered with three large facial tissues. Baskets containing soil were then placed within a
plastic tray and water added until the soil was saturated. These Whitehead Trays were
maintained at room temperature for three days. Over the extraction period, nematodes
migrated into the water below the basket. This water was then passed through a 20um
sieve three times, and nematodes washed off the sieve each time until 20ml of nematode

suspension in water was obtained.

2.1.8.2 Roots

Nematodes were extracted from the roots of plants in a misting chamber (Southey,
1986) (Plate 2.2) over a four day period. Roots were cut into segments no longer than
lcm and spread on a 9cm diameter mesh disk that had been covered in a double layer of

facial tissue and placed within a 10cm diameter plastic funnel. Samples were then
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Plate 2.1 Nematode extraction technique and equipment required for
counting.
A. Whitehead Trays used to extract nematodes from soil.
B. Nematode suspension in test tubes obtained from misting roots,
and equipment required for counting (including the modified

Doncaster counting dish).
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Plate 2.2 Extraction of nematodes from roots using the mist chamber.
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sprayed for ten seconds with a fine mist of water (25°C) at ten minute intervals. Water
containing nematodes was collected in a 100ml test tube below each funnel. For

counting, the nematode suspension was adjusted to a known volume.

2.1.9 Nematode counting
A 1.0ml aliquot of nematode suspension for each sample was counted microscopically
at 25 or 40 times magnification using a modified Doncaster dish (40mm in diameter with

four concentric rings) (Doncaster, 1962) (Plate 2.1B).

2.1.10 Staining nematodes, fungi or both in roots

2.1.10.1 Nematodes
Root tissues were stained with acid fuchsin (Byrd et al., 1983) in lactoglycerol to

detect larvae, adults and eggs of root lesion nematodes.

Root segments were immersed in 20ml of 4% NaOCI for approximately ten minutes,
rinsed for 30 seconds and allowed to soak for ten to fifteen minutes in distilled water.
They were then drained and transferred to 30ml (0.40%) of acid fuchsin and heated to
boiling over a low flame for 30 seconds, and allowed to cool at room temperature. To
destain, the roots were then placed in 20ml of glycerin containing ten drops of 5M HCI,
and this was then heated to boiling. Finally, pure glycerin and roots were transferred into

a Petri dish to observe nematodes microscopically (Plate 2.3A).

2.1.10.2 Fungi
Simultaneously, some root segments of field samples were stained to detect fungal

mycelia in or around lesions, using trypan blue in lactoglycerol (Phillips and Hyman,

1970) (Plate 2.3B).

2.1.10.3 Nematodes and fungi
Staining roots for either nematode or fungus resulted in losing the other organism

within root tissues. Developing a staining technique to detect both fungus and nematode
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Plate 2.3 Staining root tissue of wheat cultivar Machete to detect
nematode or fungus.
A. Pratylenchus neglectus within roots of Machete wheat using acid
fuchsin stain to detect nematodes.

B. Fusarium acuminatum in the roots of Machete wheat using Trypan

blue stain to detect fungus.
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simultaneously was needed. Different recipes for staining nematodes and fungi within

root tissues were tested using varying percentages of potassium hydroxide or sodium

hydroxide (1%, 3,% 5% or 10%) and different percentages of trypan blue in lactoglycerol

(0.1%, 0.05% or 0.01%). The time and temperature at which roots should be left in the

staining solution were also examined. Roots were kept in KOH or NaOH for one, two,

six, twelve or 24 hours as well as in trypan blue for the same period. Finally, the

following procedure was developed to detect fungi and nematodes within roots in one

staining procedure.

1)

2)

3)

4)

5)

Fix root segments in 10:1:1 FAA (formalin:alcohol:acetic acid) or, for better
results, in 4:1 FA (formalin:acetic acid) fixative overnight. Composition of 10:1:1
FAA was: 20ml distilled water, 6ml formalin (40%), 1ml acetic acid, 40ml
alcohol (95%). Composition of 4:1 FA was: 10ml formalin (40%), 1ml acetic

acid, 98ml distilled water.

Wash roots with several changes of distilled water.

Transfer whole roots into 5% KOH and store at 25°C or room temperature for 12-

24 hours, depending upon sample age (longer for older root samples).

Rinse and transfer to 0.01% trypan blue in lactoglycerol for one to two hours at

25°C.

Rinse and transfer to destaining solution (ten drops of HCI in 20ml of glycerol)

for microscopic examination.

Plate 2.4 shows P. neglectus with either F. acuminatum or M. bolleyi stained within

root tissues of Machete wheat.

2.2 Pot experiments

2.2.1

Soil

A sandy loam soil was collected from a typical wheat-growing field at Stow, adjacent

to the field where the plant samples (Chapter 3) were taken. The soil was collected from



Plate 2.4 Staining root tissue of wheat cultivar Machete to detect
nematode and fungus at the same time.

A. Pratylenchus neglectus and Fusarium acuminatum in the roots of

Machete wheat.

B. P. neglectus and Microdochium bolleyi in the roots of Machete

wheat. Chlamydospores of M. bolleyi are clumped within the

cortical cells.
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the top 15cm (cultivated layer) of the A horizon. The soil was pasteurised with steam at
70°C for 40 minutes, to kill most fungi, bacteria and insects as well as weed seeds
(Bollen, 1985; Blom ef al., 1988). Soil was sieved (2mm) to remove plant debris and

larger particles. This soil was used in inoculation experiments described in Chapter 5.

Soil used for other glasshouse experiments was from Avon, 100km north of Adelaide.
This is a calcareous sand (Gcl. 12), also described as a solonized brown soil (Northcote
et al., 1975). Soil was collected from an un-cropped area adjacent to areas that were
regularly cropped to cereals. Soil was sieved (2mm) to remove plant debris and larger

particles.

For other glasshouse experiments, the sandy loam soil was pasteurised with steam at

70°C for 40 minutes.

2.2.2 Pots

For the interaction tests described in Chapter 5, white plastic cups (600ml) without
drainage holes and with a capacity of approximately 750g of dry soil were used where
two pre-germinated wheat seedlings were sown in each cup. For all other experiments,
plastic cups (300ml) without drainage holes with a capacity of approximately 420g of dry

soil were used.

2.2.3 Fungal inoculum

Fungal inoculum for experiments described in Chapter 5 and for all experiments with
G. graminis var. tritici was prepared using ryegrass seed as the culture medium. Fungus
inoculum for other experiments was prepared on millet seed. Seeds were soaked in water
overnight at 5°C, drained thoroughly, then transferred to plastic oven bags closed with a
large cotton-wool plug and autoclaved at 121°C for one hour on each of three successive
days. This dead, sterile seed was then inoculated with fungus inoculum grown on PDA
medium which had been cut into 1.0cm? segments and mixed through the bag by
shaking. The bags were incubated at 25°C in an incubator with a 12 hour light:12 hour

dark cycle. After one week, bags were shaken to encourage colonisation by the fungus.
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When the medium had been thoroughly colonised, after about four weeks, it was air dried

in a laminar flow cabinet for one week either for immediate use or storage.

The following fungi were used in all interaction experiments: Microdochium bolleyi
isolate #9251, Fusarium acuminatum isolate #9211, F. equiseti isolate #9221, F.
oxysporum isolate #9231 and Bipolaris sorokiniana isolate #9241. Pythium irregulare
isolate #9261, Pyrenochaeta terrestris isolate #9281, Gaeumannomyces graminis var.
tritici isolate #9271, Rhizoctonia solani Anastomosis Group-8 (AG-8) isolate #Rs21 were

also used in the experiments described in Chapter 5.

The above fungi, except R. solani, were originally isolated in the 1992 growing
season from lesioned wheat roots collected from Stow. R. solani isolate #Rs21 was
originally isolated from wheat roots by H. McDonald, CSIRO Division of Soils,
Adelaide, South Australia. The isolate of G. graminis used in all glasshouse and field
experiments, except experiments described in Chapter 5, was also isolated by H.

McDonald.

P. terrestris isolate #9110, used for the experiments described in other chapters, was
originally isolated from lesioned wheat roots at Blue Hills and Deni, Narrabri, NSW, in
August 1991 (Taheri, 1992). A culture of P. irregulare isolate #P300= DAR 63863,
originally isolated from wheat roots by Dr Len Tesoriero (NSW Department of
Agriculture), was used for the temperature test and the microplot experiment described in
Chapters 8 and 9. Cultures used for inoculum were always those that had been recently

sub-cultured from the original inoculum on grain seed.

2.2.4 Inoculation of soil with fungi

M. bolleyi, F. acuminatum, F. equiseti, F. oxysporum, B. sorokiniana or P. terrestris
were added to the soil in pots at 1% w/w, R. solani (AG-8) was added at 0.02% w/w, G.
graminis var. tritici at 0.05% w/w and P. irregulare at 0.1% w/w. The inoculum was
thoroughly mixed with the soil in experiments described in Chapter 5 and was added at

two levels into pots for other experiments.
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2.2.5 Seed sterilisation and germination

Cereal cultivars used f(;r both field and glasshouse studies are listed in Table 2.2.
Wheat seed used to produce the host plants was surface-disinfested in 2.5% sodium
hypochlorite for ten minutes, then thoroughly washed with three changes of sterile
distilled water. Seed was pre-germinated on sterile, moist filter paper in Petri dishes in
the dark at 5°C for two days to allow uniform moisture imbibition, and then kept for one
day at 25°C to germinate. Only healthy seedlings with three roots at least lcm long were
transplanted.

Table 2.2 Wheat and triticale cultivars used in experiments, Australian Winter Cereals
Collection (AUS) accession numbers and origins.

Cultivar AUS Origin
Abacus 99164 Australia
Excalibur 25292 Australia
Machete 23038 Australia
Molineux 24457 Australia
Spear 22254 Australia
Tatiara 99144 Australia
Xiaoyang huomai 13963 China

2.2.6 Nematode inoculum

Inoculum of P. neglectus in aseptic carrot culture was obtained from Dr V.A.
Vanstone (Nicol and Vanstone, 1993, using the modified technique of Moody et al.,
1983). P. neglectus used to establish cultures were originally obtained from Machete
wheat roots grown in pots of naturally infested field soil from the Palmer site (Figure
2.1). After inoculation, cultures in plastic containers were kept at 20°C for three to five
months, after which time they contained 300,000-500,000 nematodes (Plate 2.5). In a

laminar flow cabinet, carrots were chopped into small pieces and immersed in distilled
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Plate 2.5 Pratylenchus neglectus growing in aseptic carrot culture, two

months after inoculation.

(photographs courtesy of V. A. Vanstone)
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water for about two hours. Carrots were then washed, retaining the rinse water, and the
liquid volume reduced through a sintered glass funnel (No. 4) over a Buchner flask
attached to a Venturi pump. A known number of nematodes were pipetted in 1.0ml of

distilled water onto the soil surface around each plant.

2.2.7 Growing conditions
The experiments were conducted in a controlled temperature Wisconsin tank in a
glasshouse with an air temperature of 25+3°C. Plants were watered with distilled water

as required.

2.2.8 Harvesting and measurements

Harvest time varied according to the aims of each experiment, but the harvest and
measurement techniques were always the same. Soil was washed from roots under
running tapwater. Fungi were re-isolated from representative root segments from each
treatment. Roots and shoots from each pot were oven dried at 80°C for 48 hours and

weighed.

2.3 Field experiments
Field sites were chosen where pure populations of P. neglectus were found from

preliminary observations.

2.3.1 Nematode population in soil
Ten soil samples of 200g were taken at random from the experimental sites.
Nematodes were extracted using the Whitehead Tray method, and numbers/g of dry soil

were calculated (Plate 2.1).

2.3.2 Sampling
Plots were sampled at eight and twelve weeks after sowing. At each sample date, five
plants were carefully dug from each plot in order to remove as much as possible of the

root system. Plants were placed in plastic bags, and kept cool until processing. Plant
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samples were processed as described in Section 2.1, and fungi re-isolated from roots.
Nematodes were extracted from roots and number of nematodes per plant and per gram

dry root were calculated.

Plots were harvested in all field experiments and grain yields were recorded.

2.4 Experimental design

For field experiments, a split plot design was used to reduce risk of contamination of

plots with different fungi or with fumigant.

2.5 Data analyses

All data were subjected to analyses of variance using the Super Anova program (The
Accessible General Linear Modeling Package published by Abacus Concepts, Inc.,
1984). All data are presented as mean values of the number of replicates. Analyses of
variance were performed, and the least significant difference (LSD) calculated at the

P<0.05, P<0.01 and P<0.001 significance levels.

Percentage data (i.e. fungal isolation frequencies) were transformed using either loge

(x+1) or square root transformation prior to analysis of variance where required (Zar,

1984).

On all graphs, error bars represent the standard error of the mean at P= 0.05.



Chapter 3

Field survey of fungi infecting roots of wheat in soil naturally
infested with Pratylenchus neglectus

3.1 Introduction

Wheat is subject to attack from numerous root-rotting fungi. Rhizoctonia solani,
Gaeumannomyces graminis var. tritici, Pythium spp. (particularly P. irregulare) are
considered to be major causes of cereal root disease in southern Australia (Patel, 1983;
Mayfield, 1984; Bratoloveanu and Wallace, 1985; Rovira, 1987). Bipolaris sorokiniana,
Fusarium spp. Microdochium bolleyi, Pyrenochaeta terrestris and Phoma spp. are
considered to be minor pathogens of wheat (Moen and Harris, 1980; Harris, 1987,
Rovira, 1987). Numerous saprophytic fungi have also been isolated and identified from

wheat roots infested with major pathogens (Fedel-Moen and Harris, 1987).

Root lesion nematode, Pratylenchus neglectus, occurs throughout the state of South
Australia infecting cereals and other crops grown in rotation with cereals (Vanstone,

1991). Wheat roots suffer considerable damage from P. neglectus.

The major aim of this study was to identify fungi from wheat roots naturally infected
with P. neglectus in the field. The species of fungi most frequently associated with wheat
roots infected with P. neglectus were determined. Complex effects of these fungi
together with root lesion nematodes have generally been over-looked as a cause of cereal

root disease in South Australia (Stynes, 1975).
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3.2 Methods

3.2.1 Site selection

In the 1992 growing season, two field sites were chosen on the basis of observation of
P. neglectus in the soil (V. A. Vanstone, personal communication). One was at Palmer,
approximately 80km east of Adelaide, and the other was at Stow, approximately 125km
north of Adelaide (Figure 2.1). The population of P. neglectus at Palmer was 300-400
nematodes/200g of soil and at Stow 800-1000 nematodes/200g of soil. The survey sites

consisted of a sandy loam soil.

3.2.2 Wheat cultivars
Wheat cultivars Spear and Condor were sampled at Stow, and Spear and Molineux at
Palmer. Spear is tolerant of a range of root and shoot diseases and is also tolerant of high

soil boron levels. The opposite is true of Condor and Molineux.

3.2.3 Sampling

Root samples were taken from both sites at six, ten, fourteen and eighteen weeks after
sowing. At all sample dates, five plants were sampled randomly from each of four
replicate plots. Plants were carefully dug to include most of the roots and the
surrounding soil. Root samples were placed in plastic bags for transport to the laboratory
and stored in a 4°C cold room until soil was washed from the roots under running
tapwater. A total of twenty plants was collected from each site at each sample date. The

first sampling at Stow was on June 16, 1992, and at Palmer on June 30, 1992.

