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SUMMARY

Resistance in Triticum aestivum (wheat) to infection

by Gaeumannomyces graminis var tritici (G. e. t. ) r^/as studied

by comparing the extent to which roots of cultivars v/ere

colonised in controlled anC field environments.

Two methods r¡/ere employed to score early infection in

r+¡heats gror¡/n in cups tl controlled envirorlments. Severity

of infection lras more simply scored by the number of stelar

lesions in roots than by directly measuring hyphae in

sections, provided observations were made at least nine

days from inoculation and before translocation had ceased.

In prelirninary experj-ments t{eight of seed was found to

dissimilarly influence infection in two wheats. Thus,

the exÈent to which hyphae had grown into the roots of

cultivars did not uniquely indicate their resistance to

inf ection by G. e. L . when plants r^/ere grown f rom a single

weight of seed.

hlheats naturally infected with G. e. t. were studied at

several sites. Though symptoms of infection with other

pathoBens \¡/ere also f ound on roots, G. g. t. was the most

damaging pathogen aL the main sites of study. hlheats did

not generally differ in the extent of infection with G. g. t.

though highly significant differences in the incidence of

deadheads were found, in association v¡ith differences in

maturity of the cultivars studied. Maturity may largely

account for differences in expression of disease caused by

G.g.t. which are frequently noticed in the field in wheats

that differ little in resistance to the pathogen.
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o BvÍdence Ì¡as found of tr^ro forms of resistance to infection

by G. g. t. 0ne appeared in many tissues of wheat roots, r,Ias

not of mechanical origin and may not be useful in improving

field resistance to G.e.t., âs it was not simply inherited

and its effect on the colonisation of seminal and coronal

roots v/as dissimilar. The other f orm of resistance v/as

associated with corLical browning and appeared to limit

damage to coronal roots infected with G.g.t. If this r{ere

to occur generally, corLical brownì-ng may prove useful in

improving the resistance of cultivars to G.g.t. as it

appeared to be simply inherited in a cross bet\ìreen a 1oca1

and an exotic wheat.

The technique of associating controlled and field

studies proved useful in investigating resistance to

infecLion by G.s.t. in wheat. LIhile strong 1eve1s of

resistance vrere not found, the weaker leve1s of resistance

detected may sti11 prove sufficient to improve the field

resistance of wheats grov/n in South Australi-a.

+
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1-f CHAPTBR 1

INTRODUCTION

Gaeumannomyces qraminis (Sacc.) Arx and 0livier is a

wAltE ll'i5;iTl-i'ii'
L I 

'ti iì r', ;:'í

serious fungal pathogen

irlalker (I972) recognised

which var tritici is Lhe

wheat ( Triticum aestivum

also occur on wheat, var

pasture grasses and var

L.) (l^Jalker, I975). Syt

Gaeumannomyces graminis

of members of the Gramineae.

three varieties of the fungus, of

most serious pathogen of cultivated

L. ) . It/hi1e the other varieties may

gramr-nIS is largely a pathogen of

avenae a pathogen of oats ( Á.vena saLi-va

ptoms of infecLion on wheat with

var tritici (irlalker ) ( subsequently

referred to as G.g.t.) include blackening of the roots,

cror./n nodes and subcoronal internode. The dysf unction of the

rooL sysLem that follows infectj-on has been likened to the

amputation of roots (Simmonds & Sa11ans, 1933) and can lead

to reduced vigour or death of seedlì-ngs, premature death of

tillers and heads, and shrivelling of grain.

G.g.t. is widely distributed in southern Australia

where wheat is very susceptible, barley ( Hordeum yg.l gare L.)

less severely affected r âtd rye ( Secale cereale L. ) g.nera11y

resistant. Many of the graminaceous weeds of cereal crops

harbour the pathogên, of which the barley grasses

H" leporinum Link and H. glaucum Steud. ) "re the most(

significant (Bany€r, L966). Crops become infected with the

pathogen by contact with hyphae from infecLed crop and weed

residues from the previous and earlier years. Under favour-

able condi-tions the pathogen spreads along infected roots and

to neighbouring plants via root contact, but is restricted

by microbial antagonists (Rovira & 14/if dermuth, 1981) or
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insufficient moisture (Cook, Papendick & Griffin, I972).'

Early i.nfection may be so severe as to c-ause stunting of

seedlings, though often yoLing crops show no symptoms of

disease. Infection may sF,reacl through l,he crop as the season

progresses wiLli f ew addit-iona 1 synptonìs other than a tenclerncy

f or lower leaves to die prematur:e1y (l{arcup, pers. conrm. ) .

In a spring wj-th above average rainf all, deatlheads may become

evident in infected cro.ps, expressi.ng loss of yield

(Garrett, 19:ì4). Detailed studies have not been conducted but

observations suggest disease due to G.g.E. is expressed more

frequently as deadheads than

of wheat in southern Australi¿r

as stunted seedlings in crops

have been made of loss of yield

(Price, I97O) . Few stuclies

caused by the patho€lerì over

extensive areas though 1c¡sses of 0.9, 2.6 and 2.87" were

estimated for r.vheat grorvn in Bngland in the years 1977-79

respectively, (Po1 iey and Claiksor, 1980) . Surveys of similar

detail have not been reported in Australi'a, Lhough danaging

infections are known to have cc,cur::ed over large areas of

South Artstralia in sone ye¿ers (Ga-rrett, L934 ) and losses

of 667" determined in individual crops in Victoria (Price,

r97O).

Resistance in wheat to infection by G.g.t. has been

exanined indeperrclently in histopathological studies and by

observing infection in cultivars of wheat. Inherent in these

avenues of study are separate perspectives of resistance.

The histopatho-l-ogist sees resistance as an impeding effect

to the prolif eration of a pathogen in its host, vrhile ttre

plant breeder j.s more demanding and conslders resistance

in relation Lo the economic fitness of a cultivar to an

agricultural environmenL. Few have reported studies of
resj,stance f rom bor-tr perspectives, âs has Nilsson (1973).
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Histopathological studies shov¿ roots of wheat are

colonised by th j-n-wa11ed hyphae of 9-11-.!=- ( hyaline hyphae )

growing from pigmented and thick-v¡a11ed hyphae (runner hyphae)

that colonise the rhízoplane (Fe11ows, I928). Hyaline hyphae

gro\^r radially into seminal roots, cross the endodermis and

invade the stele (Fe11ows, 1928) where they disrupt the

flow of translocates and cause Lhe deat.h of the distal portion

of root (Clarkson, Drew, Ferguson and Sanderson, I915).

Several characters are thought to retard the invasion of

seminal roots by G. .t. The endodermis appears to retard

invasion into the stele (Skou, I975) while lignitubers in

the lower cortex, êrdodermis and vascular tissue of infected

roots may act sinilarly (Skou,19B1). Black deposits in the

stele may retard the growth of G.g.t. up vasc.ular tissue and

j-nto the scutellar and coronal nodes (Robertson , 1932).

Crown rooLs are colonised similarly to seminal roots (Fe11ows,

1928) but are more resistant to invasion by the fungus .,.,
(Sivasithamparam & Parker, 1978). The subcoronal internode,, ''

and the 'scutellar and coronal nodes are of considerable

significance to the wheaL plant, and are more resj-stant again

to attack by G.e.t. The rooL system of wheat becomes more

resistant. to j-nf ection by G. e. t. with maLurit.y, possibly

through the 1-ignification of ueing endodermal and vascular

tissues (Robertson, 1932). Lignification of tissues also

occurs prematurely when young roots of'wheat are infected with

G.g.t., but a corresponding increase in resistance to

infection by the pathogen is not observed (Fe11ows , I92B).

The conLradictory rol-e of lignified tissues in resisting

I
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infection may be due to differing chemical constit-uents of

lignin in tissues that are mature but uni'nfectecl , and Lhose

that are young and infected.

St-udies to detect resistance or tolerence to infection

by G. g. t. in cultivars of wheat have been conducted in

controlled environments and in Lhe field and have been

reviewed by Ní1sson ( 1969) and ScotL ( 1981 ) . Strong repeatable

differences between wheats have not been detected in either

environment (Scott, I9B1). A problem ís that seedlings grown

in small containers have been inoculated with G. g. t. and

scored for infection in many ways, leaving comparisons of the

findings of different workers unclear ( Scott , 19Bl ) .

Comparisons are further complicated by Russell t s ( I 934 )

finding that source of seed influenced Lhe infection of wheats

more strongly than did effects due to cultivars.

Field resistance and tolerance to infecticn by G.g.!.

have been most commonly sl-udied by artificj-a1.1y inf ecting

cultivars of wheat with the pathogen and measurlng blackening

of roots and yield of grain. These sLudies have been conducted

in a wide range of environments, typically hrithout regard for

the microflora of soil at sites or the manner in which disease

is most frequently expressed in the field. Moreover, inoculum

1evel is frequently manipulated to obtain disease in years in

which the pathogen is noL natur aLLy damaging. I^lhi1e

significant differences in resistance and tolerance to the

pathogen may appear in such trials, findings are not consistent

from year to year r âDd suggest significant interactions with

the environment (Scott, 1981 ). Interactions most probabì-y
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reflect thg range of conditions u¡rder which t.rials have been

conducted, and Lhe complexity of enr¡ironnent--al inf luences on'

severity of disease. As disease that ac-counts for most loss

of yield in the field is likely to c,ccur within a narro\úer

range of conditions than are used in artificially inoculated

trials, wheats may nore consistent.ly exhibit field resistance

and tolerance to G.g.l._ than previous stucljes have indicated.

Thus resistance and tolerance in uheat to infection by

ç_rel= should be tested in conditions in which the clisease

causes most loss of 'yie1d. I^ihile experiments with wheats

f ollowing natural inf ection with G-:_g. t: are rarel-y reporLed,

consistent differences between cultivars in the degree of

blackening of roots have then been found (Ni1sson, 1969).

the

Disease has also been observed in wheat trials that have
been by chance naturally infected with G.g.t. (Sims, Meagher
& MilIikan, f961). Before providing evideñèè of resistance

in this manner, obse::vations

infecLed with Grg.t. have led

wheats differ i-n resistance to

or tolerance to G.g.t. r the pathogen must be shown to have
caused disease in such trials, and the original experimentaL
design a1low statistical testing of differences between
wheats in severity of infection. Though not tested

of trials that are by chance

many wheat

infectiorr

t,reeders to believe

by the pathogen

(Rathjen, pers. cornm. ).

This study sought to obtain evidence of resistance to

infection by GrgrE. in wheat and to observe its influence on

yields of wheats i-nf ected with the paihogen in the f j-e1d.

The inheritance of resistance was also briefly studj-ed to

assess the prospects of breeding wheat for resistance

to the pathogen. Resistance in wheat will be most c1ear1.y

demonstrated when wheats are shown to be similarly infected

in controlled and field environments. This will be best
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ach-{ieved \^rhere infection is measured

and where field trials
rL- I ,t., ,,,i- ,i

with disease that is of

directly in controlled

are conducted in natural
1 - (1., .,
common occurrence.

environments,

environments

Factors Lhat

were studied

influence disease caused by G.g.t. in the field

thatto account for differences between wheats

have been noticed by wheat breeders. As litt1e is presently

known of ways in which wheat plants resist infection by

GrR.t., wheats v/ere not tscreenedI for resistance to the

pathogen . Thus, studies \"/ere restricted to wheats presently

grown in southern Australia and to exotic wheats previously

selected for tolerance to the pathogen (Simon & Rovira, I9B5).
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CHAPTER 2

MATERIALS AND METHODS

Genotvpes of T. aestívum

hlheats were infected with G.g.t. as sets of genotypes

in individual experiments j-n controlled and field environments.

0f the five sets of wheats that h¡ere employed (Tab1e 1)'

f our \¡rere of cultivars and one v/as of f amilies of genotypes,

and each set was infected with G.g.t. for differing Purposes.

Set 1. These cultivars comprised eight advanced lines

and releases from AusÈralian wheat breedinB programs, and

in being available as fresh clean seed, were used to study

infection of wheats vrith three isolates of G.g.t. This set

of cul-tivars was not used af ter the completion of

preliminary experiments.

Set 2. These cultivars di-ffered most in infection

with G.g"t. in preliminary experiments, and were selected

from exo'Lic and loca1 wheats that v/ere themselves thougtrt

to differ in resistance to infection by the pathogen

(Rovira and Rathjen, pers. comm). 0f cultivars gro\4/n in

South Australia that were tested, Kite appeared least

inf ected and Condor and Rac311 most inf ected with G. g . r.:._

Condor also appeared particular1-y susceptible to G.g.t. in

the field (Rovira, I977) as did Rac311 (personal observation).

0f the four exotic wheats, Aus10B0, Chi1e909 a:rd Chi1e911

""t" least infected with G.e.t. while NebraskaS6 v¡as most

infected in preliminary experiments.
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TABLE 1: Identity and origin of cultiíars of wheat used experimentally

hlheat 0rigì-n l,rlheat Origin

Cultivars of set I

x Aus10B0 Aust. collection Kite
Condor N.S.hr. x- Kite 4A/2R
Festiguay N.S.I^I. Rac311
Halberd S.A. ü/arigal

Cultivars of set 2

x- Aus10B0 Aust. collection Kite
"E Chi1e909 Chile '* Nebraska86
r+ Chi1e911 Chile Rac311

Condor N.S.I4I.

Families of set 3

a- 40 F2 families from the cross Ausl08O(9)xCondor(a)

Cultivars of set 4

N. S.l^/.

S.A.
S.A.
S.A.

N. S.14/

U.S.A
S.A.

Eagle
Egret
Festiguay
M2335
M2424
0xley
Sun39A
Sun41A
Sun43A
Cook
K-2003-r2

LR/OXS .2730-4
N10/TG2248-B

Halberd
(MKRr'Kir_e ) /57 /514

(M¡,rx-MMC) /Sg/Vtí
Rac357
Rac399
Rac415
Rac416

( I,,II^/- 1 5x-MIl - 49) / 36 i W3

Millewa
MQ6

PD36
SD34
Jacup
69w/237
69w/39s
692/ 401

Miling
Millewa
Oxley
PF/4T/WT
Rac3l 1

!r/arigal
hlarimba

Qld.

S. A.
S. A.
S. A.
S.A.
S.A.
S.A.

N. S.l,/.
N.S.14/.
N. S.I4I.
N. S .hr.
N.S.t4r.
N. S.l^/.
N. S.\41.
N. S .I^1.

N. S .I{r.

I4l.A.
I,\1.A.

I,{.4.
l4l.A.

Qld.
Qld.
Q1d.
S.A.
S.A.

Vic.
N. S.W.

S.A.
S.A.
S.A.
S.A.

Vic.
Vic.
Vic.
Vic.

Cultivars of set 5

Aroona
Condor
Cook
Festiguay
Jacup
Kite
Lance
MC/29/Ss

S.A.
N. S.l^1.

l,rl .4.

Qld.
N. S .Id.

I^J.4.
N. S.W.

S.A.
S.A.

g not grown in Australia
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' Set 3. These genotypes klere not of homozygous cultivars,

but of 40 heterogeneous families from the cross Ausl 080 x

Condor. Bach family Ivas derived from an F2 individual,

and naintained by bulking grain at the harvest of successive

gerìerations. Families of set 3 were employed in both

controlled and field environments to study genetic control-

of factors influencing infection of roots with G. . t. Idhile

there is considerable genetic variation rvithin F2 famí1ies,

there was insufficient time to generate more advanced and

less heterogeneous families for study.

Sets 4 and 5. These cultivars were used to investigate

resistance to infection with G.g"t. in wheats currently grown

in Australia. By chance these wheaEs were naturally infected

with G.g.t_: in two separate trials conducted by the South

Áustralian Department of Agriculture. Set 4 comprised the

30 wheats of the 1981 Series B Interstate Trial and were found

ro be infesred wirh G.g.r. at Nangari (Fig. 1) in 1981, Eight

cultivars of set 4 were selected for differences i.n symptoms

of inf ection with G. g. t. in a preliminary study Ín a r4/aterbath

(Appendix 1) and were furLher studied in the field. Set 5

consisted of another 15 advanced lines and recent releases

from Australian wheat breeding programs, found to be infeSted

with G.g.t. at Nangari and Perponda in 1981.

Isolates of G. gramin j-s var tritici

The isolates used in this study are listed in

with source, date of isolatj-on and site of origin.

personally isolated were from black'ened roots from

Table 2

Tho se

infected
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TABLE 2: Origin of isolates of G. graminis var. sl.E:!c:i

Isolate Site Host Date of
Isolation

Isolated by

42

79 Caliph

Palmer

r0B lrlindsor

hlheat
cv. Raven

hlheat
cv. Kire 4A/2R

hlheat
cv. Condor

H. leporinum

hlheat
cv. Chile909

r979

1981

1981

1981

1983

J. Harris

L. Penrose

L. Penrose

L. Penrose

L. Penrose

20r

226

hlaite

Palmer
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hosts, and were identified by

one sixth strength neutral dox
(Warcup, 1955) and type of
hyphopodia on the coleoptiles

11

characteristics of colonies on
yeast extract (NDY/6) agar

of seedl ings of wheat (tr^/alker,

in tubes on NDY/6 agar under

The location" of sites from

depicted in Figure 1.

I972). Isolates were maintained

mineral oi1 at room temperature.

rvhich isolates were obtained are

Field sites

Experiments were underl-aken in the field over three

years (1981-1983), but v/ere not concluded in 1982, a year of

severe and general drought. All sites klere within 25O km of

Adelaide (Fig.1). Data in 1981 were from yield trials of

cultj-vars of wheat at Nangari and Perponda which were

established by officers of the South Australian Department

of Agriculture and found Lo contairr disease caused by

G. g. t . Soils at both sites v.¡ere calcareous sandy loams

(GcI .22¡ Northcote , I979) , r^¡ith average annual rainf a1ls of

274 mm (LoxLon Post 0ffice, I9I4-1983r and 334 mm (Karoonda

Post 0ffice, 19I4-1983) tuspectively. Both sites vrere of

gently undulating topography with trials near the bottom

of slopes. Exper j-ments in 1983 were undertaken at P¿r1mer

and Strathalbyn in soils found to have a high 1eve1 of

natural inoculum of G. g. t, in assays.

Experiments aL Palmer rvere conducted on two adjacent soil

types, a calcareous sandy loam (Gc1.22) on a slope, and a sand

over clay (Dr4.63: Northcote, I979), at the foot of the

s1ope. Average annual rainfall at Palmer is 343 mm (farrn

homestead , 1932-I982). Experiments aL Strathalbyn v/ere i-n a

sand over clay (Dg4.B1: Northcote, I979) o.t flat topography.

Average annual rainfall at SLrat.halbyn is 445 mm (farm
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homestead, 1962-198.2 ) .

hlheats \{ere grovün in experiments according to the

cultural pracLises of 1oca1 farmers. l/heat is typically grown

at Narrgari, Perponda and Palmer after 1B nonths of grassy

pasture and six months of bare fa11ow. The soil is worked

after the first rains of autumn and sown with grain and

fertilizer (2zI by weight of superphosphate and ammonium

sulphaLe at 140 t<g.ha-1) when germination is assured in

late April or early May. At Strathalbyn wheat is gro\'\'n in

rotation wi-th clover for seed and clover and grass pasture.