Seminal and crown roots were removed from each set of five plants. In a laminar flow
cabinet, ten lcm long segments from lesioned areas of both seminal and crown roots
were removed randomly. A similar number of root segments was also selected from non-
lesioned (clean) parts of the same root system. Both lesioned and non-lesioned root
segments were surface sterilised as described in the General Methods, dried on sterilised

tissues and plated on RA and VP3 media (General Methods).

43



Field survey
Fungi grown on each medium were sub-cultured onto PDA medium and incubated
under a light bank for up to one week to encourage sporulation and colony growth.
Fungi were identified by microscopic examination as well as by colony form and colour
on PDA medium. Fusarium spp. were sub-cultured onto CLA medium to induce
sporulation, and the single spore technique of Burgess and Lidell (1988) was used to
identify species of Fusarium. A single spore germinated on WA medium was transferred
onto PDA and stored in the dark in 25°C and 30°C incubators for 72 hours, after which

time colony diameter and colour were recorded.

Frequencies of fungal isolation from both lesioned and non-lesioned segments of

either seminal or crown roots were determined and recorded separately.

Nematodes were extracted from the remaining seminal and crown roots separately in a
mist chamber over four days (extraction period) and counted. Roots for misting were not
separated into lesioned and non-lesioned sections. After extracting nematodes, roots

were oven dried at 80°C for 48 hours and weighed.

3.3 Results

Symptoms on the roots ranged from light brown cortical lesions to large dark brown
or black stelar lesions. Distinct dark black lesions on both seminal and crown roots were
caused by G. graminis. The majority of samples collected from both sites showed such
symptoms. Number of nematodes extracted from roots increased as the frequency of

fungi increased late in the season (Figure 3.1).

Seminal roots contained significantly more nematodes than crown roots at all sample
dates (Figure 3.2a). Greater populations of fungi were isolated from lesioned parts of
roots than from non-lesioned (clean) parts (Figure 3.2b). However, root lesion rating
increased with increase in nematode number or fungal population in seminal roots more

than in crown roots (Figure 3.2c).
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Of the most commonly isolated fungi, M. bolleyi or Fusarium spp. were higher at both
sites (Figure 3.3a), whereas G. graminis was more common at Stow than at Palmer
(Figure 3.3a). However, M. bolleyi or Fusarium spp. were generally the most
commonly isolated fungi from field samples during the 1992 field survey (Figure 3.3b).

Samples from Stow contained more fungi than those from Palmer (Figure 3.3c).

3.3.1 Isolation of fungi

A number of fungi were isolated from both lesioned and non-lesioned sections of
seminal and crown roots. Apart from pathogenic fungi, such as G. graminis and some
Pythium spp., many minor pathogens were also isolated. G. graminis was common at
both sites and on all wheat cultivars tested throughout the growing season, becoming
more frequent late in the season. Infection was much greater at Stow than at Palmer. G.

graminis was isolated from both seminal and crown roots in the same proportions.

Species of Pythium were commonly isolated from samples collected from Stow
(Tables 3.3 and 3.4), but none of the samples from Palmer contained these species

(Tables 3.1 and 3.2).

Fungi were isolated more frequently from lesioned areas of both seminal and crown
roots than from non-lesioned parts (Tables 3.1, 3.2, 3.3 and 3.4). At six weeks after
sowing, there were fewer fungi present on seminal and crown roots except for cultivar
Condor which showed higher fungus populations in early growth stages than in later

growth stages (Table 3.4).

The most frequently isolated fungi from lesioned and non-lesioned segments of wheat
roots were Gaeumannomyces graminis, Microdochium bolleyi, Fusarium spp., Bipolaris
sorokiniana, Pythium irregulare, Pyrenochaeta terrestris, Phoma sp. and Ulocladium
atrum (Tables 3.1, 3.2, 3.3 and 3.4) (Plate 3.1). Species of Fusarium commonly
isolated were F. equiseti, F. oxysporum, F. acuminatum, F. solani and F. subglutina. F.

graminearum Group 1 was also isolated infrequently from crown roots. The majority of
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Plate 3.1 Some species of fungi isolated from wheat roots infested with

Pratylenchus neglectus in the field.
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isolates of fusaria recorded were either F. equiseti or F. acuminatum. Fusaria were more

common on crown roots than on seminal roots.

Highest fungal populations were isolated from wheat roots at ten weeks after sowing
and there was little change up to the last sampling at 18 weeks. The majority of isolates
recorded were M. bolleyi, G. graminis or Fusarium spp. M. bolleyi, at all sample dates,

was more common than any other species of fungus.



Table 3.1 Mean isolation fregencies (%) of fungi from lesioned and non-lesioned
segments of seminal and crown roots of wheat cultivar Molineux from

Palmer.

Field survey

Fungi

Non-lesioned (%)

Gaeumannomyces graminis
Microdochium bolleyi
Pyrenochaeta terrestris
Fusarium equiseti

F. oxysporum

F. acuminatum

F. solani

F. subglutina

Bipolaris sorokiniana
Cylindrocarpon sp.
Ulocladium atrum

U. botrytis

Phoma sp.

Embellisia chlamydospora
Alternaria sp.

Roselina sp.
Cylindrocarpon sp.

Trichoderma sp.

Sampling® Seminal Crown

ek e e U e e e e A A ek g

—

Lesioned (%)
6 0
12 17
20 15
36 30
3 0
0 0
6 10
2.5 25
0 0
0 2.5
3 0
5 5
0 0
3 0
0 0
0 5
0 0
1.5 7.5
15 0
0 0
0 0
1.5 5
0 0
3 2.5
0 5
3 0
0 0
1.5 0
0 0
1.5 0
6 0
0 0
15 0
0 0
5 0
1.5 0

OO0 OCODOOOOOCOOOOOOUNOCO O

0
2.5

COCLO

2.5

N
UIOOO

OO0 OOOCOOCOO;

Seminal Crown Total

6
31.5
35
86
3
0
16
35
0
2.5
3
12.5

Thno" oo o, =t =N=7
SGNO RO O ORUI Ol 00RHOONOLW

* 1 = Six weeks after sowing.
M = Mean isolation frequencies of fungi over three sample dates (10, 14 and 18 weeks

after sowing).
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Table 3.2 Mean isolation fregencies (%) of fungi from lesioned and non-lesioned
segments of seminal and crown roots of wheat cultivar Spear from Palmer.

Field survey

Fungi Lesioned Non-lesioned
Sampling® Seminal Crown Seminal Crown Total
Gaeumannomyces graminis 1 3 5 0 0 8
M 13 7.5 0 0 20.5
Microdochium bolleyi 1 28.5 0 0 0 28.5
M 26 27 0 25 655
Pyrenochaeta terrestris 1 3 0 0 0 3
M 0 2.5 0 0 2.5
Fusarium equiseti 1 6 0 0 0 6
M [ 37.5 0 0 43.5
F. oxysporum 1 0 5 0 0 5
M 1.5 0 0 0 1.5
F. acuminatum | 0 0 0 0 0
M 8 2.5 0 0 10.5
F. subglutina 1 0 0 0 0 0
M 0 5 1.5 0 6.5
Bipolaris sorokiniana 1 0 0 0 0 0
M 1.5 5 0 0 6.5
Periconia sp. | 0 0 0 0 0
M 1.5 0 0 0 1.5
Cylindrocarpon sp. 1 0 0 0 0 0
M 3 2.5 0 2.5 8
Aspergilum sp. 1 0 2.5 0 0 2.5
M 1.5 0 0 0 1.5
Colletotrichum sp. 1 0 0 0 0 0
M 0 0 0 2.5 2.5
Phoma sp. 1 0 5 0 0 5
M 3 2.5 0 0 5.5
Embellisia chlamydospora 1 0 0 0 0 0
M 0 5 0 0 5
Trichoderma sp. 1 0 0 0 0 0
M 3 0 0 0 3

* 1 = Six weeks after sowing.
M = Mean isolation frequencies of fungi over three sample dates (10, 14 and 18 weeks

after sowing).
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Table 3.3 Mean isolation freqencies (%) of fungi from lesioned and non-lesioned

Field survey

segments of seminal and crown roots of wheat cultivar Spear from Stow.

Fungi

Non-lesioned (%)

Gaeumannomyces graminis

Microdochium bolleyi
Pyrenochaeta terrestris
Fusarium equiseti

F. oxysporum

F. acuminatum

F. solani

F. subglutina
Bipolaris sorokiniana
Periconia sp.
Macrophomina sp.
Pythium irregulare

P. graminicola

Trichoderma sp.

Sampling* Seminal Crown

1
M

[S—y

Z—-Z—~8~E~8~E~E—~8~E~E—8~2Z~K

Lesioned (%)
0 5
16 32.5
25 10
14 18
0 0
5 2.5
11 25
17 25
3 0
1.5 0
0 10
0 2.5
0 0
1.5 2.5
3 20
0 0
0 0
0 0
3 0
0 0
3 0
2.5 0
0 30
1.5 0
6 15
0 0
0 0
0 2.5

Seminal Crown Total

0

»—aoo.b

0
2.5

000000 SZOOOUNUNOGW

[\®]
(9]

QOOCOOOOCO;

5
55
48.5
48.5
0
17.5

44
42
3
1.5
20
2.5
0
4
23
0
3
0
3
2.5
3

* 1 = Six weeks after sowing.
M = Mean isolation frequencies of fungi over three sample dates (10, 14 and 18 weeks

after sowing).
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Table 3.4 Mean isolation fregencies (%) of fungi from lesioned and non-lesioned

Field survey

segments of seminal and crown roots of wheat cultivar Condor from Stow.

Fungi

Non-lesioned (%)

Gaeumannomyces graminis
Microdochium bolleyi
Pyrenochaeta terrestris
Fusarium equiseti

F. oxysporum

F. acuminatum

F. solani

F. graminearum (groupl)
Periconia sp.
Cylindrocarpon sp.
Colletotrichum sp.
Pythium irregulare
Phoma sp.

Trichoderma sp.

Bipolaris sorokiniana

Sampling* Seminal Crown

1
M
1

Z2—Z2—2—Z~Z~Z~8~8~g~8~Z~K~&~X%

Lesioned (%)
34 15
23 25
23 15
16 22.5
0 10
7.5 2.5
8.5 10
8.5 20
0 0
4 0
0 0
3 0
0 0
7.5 2.5
0 0
0 2.5
0 0
1.5 0
0 0
0 0
3 0
0 0
6 0
1.5 2.5
0 0
3.5 0
3 0
0 2.5
0 0
0 2.5

0

2.5
0
12.5

[\ [\ [ [\ [\

N
L

QOO OOO;

Seminal Crown Total

49
53.5
38
51
10
14
18.5
28.5

(9]
—_—
O\]OUIO_‘;OUJOU]O

w N N

N N
nS

* 1 = Six weeks after sowing.
M = Mean isolation frequencies of fungi over three sample dates (10, 14 and 18 weeks

after sowing).
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In late July at Palmer, where nematode numbers at the beginning of the season were
much less than at Stow (Figure 3.1a), M. bolleyi was isolated more often on seminal
roots than G. graminis or Fusarium spp. However, G. graminis or Fusarium spp. were
isolated more often on crown roots than on seminal roots (Table 3.1). M. bolleyi was
also isolated more often from non-lesioned parts of seminal and crown roots late in the
season than other species of fungi (Table 3.1). With less G. graminis var. tritici at Stow
early in the season, the frequency of M. bolleyi was greater (Table 3.3). However, later
in the season, when G. graminis became the dominant species, the amount of M. bolleyi
was lower (Table 3.3). The reverse was true at Palmer: when M. bolleyi was dominant,

the frequency of G. graminis was lower (Tables 3.1 and 3.2).

3.3.2 Other species of fungi isolated

Many species of fungi, besides those mentioned above, were isolated from both
seminal and crown roots, particularly from lesioned sections, but at low frequencies.
Some were pathogens of cereals and many were saprophytes. Alternaria alternata,
Colletotrichum sp., Cylindrocarpon sp., Embellisia chlamydospora, Macrophomina sp.,
Periconia macrospinosa, Phoma sp., Roselina sp., Ulocladium atrum and U. botrytis
were isolated from root samples. Isolates of Aspergillus, Rhizopus and Trichoderma

were also recorded, but at very low frequencies.

The observed levels of root damage increased at the later sample dates (Figures 3.1c
and 3.2¢). Also, the root systems of Condor at Stow and Molineux at Palmer suffered
greater damage than did those of Spear. Overall, samples of all wheat varieties from

Stow had more damage to roots than did those from Palmer (Figure 3.1c).

3.3.3 Nematode number in roots

Among wheat cultivars, Condor had the highest nematode numbers associated with its
roots. At six weeks after sowing, Condor at Stow had very high numbers of nematodes
in the root system, and by ten weeks both Condor and Spear showed a further increase in

nematode numbers. However, by fourteen weeks, the number of nematodes in the root
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system decreased, insignificantly, but had increased again by eighteen weeks until the

highest number of nematodes was reached (Figure 3.1a).

There was a significant difference between seminal and crown roots in number of
nematodes extracted. Seminal roots supported almost eight times the number of P.
neglectus (Figure 3.2a). Cultivars of wheat showed no significant difference in ability to
support nematodes at either site. However, samples from Stow contained three times
more nematodes in both seminal and crown roots compared to samples collected from
Palmer (Figure 3.1a). In late July, at the beginning of the season, nematode numbers

were much higher at Stow that at Palmer.

In general, root samples from Stow were more damaged than those from Palmer
(Figure 3.1c). Within wheat cultivars, although Spear had greater fungal populations,
Condor and Molineux had more damage to their root systems, perhaps due to greater
nematode and fungal infections. The dominant fungal species at both sites were G.
graminis, Fusarium equiseti, F. acuminatum and Microdochium bolleyi (Figures 3.3a and
3.3b). The number of P. neglectus extracted from roots and soil was greater at Stow than

at Palmer.

3.4 Discussion

Overall, this survey agreed with those of Fedel-Moen and Harris (1987) and Vanstone
(1991), but the difference was that samples were taken from soil known to be infected
with P. neglectus, and this was confirmed by extracting the nematode from all samples
throughout the survey. Presumably, as Pratylenchus spp. are now known to occur in
almost all crops (Vanstone et al., 1993), Fedel-Moen and Harris (1987) and Vanstone
(1991) also took their samples from areas that were infested with Pratylenchus spp.
Isolation techniques and media used in the survey were adequate to detect fungi present,
and the chosen sections of lesioned and non-lesioned roots were statistically different and
clearly indicated that fungi are present more commonly on lesioned areas of roots than on

non-lesioned (clean) sections.
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At the first sample dates at the end of June, both seminal and crown roots were
present. Lesions were more obvious on seminal roots, and crown roots seemed to be
very clean. Therefore, the majority of fungi isolated were from seminal roots. There
were no differences in fungal species between the first and last sampling, but the
proportion of different fungi varied between sites and sample dates. Although at the
second, third and fourth sampling times, in July and August, both seminal and crown
roots were infested by fungi and the nematode, the lesion severity on crown roots was

more than on seminal roots.

R. solani is a cereal pathogen in Australia (Neate, 1984) and is the cause of bare
patches. In South Australia the fungus is of major concern in wheat (de Beer, 1965). R.
solani is often found in association with other pathogens. Its association with P.
neglectus in patches of unthrifty plants in South Australia was reported by de Beer
(1965). In glasshouse conditions, association of R. solani and H. avenae caused greater
reduction in tillering, plant height and fresh weight of wheat than when acting alone
(Meagher and Chambers, 1971). The fungus, however, was not isolated from any plants

sampled from either site on different dates during the 1992 growing season.

G. graminis is a major root pathogen of wheat in southern Australia and is a dominant
pathogen of cereals at tillering (Rovira, 1980, 1987). Vanstone (1991) claimed that G.
graminis did not have a major impact on the level of root disease at the sites she sampled
during the 1987 growing season. However, this fungus was isolated from 31-55% of
roots collected from either Palmer or Stow in the 1992 growing season, showing a high
incidence at both sites. This is probably due to the high rainfall in 1992 favouring the

fungus (Table 2.1).

Take-all has been recorded in South Australia since 1852 (Anon, 1868) and McAlpine
(1904) concluded that G. graminis is the primary cause of the disease, and reported that
severity on cereals and particularly on wheat varies in different years. The highest

infection of wheat crops with G. graminis was recorded by Mayfield (1984), who
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claimed that 72-98% of South Australian wheat crops were infected with this fungus in

1980 and 1981.

G. graminis occurred at low frequency at Stow early in the season, while the
population of M. bolleyi was greater (Table 3.3). However, later in the season, when G.
graminis became the dominant species, the population of M. bolleyi was lower (Tables
3.3 and 3.4). The reverse was true at Palmer, where M. bolleyi was dominant over G.

graminis (Tables 3.1 and 3.2).

The extent of lesions on seminal roots was greater than on crown roots. At the first
sampling, with the exception of one wheat cultivar, there were almost no G. graminis
lesions on crown roots and very few on seminal roots. On the other hand, at the same
time, amount of M. bolleyi on seminal roots particularly was high, suggesting a possible
negative relationship between these two fungi. At the second sampling time, 30% of root
samples from Palmer and 50% from Stow had G. graminis lesions on both seminal and
crown roots, with a higher proportion on seminal roots where M. bolleyi was isolated
less frequenly. At the late sampling in August, there was almost a ten-fold increase in G.
graminis infection, with most plants having at least a few lesions caused by G. graminis.
This could be due to environmental conditions such as soil temperature favouring the

fungus.

Seminal and crown roots were also colonised by M. bolleyi, F. equiseti, F.
acuminatum, Pyrenochaeta terrestris and Pythium spp. as well as many other saprophytic
or pathogenic fungi which were isolated infrequently. At both sites, M. bolleyi was
frequent at the second sampling in early August, but F. acuminatum was the dominant
species at the early sampling in mid-June. M. bolleyi is common in the South Australian
wheat belt (Fedel-Moen and Harris, 1987; Vanstone, 1991). The fungus has been
regarded as a minor pathogen (Kirk and Deacon, 1987a, 1987b), but Harris and Moen
(1985a, 1985b; Harris, 1986) suggested that it had the potential to cause cereal root
disease in South Australia. Species of Fusarium were frequent at later sampling times

when soil temperature would have been above 20°C.
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Fungi were isolated more often from seminal roots than from crown roots, suggesting
that greater availability and activity of seminal roots caused them to be more attractive to
invasion by fungi and nematodes, or the fact that crown roots are produced later than
seminal roots and are therefore exposed less to infection. The higher frequency of fungi
on lesioned parts of roots than on clean areas suggests that when roots of wheat are
infected by either nematodes or fungi, they become more favourable for a number of

fungi including saprophytic soil fungi.

Nematodes were much more concentrated in seminal roots than in crown roots.
Kimpinski et al. (1976) also found many more P. neglectus in seminal roots of wheat
than in crown roots. P. neglectus initially attacks seminal roots as early as one week after
sowing (Benedict and Mountain, 1956). Similarly, Corbett (1972) found that P. vulnus
had penetrated the roots of barley and wheat within one week. However, crown roots are
produced six to seven weeks after sowing, by which time at least one generation of P.
neglectus will have developed, and the number of nematodes will be increasing
exponentially. Kimpinski et al. (1976) suggested that seminal roots were the preferred

site for nematode invasion and reproduction due to their greater physiological activity.

Increase in number of P. neglectus in roots of wheat at the late sampling (eighteen
weeks) suggests that number of nematodes is associated with an increase in soil
temperature by that time. The optimum temperature for the development and
multiplication of P. neglectus is 25°C depending upon the host plant (Vanstone and
Nicol, 1993). The results of the fungal survey and related nematode numbers together
suggest that these organisms are closely related to each other in producing and expanding
root lesions. It is particularly important late in the season when plants require more

nutrients and higher water uptake which are affected by nematode damage.

Generally, this study confirmed that P. neglectus is widely distributed in soil, infecting
wheat crops. Numerous species of fungi are associated with the damage to roots caused
by the nematodes. The fungi most frequently isolated from roots infested with P.

neglectus were G. graminis var. tritici, M. bolleyi, Fusarium spp., B. sorokiniana,
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Phoma spp. and Pythium irregulare. These fungi in fact may interact with P. neglectus
and cause extensive damage on the roots of wheat crops under South Australian
conditions. Therefore, it is appropriate to study the relationship between root-rotting

fungi of wheat and P. neglectus.

Although most of the literature related to interactions between nematodes and fungi
concerns fungi already known as plant pathogens in their own right, the population of
fungi normally considered to be minor pathogens is high and these fungi may become
pathogenic in the presence of nematodes. Thus, it is also appropriate to investigate the

relationship between weakly pathogenic fungi and the root lesion nematode.

59



Chapter 4

Glasshouse pathogenicity tests: Effect of root-rotting fungi on
wheat in combination with Pratylenchus neglectus

4.1 Introduction

Many fungi were isolated from wheat roots naturally infected with P. neglectus
(Chapter 3). The fungi most frequently isolated were tested singly or in selected
combinations with and without P. neglectus. Rhizoctonia solani Anastomosis Group-8
was included as it is a major root pathogen of wheat in South Australia, although it was
not isolated from field samples. The role of these fungi in combination with root lesion

nematode has not been clearly defined.

In view of the frequent association of G. graminis var. tritici, M. bolleyi, Fusarium
Spp., B. sorokiniana, P. terrestris and P. irregulare with the diseased roots of wheat in
the field, and their possible interaction with P. neglectus, inoculation experiments were
conducted to investigate the effect of these fungi alone and in selected combinations with

and without the nematode on the growth and disease of wheat.

Three experiments were conducted in the glasshouse: the first and second experiments
were designed to investigate the effects of a wide range of fungi alone and some selected
combinations with and without the nematode. The third experiment was based on the
results of experiments one and two using some fungi which positively interacted with P.

neglectus.

Soil type is an important abiotic factor which can influence nematode penetration and
pathogenicity (Wallace, 1963). The two species of Pratylenchus infecting cereals in
South Australia usually inhabit different soil types: P. neglectus is found more

commonly in lighter textured soils while P. thornei more commonly inhabits heavier,
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clay based soils (Nicol, 1996). However, the optimal soil conditions for nematode
movement (Wallace, 1963) suggest that both nematodes should move well in sandy soil.
To investigate the effect of soil type on penetration rate of Pratylenchus spp. a
glasshouse experiment was conducted using either P. neglectus or P. thornei and several

soil types (Experiment 4).

4.2 Methods

4.2.1 Experiments 1 and 2

4.2.1.1 Seil

A sandy loam soil (pH 6.5) was collected from a typical wheat-growing field at Stow
where plant samples (Chapter 3) were taken. Half of this soil was pasteurised as
described in the General Methods. The other half remained untreated. The soil was
sieved through a 2mm sieve. Plastic cups (600ml) with no drainage holes were filled

with 750g of air dried soil which was then watered with distilled water to field capacity.

4.2.1.2 Fungal inoculum
Inoculum of fungi was produced on sterilised ryegrass seed as described in the

General Methods (2.2).

Air dried fungus inoculum was added to the soil and thoroughly mixed by hand. M.
bolleyi, F. equiseti, F. acuminatum, F. oxysporum, B. sorokiniana or P. terrestris were
added to the soil at 1% w/w, R. solani was added at 0.02% w/w infested ryegrass
seeds/cup, G. graminis at 0.05% w/w and P. irregulare at 0.1% w/w. Fungi were tested
singly and in combinations of G. graminis+R. solani, G. graminis+M. bolleyi or G.

graminis+F. equiseti with or without P. neglectus.

4.2.1.3 Seed germination and planting
Seeds of wheat cultivar Spear were surface disinfested in 2.5% sodium hypochlorite

for ten minutes, then washed with three changes of sterile distilled water. Seed was pre-
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germinated as described in the General Methods. Two healthy, uniform pre-germinated

seeds were sown in each cup to a depth of 2cm.

4.2.1.4 Nematode inoculum

P. neglectus was grown aseptically in carrot culture (as described in the General
Methods). Two thousand aseptically grown P. neglectus (mixed juvenile stages and
adults) were pipetted in 1.0ml of distilled water around each plant immediately after

planting (4000 nematodes/pot).

4.2.1.5 Growing conditions
The experiments were conducted in a glasshouse with an air temperature of 25£3°C.

Soil temperature was maintained at 20£1°C in a water tank (Plate 4.1).

4.2.1.6 Experimental design
The experiment was a randomised complete block design with six replications. All

data were subjected to analyses of variance.

4.2.1.7 Measurements and harvest

After three weeks, plant growth was recorded weekly by measuring plant height,
number of tillers/plant, and number of leaves/plant and /main tiller. The experiment was
harvested 42 days after sowing, at which time roots were washed free of soil and root
lesioning was scored using a scale of 0-5, where 0= healthy roots and 5= complete
lesioning of the whole root system (General Methods, 2.1.3). Number of tillers, plant
height and fresh and dry weights of shoots and roots were also recorded. Nematodes
were extracted from whole root systems in a mist chamber for five days (General

Methods, 2.1) and counted.

4.2.2 Experiment 3
Results of Experiment 1 indicated that M. bolleyi, F. acuminatum and P. terrestris are

damaging to wheat in natural soil (untreated). Combination effects of G. graminis+F.
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Plate 4.1 Plants growing in a controlled temperature water tank in the

glasshouse.
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equiseti, G. graminis+M. bolleyi and G. graminis+R. solani were investigated in
Experiments 1 and 2 in this Chapter. However, as G. graminis, F.acuminatum and M.
bolleyi occur in complex on wheat roots, combination effects of G. graminis+F.

acuminatum and F. acuminatum+M. bolleyi were also investigated.

Soil and pots: A naturally infested sandy soil naturally infested with P. neglectus
was used as for previous experiments. Plastic pots with 300ml capacity were used. One

pre-germinated seed/pot was sown at a depth of 1.5cm.

Fungus and nematode inoculum: Inoculum of fungi was prepared as described
for Experiments 1 and 2 (although milett seed rather than ryegrass was used) and mixed
thoroughly with the soil of each pot at the same rates as used for previous experiments.
One, two and four thousand aseptically grown nematodes in 1ml of water were pippeted

around each plant after planting.

4.2.3 Harvest and measurements

The experiment was harvested 49 days after sowing, at which time roots were washed
free of soil and root lesion rating was scored using a scale of 0-5, where 0= healthy roots
and 5= complete lesioning of the whole root system (General Methods, 2.1.3). Number
of tillers and dry weight of shoots and roots were also recorded. Nematodes were
extracted from whole root systems in a mist chamber for five days (General Methods,

2.1) and counted.

4.2.4 Experiment 4

Penetration rates of both nematode species, P. thornei and P. neglectus, into the roots
of Machete wheat was considered in relation to soil type. The efficiency of the mister
extraction process was also examined. This was done in collaboration with Ms. Julie

Nicol, Department of Crop Protection, Waite Campus.
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4.2.4.1 Soil

Four different soil types were used, two of a high clay content and two of a sandy
composition: non-sieved Urrbrae loam (Ulns), sieved Urrbrae loam (Uls), sieved
Palmer sand (Ps) and Roseworthy sand (Rs) also sieved through a 2mm sieve. Plants

were inoculated with 2000 P. thornei or P. neglectus/plant.

4.2.4.2 Experiment design and harvest

Plants were grown in a controlled environment (Plate 4.2A) in a split plot design with
six replicates for each nematode species, soil type and harvest time. The plots contained
either P. thornei or P. neglectus, while within each subplot the soil type was

randomised. The plants were harvested one week after inoculation.

The nematodes were extracted in a mist chamber for a period of four days and
counted. The nematodes remaining in the root system were counted microscopically once

stained with acid fuschin (Plate 4.2B).

4.3 Results

4.3.1 Experiments 1 and 2

Asse;{ehlent of root dry weight, the number of nematodes/plant and nematodes/g dry
root, arici the severity of root lesioning showed a significant interaction between some
fungi and P. neglectus. Symptoms on the roots ranged from light brown cortical lesions

to large dark brown or black stelar lesions.

Experiment 1 (pasteurised soil): Root lesion rating, number of P.
neglectus/plant and nematodes/g dry root and nematode multiplication rate showed a

positive interaction between some fungi and the nematode (Table 4.1a).



Plate 4.2

A. Plants grown to assess the penetration of P. neglectus and P.

thornei under controlled environmental conditions.

B. A representative Machete wheat root segment, stained seven days
after inoculation with 2000 nematodes. Evidence of masses of
nematodes (represented by the dark pink area) in cortical cells of

seminal roots.






Table 4.1 Summary of analyses of variance for the effect of nematode-fungus interaction on extent of root lesioning, number of

nematodes/plant and nematodes/g dry root, shoot and root dry weights, total dry weight of plants and nematode multiplication
rate for wheat cultivar Machete, 49 days after sowing (Experiments 1 and 2).

(a) Experiment 1 pasteurised soil

MS MS MS MS MS MS MS
Source d RL P Nip P Ngdr P dws/p P dwt/p P tdw/p P MR P
Block 5
Fungus 14 24.37 *** 1 49E6 = 4.83E6 . 715 *k .029 LR 971 e 1.07 e
Nematode 1 320 *¥* 1 14E8  ¥** 3.35E8 R .001 ns 324 ns .002 ns 0.02 ns
Nematode X fungus 14 47 **  149E6 @ ** 4.83E6 *k .010 ns .002 ns .015 ns 0.32 ns
Residual 145 .20 5.53E5 1.88E6 .020 .003 .028 0.28
(b) Experiment 2 unpasteurised soil

MS MS MS MS MS MS MS
Source df RL P N/p P Nledr P dws/p P dwr/p P tdw/p P MR P
Block 5
Fungus 14 8.55  H** 1.81E5 ns 1.34E7 g .193 EEN 041 R 394 A .028 4
Nematode 1 306  ** 1.41E7 Bk 6.38E8 Hekk .090 *ok 341 ns .103 *k .507 *dE
Nematode x fungus 14 22 ns 1.52E5 ns 9.41E6 ns 011 ns .006 Lt .016 ns 021 ns
Residual 145 .34 1.16E5 7.56E6 .013 .003 .019 .014
*** significant at P=0.001  ** significant at P= 0.01 * significant at P= 0.05 ns= not significant =~ P= Probability.