The soil is first worked two weeks before being sown wiLh

grain in June and therefore several weeks afLer the opening

iains. Fert:-Iízer is broadcast before sowing (superphcsphate,

9O t<g"ha-1).

Plots differed in size in different experiments. At

- Nangari and Perponda plots were four drill ror¡s x 20 m and

were originally intended to measure yield' of grain.

Smaller plots k/ere employed to mea,sure the incidence of

disease at Palrner and Strathalbyn and ü/ere four dri1l rows

x 3.5 m except for families of set three of which seed was

limited and plots were one dri1l row x 2.5 m. Seed \4ras sown

five cm deep at Nangari, Palner and Perponda and two cm deep

at Strathalbyn with equipment designed to sow sma11 plots of

cereals at a raLe (70 kg. ha-1) sirnila:: to that of ad jacent

crops. Dates of sowing, sampling and harvesting of experiments

are given in Table 3. Mean monthly rainfalls of the nearest

official recording stations to sites are presented in

Appendix 2 with monthly rainfalls for years in which

experiments t./ere conducted.



TABLE 3:

Cul ti var s

set 2

set 3

set 4

set 5

Dates
field

of sowing, sampling, scoring deadheads and harvesLing
experiments

SamplingExpe riment

Site

Palme r

S trathal b yn

Palmer

Nangari

Palmer

Nangar i

Per pond,a

S tr a thal byn

Sowing

5 /s /83

r /6 /83

s/s/83

5 /6 /81

s/j/83

5/6/8r

r6/6/8r

r /6 /83

L2/7 /83

20/7 /83

2r/6/83

13/9/83

2L/9/83

3r/B/83

S cor ing
deadhead s

22/rO/83

2s/ro/83

20/ro/83

30/ro/8r

22/rO/e3

30/r0l8i

29/rO/8r

Har ve s ting

7/12/83

22/12/83

L/12/83

15/12/8r

r/12/83

15/T2/BL

70/72/8r

22/12/83

Èil1ering anthesis

29/6/83 I /e /83

2r/7 /83 2L/e/83

ts
¡\
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Controlled Environment Studies

(1) Inoculation with G. graminis var tritici and

maintenance of seedlings.

Throughout the controlled environment studies a single

meLhod was employed to infect seedlings with G.e.t. Seedlings

were inoculated with the pathogen following the method of

Garrett (1936) and maintained at constant temperature in

plastic cups in a waterbath. Seed from a common source

and of equivalent weight r{as surface steritised in a I%

available chlorine solution of sodium hypochlorite for 20

min, rinsed in sterilised distilled water and pre-germinated

aseptically on moi-stened sterilised filter paper for 24 h

at 25oC. Single pre-germinated seeds were placed on an

inverted inoculunr disc , I4 mm in diameLer, cut from the

edge of an actively growing colony on one-sixth strength poLaLo

dextrose agar. Although agar medj-a are slightly Loxíc to

seedlings of wheat (Rovira, pers. comm.) and infected agar

is an artificial source of inoculum, this method of inoculation

al1ows control of the nutritional status and inoculurn

poLential of the pathogen. Four seed and inc¡cu1um discs klere

placed in each cup (300m1 ) three quarters fi11ed with steril-

ised coarse (<2mm) river sand and covered by a further 1 cm

of steri-1e sand. Dist.illed water hras added to saLurate the

bottom 2 cm of sand, and the cups placed in a waterbath at

15oC and v¿atered at 4-day interval.s with 5 ml of distilled

water per cup. At harvest roots of seedlings r^rere gently

washed free of sand and until scored, were preserved in 27"

f orrnaldehyde at 50C.
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(1) A bioassay of

Sites suitable for

16

inoculum of G. sraminis var tritici

(2) Assessment of infection

The first formed seminal root was scored for symptoms of

infection with G.R.t. and for colonisation of tissue by hyphae.

As roots were inoculated close to the scutellar node, symptoms

of infection hrere distal to the inoculum disc and were scored

at 5Ox magnification under a binocular microscope. The

following measurements htere made (Fig . 2).

(a) The number of stelar lesions (LN)

(b) The largest stelar lesion ranked for lengt-h

(LL)

(c) The mean of all stelar lesions ranked for

length (ML)

(d) The length of root with the c.ortex discoloured

brown (CL) and intensely discoloured brown (CI)

(e) The exte¡rt of hyphal growth (rn*) down the

exLerior of the root. (ECTG).

Infected roots v/ere then sectioned transversely by hand

2 mrn below the inoculum disc¡ âld stained for 10 min in O.L7"

aqueous trypan blue and mounted in poly-viny1 alcohol (omar,

Bolland & Heather, I979). Hyaline hyphae stained dark blue

and hosL tissue pale blue or ye11ow brown. Sections were

examined at 200x magnification and the percentages of the

following ce11s that contained hyphae were recorded.

(f) Cortical ce11s adjacent to the endodermis (CCOL)

(e) Endodermal ce1ls (ECOL)

(h) Stelar cells bounded by the endodermis (SC)

Fiel d Studies

experiments were selected for a
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FIGURE 2 Sy*pLoms of infecLion with G.g.t. in
seminal roots of wheat and their
meas u rement
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none
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naturally high inci-dence of inoculum of G.g.t., in fields

to be sown with wheaL in the coming season. Assays for

inoculum of G. g. t. were conducted in January and employed

a baiting technique similar to that of Hornby (1969).

Twenty samples of the topmost 10 cm of soil k/ere taken

from each site. From each sample, seven subsamples of 30 gm

each were placed in containers of P.V.C. condui1c (2.6 cm

internal diameter and I2.5 cm long) one third fi11ed with

v¡ashed sterilised sand (120o C for 6O min). A further 2 cm

of sterile sand was added to conduits whiòh ì4/ere then placed

on trays containing a 3 cm layer of potting soil, and each

conduit moistened with 30 ml of sterile distilled water.

Even sized seeds of I{arigal were surface sterilised (17"

active chlorine, for 20 min)r wâshed in sterile waLer and

pre-germinated aseptically. Seed k¡ere placed singly in

conduits in a gro\{th cabinet. Soil in conduits was kept noist

by the addition of 10 rnl of distilled water at 5-day intervals.

Seedlings v/ere harvested at four weeks and scored for stel-ar

biackening. The incidence of inocula in each sample of soil

hras expressed as the number of seedlings of seven with

symptoms of infection with G.g.t. Sites with the highest

1evels of inoculum j-n soil samples, $/ere selected f or the

locat.ion of experiments in 1983.

(2) Pathogens of roots infecting

experiments

T. aestivum in field

The pathogens responsible for damaging

ified from symptoms of infection r ârd were

the topmost 6 cm of roots. Three distinct

roots r{ere ident-

only recorded for

symptoms of
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pathogenic infectio'n \^/ere commonly observecl in fielcl

experiments. Symptom of infection r+ith G"g:.L_. in roots 1ì/as

a blackened stele with an intact cor:tex" Coronal roots Lhat

were infected rvith the pathogen did not always have blackened

steles, but cortical tissue 1ùas then discoloured brorvn or

b1ack, rvith dark runner hyphae present. The pathogen v/as

readily isolated f rom f resh roots. The symlrtom of i-nf ection

with Rhizoctonia solani Kuhn r^/as a flaccid \,/ater soaked

appearance of cortical tissue, which nay have eventually rottçd

awa-y leaving the st'e1e either discoloured brorvn or unchanged.

The stele may have eventually broken ahray to leave a pointed

stub (Samuel & Garrett, 7932). The characteristic hyphae of

R. solani were oft-en but not always visible.
A symptorn of infection not typical of G.g.t" or ¿, .

R. solani was an irregular constriction of roots that ì^¡ere

-discoloured ye11ow (Fig. 3). Tissues of affected roots were

noL differ:entia1ly rotted or <liscoloured "' I^/hile Pythiurn

irregulare Buisman was a pathogenic flngus isolated from

such affected segments of roots (P. PiluLaway, pers. comm. ) ,

the causal organism I^/as not investigated further as it was

clearly not G. g. t. 0ther sympLoms of inf ection in roots \4Iere

rare: occurred in short segrT,rents of root and were not recorded.

(3) Assessment of Disease

The course of root disease v/as determined aE sites by

observing the influence of j-nfectionls on the growth and yield's

of plants sampled from within experiments. hlheats were

sampled at tillering_and anthesis (Tab1e 3) by the random

selecti.on of single plants from within even sized subdivisions

of sorrn p1ots.
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FIGURE 3 Roots <¡f wheat
infectlon rvith
at anthesis at

showing symptoms of
an unidentified pathogen
Strathalbyn
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The f ollorving nìeasuremenLs k¡ere made of plants.

(a) The number of seminal roots (SEM)

(b) The percentage of seminal- roots infected with

G.g.t. (GSEM)

(c) The percentage of seminal roots infected rvith

R. solani (RSEM)

(d) The number of coronal roots (COR)

(e) The percentage of coronal roots infected with

G.s.t. (GCOR)

(f) The percentage of coronal roots infected wiLh

R. solani (RC0R)

(e)

(h)

(i)

(i)
(k)

Experiments in

design and in field

The percentage of coronal roots infected with

the unidentified pathogen (0C0R)

The length (ct) of the subcoronal internode

(scr)

The length (cm) of blackened subcoronal

internode (GSCI )

The number of tillers (TlL)

The weight of oven dried shoots (120o C for

24 hr ) (DI^r)

The number of dead and emPty heads

the number of fertile tillers (NFT) were

near ripening (Tab1e 3). AfUer harvest

f or yield of ¡¡rain (PYD) and weì ght of a

100 grains. (GRht)

Sta tistical analyses

of wheat (DH) and

recordeC in Plots

plots were scored

random sanple o1.

cups were of completely randomised

of randomised comPletetrials were



22

block design and both were analysed by analysis of variance.

Though some variates were not continuous, equivalent non-

parametric statisLical procedures are not avaj-1able or

universally accepted. Where necessary transformations \{ere

conducted on data to remove heteroscedasticity in residual

terms, âs assessed by plots of fitted versus residual values.

hlhere interaction terms r{ere tested, analyses \¡/ere conducted

and presented without transformation, but where applicable,

data \"/ere transformed and reanalysed for comparison with

original findings. As differences between treatments within

experiments were more important to the interpretation of

findings than differences between individual treatments,

results of analyses were summarj-sed in tables as 1eve1s of

significance.

Tests of association vlere conducted extensively to

test effects not under experimental control. hlhile not as

rigorous in interpretation as AN0VArs, these tests were

useful in indicating effects within data. Though some

variates Í/ere not continuous, associations \{ere tested v¡ith

procluct moment correlation coefficients, which enabled the

use of procedures not available with non-Parametric tests

of association. Associations h¡ere determined within

cultivars to exclude effects due to differences between

wheat,s. Dif f erences between cultivars in associations \{ere

tested and when not significant,associations were pooled

over all wheats and tested for significance (Snedecor &

Cochran, L967). As these procedures become unreliable when

the number of associations to be pooled increases, correla-
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Li-ons were over all individuals and not within families

for data of wheats of set 3. Moreover, disease was noL

uniformly expressed over the experimental area of r'¡heats

of set 3 at Palmer, so that associations htere tested and

pooled from wj-Lhin rePlicates-

Unless stated otherwise, a probability of five percent

(P<0.05) !/as adopted throughout for significance of

statistical tests.
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CHAPTER ,3

STUDIBS IN A CONTROLLED ENVTRONMENT

Experiments in controlled environments have not given

consistent results on the resistance of cultivars of wheat

to infection with G.e.t. (Scott, 1981). Inconsistent findings

may be due to ambiguous definitions and measures of resistance'

and to effects related to the specific environmental

conditions in which wheats are infected. It is therefore

necessary to directly neasure infection in roots or score

characters that- indicate resistance to colonisation in the

hostrs tissues, and to infect wheats with G.g.t. in

conditions comparable to those in the fie1d.

G. g. t.- is most damaging when colonising the vascular

tissue of roots of its hosts. Thus resistance to radial

invasion by hyphae into roots of wheats was of greatest

interest, though the spread of hyphae along the surface of

roots l/as also considered. The relationships betv/een radial

invasion by hyphae j-nto roots and symptons of infection with

G.g.L. were sLudied in prelininary exPeriments. þ'urther

studies examined conditions in which to infect wheats with

G.s.t.

Use of svmDtoms to measure infection of roots with G. qraminis

var tritici

The extent of radial invasiorr into roots is most directly

in ce1ls in sections. However,measured by

the method

observÍng hyphae

is laborious and radial invasion more simply

to infection.measured using

To effectively

symptoms that are

measure infect.ion

host responses

in roots, symptoms must be
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closely related to colonisation of tissue by hyphae. In

previous studies rooLs have been scored when colonisation

$/aS extensive and host tissue necrotic. However ' necrotic

symptoms of infection with G. g. E. are not distincL and do

not delineate colonisation by the pathogen. Further,

symptoms of infection that are host responses to invasion

by the pathogen, only occur in living cells and can only

delineaLe infection of tissue that is incomplete. To more

accurately measure the extent of colonisation with G.R.t.,

symptoms that are host responses to infection h¡ere 'invest-

igated before roots htere exLensively colonised. In

particular, two rna jor symptoms of inf ection, blackening ctf

the stele (Fe11ows , 1928) and the brown discolor:ation of

the corLex (Ho1den, I976) have been studierl here.

(1) Stelar blackening

Stelar lesions have been frequently used to measure

the extent of infection with G.g.t. in roots of wheat

(Nj.1sson, l969). However, their feilure to indicate the

extent of colonisation of distal segrnents of roots in some

studies (Deacon & Henry, 1978), has caused doubt of their

value as measures of j-nf ection (Brown, l-9Bl ) . Gilligan

(1980a) ",tggested stelar blackening requires a supply of

translocates which is lost when hyphae invade the vascul-ar

tissue in the proximal segment of a root. This hypothesis

can account for the findings of Deacon and Henry (1978).

However, stelar blackening should sti1l occur distally to

a point of infection if translocation is not completely
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disruþLed, or

distance from

stelar lesions

of rooLs of

rvhere roots

seed.

proximally where

seed. Therefore

as useful indicators

inoculation has been at a

it is premature to dismi-ss

of the colonisation

wheat with G.A.t., êspecially in the field

are generally infected some distance from the

To study the association between the early colonisation

of tissues with hyphae of G.g.t., and the formation of snall

black stelar lesions in lightly infected roots 
' 
seedlings

of the cultivars Aus10B0, Condor and Kite were infected rvith

either isolate 19 or 2OL and harvested at ten days. Sections

through small black stelar lesions ( <1 mm in length) \4/ere

prepared and observed at 200x magnification. Blackening

r{as seen only in stelar and endodermal ce11s. Affected areas

were bounded by the endoderrnis and overlain by extensively

colonised cortical cel1s (Fig. 4). However, hyphae of

G. g_. t. were also observed in stelar tissue w j-thout blackening

of ce11s. These observations suggest stelar lesions form

when the endodermis is breached by vigorously growing hyphae

of G.g.t. and Lhat lesions increasè in size with further

colonisation of the stele (Robertson, I932), subject to a

supply of translocates. Moreover, the several stelar lesions

which develop in a root inoculated with G.g.t. at a point,

probably reflect independent sites of stelar invasion by

hyphae growing from above the endodermis (Deacon & Henry,

1978). Thus the general rate of radial growLh of hyphae

into a segment of root, and resistance to that growth, will

be reflecLed in the number and sj-ze of stelar lesions that

are scored before impairment of translocation through the
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FIGURE. 4: Stelar lesions in séminal roots of wheat
inf ected with G. g. !. in cups f or 10 days

A. An exterior view

( Scale bar mm)

A transverse section showing
the endodermis (e) and
extensively colonised cortical
tissue ( c )

( Scale bar O.2 nm)

1

B



I

V



2B

proximal portion of root. In data publisherl by Gilligan

( 1980a), stelar blackening 14/as not observed in steles colon-

ised with G. until about nine days after inoculation,.t.

which r¡/as supported by observations in the current study.

Since Gilligan inoculated tips of roots as in the present

study, blackening may have been inhibited Èi11 nine days by

eiLher the immaLurity of hl,phae or r more likely, the

immaturity of the stelar tissue of the hosE. Thus, for black

lesions to reflect the rate of colonisation of steles of

roots, observations must be made at least nine days after

inoculatj-on but before infection of proximal segments of iJ
roots is extensive.

(2) Brown discoloration of the cortex

The brown discoloration of the cortex of roots infected

wiÈh G. .t. has often been overlooked. HolCen (I976) observed

the discoloration in the topmost 4 mm of seminal roots and

in all but the outermost cell s of t.he cortex.

Thþ development of the brown discoloration of the

cortex hras studied over time by infecting seedlings of the

cultivars Aus10B0, Condor and Kite with isol-ate 2Ol of

G.g.t. r âtrd harvesting at seven, ten and thirteen days.

The length of the first semi-na1 root that was díscoloured

brown was measured at 50x magnification (Fig. 2). Thirteen

replicates'were employed for each treaLment and data

analysed by two factor analysis of variance (Tab1e 4).

ni".oloraLion did not vary with day of observation, while

significant differences betÌ^/een cultivars (P<0.001) v/ere



29

TABLB 4z Effect of infection rvith G.e.t. isolate 201 on
cortical browning (a" ranks, page 17) in the
first three seminal roots of thrqs cultlvars of
wheat aL 7, I0 and 13 days

Cultivar

7 10 13

ANOVA (P)

cultivar day interaction

Day

Aus 1080

Con do r

Kit e

0. 90

0.00

0. 11

I .00

0.i7

o .42

r .42

o. 17

0.00
0.001 n.s. n.s

data represent means of 13 replicates
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detected. The interaction term \,\Ias noL signif icant.

Sections through the discoloured cortex of roots htere

also made and stained as before. As observecl by Holden

(I976), affected cortical sections contained thickened and

discolc¡ured walls of cel1s and intercellular spaces (Fig. 5)

which r^¡ere associated with the immediate presence of

hyphae. I,rla11s of ce11s had been unif ormly thickened and

discoloured. When infected v¡ith more virulent isolates of

G.g.t. than 19 or 2OI (e.g. isolate 226, Table B) walls of

cortical cells are not discoloured and thi-ckened. These

observations suggest discoloration does not occur when the

cortex is rapidly invaded.

0vera11, findings suggest the thickening and dis-

coloration of wal1s of cortical cells rnras a response by the

host to infection which occurred as living cel1s \¡/ere

approached by hyphae. The response had largely occurred

seven days after young tissue r/as infected with the pathoBen,

but did not occur where cortical cel1s hlere quickly ki1led

by vigorous invasion by hyphae. As cortical ce1ls v/ere

frequently colonised by hyphae but not discoloured, the

discolorati-on does not delineate infection of the root and

therefore cannoL be used to measure severity of infection

vith G. g. t. Nevertheless, the lengths of rooLs with the

cortex discoloured brown \{ere recórded to test the hypothesis

that thickening and discoloration retard further infectj.on

of cortical tissue.
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FIGURB 5 Cortical browning in seminal rooLs of
wheat infected with 9-rg-9._ it cups

A. An exterior view at 10 days

( Scale bar 2 mm)

B. A Lransverse section showing the
endodermis (e ) ".td thickened and
discoloured wal1s of cortical
ce11s (t) at 7 days

( Scale bar 0.1 mm)
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Conditions in which Lo infect T. aestivum with G. grarninis

var tritici

fn previous studles, seecllings of wheat have been

artificially infected with G. g. L. in manJ/ conditions (Ni1sson,

1969). While infection of wheats in a controlled environment

should resemble that in the fie1d, several conditions in

the present study were artefacts of the nethod with which

seedlings v/ere inf ected with G.g. t. TLrese included the agar

medium of the inoculum discs, the weighL of graded seed for

seedlings and the isolate with whích Lhey v/ere j-nfected.