RL= root lesioning; N/p= nematodes/plant; N/gdr= nematodes/g dry root; dws/p= shoot dry weight/plant; dwr/p= root dry weight/plant;
tdw/p= total dry weight/plant; MR= multiplication rate.
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Tiller numbers/plant: Number of tillers/plant was not significantly affected by any

treatment.

Root lesion rating: Inoculation with F. oxysporum, P. irregulare, P. terrestris or
G. graminis+F. equiseti in combination with the nematode significantly increased
severity of root lesion rating compared to that without the nematode (Figure 4.1). With
or without the nematode, there was more lesioning on wheat roots with G. graminis, G.
graminis+M. bolleyi, G. graminis+F. equiseti or with R. solani than with other fungi.
However, inoculation with other fungi in combination with the nematode had no

significant effect on severity of root-rotting (Figure 4.1).

Nematode numbers: Inoculation with R. solani, B. sorokiniana, M. bolleyi, P.
irregulare or G. graminis+F. equiseti resulted in a significantly higher nematode
population/plant compared to the uninoculated treatment (Figure 4.2a). However, with
G. graminis+R. solani, nematode numbers were significantly reduced compared to G.
graminis or R. solani alone (Figure 4.2a). In the presence of other fungi, number of P.
neglectus did not change significantly, although there was some reduction with F.
oxysporum and some increase in the presence of P. terrestris, F. equiseti, F. acuminatum

or G. graminis (Figure 4.2a).

Selected combinations of fungi showed no increase or a decrease in number of
nematodes extracted from wheat roots compared to the control (no fungal inoculum
added). The combination of G. graminis+F. equiseti showed an increase in nematode
number, and with G. graminis+R. solani there was a reduction in the number of P.
neglectus, but only when compared with either fungus alone. With G. graminis+M.
bolleyi, the nematode number was significantly reduced when compared with M. bolleyi
alone. Number of P. neglectus/gram dry root showed a similar result to nematode
number/plant, except for G. graminis and F. equiseti where nematode number/g dry root

was significantly increased (Figure 4.2b).
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Figure 4.1 Effect of nematode-fungus interaction on root lesion rating of wheat cultivar Machete, 49 days after sowing.

Nil= * nematode, Fa= Fusarium acuminatum, Rs= Rhizoctonia solani, Fe= F. equiseti, Ggt= Gaeumannomyces graminis var.
tritici, GR= Ggt+Rs, Bs= Bipolaris sorokiniana, Pi= Pythium irregulare, Mb= Microdochum bolleyi, GF= Ggt+Fa, GMF=
Ggt+Mb+Fa, GM= Ggt+Mb, Pt= Pyrenochaeta terrestris and Fo= F. oxysporum.
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Combinations of the nematode and some fungi significantly increased multiplication
rate of P. neglectus (Figure 4.2c). Reproduction of P. neglectus in conjunction with the
fungi R. solani, B. sorokiniana, P. irregulare, M. bolleyi or G. graminis+F. equiseti was
increased significantly (P=0.05) compared to the nematode alone. However, with G.
graminis+R. solani and with F. oxysporum, reproduction of the nematode was reduced

but not by a significant level (Figure 4.2c).

Plant dry matter: Nematodes alone or in combination with fungi had no significant
effect on root and shoot dry weight, plant height or on number of leaves and tillers/plant
(Table 4.1a). Plant height, number of leaves/plant or leaves/main tiller and number of
tillers/plant measured at three, four and five weeks after sowing were not significantly

different in either treatment so the data are not presented.

Experiment 2 (unpasteurised soil): A similar experiment to Experiment 1 was
conducted under the same growing conditions, but with a natural soil collected from a
field infested with 400 nematodes/200g of soil. The soil remained untreated (not steam

pasteurised). The summary of analyses of variance is presented in Table 4.1b.

Tiller numbers/plant: Number of tillers/plant was not significantly affected by any

treatment.

Root lesion rating: Root lesion rating was significantly affected by either fungus
or nematode alone (Figure 4.3). Plants grown in natural soil inoculated with 2000
nematodes showed a 17% increase in root lesion rating compared to the control (no
nematode or fungus added). Root lesion rating in plants inoculated with R. solani, F.
equiseti, G. graminis, G. graminis+F. equiseti, G. graminis+M. bolleyi+F. equiseti or
G. graminis+M. bolleyi increased by 49%, 71%, 71%, 68%, 62%, or 66%,

respectively, compared to the control (no fungus inoculum added) (Figure 4.3).

Nematode numbers: The effect of nematode-fungus interaction on number of
nematodes/plant and nematodes/g dry root together with nematode multiplication rate

showed a similar pattern to the previous experiment using pasteurised soil (Figure 4.4).
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Figure 4.2 Effect of nematode-fungus interaction on (a) number of nematodes/plant,
(b) number of nematodes/g dry root and (c) nematode multiplication rate
on wheat cultivar Machete 49 days after sowing.

Nil= * nematode, Fa= Fusarium acuminatum, Rs= Rhizoctonia solani, Fe= F. equiseti,
Ggt= Gaeumannomyces graminis var. tritici, GR= Ggt+Rs, Bs= Bipolaris sorokiniana,
Pi= Pythium irregulare, Mb= Microdochum bolleyi, GF= Ggt+Fa, GMF= Ggt+Mb+Fa,
GM= Ggt+Mb, Pt= Pyrenochaeta terrestris and Fo= F. oxysporum.



Figure 4.3 Effect of nematode or fungus inoculum on root lesion rating of wheat cultivar Machete 42 days after inoculation.
Nil= + nematode, Fa= Fusarium acuminatum, Rs= Rhizoctonia solani, Fe= F. equiseti, Ggt= Gaeumannomyces graminis var.

tritici, GR= Ggt+Rs, Bs= Bipolaris sorokiniana, Pi= Pythium irregulare, Mb= Microdochum bolleyi, GF= Ggt+Fa, GMF=
Ggt+Mb+Fa, GM= Ggt+Mb, Pt= Pyrenochaeta terrestris and Fo= F. oxysporum.
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Figure 4.4 Effect of nematode-fungus interaction on (a) number of P. neglectus/plant,
(b) nematodes/g dry root and (¢) multiplication rate of nematodes 42
days after inoculation.

Nil= + nematode, Fa= Fusarium acuminatum, Rs= Rhizoctonia solani, Fe= F. equiseti,

Ggt= Gaeumannomyces graminis var. tritici, GR= Ggt+Rs, Bs= Bipolaris sorokiniana,

Pi= Pythium irregulare, Mb= Microdochum bolleyi, GF= Ggt+Fa, GMF= Ggt+Mb+Fa,

GM= Ggt+Mb, Pt= Pyrenochaeta terrestris and Fo= F. oxysporum.
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Plant dry matter: Combination of the nematode with the fungi G. graminis, G.
graminis+F. equiseti, M. bolleyi, P. terrestris, B. sorokiniana or F. acuminatum
significantly (P=0.05) reduced root dry weight of wheat seedlings compared with the
fungus alone (Figure 4.5). R. solani, F. equiseti, F. oxysporum or G. graminis+M.
bolleyi+F. equiseti in combination with the nematode significantly increased root dry
weight. However, with G. graminis+R. solani, P. irregulare or G. graminis+M. bolleyi

in conjunction with P. neglectus there was no effect on root dry weight (Figure 4.5).

4.3.2 Experiment 3
Number of nematodes/plant and nematodes/g dry root, root, shoot and total dry
weight of plants, root lesion rating and number of tillers/plant were affected by nematode,

fungus and the combination of nematode and fungus (Table 4.2).

Tiller numbers/plant: Number of tillers/plant was affected by fungus inoculum
but not by nematodes. However, there was a significant interaction (P=0.05) between
nematode and fungus for number of tillers/plant (Figure 4.6). All fungi increased
number of tillers compared to the control (no fungus added). Wheat cultivars differed

significantly in tiller production. Machete produced 32% more tillers than Spear.

Root lesion rating: Both wheat cultivars (Spear and Machete) had a similar
disease rating when inoculated with fungi and the nematode, so data for the two cultivars
was combined (Table 4.2). Root lesion rating was increased by 41%, 41%, 39% or
38%, respectively, on plants inoculated with M. bolleyi, M. bolleyi+F. acuminatum, G.
graminis+F. acuminatum, G. graminis or F. acuminatum, when compared to the control
(no fungus inoculum added). These increases were statistically significant (P=0.01)

(Figure 4.7).



Table 4.2 Summary of analyses of variance for the effect of nematode-fungus interaction on extent of root lesioning, number of
nematodes/plant and nematodes/g dry root, shoot and root dry weights, total dry weight of plants, nematode multiplication rate
and number of tillers for wheat cultivars Machete and Spear, 49 days after sowing (Experiment 3).

MS MS MS MS MS MS MS MS

Source of RL P Nip P N/gdr P  dwsipp P dwr/p P tdwip P MR P tillers P
Block 3

Cultivar 1 8 ns 126E3 ns 491E4 ns .03 & .007 & .04 ns A1 ns 9.21 kokk
Fungus (fun) 5 2,68 *** ] 58E5 #**x  J03E6 *** (09 e .01 *eR 150 kR 110 ** 3.35 B
Nematode (nem) 3 6.27 *** 133E6 *** B.I10E7 *** 05 *kk .02 *EE 13 w114 * 33 ns
Cultivar X fungus 5 33 ns 7.14E3  ns 544E5 ns .0l ns .004 ns .02 ns 12 ns 23 ns
Cultivar X nematode 3 .06 ns 120E4 ns 491E5 ns .01 ns .003 ns .01 ns 21 ns .94 &
Nematode x fungus 15 1.23 **  495E4 ok 2.96E6  *** .01 ns .01 ns .04 ns .66 *ok .63 *

Nem x fun x cultivar 15 .81 b 1.01E4 ns 1.37E6 ns .01 ns 002 ns .02 ns .34 ns .33 ns

Residual 141 45 1.92E4 9.55E5 .02 .002 .01 .36 .38

*** significant at P=0.001  ** significant at P= 0.01 * significant at P= 0.05 ns= not significant =~ P= Probability.
RL= root lesioning; N/p= nematodes/plant; N/gdr= nematodes/g dry root; dws/p= shoot dry weight/plant; dwr/p= root dry weight/plant;
tdw/p= total dry weight/plant; MR= nematode multiplication rate; tillers= tillers/plant.
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Figure 4.5 Effect of nematode-fungus interaction on the root dry weight of wheat cultivar Machete 42 days after inoculation.

Nil= * nematode, Fa= Fusarium acuminatum, Rs= Rhizoctonia solani, Fe= F. equiseti, Ggt= Gaeumannomyces graminis var.
tritici, GR= Ggt+Rs, Bs= Bipolaris sorokiniana, Pi= Pythium irregulare, Mb= Microdochum bolleyi, GF= Ggt+Fa, GMF=
Ggt+Mb+Fa, GM= Ggt+Mb, Pt= Pyrenochaeta terrestris and Fo= F. oxysporum.
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Figure 4.6 Effect of nematode-fungus interaction on number of tillers/plant 49 days
after sowing. Nil= no fungus inoculum added, Mb= Microdochium
bolleyi, Fa= Fusarium acuminatum, Ggt= G. graminis var. tritici, MF=
Mb+Fa and GF= Ggt+Fa. Nil= no nematodes added, N1000= 1000
nematodes/plant, N2000= 2000 nematodes/plant, N4000= 4000
nematodes/plant.
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Figure 4.7 Effect of nematode-fungus interaction on root lesion rating of wheat plants
grown in 300ml pots for 49 days. Nil= no fungus inoculum added, Mb=
Microdochium bolleyi, Fa= Fusarium acuminatum, Ggt= G. graminis var.
tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no nematodes added, N1000=
1000 nematodes/plant, N2000= 2000 nematodes/plant, N4000= 4000
nematodes/plant.
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With all nematode densities (1000, 2000 or 4000 nematodes/plant), root lesion rating
was increased significantly compared to the control (no nematodes added). With 1000 or
2000 nematodes/plant, lesions were increased by 29% and 34%, respectively, when
compared to the control (no nematodes added) (Figure 4.7). While there was no
significant difference between root lesion rating caused by 1000 or 2000 nematodes/plant
and 2000 or 4000 nematodes/plant, there was a significant increase in root lesion rating
with 4000 nematodes/plant when compared to the control (no nematodes added) or 1000

nematodes/plant.

The effects of fungi and P. neglectus in combination were also statistically significant
for root lesion rating. M. bolleyi in combination with 1000, 2000 or 4000
nematodes/plant increased root lesion rating by 22%, 29% or 46%, respectively,
compared to the effect of fungus alone (Figure 4.7). Plants inoculated with 1000, 2000
or 4000 nematodes had 33%, 20% or 8%, respectively, higher lesion rating than those

inoculated with the fungus alone (Figure 4.7).

While F. acuminatum or G. graminis in combination with 4000 nematodes/plant
increased root lesion rating by 26% or 8%, respectively, with the combination of G.
graminis+F. acuminatum and 4000 nematodes/plant root lesion rating increased by 45%
or 38%, respectively, when compared to either fungus alone or 4000 nematodes. In
comparison, the combination of M. bolleyi and F. acuminatum with any level of

nematode inoculum did not significantly increase disease.

Nematode number: Both wheat cultivars (Spear and Machete) had similar
nematode numbers in their root system, so the data were combined. Inoculation with M.
bolleyi, F. acuminatum or G. graminis significantly (P=0.05) increased number of
nematodes/plant or nematodes/g dry root (Figures 4.8 and 4.9). Number of
nematodes/plant increased by 35%, 37% or 39% when plants were inoculated with 4000
nematodes and M. bolleyi, F. acuminatum or G. graminis, respectively, compared to the

control (no fungus added) (Figure 4.8).
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Effect of nematode-fungus interaction on number of nematodes extracted
from roots of wheat plants 49 days after sowing. Nil= no fungus inoculum
added, Mb= Microdochium bolleyi, Fa= Fusarium acuminatum, Ggt= G.
graminis var. tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no nematodes
added, N1000= 1000 nematodes/plant, N2000= 2000 nematodes/plant,
N4000= 4000 nematodes/plant.

bolleyi, F. acuminatum or G. graminis and 4000 nematodes, number of

nematodes/g dry root increased by 71%, 47% or 32%, respectively, compared to

nematodes alone at the same density (Figure 4.9). However, with M. bolleyi+F.

acuminatum or G. graminis+F. acuminatum nematode numbers/plant at either level

remained unchanged compared to when nematodes were added alone (Figure 4.8).

Nematode numbers/g dry root were significantly affected by M. bolleyi+F.

acuminatum or G. graminis+F. acuminatum (Figure 4.9).

Nematode multiplication rate, however, was significantly affected by both nematode

and fungus.

A 2-way interaction between nematode and fungus was also significant at

P=0.05, and is illustrated in Figure 4.10.
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Figure 4.9 Effect of nematode-fungus interaction on number of nematodes/g dry root
extracted from roots of wheat plants 49 days after sowing. Nil= no fungus
inoculum added, Mb= Microdochium bolleyi, Fa= Fusarium acuminatum,
Ggt= G. graminis var. tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no
nematodes added, N1000= 1000 nematodes/plant, N2000= 2000
nematodes/plant, N4000= 4000 nematodes/plant.
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Figure 4.10 Effect of nematode-fungus interaction on P. neglectus multiplication rate
49 days after sowing. Nil= no fungus inoculum added, Mb=
Microdochium bolleyi, Fa= Fusarium acuminatum, Ggt= G. graminis
var. tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no nematodes added,
N1000= 1000 nematodes/plant, N2000= 2000 nematodes/plant, N4000=
4000 nematodes/plant.
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Plant dry matter: Shoot, root and total dry weight of plants were affected by
fungus or nematode inoculum. Shoot and root dry weights of plants inoculated with G.
graminis increased by 13% or 30%, respectively, when compared to the control (no
fungus added) (Figures 4.11 and 4.12). G. graminis, however, increased total dry
weight by 25% (P=0.05) compared to the control (no fungus inoculum added) (Figure
4.13). Plants inoculated with F. acuminatum, M. bolleyi, M. bolleyi+F. acuminatum or
G. graminis+F. acuminatum showed no significant effect on root dry weight compared to
the control (no fungus added) (Figure 4.12). Both shoot and root dry weights of plants
inoculated with 4000 nematodes/plant decreased by 19% or 23%, respectively, compared

to the control (no nematode inoculum added).

Root and total dry weight of plants were significantly affected by nematode-fungus
interactions (P=0.05). Inoculation of plants with F. acuminatum, M. bolleyi or M.
bolleyi+F. acuminatum and the nematode resulted in a significant reduction in root dry
weight compared to the effect of fungus alone (Figure 4.12). The combination of
nematode and F. acuminatum, M. bolleyi or M. bolleyi+F. acuminatum decreased root

dry weights by 24%, 56% or 52%, respectively, when compared to either fungus alone.

Total dry weight of plants inoculated with M. bolleyi and 4000 nematodes/plant
decreased by 39% compared to fungus alone or by 22% compared to the effect of
nematodes alone at the same density (Figure 4.13). This decrease was statistically
significant. Plants inoculated with F. acuminatum and 4000 nematodes also showed a
significant (P=0.05) reduction in dry matter (Figure 4.13). With M. bolleyi+F.
acuminatum and 4000 nematodes/plant, total dry weight decreased by 44% compared to
fungus alone. However, with or without nematodes, G. graminis or G. graminis+F.

acuminatum had no significant effect on total dry weight of plants (Figure 4.13).
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Figure 4.11 Effect of nematode-fungus interaction on shoot dry weight of wheat
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plants 49 days after sowing. Nil= no fungus inoculum added, Mb=
Microdochium bolleyi, Fa= Fusarium acuminatum, Ggt= G. graminis var.
tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no nematodes added, N1000=
1000 nematodes/plant, N2000= 2000 nematodes/plant, N4000= 4000
nematodes/plant.
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Effect of nematode-fungus interaction on root dry weight of wheat plants
49 days after sowing. Nil= no fungus inoculum added, Mb=
Microdochium bolleyi, Fa= Fusarium acuminatum, Ggt= G. graminis var.
tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no nematodes added,
N1000= 1000 nematodes/plant, N2000= 2000 nematodes/plant, N4000=
4000 nematodes/plant.
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Figure 4.13 Effect of nematode-fungus interaction on total dry weight of wheat plants
49 days after sowing. Nil= no fungus inoculum added, Mb=
Microdochium bolleyi, Fa= Fusarium acuminatum, Ggt= G. graminis var.
tritici, MF= Mb+Fa and GF= Ggt+Fa. Nil= no nematodes added,
N1000= 1000 nematodes/plant, N2000= 2000 nematodes/plant, N4000=
4000 nematodes/plant.

4.3.3 Experiment 4

Analyses of variance showed that number of nematodes/plant extracted from roots,
number of nematodes/plant remaining in the roots after the extraction period and total
number of nematodes/plant penetrating the roots of Machete wheat were significantly
affected by different soil types (Table 4.3). However, there was no difference between

the two nematode species in total number of nematodes/plant (Table 4.3).

The two species, P. neglectus and P. thornei, behaved similarly regardless of soil
type. Figure 4.14 illustrates the significant interaction between soil type and number of
nematodes penetrating roots. Sandy soil was by far the best medium (P=0.05) for
maximum penetration of roots (up to 40%). However, the clay soil was very inefficient,
particularly if unsieved, with fewer nematodes (only 5%) able to penetrate the roots of

Machete.

Further analysis (Table 4.3) of the total number of nematodes/plant (mister extracted

and stained nematodes within the roots) revealed there was a significant nematode
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species effect, both with the mister extraction and the numbers of stained nematodes
remaining in the root system (Figure 4.15). From the mister extraction, 42% of P.
neglectus migrated from the root system over four days while for P. thornei the number
leaving the roots was significantly less, almost three times fewer (only 16%). However,
when P. thornei were counted inside the root there was a significantly greater number left

(84%), compared with P. neglectus (58%).

During investigation of stained roots to determine efficiency of mister extraction,

hypersensitive reaction of root cells was observed (Plate 4.3).

Table 4.3 Summary of analyses of variance for the effect of soil type and extraction
technique on number of nematodes extracted from roots over four days (extraction
period), number of nematodes remaining within root tissues and total number of
nematodes penetrating roots of Machete wheat seven days after inoculation.

MS MS MS

Source df MEp P S. N/p P T/p P
Block 5 10647 26095 62727

Nematode 1 140400 ® 150521 * 176 ns
Block X nematode 5 11646 22292 51304

Soil type 3 105525 ** 846109 ** 1495092 *x
Nematode X soil type 3 31694 ns 93902 ns 36646 ns
Residual 29 11941 93902 70092

** gignificant at P= 0.01, * significant at 0.05, ns= not significant, P= probability.

M. E/p= Mister extraction of nematodes/plant, S. N/p= Remaining stained nematodes
within root tissues/plant, T/p= Total number of Pratylenchus spp. that had penetrated
roots.
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Figure 4.14 The effect of soil type and nematode extraction technique on the numbers
of Pratylenchus spp. in Machete roots. Ulns= non-sieved Urrbrae loam,
Uls= sieved Urrbrae loam, Ps= sieved Palmer sand and Rs=
Roseworthy sand.
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Fig 4.15 Number of Pratylenchus extracted from roots of Machete wheat by misting,
and number remaining in roots after four days of mister extraction.



Plate 4.3 Evidence of plant hypersensitive reaction to nematode attack.
Nematodes are represented by dark pink colour. Necrotic cell

walls are present around the nematode body.
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4.4 Discussion

Increases in the numbers of P. neglectus in roots and an increase in the amount of
rotting on the root systems of wheat when both fungus and the nematodes are combined
together compared to either pathogen alone indicate a positive interaction between the root
lesion nematode and some root infecting fungi of wheat. In pasteurised soil with a very
low level of only saprophytic fungi as a microbial buffer, but in the absence of all
pathogenic fungi, bacteria and nematodes, the nematode population increased when
plants were also infected with some root-rotting fungi. Number of P. neglectus in the
root system was higher when the fungi R. solani, B. sorokiniana, P. irregulare, M.
bolleyi or the combination of G. graminis var. tritici and F. equiseti were present. Thus,
it is suggested that some fungi may render the roots more suitable for nematode
reproduction. The number of root lesion nematodes generally increases in combination

with root-rotting fungi (Mountain and McKeen, 1962; Vrain, 1987; Hasan, 1988).

There are several species of fungi involved in root-rotting of wheat in a disease
complex (Jooste, 1965; Maas and Kotze, 1981; Vanstone, 1991). M. bolleyi, Fusarium
spp., Pythium spp. and B. sorokiniana occur in the South Australian wheat belt as well
as R. solani, G. graminis var. tritici and several non or weakly pathogenic fungi (Rovira,
1980; Fedel-Moen and Harris, 1987; Vanstone, 1991). Field survey results (Chapter 3),
which agree with those of previous investigators, showed that M. bolleyi and Fusarium
spp. were at high levels in late July and August, when roots of wheat plants are likely to

be infected by P. neglectus.

M. bolleyi, F. acuminatum and P. terrestris are known to be common soil-borne fungi
but are considered non or weak pathogens of cereals (Sprague, 1950; Butler, 1961;
Fernandez et al., 1985; Hill and Blunt, 1994). These fungi increased P. neglectus
numbers within roots under controlled conditions in pasteurised soil. However, in
unpasteurised soil (natural field soil), the above fungi in combination with the nematode
decreased root dry weight, but no significant increase in P. neglectus numbers in the

roots occurred.
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It seems that more root damage and lower production of roots may have resulted in
lower nematode numbers in roots. Another possibility could be the influence of other
soil micro-organisms which were expected to be present in a natural soil. Physiological
changes occurring in plants infected with nematodes can enhance susceptibility to attack
by fungi, whether pathogenic, non or weakly pathogenic (Powell, 1979). Fernandez et
al. (1985) indicated that non or weakly pathogenic fungi, under certain conditions, may

become pathogenic.

The extent of rotting caused by P. terrestris, F. oxysporum, Pythium irregulare or G.
graminis+F. equiseti increased in the presence of P. neglectus compared to when fungus
was added alone. Nematode reproduction, however, was slightly decreased in the
presence of F. oxysporum and increased in the presence of P. irregulare but was not
affected by the presence of P. terrestris. A combination of Pythium aphanidermatum
and/or R. solani interacted with the root lesion nematode (Pratylenchus coffeae) which
caused rotting in chrysanthemum roots and further increased lesioning when plants were

inoculated by all three organisms (Hasan, 1988).

Root damage initiated by root lesion nematodes may increase fungal infection of roots.
Some fungi normally considered to be non or weak pathogens have been reported to be
able to damage the roots of the host when nematodes are present (Powell, 1971). High
levels of infection by Thielaviopsis basicola, a minor pathogen of pea, occurred when P.
crenatus was also present (Green et al., 1983). It appears that wounding of root tissue
by nematodes predisposes them to fungal infection and increases disease severity caused
by the nematode or fungus. It has been well documented that pre-infection of roots with
nematodes enhances symptom development (Davide and Dela Rosa, 1979; Chandel and

Sharma, 1989).

With or without the nematode, G. graminis, G. graminis+F. equiseti, G.
graminis+M. bolleyi or G. graminis+R. solani increased lesion severity on wheat roots
compared to the control (no fungus or nematode added to the soil), but no difference was

observed between the above treatments. The severity of these lesions is likely to be the
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result of the presence of G. graminis, as the isolate of fungus used in this test was highly
pathogenic to wheat roots. However, in untreated soil (natural) there were no significant

differences between the effect of fungus alone or in combination with the nematode.

Thus, it is suggested that under natural conditions, combination of several factors is

likely to influence the activity and pathogenicity of fungi that are highly virulent when

tested in sterile conditions.

In unpasteurised soil, combination of the nematode with some fungi decreased root
dry weight of wheat. P. terrestris, which was the next most commonly isolated fungus
after F. equiseti, M. bolleyi or G. graminis (Chapter 3), was isolated with a similar
frequency to F. acuminatum and to F. oxysporum and is a weak pathogen of wheat
(Butler, 1961). The fungus reduced root dry weight of wheat when combined with P.

neglectus compared to when added alone.

M. bolleyi, B. sorokiniana, F. acuminatum or G. graminis in combination with the
nematode significantly reduced root dry weight when compared with the fungus alone.
Both M. bolleyi and G. graminis were isolated from wheat roots naturally infected with
P. neglectus in the field at very high frequencies (Chapter 3). M. bolleyi is known to be
a weak pathogen of several crops, including wheat, when soil is infested with high levels
of fungus (Domsch et al., 1980; Kirk and Deacon, 1987a,b). It also appears that the
fungus is present in infected roots from as early as 4-6 weeks, and reaches its highest
level late in the season when soil temperature increases (Vanstone, 1991; see also Chapter
3). Harris (1986) has also isolated M. bolleyi from rotted roots of cereals in Australia.
The fungus could be a potential agent for interaction with the root lesion nematode, as

both the fungus and the nematode are widely distributed in South Australia.

Nematode infection depends on the movement of nematodes through soil and
attraction to roots. As the same cultivar of wheat was used for both experiments, the
attractants did not vary, but the movement through soil did. The penetration rate in both
experiments was higher in sand (Palmer and Roseworthy) than in sieved Urrbrae loam,

and higher in sieved than in unsieved Urrbrae loam, so that particle size influenced
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movement. Why sieving improved penetration is not clear, but it may have changed
particle or crumb size or removed possible toxic materials contained in the soil organic

matter.

The fourth experiment confirms that sandy soil provides the best medium for
maximum penetration by either nematode species, P. thornei or P. neglectus. However,
this experiment has highlighted the caution required in interpretation of results when

comparing two similar nematode species.

Total number of nematodes (mister extraction plus those remaining in the roots) does
not vary, however the individual components vary significantly. Because of this,
quantitative comparisons of the two species using mister extraction of nematodes may be
confounding results. Unfortunately to stain and count nematodes in all root systems
would be too time consuming. For reasons unknown, P. neglectus exited the roots
much faster than P. thornei, however this is not a reflection of total nematode number. It
is important to have an understanding of the nematode penetration in different soil types
and extraction efficiency of the method in use. If comparative data ;i\s"ﬁi'equired a

standardised method should be used.

One very important observation in roots stained for nematode detection was that cell
hypersensitivity to nematode attack occu¥ed as early as seven days after inoculation (Plate
4.3). Although Machete wheat is very susceptible to root diseases, particularly root
lesion nematodes, within this short period of time cell hypersensitivity occurred. Thus
plant breeders should not select plants showing cell hypersensitivity to nematode attack
as the sole evidence of resistance to the nematodes. Other factors such as nematode

number and the extent of lesioning on the root system should also be considered.

M. bolleyi, F. acuminatum, Pyrenochaeta terrestris, Pythium irregulare, R. solani and
G. graminis may be important in exacerbating root lesioning caused by P. neglectus.
Further detailed studies are needed to determine the proportion of the contribution of

these fungi to root damage and possible wheat yield decline in South Australia.
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Chapter 5

Interaction between Pratylenchus neglectus and Rhizoctonia
solani and/or Gaeunmannomyces graminis var. tritici

5.1 Introduction

Both R. solani and G. graminis var. tritici are major root pathogens of wheat in
South Australia (Rovira, 1987). The field survey conducted in 1992 (Chapter 3)
suggested that G. graminis is widespread in soil, infecting wheat roots and causing
severe damage to root systems. Rovira (1980) also reported that G. graminis was the
dominant pathogen of cereals at tillering and there is a strong negative correlation between

the percentage of plants infected at tillering and the grain yield.

G. graminis, the causal organism of the disease take-all, is found worldwide and can
cause immense damage to most cereal species (Garrett, 1942). The fungus has been
known from South Australia since the middle of the last century (Anon, 1868) and is the
most serious root disease of wheat and barley (Cotterill and Sivasithamparam, 1989).
Under conditions favouring pathogenicity, the fungus is able to grow on root systems
and spread up to 1.5m in diameter from the original inoculation point (Wehrle and

Ogilvie, 1955).

R. solani too is an important root pathogen of wheat and other crops worldwide. In
Australia, and particularly in southern Australia, the fungus is of economic importance
and can cause severe yield reductions in wheat on highly infected areas (Samuel, 1923; de
Beer, 1965; Neate, 1984). Interactions between R. solani and plant parasitic nematodes
have been reported on a number of crops (de Beer, 1965; Meagher and Chambers, 1971).

Benedict and Mountain (1956) found a consistent association between R. solani and P.
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neglectus on the roots of wheat within patches of chlorotic and stunted plants. De Beer

(1965) also found that P. neglectus was associated with R. solani in bare patches.