These conditions do not correspond t-o those in the field,

In preliminary studig", roots of r"heat were lnore

èxtensively colonised r¡hen inoculated with hyphae gro\{n

on an agar with the rrore concenLratecl of two levels of

nutrients (Tab1e 5). In f urther stud-i es rvith isolal-es 19

.- and 2OI of G. g. t. , inoculum discs of one sixth strength

potato dextrose agar g.t've a consistent 1eve1 of steiar

infection that was incomplete at ten days and allorr¡ed the

blackening of steles of roots. Subsequently, all inoculum disc-e

were of one sixth strength potato dextrose agar. 0ther prelim-

inary experiments testecl the influence of wejght of grain and

effect of isolate on infection of cultivars of wheat.

( 1) tr{eight of seed

As nutritj.on of seedlings in cups relied solely on

reserves in the grain, the effect of weight of seed on

inf ect j-on of seedlings with G.-g_. t. \,/as examined in deta j.1"

I.{hi1e reserve of endosperm has noL been reported to influence

infection of seedli ngs with G. g. t. , seed is frequently graded

f or size bef ore experiment-ation. To test ttre inf luence of
weight of seed on inf ection ¡ se edlir-rgs of 'Kit"' grorun
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TABLE 5: Effect as inoculum discs, of two dilutions of
potaLo dextrose agarr or percentage colonj-sation
of the first seminal root of Kite infected wiÈh
G.e.t. isolates 19 and 42 for B days

Di lut i on Isolate Colonisation (a" angles)

inner cortex endodermis

I21.2

Lz24

t test (P)

19

I9

29.O

25 .4

n.s.

1s.6

6.7

n.s.

Iz12

I224

42

42

84.2

41.8

0.01

40.8

16.5

0.01t test (P)

data represent means of B replicates
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f rom seeds f rom a single plant ''and èelected f or ten

1eve1s in weight were infected with isolate 1g of

G.g.J. The extent of infection in seedlings was measured

by recording the number and size of stelar leslons in the

first three seminal roots at 13 days. The experiment empioyed

five replicates anrl was analysed by least squares regression.

Findings are presented in Figure 6 and show rveight of grain

to influence both the number of lesions in roots (P(0.001

for a quadratic association) and the size of the largest

lesion in roots (P(0.01 for a linear: association). Inlhile

both scores provide evidence that endosperm reserves

influence infection of roots with G.g.t.-, the relationships

?re dissimilar.

To clarif y f indings r colonisat.i-on by hyphae \,ras measured

directly in a further experiment. Seedlings of cultivar

Aus 1080 vrere grown f ::om f ive levels i-n seed weight , inf ected

with G.g.t" isolate 2OL and harvested at Een days. 0n1y

the first seminal root was scored. Ifeasurements of

infection \¡/ere restricted to direct observation of hyphae

as f ew stelar lesions ì^/ere f ormed. The experiment emplo,ved

seven replicates, was analysecl as previously, anci the

findings are depicted in Figure 7. The data confirm earlier

evidence that weight of grain influenced infection of roots

with hyphae of G.g.t. Moreover, a comparison of infection

in the innermost layer of cortical ce11s and endodermal cells

(Fig. 7) show ed hyphae dissimi-1ar1y invaded t-he endodermis of

roots as weight of grain rvas .¡aried. Regressiolì analyses shoi¡ed

growtl'r of hyphae down roots was favoured by increasing weight

of grain (at P<0.1), in contrast to gro\,./th of hyphae into
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FIGURB 6 Effect of weight of seed on number
size (as ranks, page 17) of stelar
in the firsú three sentinal roots of
infected with G. g. t, isolate 79 for
day s

Quadratic regression (P<0.001 )

Linear regression (P<0.01 )

and
lesions
Kite
13

data represent means of five replicates
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Colonisation

a surface of root linear regression (P<0. 1 )

FIGURE 7

O inner cortex

V endodermis

a stele

Effect of weight of seed on colonisation
of the first seminal root of Aus1080
infected with G.e.t. isolate 2OI for
10 days

linear regression (P<0.05)

no regression

quadratic regression (P<0.05)

data represenL means of 7 replicates
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Lhe corLex of roots (Fig. 7),which decreased as weight of

grain hras increasecl . Theref ore, these f i ndings suggested that

the number of stelar lesions in roots reflected colonisation

of the stele with G.g.t. more accurately than did size

of Lhe largest lesion.

In order Eo place in persp,ective e)íperiments testing

differences between wheats in infection with G.g.t. '

the effect of weight of grain on infection in two cultivars

was studied. Thusr' seedlings of cultivars Aus10B0 and

condor vrere gro\{n f rom grain of two weights, inf ected with

G"-B-:t. (isolate zOL) and harvested at ten days' The first

formed seminal root of seedlings \^ras scored for stelar

lesions and colonj-sation by hyphae. The experiment emPloyed

si.x. replicates. Findings are presented in Table 6 and show

cultivar x seed weight interaction terms' to be signíficant

'for all measurements of tryphal infection in roots except

colonisation of the innermost cortical ce11s. This shorvs

weight. of seed to trave dissin|larly influenced the infection

of roots of the two cultivars. As intcraction terms were

s:'-gnificant for colonisation of the endodermal ce1ls but

not the adjacent innermost cortical ce11s (Table 6), rveight

of seed is again shov/n (Fig. 7) to have dissinril-ar1y

influenced grorvth of hyphae across the endodermis. Thus

seed v/as arbitarily selected from a narroÍ¡ range in weight

(32 to 40 mg) to minimise error variation in subsequent

experiments. Though findings obtained frorn an experiment

with one weight of seed may be unique ¡ uflderlying resistance

in cultivars Lo infection with G.g.t' may still be tested

by association with field data.



TABLE 6 Effect of weight of seed on nunber and size (as
lesions and exLent of colonisation in the first
infected with G.g.t. isolate 2Ol for 10 days

ranks ¡ pa1e 17)
seminal root of

of stelar
two wheaLs

hleight of seed

32-40 mg 45-55 mg

Cul t i var

Aus1080 Condor Aus1080 Condor

ANOVA (P)

cultivar 'weight interaction

stelar lesions

Number

Size of largest

1 .01

I.75

L .67

2.60

0. s0

I .01

0.80

i.s0

n.s. n.s

0.05 0.05

0.01 0.01

n.s n.s.

n.s. n.s.

a

S

n

n

extent. of

EctotroPhic growth (mrn)

Inner cortex (7")

Endodermrs (Z)

srel e (7")

colonisation

27 .8

88. 1

17 "6

7.5

27 .3

92.3

71 .0

6t.7

27 .0

86.8

34.s

28.3

16.8

78.0

26 .6

8.3

0.05

n. s.

0.05

0.01 (r)
co

data represent means of six replicates

n.s. n.s.
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+ (2) Source of isolate

Llheats were infected with a single isolate of G.g.t.

when gro\¡/n in cups but are infected with a diverse populat-i-on

of the pathogen in the fie1d. Thus, the extent to which

experiments could be re lated to those in the f ielcl , I^/as

investigated by observing the consistency with which

cultivars of wheat were infected with isolates of G. .t.

I,ühi1e previous studies had not f ound isolates of G. g. t. to

differentially infect cultivars of wheat (Ni1sson, 1969

and Mattsson, 1973), the current study employed different

methods to those of Nilsson and Mattsson with which to

inoculate and maintain seedlings, and different methods

for measuring infection. Thus the consistency with v¡hich

some South Austral-ian isolates of G.g.t. had first infected

roots of wheat was tested by infecting the eight cultivars

of set 1 with isolates 19, 108 and 2OI, which differ in

geographic origì.n (Fig. 1). The cultivars of set t had

been found to differ in severity of jnfection with isolate

L9 in preliminary experiments. Seedlings were harvest-ed

after 13 days and the extent of infection recorded by

measuring the number c¡f stelar lesions and the rank (Fig, 2)

of the largest stelar lesion in the first three seminal roots.

The experiment h'as of randomised complete block (isolate)

design with I4 replicates and \^ras analysed wlth two factor

analysis of variance. Findings are presented in Table 7,

and show cultivars to be consistent in the number of stelar

lesions in roots but not in the size of the largest stelar

lesion (P<0.01), when infected with different isolates of

G.g.t. While scoring the size of the largest sLelar lesion



ÎABLE 7

Isolate

T9

108

20r

19

108

20r

Effect of infection
(as ranks, pa1e 17)
cultivars of set 1

with G. e. t. Ísolates
of stelar lesions in

aE 13 days

108 and 2OI
first three

on number and
semi-na1 rooLs

19'
the

SLZC
of

0.001 0.001 n.s.

0.001 0.001 0.01

Cul tivar' ANOVA (P)

Ausl0gO Condor Festiguay HalberC Kite Kite4a/2r Rac311 LIarigal cultivar isolate interaction

5.0

2.6

3.3

o,

5.4

o)

Size of

0 ea

the largest
'2.9 2

2.r 1

2.6 2

stelar lesion

.6 2.6 3

.9 1.5 1

.7 2.5 2

Number of stelar lesions

7.3 7.5 5.9

4,r 3.2 3.1

s.9 6.7 5. s

7.t8

¿.J

4.6

LO.2 7 .6

6.1 4.8

8.3 6.5

2

1

1

.8 2.8

0

J

3. 1 2.5

2.4 2.r

3.2 3.04J6

+r
O

data represent means of 14 replicates
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ì-f
provi-des evidence that cultivars \^Iere dissimilarly infected

with G. R. t. , this measurement was previously less reliable

in indicating the extent of invasion of the stele Lhan the

number of stelar lesions in roots. 0n balance these findings

indicate cultivars u/ere similarly infected with the three

isolates of G. g. t. , süpporting earlier work . lu,äe^.. wq1

not lor^^d lu, ef f ects of isolates lo ca'oS? wheo-{: -fo be

olrssî^,lo.clq inferted w'th G-q-t
u ------1f--

in cups and in the field.

Infection of tr¡heats with G sr amlnl-s var tritici

Experiments hrere conducted to test differences between

wheats in infection with G. g. t. Studies ü¡ere restricted to

wheats that had previously differed most in extent of co-1on-

isation when infected with isolate 19 of G. g. t. , i. e. with

the cultivars of set 2. Cultivars of set 3 were also used

in a study of inheritance of susceptíbility to infection

by the pathogen.

( I ) Differences between cultj-vars in infection

Cultivars of wheat have not been directly shov¡n to

differ in infection with G. g. t. Nevertheless r Fêsistance

to infection by the pathogen is thought to be weakly expressed

in wheat (Scott, 1981 ), particul arly where the pathogen is

not highly virulent. Thus, cultivars of set 2 were infected

v¡ith two isolates (2OI and 226) of G.g_iL_. dif f er j-ng in virulence,

to Lest the hypothesis that resistance to infection is

influenced by the virulence of Lhe pathogen. Clean seed of

cultivars r¡/as obtained f rom glasshouse grown plants.

Seedlings were harvested when hyphae began entering the

stele of the first seminal root adjacent to the inoculum
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(6 days for 226 and 10 days for 20I), âDd scored for

infection of roots and blackening of the ste1e. The

experiment employed sj-x replicates for infection with 226

and eight replicates for infection v¡ith 20I and the results

are presented in Table B. Statistical terms for differences

between isolaLes have no meaningful j-nterpretation, since

seecllings infected with different isolates \rere harvested

at different times. Nevertheless, hyphae of isolate 226

invaded radially into roots more rapidly than hyphae of

isolate zot. Ectotrophic hyphae of both isolates appeared

to grow equally rapidly down roots since lengths of. roots

colonised hrere proportional to times of harvest. Cultivars

were found to differ significantly (P<0.00i) in the percent-

age of endodermal and stelar cell s that were colonj sed by

hyphae of G.g.t. The innermost cortj-ca1 ce11s were too

extensively colonised to differ between cultivars (Tab1e B)'

The absence of significant interacÈion terms for the

colonisation of roots by hyphae do not suppor"t the hypothesis

that resistance to invasion by hyphae of G.g.t. is influenced

by the virulence of the pathogen. Stelar lesions v/ere not

observed in roots infected with isolate 226, as seedlings

were harvested bef ore blackening could occur. fJlrenrhf¿cte/-*''1h s"ld< 2ot,

cultivars differed significantly in the number of stelar

lesions in roots (P<0.001), which also reflected differences

in the colonisation of roots by hyphae (Tab1e B).

'r'/hi1e the number of stelar lesions in roots generally

reflected the exLent of stelar colonisation in sections,

exac t correspondence v/as not

had the least number

For example the cultivar

t Kite t ot,ltesions in roots, but was

noted.
,..^'i ¡ .l

the fourth mosL exLensively colonised wheat of set 2



TABLE 8: Number and size (as ranks, Pa
in the first serinal root of
2OI ( at 10 days ) and 226 (

Isolate

Stela r lesions

ge
cu
at

77) of stelar
1tÍvars of set
6 days )

lesions and extenL of colonisation
2 infected with G. g. t. isolates

Cultivar ANOVA (P)

AuslOg0 chilegOg chilegll condor Kite Nebraska86 Rac311 cultivar isolate interaction

Numbe r

Size of largest

Extent o f colonisation

Ectotrophic growth (*m)

Inner cortex (7")

Endodermis (Z)

20i

20r

20r

226

20r

226

20r

226

20r

226

0.75

1 .40

0.87

I .00

0 .50

1 .00

0.87 0.25

1.40 I.s0

2.37 0.001

1 .88

r.12

I .80 n.s

n.s. 0.001 n.s.26.9

16.1

99

98

79

54

72

32

27 .B

i4.0

98

81

69

23

s6

6

25.7

16.8

89

91

57

33

50

L7

26 ,5

15;3

98

9B

95

60

B9

48

24 .l+

14 .4

93

100

81

54

84

19

26.9

L4.I

99

75

88

63

8B

6I

29 .4

16 .7

100

94

99

90

96

73

n.s. n.s. n.s

0.001 0.001 n.s.

0.001 0.001

¡r(t

data f.or i-solate 2AI are means c'1 eight replicates and f or i solat e 226 ar e rneans
of six repli-cates

Stel e (7") n.s.
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14

(Tab1e B). Departures from a closer association may simply

reflect the comparing of infection in differing segments

of root r âs sections were from a region 0-5 mm below the

scutellar node, while lesions occurred distally up to L2 nìm

from this region. Indeed, Robertson (1932) had noted wheat

roots to change in resistance to inf ection by G. g. t._ over

this region. However, departures from close association

may also reflect differences in the time that elapses

before steles can blacken when invaded by hyphae of G.e._E-.

For Lhe example given earlj-er, findings could suggest stelar

tissue of tKitet musL be older than that of the other

cultivars of set 2 before blackening can commence. Thus

stelar lesions may most reliably reflect the rate of

hyphal invasion into roots. of wheats when scored later than

was done in Lhe present study, that is after ten days from

inoculation with G. g. t.

The results of this experiment showed wheats to differ

in infection with G.g.t. r âild provided evidence for

resist-ance to Lhe pathogen in cultivars of wheat.

(2) Genetic control of factors influencing infection

in a wheat cross

Few studies have concerned the genetic control of

characters that influence infection of wheats with G.g.t.

MaLtsson (I973) reported a low 1eve1 of resistance equal

to that of the donor parent (Moscow red seeded) in some lines

repeaLedly backcrossed to susceptible Swedish cultivars

(Prins & Scarke), but it vras not shown that observations
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were not due to chance alone. The ge¡retic cc¡ntro1 of a

character is ge^ecc<\tJ established by obServing segregation

in the first selfed (FZ) or backcrossed (BCf) geterations

of the hybri.d of trvo parental genotypes ' and observing

the heritability of characters in segregate lines in

succeeding generations. To detect evidence for the

segregation of characters influencing infection in wheat,

clean seed of famllies of set 3 was obtained from glasshouse

grown plants (35 FZ individuals), germinated, and the

seedlings infected .with isolate 2OI of G. g. t " Seedlings

r,\¡er:e harvested af ter ten days anrl scored as previously.

The experiment enployecl six replicates and included the

parent-s (Aus10B0 and Condor) as controls. Findings are

presented in Table 9. hlhere f amilies ol: parents dif f ered

daLa are also presented as frequency distributions in

. Figur:e B. Parents only differed for colonisaLlon of the

endodermis and stele wi Ch hyphae of Ç_. g. t. , while f arnj lics

of set 3 did not differ for infection of roots with the

pathogen. In addition, the distribution of families (Fig. B)

suggested factors that most influence infection of roots were

noL simply inheriterl . However ' this exper-iment did not

critically examine genetic control. of factors that influence

infection, since F2 families contain significant heterogeneity

yet the phrenotype of each was estimated frcm only six

individuals. In preliminary experj-ments the wheats Aus10B0

and Condor had differed most in infection with G.g-"t. and

vrere empl-oyed in the present study though evidence in Table

B shorvs <lther crosses may have been ruore suitable.

precluded the use of more carefullyfnsufficient time

selected parents

Aus10B0 X Condor

advanced famil.ies

study.

or

in

more

this

from Lhe cross



TABLE 9 Nurnber and size (as ranks, paB e 17 ) of
colonisaLion in the first seminal root
set 3 infected with G.g.t. isolate 2OI

stelar Lesions
of pa'ents and
for 10 days

and extent of
F2 families of

Par ent s Families ANOVA (P)

Aus1080 condor m nimum mean maximum parents families

Stelar lesions

Numb e r

Size of largest

Extent of colonisation

Ectotrophic growth (lnm)

Inner cortex (as angies)

Endodermis (as angles)

Stele (as angles)

i .00

1.75

t .67

2.60

0.33

1 .00

r.39

r.76

1Q2

2 .80

n.s. n.s

n.. s. n.s.

n. s. n.s

n.s. n.s"

0.05 n"s

0.0s n.s.

28.3

76.3

23 ,1

1i.0

27 .B

8r.0

6L.6

s6.9

19 .6

53.8

11.8

<t

24.2

74.6

36 .6

,o o

27 .3

88,1

64.1

61.0

+r
Ol

data represent means of 6 repl-icates
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FIGURE B

,l

Frequency distributions of extent of
colonisation in the first seminal root
of families of set 3 infected with G.g.t.
isolate 2OI for 10 days

A. endodermis

B. stele

data obtained with means of 6 replicaLes
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1-tr
Studv of the brown discoloration of the corLex in roots

infected r'rith G. srami.nis var tritici

Additional aspects of the cortical browning of roots

infected with

condition the

The daLa were

G. g. t. v/ere examinecl , as this character may

resÍstance of wheats to further infection.

gathered from previous experiments.