Although R. solani was not isolated from field samples in 1992 (Chapter 3), the isolate
used in pathogenicity tests described in Chapter 4 was pathogenic to wheat, and results
suggested that both G. graminis and R. solani play an important role in the rotting of
wheat roots and can lead to increased nematode numbers in the roots. However,
interaction between G. graminis and/or R. solani and the root lesion nematode on wheat
in South Australia needed to be investigated further. The role of these important root
pathogens in combination with P. neglectus was thus investigated under controlled

environmental conditions in a glasshouse and under natural conditions in the field.

5.2 Methods

5.2.1 Glasshouse experiments

5.2.1.1 Experiment 1

A pot experiment was conducted in the glasshouse. A controlled temperature water
tank was used to maintain soil temperature at 20°C for all treatments. A sandy loam soil
was collected from a typical wheat growing paddock at Stow. Soil was not treated with
either steam or chemical. The soil was naturally infested with P. neglectus at 300

nematodes/200g of soil (600 nematodes/pot).
Pots: Plastic pots with a 300ml capacity were used (General Methods).

Fungus and nematode inoculum: Inoculum of G. graminis var. tritici (#Ggt
9271) and R. solani (#Rs-21) were prepared on ryegrass seed as described in the General
Methods. G. graminis at 0.05% w/w, R. solani at 10 infested seeds and the combination
of G. graminis + R. solani at the same rate were mixed thoroughly with the soil of each

pot. This mixing may have reduced the original nematode numbers in soil (Taylor,
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1993). Wheat cultivars Spear and Machete were used in this experiment. One pre-
germinated seedling was sown in each pot. Plants were inoculated with 2000
nematodes/plant which were grown aseptically on carrot cultures in addition to the natural
inoculum of 600 nematodes/pot, so the total number of nematodes was between 2000 and
2600/plant. The nematode inoculum was pipetted in 1.0ml of distilled water around each

plant.

Experiment layout: The experiment was set out as a completly randomised design

with six replicates.

Harvest: Plants were harvested 49 days after planting, at which time roots were
washed free of soil and scored for lesion severity. Fresh and dry weights of shoots were
recorded, and nematodes extracted from roots as described in the General Methods in a
mist chamber over a four day extraction period and counted. Roots were then oven dried

and weighed. Nematode numbers/plant and nematodes/g dry root were calculated.

5.2.1.2 Experiments 2 and 3

Two experiments were conducted at CSIRO Division of Soils (South Australia) in a
glasshouse with an air temperature of 25+3°C. Soil temperature was maintained at 20°C
in a controlled temperature tank (Plate 5.1). Various combinations of fungi and

aseptically grown P. neglectus were added at different inoculation times.

Soil: A sandy loam soil was collected from an uncropped area at Avon, South
Australia (Chapter 2). The population of known pathogenic fungi in this soil was

extremely low. Therefore, the soil was not treated with steam or chemical.

Fungus inoculum: Inoculum of G . graminis var. tritici (#Ggt-500 originally
isolated from wheat roots in Western Australia) on ryegrass seed was obtained from S.
M. Neate. R. solani Anastomosis Group-8 (#Rs-21) on millet seed (Fang, 1991) was
also supplied by S.M. Neate. These isolates were known to be highly pathogenic to

wheat (S. M. Neate, personal communication).
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Plate 5.1 Glasshouse experiment with G. graminis and/or P. neglectus
using a water tank to maintain soil temperature at 20°C. Glass
rods in each pot were removed to allow for second inoculation
time (two weeks after sowing). Similar experiments were

conducted using R. solani and/or P. neglectus.
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Both fungi were added to the soil at three different rates. Ggt-500 at 0, 8 or 16
propagules (colonised seed) per pot and Rs-21 at 0, 4 or 8 propagules per pot. Fungus
inoculum was added to the soil in two layers: 150g of soil was added to the pot and the
first layer of fungus inoculum was added, then another 150g of soil and the second layer
of inoculum added. Finally, pots were filled with the remaining soil up to 400g (Figure
5.1). Inoculum of each fungus in either layer was added in four different places as there
was one further fungus inoculation time at two weeks after planting (Figure 5.1). One

pre-germinated Machete wheat seed was planted in each pot.

Nematode inoculum: P. neglectus from carrot cultures were pipetted in 1.0ml of
distilled water around each plant soon after planting at the following densities: 0, 1000,
2000 or 4000 nematodes/pot (mixed stages minus eggs). Control pots received the same

amount of distilled water.

Inoculation times: Three inoculation times were used: fungus at sowing,
nematode two weeks later; nematode at sowing, fungus two weeks later; both fungus and
nematode at sowing. Eight 3.5mm diameter glass rods 10cm long were inserted in each
pot at two separate levels corresponding to positions of fungus inoculum placement
before planting (Figure 5.1). After two weeks, rods were gently removed and fungus
inoculum was placed at the bottom of each hole. Holes were then filled with soil and

watered.

Harvest and measurements: Plants were harvested 49 days after planting. Roots
were washed free of soil and scored for the amount of lesions on root systems. A few
representative (five segments/treatment) root segments from different treatments were
plated on RA medium to re-isolate the fungus and were also stained to detect nematode
invasion in cortical cells. Remaining roots were placed in a mist chamber to extract
nematodes over a four day extraction period and nematodes were counted. Roots were
then oven dried for 48 hours and weighed. Number of nematodes/plant and nematodes/g

dry root were calculated.
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Figure 5.1 Diagram of fungal inoculation technique used for sequential

inoculations.
A. Fungus inoculum added at sowing at two levels (L1 and L2).

B. Fungus inoculum added two weeks after sowing. Glass rods,
placed in pots at sowing, were removed after two weeks and
fungus inoculum placed in the holes at two levels (L1 and L2).
Holes were then filled with fresh soil.
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5.2.2 Field experiments

Experiments under controlled conditions in the glasshouse indicated that plants
inoculated with G. graminis and P. neglectus suffered less damage than those inoculated
with G. graminis alone. Conversely, plants inoculated with R. solani and P. neglectus
suffered more damage than when inoculated with R. solani alone (Chapter 4). The aim of
this experiment was to determine the effect of nematode-R. solani and/or G. graminis
interaction on plant growth, root damage, nematode multiplication and grain yield of two

wheat varieties (Spear and Machete) in field soil naturally infested with P. neglectus.

A field experiment was conducted in 1993 at the Minnipa Research Centre on the Eyre
Peninsula of South Australia approximately 700 km West of Adelaide (Figure 2.1). The
site was chosen on the basis of preliminary observations of root lesion nematode, P.

neglectus.

Soil type and nematode number: The site consisted of a sandy loam soil with a
pH of 8.5. The previous crop in this paddock was Mustard cv. Pusa Bold which is also
a good host for P. neglectus (V. A. Vanstone, unpublished data), so nematode numbers
in the soil were expected to be high. Ten random soil samples of 200g from 0-10cm
depth were taken from a 300m? area of the experimental site. Nematodes from each soil
sample were extracted and counted. Mean number of nematodes was seven P.
neglectus/g dry soil (1400 nematodes/200g soil). Average monthly rainfall is listed in
Table 2.1.

Sowing: Plots were sown on June 20, 1993, as described in the General Methods.
Inoculum of Ggt-500 at 2000 infected ryegrass seeds/m?, Rs-21 at 1000 infected millet
seeds/m?, or both fungi at half the rates of either fungus (ie. 1000 infected ryegrass seeds
of Ggt-500 and 500 infested millet seeds of Rs-21/ m?). Control plots received a similar
amount of autoclaved dead seeds at sowing. The nematicide Temik® (aldicarb) was
applied to the soil at the rate of Skg/ha a.i. with the seed. Fertiliser and herbicide were
applied as per the usual farming practices of the region. Seeding rate and plot size are

described in the General Methods.
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Experiment layout: The experiment was set out as a split plot design with four
blocks (Plate 5.2). Main treatments were: two wheat cultivars (Machte and Spear), two
soil treatments (with Temik® or without Temik®), four fungus treatments (G. graminis,

R. solani, G. graminis+R. solani and no fungus inoculum) arranged as four blocks.

Plots of Machete wheat were included as borders, and also as buffers between main

plots (fungi) to eliminate the risk of contamination between the fungal treatments.

Sampling: Plots were sampled at eight and twelve weeks after sowing. At all
sample dates, five plants were dug randomly from each plot in each replicate. Roots were
washed free of soil, and in a laminar flow cabinet representative root segments
(five/treatment) were plated from lesioned parts of root systems of either treatment to re-
isolate fungi. After four days of nematode extraction, roots were oven dried and

weighed. The number of nematodes/g dry root was calculated.

Harvest: Total plant tops were taken from two 50cm long rows of each plot at
maturity. Number of heads, grams per head, total dry weight, total grain yield and 1000

grain weight were determined for each sample. Plots were harvested for grain yield.

5.3 Results

5.3.1 Pot experiments

5.3.1.1 Experiment 1

The analyses of variance for all measurements are shown in Table 5.1. Fungus or
nematode separately showed a significant effect on plant growth, dry matter, root
lesioning and nematode numbers (Table 5.1). Nematode inoculum was successful as is
indicated by highly significant differences between nematode numbers in inoculated and
uninoculated treatments. This difference was also expressed in the degree of lesioning
and plant growth. There was no significant difference between wheat cultivars (Spear or
Machete) on number of nematodes extracted from roots, but plant dry matter and root

lesioning differed between the two cultivars.
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Plate 5.2 The field trial at Minnipa Research Centre in 1993 using G.
graminis, R. solani, both fungi together and control (no fungus

added), two wheat cultivars (Spear and Machete) and plus and
minus Temik® (aldicarb).

A. Photo taken nine weeks after sowing. Plots (0.75cm X 6m) of

sixteen different treatments were arranged as a factorial split plot
design.

B. Photo of above plots taken five months after sowing.
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Few interactions were significant in this experiment (Table 5.1). There was a
significant interaction between fungus and wheat cultivars on root dry weight or total dry

weight of plants (Table 5.1).

Tiller numbers/plant: Number of tillers/plant decreased when plants were
inoculated with G. graminis compared to control (no fungus added) or R. solani.
Number of tillers was significantly different between the two wheat cultivars. Machete
produced more tillers than Spear (Table 5.2). Nematodes alone had no significant effect
on tiller number. However, a significant interaction between fungus and wheat cultivar

was detected (Table 5.2).
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Table 5.1 Summary of analyses of variance for the effect of interaction between G. graminis var. tritici and/or R. solani and P. neglectus
on root lesion rating, number of nematodes/plant and nematodes/g dry root, shoot and root dry weights, total dry weight of
plants, number of tillers and nematode multiplication rate for wheat cultivars Spear and Machete, 49 days after sowing
(Experiment 1).

MS MS MS MS MS MS MS MS

Source df RL P N/p P N/gdr P dwspp P dwrip P tdw/p P tillers P MR P
(log) (log)

Block 5
Nematode (nem) 1 55 *kk 8.46 *H* 9.29 #0022 2 k* 0.02 wk 0.03 * 0.02 ns 1.86  ***
Fungus (fun) 3 5.7 AL 0.26 Lt 0.32 ** o 0.011 0.01 & 0018 * 1.07 =* 035  **
Cultivar (cult) 1 2.3 & 0.04 ns 0.01 ns 0.009 & 0.009 & 0.0028 ns 8.37 ®k (0,13 ns
Nematode X fungus 3 0.5 ns 0.01 ns 0.02 ns  0.001 ns O07-E3 ns O01-E3 ns 032 ns 0.03 ns
Nematode X cultivar 1 0.04 ns 0.01 ns 0.01 ns 0016 *** 0002 0ns O03E4 ns 0.06 ns 0.04 ns
Fungus X cultivar 3 0.1 ns 0.17 s 022 * 0002 =ns 0016 ns 0021 ** 0.79 N 0.28  **
Nem X fun x cult 3 0.04 ns 0.16 ¥ 0.20 * 0003 ns 0003 **+ 00074 ns 0.13 ns 028  **
Residual 75 0.4 0.05 0.07 0.002 0.0024 0.0055 0.28 0.06

*** significant at P= 0.001

** significant at P= 0.01

* significant at P= 0.05

tdw/p= total dry weight/plant; tillers= tillers/plant; MR= nematode multiplication rate.

ns= not significant
RL=root lesioning; N/p= nematodes/plant; N/gdr= nematodes/g dry root; dws/p= shoot dry weight/plant; dwr/p= root dry weight/plant;

P= Probability.
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Table 5.2 Effect of nematode-fungus (R. solani or G. graminis) interaction on the
number of tillers/plant of wheat cultivar Machete 49 days after sowing in a pasteurised
soil under controlled glasshouse conditions. Values in the 3-way table are the average of

six single plant blocks.

R. solani, G. graminis and/or P. neglectus interactions

Spear Machete
Nematode NO N2000 NO N2000
Nil 1.40 1.17 2.00 1.83
Rs 1.33 1.20 1.83 1.50
Ggt 1.00 1.00 1.17 1.33
Rs+Ggt 0.50 1.00 1.83 1.83
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). LSD
Fungus Nil Rs Ggt Rs+Ggt
1.61 1.48 1.12 1.28 0.30
Nematode NO N2000
1.38 1.35 ns
Cultivar Spear Machete
1.06 1.67 0.21
Fungus Nil Rs Get Rs+Ggt
Nematode
NO 1.73 1.58 1.08 1.17 ns
N2000 1.50 1.36 1.17 1.38
Fungus Nil * Rs Ggt Rs+Ggt
Cultivar
Spear 1.27 1.27 1.00 0.77 0.43
Machete 1.92 1.67 1.25 1.83
Nematode NO N2000
Cultivar
Spear 1.04 1.08 ns
Machete 1.71 1.62

Rs= R. solani, Ggt= G. graminis. NO= no nematodes added, N2000= 2000

nematodes/plant.
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Root lesion rating: The amount of damage to the root system was significantly
(P= 0.001) affected by both fungus and nematode. Inoculation of plants with 2000
nematodes increased root lesion rating of both wheat cultivars by 27% compared to the
controls (no nematodes added) (Table 5.3). Inoculation by either fungus resulted in
increased root lesion rating when compared to the control (no fungus added). Among

fungus treatments, there were no significant differences (Table 5.3).

Number of nematodes: Number of P. neglectus/plant and nematodes/g dry root
were significantly (P= 0.001) affected by both fungus and nematode inoculum (Table
5.1). The significant 3-way interaction between fungus, nematode and variety as well as

the 2-way interaction between fungus and variety is shown in Table 5.4.

The two wheat varieties, Spear and Machete, behaved differently to the fungus and
nematode interactions. Inoculation with G. graminis or R. solani increased number of
nematodes/plant of Spear by 68% and 107%, respectively, compared to the control (no
fungus added) (Table 5.4). However, with the combination of G. graminis and R.
solani, nematode numbers did not differ from the control but were significantly (P= 0.05)
less than with either fungus alone. Numbers of P. neglectus/plant for Machete wheat
inoculated with R. solani, G. graminis or R. solani+G. graminis increased by 38%, 86%
and 54%, respectively, compared to the control (no fungus added) (Table 5.4). Number
of nematodes/g dry root for both cultivars showed similar results to nematodes/plant. A
significant positive correlation was found between number of nematodes/plant and

nematodes/g of dry root (Figure 5.1).
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Table 5.3 Effect of nematode-fungus (R. solani or G. graminis) interaction on the root
lesion rating of wheat cultivar Machete 49 days after sowing in a pasteurised sandy loam
soil under controlled glasshouse conditions. Values in the 3-way table are the average of

six single plant blocks.