(1) Influence of weÍght of seed

The extent of general and j-ntense cortical browning

down roots hras significantly and positively associated with

weight of seed in previous experiments (Fig. 9). The extent

of cortical browning down roots may be influenced by the

extent of ectotrophic growth of hyphae on the surface of

roots which is also posit.ively associated wlth weight of

seed. However the influence of weight of seed is far

stronger on cortical browning than on ectotrophic growth of

hyphae (Figs. ? and ?), which suggests rliscoloration is a

host response to infecti-on by G.g"t. lhat consumes energy.

(2) Genetic control of discoloration in a wheat-- cross

Both parents and farnilÍes of set 3 differed

significantly in extent of the brorvn discoloration of the

cortex (Tab1e 10), providing evidence for the genetic control

of this character. These data are also presented as

frequency distributions in Figure 10. Distributions of F2

families for cortical browning appear bimodal, and are

consisLent with two phenotypes havj-ng segregated. The

phenoLypes for the intense discoloration occur approximately

with a 3:1 ratio that is indicative of single gene segregation

with dominance. While more ttran 2OO segregate families are
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FIGURB 9

A

B.

Effect of weight of seed on cortical
browni-ng (as ranks, page 17 ) in the
first seminal root of Aus10B0 (at 10
days) and Kite (at 13 days) infected
with isolat e 20 1 of G. g. t.

Aus 1 080

o discoloured linear regression (P<0.05)

o intensely
discoloured linear regressi-'on (P<0.'01)

Kite

o discoloured linear regression (P<0.001)

data represent means of 7 replicates for
Aus1080 and 5 replicates for Kite
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TABLE 10: Extent of cortical
root of parents and
2OI for 10 days

browning (as
F2 famil1es

ranks,
of set

page 77) in the first seminal
3 infected with G. g. t. isolate

Cortical browning

discoloured

intensely
discoloured

Par ent s Families ANOVA (P)

Aus10B0 Condor m].namum mean maxl-mum parents farnilies

3.01 0.24 0 . 11 0 .91 2.44 0.01 0.05

r .r7 0.00 0.00 0.43 1.50 0.0s 0.001

data represent means of 6 replicates

(¡
o
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FIGURB 1O: Freqr:ency distributions of cortical
browning (t" ranks, page 17) in the
first serninal root of families of
set 3 inf ected rvith G. g. t. isolate
20L for 10 days

A. discoloured

B. intensely dj.scol-oured

data obtained with means of 6 replicates



-{'

(n
g

t-t.

u_
O

É.
UJ
(D

:)z

15

10

15

10

A

5

0

5

0

coN00R A us1090

0 1.6

AUSt60

3.2

B

CONI}OR

0.80

CORTICAL BROWNING (as ranks)

1.6



52

,l

typicaily necessary to test segregation ratios'

data are consistent with single gene control. of

discoloration of wal1s of cortical ce1ls and for

a recessive character.

the

the

ir

current

brown

to be

(3) The influence of cortical browning on radial

invasion bY hYPhae into roots

As the thickening and discoloration of wal1s of cortical

cel1s kras not under exPerimental cont-ro1, its ef f ect in

resisting hyphal invasion into roots could not be tested

directly. However, hyphae were consistenL in growing radially

into seminal roots as observed by Fellows (1928)' allowing

the effect of cortical browning on invasion of underlying

stelar tissue to be tested indirectly by association.

The extent of cortical browning is scored down root axes

while colonisation,s of steles of roots are scored in trans-

verse sections at fixed poinLs. Nevertheless,, negative

associations between these variates would provide evidence

that cortical brorvning had retarded invasion of underlying

stelar tissue. Associations k/ere tested rvithin treatments

for data from previous experiments, excepting data of

families of set- 3 where associations \¡/ere simply over

individuals. Findings are presented in Table 11 and show

associations to be negative and occasionally significant

(P<0.01). Associations within cultivaqs differed (P<0.001)

for data of wheats of set 2. This finding may have reflected

d'ifferences between cultivars in the extent of colonisation

of the endodermis in that experiment, as associations wil-1
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{

TABLE 1 1 : Associationst between cortical browning and
colonisation of endodermal ce1ls in Lhe first
seminal root of wheat seecllings infected with
G.g.t. isolate 20I in Èhree experiments

Exp e r iment Cortical browning

treaLment cultivars time of
harvest
( days )

discoloured intensely
discoloured

weight of
seed

Aus 1080 - .22

n.s

_.55*..)+

( 0.001 )

-.01

- .26

n.s.

- .46-x'

(0.001)

-.15

culti-var set 2

set 3

10

10

10

differences (P) in associations between treatments are
bracketed

significant associations are depicted as n (P<0.05)
or å-{- ( P<0 . 01 )

t associations are pooled from within treatments
excepting experiment with set 3
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d.cay to zero as roots become completely colonised.

Overall, findings support the hypothesis that thickeni.ng

and discoloration of wa11s of cortical cells inhibit invasioi

by hyphae into underlying stelar tissue of roots of wheat.

Discussion

Eviclence is presented in this chapter for seminal roots

of wheat to resist radial invasion by hyphae of G'g't'

Garrett (i970) had previously suggested the ectotrophic

habit, which is exhibited by hyphae of G. g. t. , to be imposed

on many root pathogens by resistance in their hosts. This

resistance a11ows hyphae to grow freely on the surface of

roots but inhibits radial invasion into roots. Resistance

of this nature was observed in the present study where

hyphae of a virulent isolate of G. g. t. (226 ) grew 30x further

down than radially into roots (Tab1e 8).

Radial invasj-on by hyphae of G.g.t. appears to be

retarded in the cortex and endodermis of seminal roots.

In the present study, the brown discoloration of wa11s of

cortical ce11s appeared to be associated with resistance

to invasion by the pathogen. cortical browning appears to

form a mechanical barrier to hyphae, as it \{as found to

fo11ow premature lignification (Fe11ows, 1928) and thicken-

ing of wal1s of cells, and the filling of intercellular

spaces (Ho1den, 1976). As previously reported by Skou

( 1981 ) , resistance to infection by G. e. t. in the endodermis

is observed in root sections with extensive colonisation of

the innermost cortical ce1ls but with no endodermal infection'
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Additional evidence of endoderrnal resistance \¡as seen in'

this study in the dissimilar influence of weight of seed on

the colonisation of the innet:lnost cortical- ce1ls and

endodermal ce11s.

IJaving entered the ste1.e, there is evidence of additional

resistance to the grorvth of hyphae. As several stela.r

les j-ons can f orm in a root which is inoculatecl with G. g. !.

at a single point (Deac.on & Henry, I97B), and as stelar

lesions Lhen appear to indicate independant sites of stelar

invasionr eVidence is provided for the growth of hyphae to

be retarded more in the stele than in t.he cortex of seminal

roots. Resistance in stelar t-issue can uot be simply

studied and \{as not pursued f trrther in this study, but may

in part be associated with stelar blackening es suggested

by Robertson (1932) " The extent to which resístance in

each tissue retards t-he overal-1 rate of hyphal entry into

roots, as measured by colonisation of stelar Lissue (EC0L

& SC, page 16), could not be simply investigated.

Cortical browning ald stelar blackeni-ng appear to be

separal-e responses of the host to infection by G.g.t"

These responses were similar in that cortical browning

appeared to consune translocates (Fig. 9) as does sLelar

blackening (Gi1ligan, 1980a), and both have been implicated

in resistance to the pathogen (Tab1e 11. and Robertson,

1932, r€spectively ) . However , when sectioned, browning of

wal1s of ce11s v/as only observed in cortical tissue and

blackening only observed in stelar tissue. Moreover, only

the ::_1_11 of cortical cells are discoloured (Ho1den, L976),

while Robertson (1932) found the .:1t_u"a" of stelar cells
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to be blackened. Responses of the host to infection by

G.g.t. were also seen to differ in det'elopment in this

study. irlalls of cortical cells appeared to be transf ormed

when ce11s lrrere alive but about to be colonised by hyphae

of G. g .!-. in roots that k¡ere less than six days old.

In contrast, blackening did not occur in stelar tissue

that was younger than about nine days.

Tn this study,wheats were found to díffer in extent

of cortical, browning in roots infected with G.g.t. In one

cross, cortical browning appeared to be under simple genetic

control and recessive. Stelar blackening could not be so

simply studied,as colonisation of the stele by G.g.t. was

not under experimental control, being influenced by

resistance to infection in overlying cortical and endodermal

tissue. Nevertheless, e Vidence I^ras f ound f or wheats to

differ in the time that must elapse before steles can

blacken. Wheats also differed in colonisation of the ste1e,

ancl thus the rates at which h,vphae of G. g. t. invaded radially

into roots. However, susceptibility to inf ection by G.8,-rl--.

that is measured as stelar coloni-sation was not simply

inherited r âfld was most-. probably inf luenced by independant

effects in overlying tissues or effects of complex

inheritance, or both. Moreover, differences between

culLj-vars in rates at which hyphae invaded radially into

roots had varied with weight of seed. This effect was

largely due to resistance to invasion by G.g.t. in the

endodermis, of which further sLudy was resLricted by the

inabilit.y to independantly control cortical infection.

The number and size of stelar lesions in roots r./ere

examined as measures of stelar colonisation in roots infected
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with G.g.t. at a point. I^Jhile the nunber of stelar lesions

better indicated the i.nfection of steles of roots than the

size of lesions, this measure did not frrl1y correspond wiEh

direct measures of infection (BC0L & SC, page 16). A closer

association between the number of stelar lesiot-ls and

stelar colonisation might be found if cultivars of wheat

hrere inoculated with less virulent isolates of Irg-t r- than

used in this study, and j-nf ectíon measured 1¿lter than ten

11ays.

These studies lvere conducted in an artificial

environment, a coarse and sterile sand, since field soil

supports a diverse poputation of micro-organisms, some of

which are antagonistic to G. g. t. (Rovira & vùildermuth'

19 81) . In addi tion, s tudies IrIere res tricted to seminal roots

infected with G.g.t. Soon after emergence. However, seminal

roots gro\à¡n in the f ield are usually inf ected with G'g't'

when older, as the pathogen usually grows a short distance

through soil to reach its host (GilIigan, 1980b) and its

hyphae undergo a restíng phase be-fore colonisation begins

(Brown & Hornby, L971). Moreover, infectiOn was not studied

in coronal roots, though tissues of seminal and coronal root

systems are similarly invaded by G.g.t. (FeIlows, 1928\, and

stelar bl-ackening and cortical browning is exhibited in both

(FeIl-ows, Ig28 and personal observation respectively ) . The

extent to which findings of this chapter apply to coronal

roots and to roots in the field, is investigated in Chapter 5
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CHAPTER 4

STUDIES TN THB FIELD

Consistent differences between wheats in severity of

disease caused by G. g. t. have not been reported in Australian

studies, and are infrequently reported elsewhere. The aim

of the field experiments v/as to obtain evidence of resistance

to infection by G.g.t. in wheats under the conditions in

which cereals are normally grohrn in South Australia.

Resistance ì^ras sought by testing differences between wheats

in 1eve1s of infection of roots, and in the incidence of

deadheads. The influence of characters other than resista'nce

on disease caused by G.g.t. was also studied, to test

whether observed differences between wheats uniquely indicated

resistance to infection by the pathogen. As experiments

krere naturally inf ected wiLh G. g. t. and groh¡n similarly

to commercial crops of wheat, there was no control of the

distribution of t-he pathogen over the experimental areas'

the virulence with whÍch it infected roots' or the form of

disease which it caused (Hornby, 1978) . Similarly, there

was no control over the incidence of other pathogens or

their effect on wheats in the experiments. Thus, the

effect of all root pathogens on the growth and yield of

wheats \r/as studied to determine the course and nature of

disease at sites to al1ow accurate interpretation of

f indings.

Initially in 1981, Lrials of the Department of

Agriculture at Nangari and Perponda hlere studied when

found to be infected with the pathogen. Both sites are in
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areas of the staLe where root diseases of wheat are endemic.

In 1.981, total rainf all at both sites \¡/as slightly below

aver ãEe, wj-th most rain occrlrring in the middle of the gror+ing

season, and final development of plants occurring in slightly

dry conditions (Appendix 2). Yield of grain was about

average for each site. Early growth of the crops was not

observed. There was a high incídence of deadheads in

patches at Nangari, and while there rvere fewer deadheads

at Perponda, they were spread more evenly throughout the

plots. The experiments of L9B2 h'ere lost through severe

drought.

More detailed experinents were conducted in 1983, the

final year of field studies. Experiments were conducted

at tl^to siteS as significant cultivar x environment inter-

actions have been found in previous studies of resistance

to inf ecrion by G. g. t. in wheat (Scott, 19Bl ) . Sit-es in

regions where wheat is grown klere selected for proximity

to the l,rlaite InsLitute. To1-a1 rainf all in 1983 hlas much

higher than average at Palmer, particularl_y in the latter

half of the growing season, while rainfall in the growing

season 14/as average aL Strathalbyn after unseasonally

heavy rain early in Lhe year (Appendix 2). Crops v/ere

grown in favourable conditions at both sites, but for

disease of roots. Yield of wheat was well above average

at Palmer, but far below the average for the field studied

at Strathalbyn (pers. comms. of farmers). Above ground

symptoms of root disease in the plants differed between

sites, and further, between soils at Palmer. At Strathalbyn



61

,.4

disease ì^¡aS severe, with retarded growth of shoots occurring

ten weeks after sowing. By anthesis plants in many plots

hrere stunted and had yellow leaves, with few shoots developing

fertile heads. Disease was less severe at Palmer, with

paLches of retarded growth of shoots occurring 12 weeks

after sowing in soj-1 of type Dr4.63. Deadheads became more

frequent, in these patches upon ripening of the crop. Plants

grown in soil of type GcI.22 \{ere not stunted and developed

few deadheads.

ExoerimenLs with cultivars of T. aestivum

Cultivars of set 2 wete tested for di.fferences in

disease caused by G. g. !. in the fie1d, as these wheats

h¡ere previously shown to differ in infecLion with the paLhogen

when grown in cups under controlled conditions. The range

in infection in wheats of set 2 was coüìpared to infection

in three more resistant cereals ' triticale (X Triticosecale

hlitr. , cv. T7O1-2) , rye (c't . South Austral-ian Rye) and

barley (crr. clipper). In 1983 the wheaLs of set 2 were

sown with these cereals as rcontrolst at Palmer (in soil

of type Dr4.63) and Strathalbyn. Rainfal-1 at the two sites

is recorded in Appendix 2. As disease caused by G'g,-tl--t

is inf luenced by the conditions under which wheat is gro\4/n,

it probably is also influenced by the fitness of a wheat to

its growing condiLions. since four of the cultivars of

set 2 are poorly adapted to Australian conditions, rvheats

of seLs 4 and 5 were also infected with G.g.t', to test

differences in infection with the pathogen and in subsequent



62

expression of dÍsease between wheats that are fÍtted to

Australian condj-tions. Thus eight of the 29 cultivars

of set 4 \^rere sown at Palmer and all cultivars of set 5

so\rn at Strathalbyn in 1983.

Fanilies of set 3 were sor\In at Palmer ( in both types

of soil) to r^vestiS"te the genetic control of

f acLors t-hat inf luence inf ection wj-th G. g. t. and disease

caused by the pathogen in a natural environment. The

experiment employed 40 farnilies (as F4 seed) with the parents

as controls (cvs. Aus10B0 and Condor ) .

Experinents with cultivars of sets 4 and 5 at Nangari'

and Perponda in 19Bf employed two replicates. The incidence

of pathogens on roots k/as established aL these sites

(Tab1e 12) and the percentage of prematurely dead and

unfilled heads ü/as recorded. Experiments at Palmer and

Strathalbyn in 1983 contained five replicates for cultivars

of sets 2r 4 and 5, and ten replicates for families of set

3 (five in each type of soil). There rlas sufficient time

at anthesis to s,core only two repli cates of wheats of set

5 at Strathalbyn. Eight plants \^/ere sampled f rom plots

for experiment-s with wheats of sets 2, 4 and 5. This was

not possible with the number of plots (420) in the experiment

with families of set 3 at Palmer where two plants ü/ere

sampled from each plot aL tillering and one aL anthesis.

Incidence of G. qraminis var tritici on roots

(1) Differences between cultivars in infection with

G. qraminis var tritici

Infectiod of roots
summarised in Tables 13

cultivars of sets 2 xo 5 is

16 respectively with analyses.

of

to
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TABLE I2z Incidence of coronal roots (at anthesis)
infected with G.e.t. and R. solani for
cultivars of sets 4 and 5 at Nangari and
Perponda.

Cultivars Sites Incidence of infected roots
( "s 7. of plants )

G.g.t. >
R. solani

G.e.t. G.g.t. <
B. solani

no
s ymp t omsR solani

set 4

set 4

set 5

set 5

Nangar i
rep. 1

Nangar i
rep. 4

Nan gar i
rep. 4

Per p ond a
rep. 4

94

B4

9B

0

9

0

6

4

7

0

2

0

2

650 38

data are of
and

observations
observations

80
60

for
for

set 4
set 5



TABLE 13:

Site of
nxperirent

Percentages (as angles) of
for wheat cultivars of set

roots
2 and

infecred wirh G.g.t. at tillering (t) and anLhesis (a)
barley, rye and t.riticale in field experiments'

+

Sanple
Lfue

Wheats

(Ausl@XGril-e 909) (Gril-e9 I 1) (Condor) (Kite) (NebraskaxRac3ll Xl'bans)
86

Barley Rye Triticale ANOVA (P)

(lJtreats) (Ceneals) (site x
wtreats)

Ssri¡al roots

Falner t

Su:athalbyn t

PalfiEr a

Strathalbyn a

Coronal roots

Pa]¡er t

Stratlalbyn t

IhfuFr a

Strathalbyn a

æ.0

?2.7

2ß.7

g+.5

6.2

0.0

22.I

38.1

22.5

33.0

23.5

æ.6

ct

t.6

'ra t

JL.J

n.r
cÐ<JJ.J

30.0

62.6

0.0

0.0

29.I

38.6

12.5

31.9

28.8

68.4

19.5

31.5

30.0

58.0

15.9

37.4

2s.9

6.2

5.3

0.0

24.5

45.3

22.r

29.8

29.3

s6.8

18.9

3r.4

2ß.0

62.4

9.2

26.O

9.r

38.1

5.1

5.0

0.0

13.1

16.7

22.0

24.9

æ.2

7.0

0.0

19.s

40.7

n.s.

n,s.

n.s.

n.s.

n.s.

n.s.

0.0s

0.05

0.01

0.01

0.ml

n.s.

n.s.

0.ml

0.mi

n.s.

n.s.

n.s.

n.s

0.0

r.6

25.3

43.5

0.0

0.0

24.8

Y+.7

0.0

0.0

26.9

46,9

2.4

0.5

24.4

39.9

5.2

0.0

9.4

19.7

0.0

0.0

5.1

6.3

O,
¡-

data represent meaÍìs of 40 individuals from 5 plots



TABLE I4z

Samp 1 e
t ime

Percentages (
and anthesis

Parents

angles) of roots
for parents and

infected with G. g. t.
F2 families of set 3

tillering ( t )
Pa 1me r

AS
(a)

at
at

Familíes ANOVA (P)

Aus 1080 Condor m]- nl_mum nean max].mum parents families

Seminal roots

5.8 .8 2.3 7.6 16 .0 fl .sr n.s.