R. solani, G. graminis and/or P. neglectus interactions

Spear Machete
Nematode NO N2000 NO N2000
Nil 0.40 1.00 0.58 1.00
Rs 1.50 1.80 1.83 2.25
Ggt 1.33 1.50 1.75 1.92
Rs+Ggt 0.92 1.86 1.33 2.08
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). LSD
Fungus Nil Rs Ggt Rs+Ggt
0.76 1.85 1.62 1.56 0.33
Nematode NO N2000
1.22 1.68 0.24
Cultivar Spear Machete
1.31 1.59 0.24
Fungus Nil Rs Ggt Rs+Ggt
Nematode
NO 0.50 1.67 1.54 1.12 ns
N2000 1.00 2.05 1.71 1.96
Fungus Nil Rs Ggt Rs+Ggt
Cultivar
Spear 0.73 1.64 1.42 1.42 ns
Machete 0.79 2.04 1.83 1.71
Nematode NO N2000
Cultivar
Spear 1.07 1.54 ns
Machete 1.38 1.81

Rs= R. solani, Ggt= G. graminis. NO= no nematodes added, N2000= 2000

nematodes/plant.
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Table 5.4 Effect of nematode-fungus (R. solani or G. graminis) interaction on the
number of nematodes/plant 49 days after sowing in a pasteurised soil under controlled
glasshouse conditions. Values in the 3-way table are the average of six single plant
blocks.

Spear Machete
Nematode NO N2000 NO N2000
Nil 124 526 163 483
Rs 227 1092 210 667
Ggt 350 883 136 897
Rs+Ggt 130 588 190 747
(3-way interaction is significant) LSDb 5%= 0.26
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). Lspb
Fungus Nil Rs Ggt Rs+Ggt
333 525 566 421 0.13
Nematode NO N2000
192 725 0.09
Cultivar Spear Machete
487 437 ns
Fungus Nil Rs Gegt Rs+Ggt
Nematode
NO 145 218 243 160 ns
N2000 505 860 890 661
Fungus Nil Rs Ggt Rs+Ggt
Cultivar
Spear 343 620 617 377 0.18
Machete 323 438 517 468
Nematode NO N2000
Cultivar
Spear 211 752 ns
Machete 175 698
LSDb = Joge

Rs= R. solani, Ggt= G. graminis. NO= no nematodes added, N2000= 2000
nematodes/plant.
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Figure 5.2 The relationship between nematodes/plant and number of nematodes/g dry
root. Values in the correlation figure are the average of twelve single plant
blocks (Spear and Machete).

Nematode multiplication (final number of nematodes/initial number) was another factor
which was affected by fungus and nematode inoculum. The 3-way (nematode X fungus

x cultivar) and 2-way (fungus X cultivar) interactions were also significant at P= 0.05 for

nematode multiplication rate (Figure 5.3).

Dry matter: Shoot dry weights were significantly (P= 0.05) affected by both
nematode and fungus inoculum. Shoot dry weight decreased by 8% in plants inoculated
with 2000 nematodes/pot when compared to the control (no nematodes added) (Table

5.5).

The effect of nematode inoculation on shoot dry weight was different for Spear and

Machete, as the highly significant nematode X cultivar interaction term shows (Table 5.5),

but there were no over-riding effects across both cultivars.

Root dry weight decreased where nematodes were added, but this reduction was not
significant. Significant interactions between cultivar and fungus treatment also occurred

for root dry weight. Similarly, total dry weight of plants was affected by inoculation with
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nematodes. With increased nematode numbers in the root system, root and total dry

weight decreased (Figure 5.4).
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Figure 5.3 The effect of (a) 2-way interaction (nematode x cultivar) and (b) 3-way
interaction (nematode x fungus x cultivar) on the multiplication rate of
Pratylenchus neglectus 49 days after inoculation in a natural (untreated)
field soil under controlled glasshouse conditions. Values in the 2-way
interaction figure are the average of twelve single plant blocks and in the 3-
way figure are the average of six single plant blocks.
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Table 5.5 Effect of nematode-fungus (R. solani or G. graminis) interaction on the
shoot dry weight (g/plant) of wheat cultivar Machete 49 days after sowing in a
pasteurised soil under controlled glasshouse conditions. Values in the 3-way table are the
average of six single plant blocks.

Spear Machete
Nematode NO N2000 NO N2000
Nil 0.32 0.30 0.43 0.37
Rs 0.40 0.36 0.37 0.37
Ggt 0.41 0.39 0.39 0.37
Rs+Ggt 0.40 0.39 0.44 0.37
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). LSD
Fungus Nil Rs Ggt Rs+Ggt
0.35 0.37 0.39 0.40 0.02
Nematode NO N2000
0.40 0.36 0.02
Cultivar Spear Machete
0.37 0.39 ns
Fungus Nil Rs Ggt Rs+Ggt
Nematode
NO 0.38 0.38 0.40 0.42 ns
N2000 0.33 0.36 0.38 0.38
Fungus Nil Rs Ggt Rs+Ggt
Cultivar
Spear 0.31 0.38 0.40 0.39 0.03
Machete 0.40 0.37 0.38 0.41
Nematode NO N2000
Cultivar
Spear 0.38 0.41 ns
Machete 0.36 0.37

Rs= R. solani, Ggt= G. graminis. NO= no nematodes added, N2000= 2000
nematodes/plant.
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Figure 5.4 The relationship between (a) number of nematodes/g dry root and root dry
weight and (b) total dry weight of wheat cultivars Spear and Machete 49
days after sowing in a natural (untreated) field soil under controlled
glasshouse conditions.
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5.3.1.2 Experiment 2

The analyses of variance for all measurements are shown in Table 5.6. Fungus
inoculum significantly affected all variates measured (nematodes/plant or nematodes/g dry
root, shoot and root dry weights and root lesion rating). Inoculation time also had a
significant affect on all variates measured except for nematodes/g dry root. Nematode
inoculum however, only affected nematodes/plant and nematodes/g dry root and root

lesion rating but had no affect on plant dry matter.

Tiller numbers/plant: Number of tillers/plant was not significantly affected by any

treatment.

Root lesion rating: At 49 days after planting in soil inoculated with sixteen
propagules of G. graminis before or at the same time as the nematodes, take-all lesions
were present on almost all roots. Root lesioning, however, was affected by nematode,
fungus and inoculation time and there was a significant interaction between fungus and

inoculation time.

With 2000 or 4000 nematodes/plant, root lesion rating increased by 14% and 18%,
respectively, compared to the control (no nematodes added) (Table 5.7). At 1000

nematodes per plant, there was no significant effect on root lesion rating (Table 5.7).

Inoculation of plants with fungus and nematode at planting or pre-inoculation with
fungus increased root lesion rating by 18% and 21%, respectively, compared to when
nematodes were added prior to fungus inoculum (Table 5.7). Interaction between fungus
inoculum and inoculation time, however, resulted in significant affects on root lesioning

(Table 5.7).



Table 5.6 Summary of analyses of variance for the effect of interaction between G. graminis var. tritici and P. neglectus on extent
of root lesioning, number of nematodes/plant and nematodes/g dry root, root and shoot dry weights and total dry weight
of plants for wheat cultivar Machete, 49 days after sowing (Experiment 2).

Source a MS MS MS MS MS MS

RL P Nip P N/gdr P dwr/p P dws/p P tdw/p P
Block 4
Fungus (fun) 2 148.4 B2 2760E4 sk 2685E4 2 0.436 Ak 0.308 ek 1.477 e
Nematode (nem) 3 2.94 *kx 7106E4 *ok 1916E4 * 0.005 ns 0.0004 ns 0.023 ns
Time 2 7.23 - 4947E4 h* 4181E3 ns 0.044 Lk 0.037 it 0.155 LA
Fungus X nematode 6 0.57 ns 9117E3 ik 6848E3 ns 0.003 ns 0.002 ns 0.007 ns
Fungus x time 4 4.04 *k 1649E4 wokok 9245E3 ns 0.053 Hokx 0.02 Hkk 0.134 ek
Nematode x time 6 0.55 ns 1191E4 bt 1682E4 i 0.008 = 0.0002 ns 0.009 ns
Nem X fun X time 12 0.48 ns 4757E3 ns 1294E4 i 0.002 ns 0.003 *k 0.008 ns
Residual 140 0.33 2993E3 7957E3 0.004 0.001 0.007
*** significant at P= 0.001  ** significant at P= 0.01 * significant at P= 0.05 ns= not significant ~ P= Probability.

RL=root lesioning; N/p= nematodes/plant; N/gdr= nematodes/g dry root; dwr/p= root dry weight/plant; dws/p= shoot dry weight/plant;
tdw/p= total dry weight/plant.
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Nematode numbers: Number of nematodes extracted from the root system was
significantly affected by fungus, nematode, inoculation time and all possible
combinations of these treatments (nematode X fungus, nematode X inoculation time,
fungus x inoculation time and the three way interaction of nematode X fungus X
inoculation time) (Table 5.8). As the density of nematode inoculum increased, number of

P. neglectus extracted from roots increased significantly (Table 5.8).

High fungus inoculum resulted in a lower number of nematodes within the root system
(Table 5.8). However, there was no significant difference between either fungus
inoculum level and the control (no fungus added) (Table 5.8). Number of P. neglectus
was higher at the higher nematode inoculum densities, but was reduced up to 60% at all
levels on G. graminis infected plants compared to the control (no fungus inoculum added)

(Table 5.8).

Nematode multiplication rate, measured as nematodes recovered/plant and as
nematodes/g dry root, was reduced by take-all infection on plants inoculated with 1000,
2000 or 4000 nematodes, but there was a significant reduction with 2000 and 4000
nematodes/plant (5 and 10 nematodes/g soil) (Figure 5.5). At the low level of take-all (8

propagules/pot), nematode multiplication was the same as for uninoculated roots.

Dry matter: Shoot and root dry weights were significantly (P= 0.001) reduced with
either 8 (53%, 70%, respectively) or 16 (54%, 72%, respectively) propagules of G.
graminis compared to the control (no fungus added) (Tables 5.9 and 5.10). Nematodes
alone had no effect on plant growth or dry matter production. With or without the

nematode, root dry weight was significantly reduced by take-all infection (Table 5.10).
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Table 5.7 Effect of nematode-fungus (G. graminis) interaction on the root lesion rating
(0-5) of wheat cultivar Machete 49 days after sowing in a pasteurised soil under
controlled glasshouse conditions. Values in the 3-way table are the average of five single
plant blocks.

Nil Ggt (low) Ggt (high)
Nematode 0 1 7) 0 1 2 0 1 2
NO 0.20 0.60 0.40 4.10 3.30 3.00 4.20 340 3.60
N1000 0.70 1.20 1.00 4.20 3.70 2.20 4.10 390 290
N2000 0.60 1.30 1.70 4.30 3.80 2.80 4.20 450 3.30
N4000 1.40 1.60 1.30 3.90 4.10 3.16 4.7 4.10 3.62
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level) LSD
Fungus Nil Ggt (low) Ggt (high)
1.00 3.54 3.88 0.22
Nematode NO N1000 N2000 N4000
2.53 2.66 2.94 3.09 0.25
Inoculation time 0 1 2
3.05 2.96 2.41 0.22
Nematode NO N1000 N2000 N4000
Fungus
Nil 0.40 0.96 1.20 1.43
Ggt (low) 3.46 3.36 3.63 3.68 ns
Ggt (high) 3.73 3.63 4.00 4.18
Inoculation time 0 1 2
Fungus
Nil 0.92 1.17 1.10
Ggt (low) 4.12 3.72 2.81 0.38
Ggt (high) 4.30 3.97 3.34
Nematode NO N1000 N2000 N4060
Inoculation time
0 2.83 3.00 3.03 3.33
1 2.43 2.93 3.20 3.27 ns
2 2.33 2.03 2.60 2.67

Ggt= G. graminis. Inoculation time: 0= fungus at sowing, nematodes two weeks later;
I=fungus and nematodes at sowing; 2= nematodes at sowing, fungus two wees later.
NO= no nematodes added, N1000= 1000 nematodes/plant, N2000= 2000
nematodes/plant, N4000O= 4000 nematodes/plant.
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Table 5.8 Effect of nematode-fungus (G. graminis) interaction on the number of P.
neglectus extracted from roots of wheat cultivar Machete 49 days after sowing in a
pasteurised soil under controlled glasshouse conditions. Values in the 3-way table are the
average of five single plant blocks.

Nil Ggt (low) Ggt (high)
Nematode 0 1 2 0 1 2 0 1 2
NO 416 432 272 112 424 120 8 248 100
N1000 712 2448 1644 1392 292 2456 276 308 2380
N2000 1098 3632 2664 2276 996 2067 100 24 4176
N4000 1896 7628 4532 804 4096 7172 260 280 3405
(3-way interaction is significant) LSD 5%= 0.039

1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). LSD
Fungus Nil Ggt (low) Ggt (high)

2281 1850 908 648
Nematode NO N1000 N2000 N4000

236 1299 1892 3411 739
Inoculation time 0 1 2

787 1734 2571 643
Nematode NO N1000 N2000 N4000
Fungus
Nil 373 1601 2464 4685
Ggt (low) 218 1380 1779 4024 1269
Ggt (high) 118 888 1433 1235
Inoculation time 0 1 2
Fungus
Nil 1030 3535 2278
Ggt (low) 1146 1452 2953 1099
Ggt (high) 155 215 2473
Nematode NO N1000 N2000 N4000
Inoculation time
0 178 793 1158 1038
1 368 1016 1550 4001 1269
2 164 2144 2969 5152

Ggt= G. graminis. Inoculation time: O= fungus at sowing, nematodes two weeks later;
I=fungus and nematodes at sowing; 2= nematodes at sowing, fungus two wees later.
NO= no nematodes added, N1000= 1000 nematodes/plant, N2000= 2000
nematodes/plant, N4000= 4000 nematodes/plant.
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Table 5.9 Effect of nematode-fungus (G. graminis) interaction on the shoot dry weight
(g/plant) of wheat cultivar Machete 49 days after sowing in a pasteurised soil under
controlled glasshouse conditions. Values in the 3-way table are the average of five single
plant blocks.