17 .8 22.8 0.0 19.2 37 .5 n.s n.s.

Coronal roots

11.3 L2.3 6.r TI .7 18.4 n.s. n.s

data of parents represent means of 20 replicates and data of families represent
means of 10 replicates

t

a

I

a

Ot
(¡l
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TABLE 15: Percentages (as angles)
G. g. t. for cultivars of

of
set 4 at

infected with
Pa lrne r

rooLs

Cul t i var Infection wiLh G. e. t.

seminal roots
at tillering

coronal roots
at anËhesis

Egr et

M2335

rqz424

N 10/TG 2248-B

PD36

RAC4 1 6

SD34

(!üI,,l- 15ì+MH-49 ) / 36 /WS

2r .4

22.9

15.3

2r.8

r8.7

5.7

24.7

16.1

12.9

14.7

2A .5

11.8

11.5

17 .9

15.6

10.9

mean

ANOVA (P)

18.3

n.s.

14.5

n.s.

data represent means of 40 índivídua1s from
5 plots
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TABLE 16z Percentages (t" angles)
G. g. t. for cultivars of

infected rvith
Strathalbyn

of roots
set 5 at

Cultivar Infection with G. g. t.

seminal roots
at tillering

coronal roots
at anthesis

Ar o ona

Con d or

Egret

Festiguay

Kite

Lanc e

Miling

Millewa

Oxley

PF /4I /IntI

Rac 31 l.

hlarigal

l,larimba

40 .2

44.7

43.r

40 .6

4L .2

41.8

39.1

44 .2

4r.9

37.r

33.7

t+2 .3

44.7

7I.L

73.6

68.9

64.9

77.8

63 .8

66 .4

80. 9

79.2

72.5

62.7

66 .4

72.7

means

ANovA (P)

4r.1

n.s

70. B

n.s.

data represent means
seminal roots and 16
coronal roots

of 40 individuals from 5
individuals from 2 plots

plots for
for
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Serninal roots of wheat.s did not differ in infection at any

site while coronal roots only differed in infection luith

G_"g.t. when cultivars of set 2 were sampled at anthesis at

Strathalbyn. The finding that wheaLs differed most in

infection with G.g.t. when mature had been found earlier by

Itlachter and Mogling (1977 ) . Frequency distributions of

families of set 3 (Fig. 11) did not provide independent

evidence for a simple genetic control of factors that

influence infection of roots with G.g.t. The repeatability

of measllres of infection could only be tested for the seven

wheats of set 2 Llrat were grov/n at two sites. However'

culti-var x site int'eractions were not significant, whích

was consistent with an earlier finding by Nilsson (1969)

that wheat.s h/ere consistently inf ected with G. g. t. in

natural environments.

iriheats v/ere found to differ from the more resistant

cereals in infection with G.g.t. (Tab1e 13). As has been

found previously (Scott, 1981 ), roots of triticale h'ere

similarly inf ected to roots of wheats, ',rhi1e roots of barley

were less infected and roots of rye less infected again.

(2) Factors influencing the infection of roots with

G. gram j-nis var Lritici

Some of the characters that influence infection of roots

with G. g. t. l{ere identif ied, and the extent to which they

influenced the infection of cultivars was invesLigated.

Several characters have beert previously associated with

the infection of roots. hlachter and Mogling (I979) found

growth of shoots to be associated with rstronger vulnerability
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FIGURE 1 1 :

,l

Frequeilcy distributions of percentage
(as angles) of roots infected with
G.g.t. for families of set 3 at Palrner

A. Seminal roots at tillering

B. Serninal roots at anLhesis

C. Coronal roots at anthesis

data obtained using means of ten plots
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óf rvheatsr to infection by G.e"t. As growth of shoots and

infection of roots can not be causally and positively

associated, more direct associations betrveen percent-age

infection of roots and number cf roots' and l.ength of the

subcoronal internode I{ere tested here. Patel (pers. comm.)

founC that the incidence of R. solani was negatively assoc-

iated with the incidence of G.R.t. on roots of wheat at some

field sites. Thus, âsdociations between percentages of

roots with symptoms of inf ection with G. g-r-q-r- and other

pathogens \^/et:e also examined. Associations t./ere determined

within cultivars for data of set 2, withln replicates for

data of families of set 3, but over all data for cultivars

of seLs 4 and 5 which were adapted to local condiLions and

less diverse than other wheats. Associations r./ere determined

for individual plants and are sunÌmarised i-n T'ables I7 and

1B for infection of the seminal and coronal roots respective-

1y.

The number of roots and their extent of infection

tended to be posltively associated v¿here significant

(Tables 17 and 1B), reflecl-ing the significance of spr:ead

of infecLion between acljacenL roots in a plant. Signlficant

and consistently negative associations were found between

the length of the subcoronal j-nteritode and extent of

infection of the seminal roots (Tables 17 and 18). Thisl

"ug,gests 
inoculum of G.g.t. was most frequent or most

infective when high in the soil profile. Data show this

effect Eo persist to anthesis in some experiments but to

de¿line in others. Evidence f or strong antagonism betweett

G.s.t. and R. solani was observed (Tables 77 and 18),



TABLË 17z Associationsf between infections
of seminal roots at tillering (t)
and characters that may influence
fon individual plants from fjeld

7L

with G. g. L.
and anthesis (a)
inf ect j-on,
experiments

5Experiment Characters

cultivars site SEM SCI RSEM

t a t a t a

seL 2

set 2

set 3

set 3

set 4

set 5

Palme r

Strathalbyn

Palme r
(Dr4.63)

Pa lme r
(GcI .22)

Palme r

Strathalbyn

-.o2 .17å. -.12{rx

. 10r$

-. 06

.03

. 14Y.

.06

.11

-.05

-.11

-.Lzx

- . 14às

.08

-.o4

-.24-,\x

- . 10r3

ô ô -v- -w- -v-

- .07

-.07

.11

-. JOxr-

_.38-x--x-lf

-.t4
.11

-.33
.15 -.26'k -.05

differences
v/ere not

in associations betr,¡een cultivars or replicates
significant

t

significant associations are depicted as
fçn (P<0.01) or vd-)+{- (P<0.001)

(P<0.05),

associations are pooled from within cultivars fo::
set 2 and from wiLhin replicates for set 3

abbreviations of characters were explained on page 2I5
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TABLE 1B:

,l

Associations t b"tween infection with G. g. t. of
coronal roots (at anthesis) and characLers that
may influence infection for individual plants
from field experiments

Experiment Characters 5

COR SCI GSBM RCOR OCORcultivar site

set 2

set 2

set 3

set 3

set 4

set 5

Pa lme r

Strathalbyn

Pa lme r
(Dr4.63)

Pa lmer
(GcI.22)

Palmer

Strathalbyn

-.05 -.1/zrËav .20x--F

-.01
. z)ã-ã-?r

.04

-.11
.07

-.05 - .23rrx:Å'

.r4

-.46"'ç

-. 10

.19 .49ooå'

-.07

.02

-.02

differences
hrere not

i-n associations between cultivars or replicates
significant

significant associations are depicted as
,+e$ (P<0.01) or -FYdå- (P<0.001)

(P<0.05),

associations are pooled from r¿ithin cultivars for
set 2 ancl from within replicates for set 3

t

5 abbreviat-ions of characters lr/ere explained on page 2l
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supporting earlier observations by Patel (pers. comm.) made

i-n both natural and controlled environments. Antagonism

appeal:ed to occur on seminal and coronal roots and

appeared stronger in effect at anthesis than at tillering.

Evidence of antagonism was also found betrveen G " g. t. and

the unknown pathogen on coronal roots at anthesj.s (Tab1e 1B).

Strong positive associations between infection of seminal

and coronal roots with G. g. t. at anthesi-s (Tab1e 18)

reflect the progressive spread of the paLhogen within the

root system of plants at both sites.

The influence of these characters on differences

between cultivars in inf ection wit-h G.g. t. v¿ere determ j-ned

f or the wheats in f ield experiments. These ef f ects 1./ere

tested both by asscciation and analysis of variance.

Associations between the infection of roots with G.g.t.

and the number of roots, length of the subcoronal internode

and infection of roots with other pathogens were determined

for means of cultivars from experiments in 1983 ancl

findings are summarised in'Table 19. Differences between

cultivars for these characters 1./ere tested and analyses

presented in Table 20, while means of wheats are presented

in Appendix 3. vlhile the number of seminal roots inf l-uenced

the infection of individual plants with c.g.t. (Table 1-7),

and though cultivars differed in number of seminal- roots

(Tabl-e 20), the ef fect of root number \,iras too weak to af fect

the extent to which field grown cultivars of wheat were

infected with the pathogen. Wheats also differed in the

number of coronal roots (Table 20), but the effect of this

character on the infection of coronal roots of cultivars

appeared to be obscured by the reduced vigour of diseased
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TABLB 19: Associations beLween infection with G. g. t. of
roots at tillering (t) a.td anthesis (") and
characters that may influence infection for
means of cultivars from field experiments

5
Bxp e r iment CharacLers

fI RSEM RCOR OCOR

a a

cultivar site SEM/COR SCI

t ata t a

set 2

set 2

set 3

set 4

set 5

seminal roots (GSEM)

Palmer .36 -.33

Strathalbyn .20 -.14

Palmer .09 .03

Palmer -.22

Strathalbyn .24

coronal roots (GCOR)

-.68

- .47

-..+l^^

.25

-. o0x-

.42

-.03

-.04

.13

.60

-.11

-.16
.10

.08

-.44 -. ss

- ,25

-.07
.r4

set 2

set 2

set 3

set 4

set 5

Pa 1me r,

S'trathalbyn

Pa 1me r

Pa lmer

Strathalbyn

-.75
-.72

-.01
.4r

-.65o*

.33

.13

-.o4
.25

.08

significant associations are depicted as v'- (P<0'05)
** (p<0.01)

or

5 abbreviatic¡ns of characters are explained on page 2I

sEM is on1-y associated with GSEM and cOR only with
GCOR

fI
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TABLE 20z Significance of differences between cultivars
in characters that may influence infection of
roots with G. g. t. in field experiments

Exp er iment CharactersS

SEM COR SCI RSEM RCOR OCORcultivars site

set 2

set 2

set 3

set 4

set 5

at tillerin

at anLhesis

Pa lmer

Strathalbyn

Pa lmer

Pa 1me r

Strathalbyn

Tt_ì-

xî

*++'tê aqX-Y¡ { )+13

aE'lÇ n.S. n.S.

aqaqX- n.S. n.S. n.S.

åÇrElS n.S.

n.s. n.s. n.s.

.¡+

ã- ?f ã- n.s. n.s

set 2

set 2

set 3

seL 4

seL 5

Palmer

Stra thal b yn

Palmer

Palmer

St-rathalbyn

t+ Jt

l+ :tt

n, s. s

rs .}êåç ll-X¡s n.s. n.s. n.s.

n.s

n.s

n.s++

significant differences are de
-)e{- ( P<0 . 01 ) or vn-)tit ( P<0 . 001

icted as /ç (P<0.05 ) ,p

)

5 ubbreviations of characters are explained on page 2I
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plants at sofne sires (Tab1e 19). The length of the sub-

coronal internode also differed strongly between wheats,

and had consistently influenced the infection of seminal roots

of in<iividual plants with G. p.. t. at tillering (Tab1e 17)

to the extent that infection in cultivars of wheaL was

also affecl-ed (Tab1e 19). This effect was not found in

older planrs (Tables 17, 18 and 19). cultivars of wheat

did not differ in infection with R. solani (Table 20) which

could not then influence t.he infection of cultivars of

wheatwithG.g.t'(Tab1e19)towhichitappearedtobe
strongly antagonistic (Tables 17 and 18). While infection

with the unkno!ûn pathogen appeared to retard infection of

individual plants with G.g.t. in some experiments' it did

not influence the extent of infection in cuttivars of wheat
(Table 19 ) . Wheats did
differ in infection with the unknown pathogen in an experi-

ment at PaImer (cultivars of set 4 : Table 20)' but the

pathogen was then not antagonistic to G'g't' (Table 1B)"

The course of disease caused b v oatho s ens of root s at si-t-es

The course of disease I¡/as indicated at sites by the

effect of infection of roots on the growth of plants'

deadheads and yield of grain. As disease \¡/as not under

experimental control, effects could not be tested directly

but were tested indirectly by associations, which r^/ere

determined as PreviouslY.

(1) Damage to the vegetative growth of plants

Three measurements of growth of plants vrere adopted,

the dry weight of shoots at tillering and at anthesis and
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tne number of f ertile tillets in p1ots. Inf ections that

damage plants would be expected to be negatively associated

with these measures of growth and \^/ere tested with one

tailed tests of signif j-cance.

Associati-ons between the infection of roots with

pathogens and weight of dried shoots at tillering and

anthesis rrere deterr,nined f or individual plants r âDd f indings

summarised in Tabl e 2I. Evidence lras f ouncl f or weight of

dried shoots to be significantly reduced at tillering by

infection of seminal rooLs with R. solani- but not G.g.t"

However, there I,Jas strong evidence that at al1 sites, shoots

vüere most damaged at anthesis by infection of roots with

G. g. t-. lnf ect_ion of coronal roots with the unknown pathogen

at anthesis also appeared to have significantly reduced weight

of dried shoots (P<0.01) of plants of set 3 grown in soil of

type Dr4.63 at Palmer. Blackening of the subcoronal inter-

node was not significantly associated with weight of dried

shoots aL anthesis except for wheats of set 2 at Strathalbyn

where the inf ecLion of roots with G. g-. E-. was severe.

Associations between the infection of roots with

pathogens and the number of fertile tillers in plots r^/ere

determined and findings summari.sed in Table 22. Fertile

tìl\ecs were only measured il,, nrrpe.rir¡,.,ev,t> wrt\

cultivars of set 2. Findings show infection of roots with

G.L.t.- had reduced the number of fertile tillers in plots

at Strathalbyn but not Palmer. Moreover, infection of

roots with R. solani was positively associated with fertile

tillers in plots (P(0.01, 2 tailed test), and most likely



TABLE 2I..

cul ti var s

set 2

set 2

set 3

set 3

set 4

set 5

Associationsf' between infection of roots with pathogens and
shoots at tillering and anthesis for indivi<iua1 plants from

weight of dried
field experi-ments t

Exp er imen t Infection with pathog"n"S
anthesis

GSEM GCOR GSCI RSEM RCOR OCOR

site

Palme r
S t rat hal byn

Pa lme r
(Dr4.63 )

Pa 1me::
(GcI.22)
Palrner
Strathalbyn

tillering
GSEM RSEM

-.01
.01

.09

.35

_.14ycåe

-. f Q*as*

-.08+ç

.o2

-.09
_.09
_. /o"rxn-

-.06
-.13''r
-.09

.04

-./l)rr'r*

_.09
ôô-v--w-g 

^E

-.04

.36

.00
-.05

- . | !ls;$

.02.09 -.04 -. 33x--)çfr -. 17ttå. -.01

-.19
-.11_.58r?vr

differences in associations between cul-tivars or replicates were not sígnificant

significant associations are depicted as x- (P<0.05), -)çrs (P<0.0i) or r"'-{-)ê (P<0.001)

t associations are pooled from within cultivars for set 2 and from within
replicates for set 3

5 ubbreviations of infections are explained on page 2I

!
o0



As s ociat i on s
and anthesis
exp er iment s

Exp e r iment

site

between infection of
and number of fertile

pathogens at tillering
plots in field

f roots with
tillers in

TABLE 222

g

Infection with pathogens

tiliering anthesis

GSEM RSEM GSEM GCOR GSCI RSEM RCOR OCOR

-.29
cul t ivar s

set 2 .37 -.39 .06

_ . 7 1x..n

.46

- . $J Y'cl;(

Palme r

Strathalbyn

- .12

aa
-. JJ . 30 .J /axxset 2

differences in associations between cultivars v/ere not significant

signif icant associations are depicted as v'-v'- (P<0.01)

t associations are pooled from h'ithin cultivars

g abbreviations of infections are explained on page 2I

!
\o
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1*

refl.ected the

this pathogen

strong antagonism detected

and G. g. t. at StrathalbYn

(2) Incidence of deadheads

Deadheads are a visible form of loss of yield that is

caused by disease of roots, and are frequently employeci to

measure the susceptibility of cultivars of wheat to infection

byG.g.t.Thepathosensresponsiblefordeadheadsinthis

study h/ere investigated and differences between wheats in

their incidence \^¡ere tested. Characters that inf luence the

incidence of deadheads were tested to more critically assess

differences between wheats in susceptibility to infection

by G. g. t.

The influence of the incidence of pathogens on the

incidence of deadheads in plots v/as tested as previously by

association. One tailed tests of significance h¡ere used

as only positive associations implicate a pathogen as

causing deadheads. Findings were sumllarised in Table 23.

Evidence was found for G.g.t. alone to have caused deadheads

in experiments, except for families of set 3 that I^Iere tested

in soil of type GcI.22 where the unknown pathogen was

implicated.

Irlheats v/ere Lested for differences in the incidence

of deadheads that \¡/ere most probably due to the infection

of roots with G.r.E. and findings presented in Tables 24

to 27 for wheats of sets 2 to 5 respectively. Findings

for cultivars of set 2 show cultivars to have differed

significantly in the incidence of deadheads (P<0.001).

earlier between

(Tables 17 and I6).



TABLE 23:

cul t ivar s

set 2

set 2

set 3

set 3

set 4

As s oc iat ion s
anthesis and

t b"tween j-nfection of roots with pathogens at tillering and
incidence of deadheads in plots in field experiments

g

Exp e r iment Infection with pathogens

tillering anthe s i s

GSEM RSEM RCOR GSEM GCOR GSCI RSEM RCOR OCOR

site

Palme r

S t rathal byn

Palmer
(Dr4.63)

Pa lme r
(GcI.22)

Pa lmer

. 10 .01.l+I .50-^

.4ü(

.06

.4r

.44,\

. f | {såêx

.r4

.51rË -,27 -.1+4

.00

.28

.05

.I3nn

-.28

.00 .06

.0s .05

.54"'{- .29 -.2O

-.01 -.o7 .10

.35å$

differences in associations between cultivars or replicates Í¡ere not significant

signif icanL associations are depicted. as Y'- (P<0.05), r\Y'- (P<0.01) or rKvr)f (P<0"001)

t associations are pooled frorn wiLhin cultivars for set 2 and from within replicates
for set 3

@
ts5 abbreviations of infection are expiained on page 27
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TABLE 242 Percentages (as angles) of deadheads in plots
of wheats of set 2 and barl"Y, rye and
Ëriticale in field exPeriments

Exp er iment

Palme r Stra thalbyn

I,'lheat s

Aus1080

Chi 1 e909

Chil e9 1 1

Condor

Kite
Nei raskaS6
Rac3 I 1

means

6.6
0.6

20.s
17.0
11.8
26.3
20.7

14. B

0.0
0.0

16.0

1.5
0.0

11.3
26.2
4.7

37.r
18.4

14.8

0.0
0.0

L9.9

ANOVA (P)

whe at s
contr o 1 s

site x wheats

0.001
0.001

0.001
0.001

0.001

data represent means of 5 Plots



TABLE 252

Soil types Par ents

Nurnber-of deadheads in p1ot.s of parents and fanilies of set 3 in
two soil types at Palmer

Fani1ies ANoVA (P)

Aus1080 Condor minimurn mean maxl-mum parents fanilies soil
x farnilY

0r4.63

GcL.22

3.4 27.O

2.5 1.8

a.4 74.2 40.3

o.2 3.1 9.9

0.001 0.001

n. s. 0.001
0.001

data of parents represent means of ten p1-ots and of five plots
for families

æ(,
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TABLE 26 z Percentages ( as

of cultivars of
of deadheads in

angles) of deadheads
set 4 aL Nangari and
plots at Palmer

in plots
number

Cultivars of set 4 Nangari Pa lme r

Eagle
Egret
Festiguay
M2 335

\r2424

0x1 ey

Sun 3 9A

Sun4 1 A

Sun4 3A

Cook

K-2003-L2
LR /0X s27 30-4
N 1OlTG 2248_B

Halberd
(MKR-*Ki te) / 57 /SI4
(MM-xMMC) /59 /w6

RAC35 7

RAC3 99

RAC4 1 5

RAC4 1 6

( lrht- 15f'MH-4 9 ) / Z6 /1ñ3

Millewa
MQ6

PD36

SD34

Jacup
69Ivü / 237

6ew / 393

692 / 4or

27 .5
19.7
27 .5
20.9
24.9
20. B

23.9
26.r
20.7
23.9
27 .6
19.5
40.0
20.r
27 .5
13.1
18.3
29.r
31.3
29.2
17 .7
t3.4
22 .6
17 .5
1.7 .7
36.1
24.7
18.1
22.7

75.7

17 .3
32 .6

33.0

16.0
20.3

23.3
31.0

ANOVA (P)

cultivar fl .S. n.s.

Data from
of Palmer

Nangari represent means of 2 plots and
represenL means of 5 plots
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TABLE 27 z ' Percentages (as
of cultivars of

angles) of deadheads in Plots
set 5 in field experiments

Cultivars of set 5 Exp e r iment
Nan gar i Perponda

Ar oona

Cond or

Cook

Fest i guay

Jacup

Ki te

Lance

Mi 1 ing

Millewa

Oxley

PF / 4L /WL

RAC311

l.lari.gal

hla r imb a

2r .4

23.3

19.0

17 .6

30. 6

19.9

20.o

26 .6

26.r

32 .4

13.3

23.r

15.3

17 .5

24 .3

24.3

2r.9

22 .5

24.r

29.O

L7 .4

2L .5

77.r

15.s

38.3

ANoVA (P)

culLivar ll .s.

Data represenL means Of observations in one replicate
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hlhile a significant cultivar x site interaction was also

found (P<0.001), wheats krere similarly ranked for Lhe

incidence of deadheads at Palmer and Strathalbyn except for

Condor (Table 24). Dead and empty heads lùere noL observed

in barley and rye but were simllarly frequent in wheat and

the triticale (Tab1e 24), Families of set 3 also differed

significantly in the incÍdence of deadheads in plots on

scril of type Dr4.63 (Tab1e 25). This provided evidence

for the genetic control- of the incidence of deadheads that

were caused by G.g.t. as the parents also differed (Tab1e

25). However, the frequency distrj-bution of families (Fig.

I2) did not indicate that genetic control I^¡as simple. Dead-

heads in families of set 3 grorvn on soil of tyPe Gc) .22

did not appear to be caused by the infection of rooLs with

G.e.t. This \,/as reflected in the sj-gnificant family x soil

type interaction (P<0.001) detected when all data of dead-

heads in families of set 3 were analysed by a two factor

ANOVA (Table 25). The distributions of pathogens \¡/ere not

measured at Nangari and Perporrda in 1981, so the cause of

deadheads at these sites could not be esLablished. Horvever

G. g. t. was the most frequent pathogen on roots at bot-h sites

(Tab1e I2) and the most 1ike1y cause of deadheads. Finclings

for cultivars of set 4 (Tab1e 26) show wheats dj.d not differ

in Lhe incidence of deadheads at either Nangari or Palrner.

Moreover data for cultivars that were tested at both sites

h¡ere not associated (r = 0.36 with df=6), which indicates

deadheads \¡/ere not similarly formed in wheats of set 4 at

these sites. Cultivars of set 5 also did not differ in the
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incidence of deadheäds at Nangari and Perponda (Tab1e 27).

Characters influenci-ng the incidenc.e of deadheads

vrere studied in detail, to determine the cause of differences

between cultivars in their incidence. Deadheads develop

when plants that have sufficÍent1y restricted root systems

are stressed. Thus, Bockmann (1966) found cultivars tend

to suffer less severe diSease when new coronal roots are

produced at a greater rate than established roots are

destroyed by G. g. t. In another study, l,rlachter and Mogling

(Ig7g) found vigoroirs growth of shoots and early maturation

of heads to be associated with t suscepLibility I of wheaLs

:" 
inf ecti.on by G.g--rl--. The length of the subcoronal internode

tüas also examined as this character had been associated with

the infection of roots with G.g.t. earlier in this study.

Associations between the incidence of deadheads and infection

of the seminal and coronal roots had been presented earlier

in Tabl e 23. Deadheads tendecl to be more strongly associated

with infection of seminal roots than coronal roots of wheats

of set 2, but Lhe reverse r{as Lrue for wheats of set 3.

Insufficient data \^/ere collected to similarly compare infections

of roots of the remaining seLs of rvheats" Associations between

the incidence of deadheads j-n plots and the number of

coronal roots, weight of dried shoots, lumber of tillers

and.the length of the subcoronal internode at anthesis were

determined as previously and findings are presented ín

Tabl e 28. Maturity v/as not sirnilarly Lested as wheats v/ere

not all scored for this character in situ (Appendix 4).

The number of coronal roots v/as not negatively associated
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TABLE 28: Associations t between
deadheads in Plots and
(at anthesis) that maY
field experj-ments

the incidence of
characters of Plants
influence deadheads in

Experiment Characters 5

COR DI,rl T]L SCIcultivars site

seL 2

set 2

set 3

set 4

Palme r

Strathalbyn

Pa lme r
(Dr4.63)

Pa lmer

.25

.48

.05

.01

.45

.15'*

.44

.03

.03

.05

. oJ-^-"r

-.06

-. 30 .40-F - .03

differences in associations between cultivars or
replicates u¡ere not significant

significant associations are dePicted as +E (P<0.0s)
*-N- (P<0.0i) or ìÉr'r* ( p<0 . 001 )

t u"sociations are pooled from wiLhin cultivars
for set 2 and from within replicates for set 3

5 .bbreviations of charac.ters are explained on page 2r
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witlr the incidence of deadheads, and did not support the

hypothesis that the growth of nel/ coronal roots late in

the season lessens the incidence of deadheacls in wheat.

However, infection with G.g.t. also stimulates the developmenL

of coronal roots (Manners & Myers, 1981) which may have

obscured the effect under testr so that Bockmannrs (1966)

hypothesis I¡/as not critically tested in this study. h/eight

of dried shoots at anthesis tended to be positively associated

with the incidence of deadheads, a5 was similarþ

Çoun"( by l{achter and Mogling (I979). This f inding

is consistent with plants of large vegetative mass placing

greater rìomand on diseased root systems at ripening than

smaller plants, and are thus more prone. to early death.

Associations between the number of tillers and the incidence

of deadheads were without trend, though highly significant

in one experinent. As found earlier, Lhe length of the

subcoronal internode did not influence disease in older

crops of wheat.

'Ihe influence of weight of dried shoots and number of

tillers at anthesis on the incidence of deadheads in cultivars

of wheaL \,\¡as f urther investigated. The inf luence of maturity

v/as similarly testeC by associati-on of means of cultivars

and analysis of differences between wheats. Data for maturiLy

of cultivars of seLs 2 Lo 5 were obtained from field p1ôts

at hlaite, Palmer and Turretfield (Appendix 4). Associations

are summarised in Table 29 and analyses of variance in Table

30. Findings suggest dif f erences l¡etv¡een wheats in dry

weight of shoots at anthesis (Tab1e 30) did influence the

incidence of deadheads in cultivars of wheat (Tab1e 29).
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TABLB 292 Associations between incidence of
and characters that maY influence
for means of cultivars from field

d ead head s
deadheads
experiments

g

Exp e r iment Characters
site DI,\l

(at
TIL

anthesis )
MAT.'Icultivars

set 2

set 2

set 3

set 4

set 4

set 4

set 5

set 5

Pa 1me r

S Lr athal b yn

Palmer (Dr 4.63)

Palmer

Nangari, rep 1

Nangari, rep 4

Nangari, rep 4

Perponda, rep 4

.68

.55

.46++."

.63

- .52

-. 59

-.24

-.12

. 9 3*-x'

.7r

. B0x-x-l+

.59

-.r4
.51{'x

.54

.05

significant associations are depicted as',t (P<0'05)'
-x-x- (P<0.01) or tçrf+r (P<0.001)

5 abbreviations of characters are explained on page 2L

Í .1.a. of maturity are presented in Appendix 4
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TABLE 3O: Significance of differences between cultivars
in characters that may influence inci-dence of
deadheads in field exPeriments

5

cu1 ti var s

Exp er iment Char ac t er s

DW TIL I"IAT
(anthesis )

site

set 2

set 2

set 2

set 3

Pa lmer

Strathalbyn

lJaite

Palrner (Dr4.63)

Pa lme r

Turretfield

J+ åt åê

_

n.s

lÊ'l$ ¡q

t* t+ t+

.t+ tÊ l+

set 4

set 4

signj-ficant differences are depicted as
r!¡'! (P<0.01) or r+{-++ (P<0.001)

*J+

(P<0.0s) ,

g are e xp laine d onabbrevia tions
page s 21 and

of characters
9T
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The number of tillers in wheats did not influence deadheads.

Differences between wheats in earliness of maturity (Table \

30) strongly promoted the incidence of deadheads in cultivars

(Table 29), supporting the f indings of l,rlachter and Moglrng

(1979). It could be argued that a positive association

between the incidence of deadheads and earliness of maturity

is expected when observation is at a single tine, since heads

must form before they can prematurely die. However, thls

argument is not valid since live ancl empty heads could be

distinguished f rom live and partly f il1ed heads, whi-.1 e only

one cultivar (Chi1e 90 9 at Strathalbyn ) \,ras of such delayed

maturity that the future filling of grain was uncertain.

In any event findings shorv deadheads do not accurately

measure differenceS between cultivars in resistance to

infection by G. g. t. but largely reflect dj-fferences in

maturity and nìay therefore simply indicate differences in

escape from disease. Data were not sufficient to establish

differences bet,ween wheats in the incidence of cleadheads

that were not due Lo differences in maturity'

( 3 ) Loss of yiel-d of grain

Pathogens on roots hrere tested f or ef f ecl, on the f ì l1ing

and final yield of grain. After investigating the effect

of pathogens on the growth of crops, the incidence of

deadheads anrl weight of grain, âfl overview of loss of yield

v/as sought by associating each character with final yield

of grain.

The effect of pal-hogens on weight of grain was tested

as previousll', by associations within cultivars and
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replicates. t/eight of grain was only scored at Palrner and

where infection of roots with G. g.!. clearly damaged plants.'

There rrras insufficient time to score this character at other

locations. Findings are presented in Table 31 and provide

evidence for infection of coronal roots to most reduce weight

of grain. Infection ¡vith G.g.t. appeared to reduce weight

of grain most in cultivars of set 2 while infection with

the unknown pathogen appeared most damaging in families of

set 3 (Tab1e 31).

The effect of pathogens on final yield of grain h¡as

tested as previously by association and findings presented

in Tabl e 32. Dat-a suggest infection by G. g. t. was most

damaging in experiments at strathalbyn and in families of

set 3 when gro!/n on soil of f-ype Dr4.63 at Palmer. Other

pathogens did noL appear to significantly reduce yield of

grain. Positive associati-ons between yield of grain an<1

infection of roots with R. solani at Strathalbvn most 1ike1y

reflects antagonism on roots between this pathogen and

G.g.t. which had been derected earlier (Tables 17 and 1B).

The significant positive association between yield of grain

and infection with the unknown pathogen in cultivars of

set 4 aL Palmer could not be similarl-y explained.

An overview of the course of disease in experiments

v/as sought by testing associations between final yield of

grain and weight of dried shoots at anthesis, number of

fertile tillers in plots, the incidence of deadheads and

weÍght of grain, and findings are presented in Table 33.

Loss of yield in plots infected with G.g.t. occurs
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TABLE 31: Associatio.r"t between infection of roots with
pathogens (at anthesis) and weight of grain from
individual plots in field experirnents

5Experiment

cultivars site

Infection with pathogens

GSEI"I GCOR GSCI OCOR

set 2

set 3

Pa lmer - .26
(.t.s.)

-.o4(n.s.)

-.53'*
(n.".)

-.L4(r,.s.)

-. 15
(tr.s.)

-.09
(0.0s)

.08
(n.".)

ñ1v/ t^-

(n.".)
Pa 1me r

significance (P) of differencer betrveen cultivars or
replicates are bracketed

significant associations are depicted as ;r (p<0.05)

I associations are
set 2 and within
Dr4.63 for set 3

pooled from within
replicates 2 and 5

cultivars for
on soil. of type

5 abbreviations of infect-ions are explained on page 2I



f infection of roots with Pathogens
plots from field exPeriments

at tillering and anÈhesis :

{

.37 ' $/¡*;sY'r

-. 10

-.10

.JJ^

-.05

not significant

or lrr-crs (P<0.00i )

TABLE 32:

cult ivar s

set 2

set 2

set 3

set 3

set 4

set 5

As s ociati ons
and yield of

betwe en
grain in

Exp eriment tillering

GSEM RSEM

Infection with Pathogens
g

anthe s i s

GSEM GCOR GSCI RSEM RCOR OCOR

-. 16

site

Pa lmer

StrathalbYn

Pa 1me r
( Dr4. 63 )

Palmer
(GcI.22)

Pa lrne r

Str a thalbyn

differences

significant

t associati-ons are
for set 3

-.18

-.$lz\aså$

-.tJ^

_.19

.24

,42

-.24

- . I7-x-å-x-

-. f Qxrr

-.37

- . 817.-**

-.24"'É*-^q

- .25

- .49,)

-.04

- "04 -.09

-.t4 -.r7

.10 -.06 .01

-.55x-*

-.02

- .7 4x-xx- - .l+4x"*

in associations between cultivars or replicates \^/ere

associaLions are depicted as lE (P<0.05), rclt (P<0.01)

pocled from within cultivars for set 2 and frorn within replicates

\o
Or

5 abbreviaLions of infections are explained on Page 2I
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TABLE 33: Associationst between yield of grain and mean
weight of dried shoots (DI\i) at anthesis,
number of fertile tillers (NFT) a.td deadheads
(DH), ârd weight of grain (GRW) in plots from
field experimenLs

Experiment

cultivars site DI^/ NFT DH GR\^l

set 2

set 2

set 3

set 3

set 4

set 4

set 4

set 5

set 5

set 5

Pa 1me r

Strathalbyn

Pa lme r

(Dr4.63 )

Palme r

(GcI .22)

Nangar i
(rep. 1)

Nan gar i
(rep. 4)

Palme r

Nangar i

Perponda

Strathalbyn

-.27
(n.".)

.27

(n.s.)
. | $fraq

(0.01)

-.00
(n.s.)

-.27

. $Q-x-r'$

.47

(n.s.)
. 8 9J{-.r+x-

(n.".)

.22

.4gx

- .64'xr,

(n. ". )

- .27

( 0.01)

- . 16x'*

(tt.".)

-.08
(n.".)

-. Sdllaqu'$

-.34

-.65

-.13
.34

. / l¡fras

(.t. 
". )

. o)-d7i?r

(tt.s.)

- .04

.r4

differences (P) in associations between cultivars or
replicates are bracketed

significant associations are depicted as år (P<0.05)'
nrÊ (P<0.01) or Y¡rcrF (P<0.001)

associations are pooled frorn within cultivars for
set 2 and from within replicates for set 3

t
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cumulatively yet has been examined here with bivariate tests

of assocj-ations. l^lhile this is lj.miting and though data

are incomplete, âssociations al1ow comparisons betweert

experiments in the course of disease '

Themostc.onPletedat-aareforwheatsofSet2,wlrich

shows disease to be more widespread and damaging at

srrarhalbyn rhan at Palmer (Tables 13 and 32). Loss of

yield at Strathalbyn appearecl largely due Lo a reduction

in number of fertile heads j-n plots (Tab1e 33) that

fo11or^¡ed the ear11'and extensive infecti-on of seminal roots

byG.g.t.-(Tab1e32).Datashoweddeadheadstobeapoor

indicator of yield of grain at St.athalbyn, since associations

betr,,een these variables vl ere inconsistent within cultivars

(Tab1e 33). This finding did ímplicate earlier and more

extensive damage to plants than that exPressed as deadheads'

There was no direct- evidence that infection with G.g.t.

had reduced yield of grain at Palmer (Table 32), but yield

had varied with the incidence of deadheads and weight of

grain (Table 33) whj-ch were significantly associated r+ith

the infection of roots wj-th G.g-r-!= (Tables 23 and 31)'

Data indirectly suggested loss of yield had occurred

late in Lhe development of the crop aL Palmer and was

perhaps due more to infection of coronal roots (Table 32)

and shrivellj-ng of grain than early death of heads (Tab1e

33).

. l.r/hi1e less complete, daLa of f amilies of set 3 allow

a comparison of disease in soils of type Dt4.63 and GcL.22.

hleight of dried shoots at anthesis appeared to be



99

significantly reduced by infection of seminal roots with

G.g.t. in both types of soil (Table 2I), Plants grown in

soil of type Dr4.63 did not recover vigour lost by anthesis,

since final yield of grain hlas associated with infection

of the coronal roots by G.g.t. In contrast, planLs Srown

on soil of Lype GcI.22 appeared to subsequently recover

from damage at anthesis, since disease of roots did not

influence final yield of grain. hrhile infection with the

unknown paLhogen \^ras associated with deadheads (Tab1e 23)

1n Èhj-s soil, they were infrequent (Tab1e 25) and did not

accounL for significant loss of yield of grain (Tab1e 33).

These fin.t-ings sugBest disease had developed cn coronal

roots in soil of type Dr4.63 but not in soil of type GcI.22.

A sma11 loss of yield in soil of type Dr4.63 also appears

due to incomplete filling of graj-n (Table 33) associated

with infection of the coronal roots with the unknown

pathogen (Table 31 ) ,

Data of wheats of sets 4 and 5 were incomplete and

bivarj.ate associations are not independent of differences

between cultivars. Nevertheless disease in this material

did not appear to be dissinilar to that in wheats similarly

grown at Palmer and Strathalbyn. I4lhile loss of yield could

not be associated rvith the incidence of G.g.t. at Nangari

and Perponda, a high incidence of deadheads u'as observed

at these sites, and the pathogen vras most prevalent.