Nil Ggt (low) Ggt (high)
Nematode 0 1 2 0 1 2 0 1 2
NO 0.202 0.163 0.198 0.066 0.065 0.162 0.030 0.071 0.108
N1000 0.195 0.193 0.172 0.041 0.061 0.171 0.043 0.042 0.088
N2000 0.234 0213 0.187 0.037 0.059 0.135 0.040 0.041 0.109
N4000 0.193 0.208 0.177 0.069 0.069 0.132 0.035 0.025 0.135
(3-way interaction is significant) LSD 5%= 0.039
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). LSD
Fungus Nil Ggt (low) Ggt (high)
0.194 0.090 0.063 0.011
Nematode NO N1000 N2000 N4000
0.118 0.112 0.117 0.116 ns
Inoculation time 0 1 2
0.099 0.101 0.148 0.011
Nematode NO N1000 N2000 N4000
Fungus
Nil 0.188 0.187 0.211 0.192
Ggt (low) 0.098 0.091 0.077 0.093 ns
Ggt (high) 0.070 0.058 0.063 0.060
Inoculation time 0 1 2
Fungus
Nil 0.206 0.196 0.184
Ggt (low) 0.053 0.064 0.148 0.019
Ggt (high) 0.037 0.045 0.109
Nematode NO N1000 N2000 N4000
Inoculation time
0 0.099 0.093 0.104 0.099
1 0.100 0.099 0.104 0.101 ns
2 0.156 0.144 0.144 0.148

Ggt= G. graminis. Inoculation time: O= fungus at sowing, nematodes two weeks later;
I=fungus and nematodes at sowing; 2= nematodes at sowing, fungus two wees later.
NO= no nematodes added, N1000= 1000 nematodes/plant, N2000= 2000
nematodes/plant, N4000= 4000 nematodes/plant.
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Table 5.10 Effect of nematode-fungus (G. graminis) interaction on the root dry weight
(g/plant) of wheat cultivar Machete 49 days after sowing in a pasteurised soil under
controlled glasshouse conditions. Values in the 3-way table are the average of five single
plant blocks.

Nil Ggt (low) Ggt (high)
Nematode 0 1 2 0 1 2 0 1 2
NO 0.214 0.246 0.221 0.044 0.021 0.195 0.018 0.032 0.109
N1000 0217 0257 0.192 0023 0.060 0.183 0.025 0.021 0.102
N2000 0.334 0.226 0.197 0.025 0.046 0.142 0.032 0.020 0.092
N4000 0.252 0.216 0.170 0.071 0.038 0.151 0.035 0.019 0.128
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P= 0.05 level). LSD
Fungus Nil Ggt (low) Ggt (high)
0.228 0.084 0.051 0.002
Nematode NO N1000 N2000 N4000
0.122 0.120 0.124 0.120 ns
Inoculation time 0 1 2
0.107 0.100 0.157 0.002
Nematode NO N1000 N2000 N4000
Fungus
Nil 0.227 0.222 0.252 0.212
Ggt (low) 0.087 0.089 0.071 0.091 ns
Ggt (high) 0.053 0.049 0.048 0.056
Inoculation time 0 1 2
Fungus
Nil 0.254 0.236 0.195
Ggt (low) 0.041 0.041 0.167 0.03
Ggt (high) 0.027 0.023 0.107
Nematode NO N1000 N2000 N4000
Inoculation time
0 0.092 0.088 0.131 0.119
1 0.100 0.113 0.097 0.091 ns
2 0.175 0.159 0.144 0.151

Ggt= G. graminis. Inoculation time: O= fungus at sowing, nematodes two weeks later;
1=fungus and nematodes at sowing; 2= nematodes at sowing, fungus two wees later.

NO=

no nematodes added, N1000=

nematodes/plant, N4000= 4000 nematodes/plant.

1000 nematodes/plant, N2000= 2000
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Sequential or simultaneous inoculation of fungus and nematode significantly affected
root and shoot dry weight as well as nematode number extracted from roots. Plants
inoculated with the fungus two weeks prior to the nematode showed a significant
reduction in both root and shoot dry weight (Tables 5.9 and 5.10). Shoot and root dry
weight decreased by 32% and 30% respectively where fungus was added before the
nematode and by 31% and 38% respectively when added at the same time as nematodes,
compared to when fungus was added two weeks after nematode inoculum (Tables 5.9

and 5.10).

However, shoot and root weight differed, with healthy roots significantly heavier than
fungus infected ones, irrespective of nematode inoculum (Tables 5.9 and 5 .10).
Nematode density did not significantly effect shoot dry weight (P=0.05), although there
was a small reduction with 1000 nematodes/plant and an increase with 2000 or 4000
nematodes/plant (Table 5.9). Also, root dry weight was not affected by the nematode
when compared to the control, but roots inoculated with 2000 nematodes had a
significantly higher weight compared to those inoculated with 1000 nematodes (Table

5.10).

Prior inoculation of roots with the nematode reduced the infection of roots by the
fungus G. graminis. On the other hand, invasion of wheat roots by take-all increased
when fungus was added prior to nematodes or at the same time as nematodes (at planting)
which resulted in decreased root and shoot dry weights. When nematode infection was
established on roots, invasion of take-all was reduced. This effect was not due to
reduction in root size (as determined by root dry weight) since the population of
nematodes also increased by 69% compared to those inoculated with the fungus at the
time of planting and by 33% compared to those inoculated with both fungus and

nematode at the time of planting (Table 5.8).
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5.3.1.3 Experiment 3

The analyses of variance for all measurements are shown in Table 5.11.

Tiller numbers/plant: Number of tillers/plant was not significantly affected by any

of the treatments.

Root lesion rating: The effects of both nematode and fungus alone on root lesion
rating were significantly greater when compared to the control (no nematodes or fungus
added). At 2000 or 4000 nematodes/plant, root lesion rating increased by 78% and 75%,
respectively, compared to the control (no nematode or fungus added) (Table 5.12). Root
damage increased with the increase in fungus inoculum from four to eight propagules/pot
by 87% and 89%, respectively, compared to the control (no nematodes or fungus added)
(Table 5.12). However, with the combination of nematode and fungus, root lesion rating

was further increased.

With 2000 or 4000 nematodes/plant and the higher level of fungus inoculum (8
propagules per pot), root lesion rating was increased by 56% and 62%, respectively,
compared to inoculation with nematodes alone at either level, and by 11% and 13%,

compared to the effect of the fungus alone (Table 5.12).

Although there was a significant difference between different levels of both nematode
and fungus, combinations of both had no significant effect on root lesion rating when
compared to the effects of either alone. However, root lesion rating was not significantly
affected by different nematode-fungus inoculation times, although there was a 13%
reduction in root lesion rating when fungus was added later compared to other inoculation

times.



Table 5.11 Summary of analyses of variance for the effect of interaction between R. solani and P. neglectus on extent of root
lesioning, number of nematodes/plant and nematodes/g dry root, shoot and root dry weights and total dry weight of
plants for wheat cultivar Machete, 49 days after sowing (Experiment 3).

MS MS MS MS MS MS
Source df RL P N/p (log) P N/gdr (log) P dws/p P dwr/p P tdw/p P
Block 4
Fungus (fun) 2 65.08 ns 0.12 ns 0.25 L 1.210 *odk 0.136 i 2.4 i
Nematode (nem) 3 2.5 - 29.67 ki 32.13 wokk 0.244 s 0.017 s 0.396 g
Time 2 1.025 * 8.67 i 10.53 atr 1.463 ol 0.042 *EE 2.07 Hokk
Fungus x nematode 6 0.55 ns 0.06 ns 0.10 ns 0.134 HER 0.010 = 0.226 *kk
Fungus X time 4 0.24 ns 0.02 ns 0.05 ns 0.089 L 0.008 - 0.12 ok
Nematode X time 6 0.09 ns 0.63 i 0.67 *okk 0.85 Aok 0.007 N 0.129 =
Nem X fun X time 12 0.536 ns 0.06 ns 0.07 ns 0.085 Lt 0.003 ns 0.132 *kk
Residual 140 0.409 0.07 0.08 0.021 0.004 0.033
**+* gignificant at P= 0.001  ** significant at P= 0.01 * significant at P= 0.05 ns= not significant =~ P= Probability.

RL= root lesioning; N/p= nematodes/plant; N/gdr= nematodes/g dry root; dws/p= shoot dry weight/plant; dwr/p= root dry weight/plant;
tdw/p= total dry weight/plant.
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Table 5.12 Effect of nematode-R. solani (Rs) interaction on the root lesion rating (0-5)
of wheat cultivar Machete 49 days after sowing in a pasteurised sandy soil under
controlled glasshouse conditions. Values in the 3-way table are the average of five single
plant blocks.

Nil Rs (low) Rs (high)
Nematode 0 1 2 0 1 2 0 1 2
NO 0.30 0.50 0.00 2.20 2.00 2.40 2.90 240 2.20
N1000 0.80 0.60 0.20 2.05 2.70 2.10 2.75 2.80 2.50
N2000 1.45 1.90 0.70 2.55 2.75 2.19 2.70 3.00 275
N4000 0.60 1.25 1.40 2.60 2.20 2.25 3.00 3.00 2.60
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P=0.05 level). LSD
Fungus Nil Rs (low) Rs (high)
0.80 2.33 2.72 0.23
Nematode NO N1000 N2000 N4000
1.65 1.83 2.22 2.10 0.27
Inoculation time 0 1 2
1.99 2.09 1.77 0.23
Nematode NO N1000 N2000 N4000
Fungus
Nil 0.26 0.53 1.35 1.08
Rs (low) 2.20 2.28 2.50 2.35 ns
Rs (high) 2.50 2.68 2.82 2.87
Inoculation time 0 1 2
Fungus
Nil 0.78 1.06 0.57
Rs (low) 2.35 2.41 2.23 ns
Rs (high) 2.84 2.80 2.51
Nematode NO N1000 N2000 N4000
Inoculation time
0 1.80 1.86 2.23 2.06
1 1.63 2.03 2.55 2.15 ns
2 1.53 1.60 1.88 2.08

Ggt= G. graminis. Inoculation time: O= fungus at sowing, nematodes two weeks later;
1=fungus and nematodes at sowing; 2= nematodes at sowing, fungus two wees later.
NO= no nematodes added, N1000= 1000 nematodes/plant, N2000= 2000
nematodes/plant, N4000= 4000 nematodes/plant.
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Nematode number: Number of nematodes/plant and nematodes/g dry root was
increased by the addition of nematodes and by inoculation time. As the nematode
inoculum rate increased, number of nematodes/plant also increased at all three densities
(Tables 5.13). Number of nematodes/g dry root showed a similar pattern as for

nematodes/plant.

The two way interaction between nematode and fungus and nematode X inoculation
time on number of nematodes extracted from roots was significant (P= 0.05). At 1000
nematodes/plant and low fungus inoculum, number of nematodes extracted from the root
systems decreased. However, there was no difference between plants inoculated with

fungus and uninoculated plants (Table 5.13).

Different nematode and fungus inoculation times were significantly (P=0.001)
different. Pre-inoculation of pots with fungus and two weeks later with nematodes
resulted in a significant reduction (79%) in number of nematodes extracted from roots
compared to when nematodes were added before fungus inoculum (Table 5.13). A 68%
reduction in nematode number also resulted when plants were inoculated with nematode
and fungus at the same time (Table 5.13). However, a 34% increase in nematode number
resulted where nematode and fungus were added to the pots at planting compared to those
inoculated with nematodes at planting and fungus inoculum added two weeks later (Table

5.13).

There was a significant increase in nematode numbers/plant and nematodes/g dry root
with increase in initial density. At 4000 nematodes/plant, there was an increase of 80%
and 70%, respectively, in final number of nematodes compared to 1000 or 2000
nematodes/plant, respectively. However, there was no difference between the 1000 and

2000 nematode densities.
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Table 5.13 Effect of nematode-R. solani (Rs) interaction on the number of
nematodes/plant (log) 49 days after sowing in a pasteurised soil under controlled
glasshouse conditions. Values in the 3-way table are the average of five single plant
blocks. Data are natural log transformed.

Nil Rs (low) Rs (high)
Nematode 0 1 2 0 1 2 0 1 2
NO 1.52 1.67 1.81 1.56 1.77 1.74 1.56 1.69 1.88
N1000 2.53 3.08 3.21 2.60 2.89 3.27 2.71 3.21 3.38
N2000 2.44 2.99 3.58 2.42 3.35 3.52 2.63 3.17 3.38
N4000 2.84 3.92 3.80 3.03 4.03 4.05 3.03 3.84 395
(3-way interaction not significant)
1 and 2-way treatment means (with appropriate LSD at P=0.05 level). LSD

Fungus Nil Rs (low) Rs (high)

2.78 2.85 2.87 ns
Nematode NO N1000 N2000 N4000

1.69 2.99 3.05 3.61 0.11
Inoculation time 0 1 2

241 2.97 3.14 0.09
Nematode NO N1000 N2000 N4000
Fungus
Nil 1.67 2.94 3.00 3.52
Rs (low) 1.96 2.92 3.10 3.70 ns
Rs (high) 1.71 3.11 3.06 3.61
Inoculation time 0 1 2
Fungus
Nil 2.33 2.91 3.10
Rs (low) 2.40 3.01 3.15 ns
Rs (high) 2.48 2.98 3.15
Nematode NO N1000 N2000 N4000
Inoculation time
0 1.55 2.62 2.50 2.96
1 1.71 3.06 3.17 3.93 0.19
2 1.81 3.29 3.49 3.94

Ggt= G. graminis. Inoculation time: O= fungus at sowing, nematodes two weeks later;
I=fungus and nematodes at sowing; 2= nematodes at sowing, fungus two wees later.
NO= no nematodes added, N1000= 1000 nematodes/plant, N2000= 2000
nematodes/plant, N4000= 4000 nematodes/plant.
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Interaction between nematode and inoculation time was also significant (P= 0.001).
Pre-inoculation or inoculation of plants with nematodes at planting resulted an increase of
final nematode number at all nematode densities (Table 5.13). At 1000 or 2000
nematodes/plant, final number increased when nematodes were added before fungus
inoculum compared to those inoculated with nematode and fungus at planting or pre-
inoculation with fungus (Table 5.13). A significant, positive, linear regression was

found between nematode numbers/plant and nematodes/g dry root (Figure 5.5).
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Figure 5.5 The relationship between number of nematodes/plant and number of
nematodes/g dry root 49 days after inoculation.
Dry matter: Shoot dry weight was significantly affected by fungus, nematode, and
inoculation time (Table 5.14). Root dry weight was also significantly affected by the 2-
way interaction between nematode and fungus and by inoculation time and fungus (Table

5.15).

In the presence of R. solani, shoot and root dry weights were increased significantly
(P= 0.01). With low (4 propagules/pot) fungus inoculum, both shoot and root dry
weight increased by 44% and 39%, respectively, and by 33% and 2%, respectively, with
high inoculum (8 propagules/pot) compared to the control (no fungus added) (Tables

5.14 and 5.15). Nematodes, however, reduced both root and shoot dry weight of plants
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significantly (Tables 5.14 and 5.15). With 4000 nematodes/plant, root and shoot dry
weights were reduced by 15% and 30%, respectively, compared to the control (no

nematodes added) (Tables 5.14 and 5.15).

The two way interaction between nematode and fungus on shoot and root dry weight
was also significant (P= 0.01). While there was no interaction between nematode and
fungus on either root or shoot dry weight, there was a significant increase in dry matter
where fungus was applied at either density in combination with the nematode compared to
the effects of the nematode alone. Nematodes alone at 1000 or 4000 nematodes/plant
reduced both root and shoot dry weight by 47% and 77%, or 35% and 41%,
respectively, compared to the control (no nematode or fungus added) (Tables 5.14 and
5.15). However, with 2000 nematodes/plant, there was no significant reduction of root

and shoot dry weight compared to the control.

The effect of different inoculation times on the fungus-nematode interaction was
significant (P= 0.001) (Table 5.11). Shoot dry weight was reduced by 46% when
fungus inoculum was added to the pots two weeks after nematodes compared to when
fungus was added before or at the same time as nematodes (Table 5.14). A 20%
reduction 