Moreover replicates one and four of the experimenL with

cultivars of seL 4 at Nangari appeared to differ in

expression of disease as yields of plots v/ere dissimilarly
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associated $/ith deadheads (Tab1e 33) yet pathogens

equally prevalent (Table 12).

wer e

Discussion

Disease at tiLe site of Palmer appeared to be typical

of disease caused by G. g. t. in South Australia in that

deadheads l¡/ere frequent while severe stunting and premature

death of tillers \¡/ere not, in contrast to disease at

Strathalbyn. However both siLes contained a si-mi1ar number

of units of inoculum of G.g.t. in assays three months before

sowing. The severe disease aL Strathalbyn probably followed

the buildup in inoculum over seve.i a1 rnonths on roots of

grassy weeds that hacl germinated after unseasonally heavy

rain in March and Aprir (Appendix 2). Similar weeds were

controlled at Palmer. Data show G.g.t. can not be considered

in isolation as a pathogen in the fie1d, as two other

pathogens which were frequent, ly observed at sites \,{ere found

to significantly influence the grolvth of wheat in one

experiment, and appeared to have been antagonistic to

infection of rooLs by G. g . t.

In this stucly, findings suggested infections of roots

were more significant in contributing to loss of yield in

wheats grown in the field than infection of other components

of the root system. Infection of the subcoronal internode

r{as less strongly associated with growth of plants and yield

o.f grain in plots than inf ection of roots. lnlhere inf ect j-on

of the subcoronal internode 14/as closely associated with

damage to plants (as at StrathalbYn) r roots of crops vùere
already extensively diseased, a condition which may have led
to most l-oss of vigour of the
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crop. These findings reflect greater resisLance in the

subcoronal internode to infection with G. g. t. than exists

in roots (Fe1lows , Ig28). hlhile not studi-ed, the coronal

tissueS are even more resistant to infection than Lhe

subcoronal internode, and their infection can be expected

to be less significant to loss of yield in wheats grol'/rì in

the field than infection of roots.

Provided there is moisture throughout the soil profile,

as there was at Palmer ancl Strathalbyn in 1983 (Appendix 2),

both seminal and coronal roots contribute to yields of

wheats. However, seminal roots develop first and are there-

fore significant in contributing to earlier growttr of plants

than coronal rooLs which develop later and influence late

growth of plants. Thus weight of dried shoots at anthesis

was influenced more at Palmer by infection with G'g'tt of

seminal roots than coronal roots (Tab1e 2I) (most seminal

rool--s being j nf ected at strathalbTn ) , while weight and

yield of grain were influenced more Ly infection of coronal

roots than seminal roots at botli sites (Tables 31 and 32)'

Deadheads r^¡ere not consistently associated with

infection of either seminal or coronal roots in this study,

suggesting their formation to be inconsistent as concluded

earJ-ier in this chapter. Indeed, two conditions have been

described by hlhite (1947) in which deadheads form. Both

conditions require the seminal roots to be extensivel-y

infected with G.g.t. and unable to function. In the first

condition, the coronal roots are poorly developed and are

unable to supply maturing plants with moisture as the upper

profile of the soil drÍes at the end of the growing season'
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The second condition lras also described by Bockmann (1966),

in which the coronal roots are also extensively infected

with G. g. t. and unable to suppl-y plants with moisture that-

may be freely available throughout the soi1. Deadheads

descrj.bed by Irihitef orme d

(Le 47 )

at Strathalbyn in conditions

and Bockmann (1966), where moisture was abundant in ,'

the soil when the crop matured, where seminal and coronaland

wi thinfectedroots r{ere extensively

conditions had also 1ed

G. g. t. - However, these
L

to earl.ier and severe damage to

young plants, âDd therefore may not be representative of

disease that is of colnmon occurrence in South Australia.

Deadheads were also frequent at Palmer where coronal root'

were not extensively infected with G.g.t. (Tables 13 to 15)

yet where moisture \^/as abundant throughout the soil profile

(Appendix 2). This condition had noL been described by

I^/hite (1947) to account for the development of deadheads.

Conditions described by White (1947) also fail to account

for t.he positive association between earliness of maturity

and incidence of deadheads found in this study and previously

by l^/achter and Mogling ( 1979). However, f indings at Palmer

may be explained if deadheads follorv earlier stress to crops

than is assumed by I^/hite ( 1947), arìd at a specif ic stage of

development of plants. If this stage of development were

to occur before the coronal roots of wheats have developed

extensively, deadheads may fol1ow stress to plants when

sufficient seminal roots are infected with G.g.t., despite

an abundance of soil moisture. Moreover, fewer deadheads

may develop in later maturing wheats whose seminal roots
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are similarly infectecl with G.g"t., if the critical stage

of development occurs when coronal roots are extensively

developed. Early stress of this nature may I^tidely cause

deadheads in wheats as at Palmer in 1983, âs positive

associations betr.veen earliness of maturity and incidence

of deadheads t{ere also observed at Nangari in 1981'

Strathalbyn in 1983 , âûd e1ser,¿here by Wachter and I{ogling

(Iglg). Stress that occurs lat,er again may simply rest-rict

filling of grain as at Palmer in 1983 (Tab1e 3i). Differences

in the incidence of deadheads have previously encouraged

belief of strong resistance t-o infection by G'g't' in

wheat (Rathjen, pers. comm.), but this has been shown to

be unwarrantecl . Moreover I eârliness of rnaturity can not

be freely altered in breeding wheats for tolerance to infection

by G.g.t" as it strongly determines yields of healthy wheats

in South Australia (Rathjen, pers. comm. ) .

Wheats infrequently differed in infection of roots with

G.g.t., while differences v¡ere not influenced by any of the

characters studied (Tabl-e 19 ) . In addition, wheats were not

dissimilarly infected with G.g.L. at the sites of study
(Tabl-e 13 ) , unl-ike wheats inf ected wi th introduced inoculum
( Scott, 19 81 ) . These findings

may simply reflect study at only two sites, but may also

suggest cultivars of wheat are more consistently infected

with G.g.t"_ when sown in fields contaÍning inocul-um af- naLural

occurrence, as r,\tas f ound by Nilsson ( 1969 ) . While a

cultivar x site interaction was detected for the incidence

of deadheads in wheats of set 2 at sites in f983, disease

as at' Strathalbyn rloes not occur widely in South Australia '
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Previous studies in Australia have not demonstraLed

cultivar x site interactions for the incidence in wheats

of deadheads caused by G. e. t.





106

an experiment summarised in Appendix 1. Measures of

infecLion with pathogens and of growth and yield of cultivars

grown at sites in the field rvere from experiments described

in Chapter 4. I{here wheats v{ere inf ected rr¡ith G. g. t. in

cups in Separate experiments, dupllcate associations hrere

pooled when found to be homologous. In addition r âssociations

from Palmer and Strathalbyn I\¡ere pooled for wheats of set 2

to test effects Lhat are independent of field sites. To

obtain measures of association that v/ere independent of

differences between sets of wheats in adaption to field

conditions in South Australia, âssociations within sets were

tested for homology and then pooled. Data were contributed

to the pooled associatj-ons according to the number of

wheats in each set.

Factors influencins infections of T aestivum in the fielcl

Associations were determined between measures of

inf ection with G. g. t.- f rom roots grohln in cups and symptoms

of inf ecLion with pathogens f roru r<.¡oLs f rom f ield sites.

ResulLs are presented in Tables 34 to 38. Sets of associa-

tions Írere not complete but vrere lirni-ted by incomplete data

frorn cups and by variation in the occurrence of pathogens

at sites.

( 1 ) Infection of seminal roots with

triticj- at tillering

The early infection of seminal roots

environments appeared to be negatively and

G. graminis var

of wheat in field

significantly



TABLE 342

cultivars

set 2

Expe r iment

Associations between scores of
and infection of seminal rooLs
experiments

infectíon with G. g. t.
with the pathogen at

for cultivars groltn in cuPS
tillering in field

g

CL CI

Numb er
of

cultivars

7

Scores of infection from cuPS

site

Palme r

S trathal b yn

ECTG CCOI, ECOL

at

-.55

-.32
_ .49 -.11 . i0

LN

-.04

SC MLS LL

-.93*--x-x -.92'x-xx -.80-)tx- -.16 -.90'ox .4I .54 7

. 15 -.08 -.33 -. s0

-.40 -.41 -./QÏr+Ê -.63+r* -.52x- -.0L -.65"'$ -O4 .03
me nofset2

set 3

set 4

set 5

Palme r

Palme r

S trat ha1 byn

P

-.11 -.34+E -.11 - .22 .01

- .70

-.35

-.L7

.46

.01

-.15
.15

.05

35

I
I4

-. 30

- .12

overall mean

differences in
associati NS

-.17 -.35'^ -.26

n.s. n.s. 0.05 0.05 n. s. n.s. n.s

-.32v, - .22 -.L2 -.65å' -.05 -.08

n.s. n.s

significant associations are depicted as tt (P<0.05), ''ê't (P<0.01) or -)$åê)'ç (P<0'001)

5 abbreviations of scores are explained on page 1.6
F
O{
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associated with measurements of the radial invasion by

hyphae into rooLs grov/n in cups (Tab1e 34). AssociaLions

\^¡ere most significant at Palmer and may have been di-srupted

by antag onism with R. solani at Strathalbyn, The ectotrophic

growth of hyphae down roots in the controlled environment

v/as not associated with the early infection of seminal roots

in the fie1d. Associations with the discoloration of wa1ls

of cortical ce1ls in the controlled environment \^/ere not

significant and were without general trend. The j-nverse

relationship between infection of seminal roots with G. g. t.

in controlled and field environments can not be readily

explained, but in being significant, provides

evidence for resistance to radial invasion by the pathogen

into roots of wheat. A significant association was found

with colonisation of the innernost cortical ce1ls with

G.g.L. in roots of families of set 3 when gro\{n in cups.

This provj-des evidence of geneti-c control in the cross

.{us10B0 x Condor for both characters (CCOL & GSEM at

tillering) as families of set 3 must differ in both respecLs

for a significant association Lo have been detected.

(2) Infection of seminal roots

tritici at anthesi-s

wj-th G. graminis var

Significant and positive associations hrere detected

beLween infection of seminal roots wÍth G.f.E. at anthesis

in field environments and the extent of ectotrophic growth

by hyphae down roots grohrn in cups (Tab1e 35). t/hi1e

associations between infection of seminal roots with G.e.t.



TABLE 35:

cu1 ti var s

set 2

set 3

set 5

Expe r iment

Associations beLween scores of
and infectior of seminal roots

infecEion with G.g.t. for cultivars grcwn in cups
with the pathogen at anthesis in field experiments

Scores of infection from cuPS 5

LN MLS LL CL CIsite

Palme r

Pa lme r

Strathalbyn

ECTG CCOL ECOL SC

Number of
cultivars

35

.30

. JOã-

-.19

-.22

-.23

- .2r

-.24

- .17

-.11 .51 -.r9 -.23

.77

.01

.10

.24

-.25

7

-.o4

-.57x, -.40 L4

ov ra11 mean .35x- -.22 -.2r -. 18 -. 19 - -16 -. 19 . 10 .r2

differences an
associations (P) none significant.

significant associations are depicted as )ç (P<0'05)

5 abbreviations of scores are explained on page 16

ts

\o
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in the field at anthesis and measurements of radial invasion

by hyphae into roots gro\^'n in cups tended t-o be negative,

they vrere not signjficant (except GSEM x LN for cultivars

of set 5 at Strathalbyn ) . I^lhi1e not broadly based , these

findings suggest infection of older previousl y uninfected

seminal roots ( at anthesis ) was determined llf ore by the spread

of hyphae along adjacent infected roots, than by the radial

entry of hyphae into roots from natural inoculum on plant

residues from previous growing seasons. In turn ' this may

ref lect greater resistance to inf ection by G ' g ' t ' i-n semj-nal

roots at anthesis than at tillering, which concurs with the

findings of Robertson (1932). Associations between the

infection of seminal roots with G. g. t. at anthesis and

cortical browning u¡ere again not significant'

(3) Infection of coronal roots with G. eraminis var

tritici at anthesis

Associations between the infection of coronal rooLs

with G. g. t. at anthesis and growth of hyphae down roots

grov/n in cups vi ere not signif icant (Table 36)' However '

associations with measures of radial invasion by hyphae

inLo roots grown in cups ì¡/ere signíficant and posiLive for

cultivars of set 2 bttt not for famili.es of set 3 (Tab1e 36)'

This may partly follow the detection of significant

dif f erences in inf ection of corona 1 ro<.¡ts with G. g . t . at

anthesis between cultivars of set 2 (Tab1e 13) but not

between families of set 3. Moreover, the finding (Tab1e 36)

provides evidence for a common factor to inftuence invasion



TABLE 352

c ul t ivar

set 2

set 2

mea

set 3

set 4

sei 5

Ex p er imen t

site

Palme r

Strathalbyn

nofset2

Pa lmer

Palmer

Strathalbyn

Associations bet-ween scores of
and infection of coronal roots

inf ectíon with G. g. t. f or cultivars grohrn l-n cups
with the palhogen at anthesis in field experiments

1.).l-J

.10

-.06

.r7

.35

./5'1

"65

.52

g

.33

.82

-.58

- .57

-.11

- .54

.14

- .43

-.60
tr'l

-.09

- .69

.10

Scores of. infection from cuPS

LN MLS LL CL CI
number of
cultivarsECTG CCOL ECOL SC

.34 .37
a

. $Qltz's . $$:".-z'sìt 7

.I2 . 06 .62ttr)t .7l*x .57)'" .59 .64 -.57'>+

.05 -.11 .01 .06 -.06

.r9

-.05

35

8

T4

.19

.L6

.06 - .08 . 15 .22

n.s. n.s. n.s. 0.05

.07 .33 .64 -.18 -.r9overall mean

differences in
as sociall-p¡S--(Ð- n.s. n.s. n.s n.s. n.s.

significant associations are depicted as ;s (P<0.05)' (P<0.01) or -x-;çn (P<0.00i)-qg

H
ts
ts

5 abbreviations of scores are expalined on page 16
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byG.g.t.inbothseminalandcoronalroots.Dataof

coronal rool-s from the field show a tendency for the inner-

most layer of cortical cells to differ from unclerlying

tissue in infection with G " g . t. at anthesis (Table 36 ) .

Similar differences between tissues in infection with

G. g. t. \r¡ere not observed in seminal roots at anthesis

Table 35), and suggest seminal and coronal roots of wheat

differ in,resisting invasion by G.g.t. across the endodermis.

This hypothesis rnay be related to observations by Robertson

(7932) rhar hyphae in the cortex grow parallel to the

vascular axis of coronal roots near the crol{n, while

growing radially into the cortex of seminal roots near the

scutellar node. Associati-ons between the infection of

coronal roots with G. g. t. at anthesis and bror"n discolorations

of the cortex ín roots grown in cups tended to be negatj-ve'

while the associatj-on CL x GCOR Lras significant over sites

for wheats of set 2. Thus, coronal roots tended to be least
infected hrith G.q.t. in the f ield for cul-tivars whose
seminal roots had rnost cortical browning when inf ected wi th
the pathogen in cups. This fin ing provides evidence that
cortica] browning letarded invasion by G.q.!. into coronal
roots in the tieiA, as it appeared to have in seminaf roots
grown j-n cups (Tabte l1) . Evidence was not s imitarJ-y f ound
ior cortical browni-ng to have retarded invasion by G.9.t..
into seminal root= gio*n in the field (Tables 34 & 35). This
anomaly may reflect the greater incidence of cortical
Urowni-ng i; coronal roots than in seminaf roots of field
grown wñeats (persona] observation) '

(4) Infection of seminaf roots with R' solani
at tillering

Associations between infection of

R. solani at tillering and measures of

hyphae into seminal roots gro\{n in

seninal roots rr¡ith

radial invasion bY

k¡ere not consistent

colonisation of the

cups

wi thbuL r¡ere significant and negaLive



TABLE 37 z

cul t ivar s

set 2

set 2

set 3

set 4

set 5

Exp er iment

Associati ons between scores of
and infection of seminal rooLs

infection with
with R. solani

G. g. t. for cultivars
at tillering in field

CI

grown in cups
experiments

Scores of infection in ..rP"5

ECTG CCOL ECOL SC LN MLS LL CL

.31

-.01

? Q r"'-

.24

Number of
cultivars

35

8

L4

mean of set 2

site

Palme r

Strathalbyn

Pa lrne r
'Palmer

Strathalbyn

(P)

.Jl

.36

.49

.2r

.15

.48

.01

.42

none

"11

.37

.06

.52

.40

-. 13

.24

.36

-.13

-.58
.36

- .44

.18

significant

7

7

.36 .36 .33 .22 .24 -.r4 .31 .15 '1s

.r2 -.20 -.34v' -.20 . 15

-. 38

.18

overall mean

diferences in
associations

.r7 -.09 -.2r -.r2 .r2 -.06 .31 -r7 .23

significant associations are depicted as r3 (P<0.05)

H
ts5 

^bbreviations 
of scores are explained on page 16
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the cortex for roots gror¡/n in cups and the Ínfection of

seminal roots with R. solani at tillering \{ere positive at

Palmer (and significant for CI.x RSEM for families of set

3), but not at Strathalbyn where there was strong antagonism

with G.g.t. This finding v/as not expected as earlier evidence

suggested cortical browning \^/as associated with resistance'

to infection by G.g.t. in roots (Table 11)' so that a

similar finding could be expected for infection with other

pathogens and negative associations observed.

endodermis for families of set

significance of this finding is

associations betweeft infection

roots grouln in the field and in

negative. Associations bet\,/een

(5) Infection of

unidentified

Associations v/ere

(Tabl-e 38).

3 (Tab1e 37). The

not c1ear, despite

wiLh G. g. t. of seminal

cups being similarly

bror+n discolorations of

roots with ¡. solani and the

pathogen at anthesis.

not significant and krere withouL trend

Facto::s influencinq vields of T. aestivum in the field

Associations v/ere determined between infection and

symptoms of

in cups and

infection with G.g.t. in roots of wheats grov/n

yiel-ds of culuivars in the f ie1d, anrl the
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åTABLE 38:

Expe r imenL s

cul t ivar s site

infection of seminal

set 2 StrathalbYn

infection of coronal

set 2

set 2 Pa lme r

Palme r

Palme r

Strathalbyn

se*' 3

set 4

set 5

aSSOCiatiOnS ri\¡ere

5 abbreviations

of infection with G.g.t. for cultivars grown in
with pathogens other than G.g.t. at anthesis inAssociations between

cups and infection of
field experinents

scores
roots

roots with R

root s with R. solanr

ECTG CCOL ECOL SC LN MLS LL CL CI

Scores of infection in cuPS

s o lani

5

.23 -.22 .38 -.r4 -.39

.34 .t+2 -.34

-02

.44 -. s1

.10 .33

Number of
cultivars

7

7

35

8

T4

-.24 -.77 -.54 -.60 -.62 -.68 -.70 .32 .28

Strathalbyn - .32 -.05

f ction of cor na1 rooLs with Èhe

.42 .49

unknown

.s4 .49

.08 .o2

tho en

.40

-.L4
.6s

-.18

.77

-.00

not significant

.39

.2r

-.22

-.a4

-.35

.42

7

ts
H
Ln

of scores are exPlained on Page I6
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findings are presented in Tables 39 to 43. Sets of assoc-

iations were not complete being limited by incomplete data

from cups and by the abseqce of observations of yields from

some field sites. Data of field experiments were excluded

where infection ruith G.g.t. was not damaging to wheats.

Thus data of families of set 3 were only of wheats Srown

in soil of type Dr4.63.

(1) Weight of dried shoots at anthesis

Associations \./ere not consistent over all data though

occasionally significant (Tab1e 39).

(2) Number of fertile tillers in plots

As before associations were not consistenE over the

data, though occasionally significant (Table 40).

(3) The incidence of dead and empty heads

Associations between the incidence of dead and empty

heads and the extent of ecLotrophic growth down rooEs by

hyphae of G.g.t., tended to be negative and on one occasion

significant (Tab1e 41). This finding v/as not expected' and

may have occurred through chance. Associations between the

j-ncídence of dead and empty heads and measures of the rate

of radial invasion by hyphae into seminal roots I¡rere positive

and significant, and associations with the extent of cortical

browning in roots were negative and significant for cultivars

of set 2. However, deadheads and measures of resistance

to G. g. t. may not be causally associated in these wheats.



TABLE 39:

cultivar s

set 2

SEL 2

set 3

set 4

set 5

Experiment

Associations between scores of infection with G.e.t.
cups and weight of dried shoots at anthesis in field

for cultivars grown in
experiments

ECTG CCOL ECOL SC

g

LN MLS LLsite

Pa lmer

Strathalbyn

Pa lme r

Pa lmer

Strathalbyn

Scores of ínfection in cuPS

-.13

-.56

-.27

-.32

-.52
??

.01

- .27

- .00

,T4

-.12

-.03

.11

-.29

.17

- .7 I''
.47

.88'rç

.57

.35

- .22

- .07

- .37

.01

.59

-.69'x

.06

?q

-.07

-.62

CL CI
nu¡nber of
cultivars

35

8

I4

7

7

-.70

.31

overall mean

differences in
associations P

-.29 -.27 -.03 -.05 . 1 1 .29 .07 -. 13 - .74

n.s. n.s. n.s. n.s. n.s. 0.01 n.s. 0.05 n's

significant associations are depicted as v" (P<0'05)

F
F{

5 abbreviations of scores are explained on page 16



-t
TABLE 40:

cultivars

set 2

set 2

set 4

set 4

set 5

set 5

Experiments

Associations between scores of infection with G.g.t.
cups and number of fertile tillers per plot in field

for cultivars grohln in
experiments

site

Scores of infection in .up" 5

ECTG CCOL ECOL SC LN MLS LL CL CI

-.05 -.0i

.45

.02

-.65*

-.07

.29

Number of
cult.ivars

28

I2

11

Palmer

Strathalbyn

Nangar i
(Rep. 1)

Nan gar i
(Rep. 4)

Nanga r i

Pe r ponda

overall mean

differences ín
associations (P)

. 18 . 68rs

- .2r -.05

.28

.30

.05

.31

- .46

.10

.34

.32

- .69

-.09

.18

.03

-.o2 - .67

.05

.10

.47

7

7

-.27 -.2I 2B

.15.L7

.16

-.03 .59 .29 . 18 .20 .03 0.01 -. 1 I - -02

n.a" 0.05 n.s. n.s. n.s. n.s. n.s. n.s. n.s.

H
ts
æ

significant associations are depicted as r+ (P<0.05)

5 abbreviations of scores are explained on page 16



TABLE 4tz

cultivars

set 2

set 2

set 3

set 4

set 4

set 4

set 5

set 5

Associations between scores of
cups and incidence of dead and

G. g. t. for cultivars grown
plots in field exPeriments

infecLion with
empty heads in

CL CI

1n

Number of
cultivars

8

28

28

I2

11

g

Experiments Scores of infection in cuPS

ECTG CCOL ECOL SC LN MLS LL

mean of se L2

Pa lme r

Pa lmer

Nangar i
(Rep. r )

Nangar i
(Rep. 4)

Nangari

Per p onda

overall mean

differences l-n
AS sociations

site

Pa lme r

Strathalbyn

P

-.38*' -.27 -.02 -.o2

-.05

- .42

-.10

-.10

.55

.47

.66

.58

.56

.34

-.07

.42

-.02

.60

.32

-.29

- .2L

.62

.39

-.58

-.56

- .05

-.20

-.62

-.66

-.05

.35

- .17

7

7

-.24 -.10 .50f, .61* .44 .47 .51 -'57+ -'64x
35

.09 -.16 -.01 .06

.7 3x

- .27

.06 .26

.27

.33

.26

-.35v" - .24 . 10 . 13 . 11 - .74 .5.1 -.O2 - 'O2

-.52

none significanu
ts
\o

significant associations are depicted as '+ (P<0'05)
5 

"bbreviations of scores are explained on page 16
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As the more resistant wheats in set 2 tended to be exotic

and Iate in naturity, their infrequent incidence of dead-

heads was more probabl y a procluct of their laterìess than

of their resisLance to infection by G. g. t. Lhat had been

observecl in cups (Tab1e 8). This argument also applies to

associations with discolorations of the cortex.

(4) Weight of grain

Associations between weight of grain of wheats grown at

palmer and the extent of distìncf cortical browning down

seminal roots grohrn in cups \^tere positive (Tabl-e 42) and

significant (P<0.01). A direct relationship between these

variables is not obvious. However, an indirect relationship

may have folÌowed the influence of cortical browning in

retarding invasion by G.g.t. into coronal roots of field

gror^7n wheats (Table 36), which in turn appear to have to

most significantly influenced filling of grain at Palmer

(Table 31). Àt first this hypothesis appears to be weakr âs

associations between cortical browning and filling of grain
(Table 42) were stronger than associations with infection of
òoronal roots (Table iOl. However, more significant-
associations between corticat brovning and extent of
infection with G.g.t. in coronal roots may have.been
obscured by tne-ãGsity for infection to initiate this
form of r.=istance to thè pathogen. Thusr coronal roots that

hrere inf ected with G.-g--,1--r-, f requently had discoloured

cortices but not blackened steles, indicating colîtical but

not stelar invasion by the pathoEên, and in turn suggesting

partial function of infected roots (Figure 13)' This is

unlike seminal rooLs, where symptoms of infecLion with

G.e.t. usually included stelar lesions' which indicate

points of clysfunction of vascular tissue'



TABLE t+2 z Associations betr+een scores of
in cups and weight of grain in

infection with G.g.L. for cultivars grown
field experiments

5

Exp er imen t s

cultivars site

set 2 Pa lrne r

set 3 Pal.me r

overall mean

Scores of i-nfection in cuPS

ECTG CCOL ECOL SC LN MLS LL CL CÏ

.13 -.04

.20 .20

-.10 -.70

.23

.07 .63

.39x-

Number of
cultivars

35

.06

-.74

-.07

.20

.JJ

.29

7

-.I2 .19 .I7 .17 .2O -.70 .O7 .taJ):tvt '29

differences in
associations (P) none significant

significant associations are depicted as n (P<0.05) or rç't+ (P<0.01)

ts
N)
H

5 abbreviations of scores are explained on page 16
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FIGURE 13: Section of a coronal. root of wheat
with a discoloured cortex but without
a blackened stele at anthesis at
Palmer, showing vascular tissue
that is colonised (a) and not
colonised (b) by hyp,.ae

( Scale bar O .25 mrr )
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(5) Yield of grain

Idhen grohrn in cups, exotic wheats of set 2 appeared

more resi-stant than loca1 cultivars to infection v¿ith

G. g. t. , though yielding poorly in 1-he f ie1d. Ilowever 
'

associations between yield of grain and measures of radial

invasion of roots by hyphae of G.g.t. tended to be positi-ve

and significant over all the data (Tab1e 43). Resistance

Lo radial invasion by hyphae of G.g.t. is unlikely to have

influenced yield of grain by influencing infection of

roots ryith G.g.t. If this had been sor measurements of

infection of stelar tissr.le of roots gro\^/n in cups should

be negatively associated wiLh yield, since these measures

of infection v/ere positively associated with the infection

of coronal roots in the field (Tab1e 36) which in turn most

inf luenced yield of grain in plot-s (Table 32). Thus there

is some evidence that resistance to infection by G. g. t.

is associated with an effect- that is detriment-a1 to yield

of grain in wheat " Associations between yield of grain

and corlical brownirrg tended to be negative but were not

significant (Table 43).

Di scussion

Evidence vras found in this chapter, of differences

l¡el-ween wheats in resist-ance to inf ection by G. g. t. Two

f orms of resistance v/ere studied in roóts, as r4Iere their

influence on growth of wheaLs in the fie1d. In Chapter 3,

hyphae that invaded radially into roots were found to be

resisted by factors in the cortex and endodermis. Such

resistance appeared to be general in root tissues as

infection of roots in the field was variously associated



TABLE 432

cu1 t ivar s

set 2

set 2

set 3

set 4

set 4

set 4

set 5

set 5

set 5

Ex per imen t s

site

Pa lmer

Strathalbyn

Palme r

Palme r

Nan gar i
(Rep. 1)

Nan gar i
(Rep. 4)

Strathalbyn

Nan gar i

Pe r pon da

-.08 .24 -.18 -.20

Number of
cultivars

35

28

28

I4

T2

11

Associations between scores of infection wiÈh G,'g-.E-r- for cultivars grown in
cups and yield of grain in field experiments

g

Scores of infection in cuPS

ECTG CCOL ECOL SC LN MLS LL CL CI

.13

-.32

-.23

.23

-.01

.r4

.4r

.26

.31

.37

.27

.32

.34

- .01

" 33t"

.66

')C

.36

-.07

.34

-.38
|t2

.I2

.3/+

.43

.30

.r6

.11

-.16

- .47

-.56

.11

-.39

.02

-.28

-.55

-.00

- .6r

- .66

.06

- ,27

.16

-.11

- .59

-.12

7

7

I

mean of all data -.2I . 13 .32x ,32x .23'fr '23x - ' 03 - ' 13 - 'I2

differences in
associations none significanË

significant associatiorts are depj-cted as Jç (P<0'05)

H
t\)r

5 abbreviations of scores are explained on page 16
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v/it-h colonisation of the cortex, endoclermis and stele of

roots grown in cups. lfheats rvere also f ound to clif f er in

resistance to radial invas-Lon by hyphae when only six days

o1d (Tab1e B), when ce11 wa11s are thin and not yet lignified

(Chapter 3). This suggests a biochemical rather than a

mecharrical basis{or this form of resistance, an hypothesis

which can account for observations by Nilsson (1969), that

extracts of freshly ground roots of wheats differentially

inf luenced gro\¡/th of G,_rf . t. in vitro. However, this f orn

of resi-stance did not appear to unifortnly affect seminal

roots, si-nce cultivars of rvheat were inversely ranked f or

infection when grown in cups, to when infected with G.p..t.

at tillering in the fie1d. Whj.le influencing infection

of seminal roots in the field at tillering, this form of

resistance had 1itLle effect aL anthesis, when infecLi-on

of seminal roots appeared to be most- irrfluenced by ectotrophic

growth of hyphae. In contrast, wheats \^/ere similarly ranked

for infection rsith G.g.t. of coronal roots grown in the

field at anthesis, and seminal root-s grown in cups.

Overa11, the dissimilar effects cf this form of resistance

on infection of roots can not be readily explained, but

may reflect differences in the morphology of seminal and

coronal rooLs, and differences in the microflora of roots

grown in cups and in the fie1d. Further, in dissimilarly

influencing infection of seminal and coronal roots grown

in the fie1d, this form of resistance may not consistently

influence loss of yield that is caused by the pathogen.

In this study r r€sistance to radial invasion by hyphae was



negativel y associated with yield of grain, but these

variables are unlikely to be causally linked (Chapter 4)'

The other f orm of resistance to inf ection by G-.€-r L.

\¡/as associated with a brorvn discolorat,ion and thickening

of rva11s of c.ortical ce11s that occurred as ce1ls vere

invaded by hyphae of the pathogen (Chapter 3)' As cortical

browning was a response to infection by G'g't', 8trd was

restricted to cortical tissue, it appears to be a separate

form of resistance to that discussed above. Evidence was

f ound f.or cort ica I brown ing to i nf Lue nce i nf e ct ion wi th
G.g.t. of coronal but not ãeminal roots grordn in th9 field.
ffi"ãrti"ul browning appeared to-only inf luence loss of
yield due to ãi=.u=" tÉat-äccurred late in the growth of the
wheats. NevertheJ-ess,

infection with G. g. t.

that weÌ-e stud'ied in

with the colonisation

I26

Neither of the

this chaPter iì¡ere

of wheat roots

be specific to

cortical

overall

apPears

of yield

forms of

strongly

resistance

associated

browning was not significantly assocj.atecl with

yield of wheat in the current datar âûd further work

necessary

caused by

to establish its value j-n reducing loss

with other pathogens' suggesEing both to

inf ection by _G--g- g .-

As measures of bivariate association test the degree to

which variation in two variables is related, they al-so test

the existence of variation in both. Thus, significant

associations between mean infection scores for cultivars

grown in cups and mean inf ection of seminal- roots t{ith
õ.g.t. at tittering (Tab1e 34) and anthesis (Table 35), and
wÏtñ R. solani at tillering (Tab]e 37), provide evidence
that seminal roots of wheats grown in the field had differed
in susceptibility to these pathogens. Às these differences
were not detected earlier by analysis of variance' they are
fherefore smaller than the differences between wheats in
susceptibility of coronal roots to infection with G.q.t.
(Table 13 ) .
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than

tha t

13).
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with G. g " L. of coronal roots

analysis of variance (Table
differences in infection

were detected earlier bY

Associati-ons between f indings f rorn cups and the f iel d

detected effects that krere independent of both envi-ronments.

similarly, consistent infectj-on with G.g.t__. in both envj-ron-

ments provides evidence of resistance to the pathogen in

individual cultivars of wheat. Thus, findings from cups

(Appendix I and Table B) and the field (Tables 13-16)

suggest wheats currently gro\\rn in Australia (sets 4 and

5 ) dif f er 1itt1e in resisLance to inf ection by -G.3-.t. ' r'¡hile

larger differences are found in wheats of set 2' Chile9O>

appeared to be the most- resistarìt wheac of set 2 and Iìac31l

the least resistant to infection by G.g.t., while the other

wheats could not be clearly ranked. In particular, chi1e911

v/as as litt1e inf ectecl with G. g. t. as Chi1e909 when grol/n

in cups, but was as extensively infected as Rac311 when

gro\ì/n in the f ie1d. Thus, the method that was used in

thÍs study to infect roots with G.g,.-q-. in ctlps, did noL

accurately indicate infection of indivi.dual wheats in the

field. Improvement of the cup test nay be possible if

seedlings are grohrn j-n less coarse sand and from seed

of another $¡eight to that used in this study, or if

infection were to be measured in coronal rather than

seminal roots.
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CHAPTER 6

GENERAL DISCUSSION

The current study is precursory to further work as

it has largely relied on tests of association which do

not demonstrate causal effects. However, its strength was

to detect effects that were not specific to l-aboratory

environments or to field sites ' and could thus provide

evidence of resistance to infection by G.g.t. in wheat.

However, the current work provided a restricted study of

resistance to infection by G.g.t. in wheat, as findings were

limited to resistance that v/as expressed in tissues that

were infected with,the pathogen in the controlled environ-

ment, that is young seminal roots. Thus ¡ r€sistance that

is principally expressed in more mature tissues and in

coronal rooLs was excluded from study, Chough coronal roots

Ir/ere found to differ from seminal roots in mode of infecti-on

with G. g. t. (Chapter 5 ) . Moreover, inf ection with G. g :-!.

was measured as the extenL of invasion by hyphae into

roots groh/n in cups r so that resistance hlas largely detected

in Eissues that retard such invasion, which are the cortex

ancl endodermis. Nevertheless, f indings shorv resistance in

the cortex of roots to significantly influence the infection

of cultivars of wheat with G.e.t,, though this tissue is

the least resistant of the tissues of the rooL system of

the wheat plant (Fel1ows , 1928) . However, the cortex is

the first tissue to be colonised in soil t ãud is important

in influencing the rate at which the more resistant vascular

tissues are exposed Lo infection.
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Bvi.dence l{as found for two forms of resistance in wheat
a fen?r<l I.,¡' "1 lesistq'nce

roots :- A that appeared early in many of the tissues

of rooLs and was not of mechanical origin ' and corttc"rl bnownin3

that appeared due to the thicltening and lignification of

ce11 rua11s in the cortex of roots infected with G. g. t.

It can be expected that thegønecal form of resistance is

associated with livì-ng cells (Deacon & Herrry, 19BO), as is cørtr¿al

brow^i,ng. Thus it is signif icant that corLical cells
U

progressively die as the role of the root changes from one

of absorption to one of conduction of nutrients and water

(Ho1den, I976). This may account for the general form of

resistance being associated with ínfection in seminal roots

at tillering, but not at anthesis when cortical cel1s have

largely dj.ecl (Ho1den, Ig76), and anothet forrl o{ Cesiste.vrce-

of greater strength has developed with aSí"g of stelar

tissue (Fe11ows, I92B). Similarly, cortical browning is
i" the f i'ld

infrequent in semlnal roots^as cortical ce11s die relatively

rapídly. The greater incidence of cortical browning in

coronal roots from the field and er,idence of the general

form of resistance to infeclion by G. e. t. persisting in

their tissues to anthesis, suggests the progressive death

of cortical cel1s was less rapid in coronal than in seminal

roots. This deduction can not be presently testecl as rates

of naLural cell- death in seminal and coronal roots have not

been compared in studj-es to date. Nevertheless, further

eviclence that cortical ce11 death influences resisLance to

root pathogens in wheat j-s provided in an earlier study by

Deacon and Lewis (1982), who found an association betrveen
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the rate at which corti-ca1 ce11s in seminal rooLs

progressively died and resistance to infection by

Cochliobolus sativus (Ito & Kurib. ) Drechsler ex Dastur.

In the current st-udy, resistance \^tas assessecl f or use

j_n improving field resisLance of wheats to infectj-on by

G.g.t. This was attempted by observing the influence of

resistance on yield of grain for rvheats with disease caused

by G.g.t., âDd by observing inheritance of resistance in a

wheat cross. Previous field studies of loss of yÍe1d in

wheats infected with G.g.t. have used introduced inoculum

and have not differentiated between toleranc-e and resistance

to the pathogen. Such studies have not consistently indu-ed

disease, leading to strong environnnent x genotype interactions

in findings. By infecLing wheats wit.h virulent isolates

of G.g.t. that are groh/n on exceptionally large food bases,

seedli-ngs are prone to be more severely diseased than when

naturally infected in the field (chapter 4). Damage to

seedlings then tends to mask loss of yield that occurs late

in the growth of crops, which js more representative of

disease of natural occurrence in South Australia.

This study hras unique in investigating Lhe effecL of

resistance that exists in wheaL on yields of wheats that

vrere naturally infected with G. g. t. However ' these

investigations \^Iere restrict,ed by the wheats studied, since

r¡heats gro\^rn in Australia ( sets 4 and 5 ) varied litt1e irt

infectj_on with G. g. t. (chapter 5). Thus, fêsistance was

largely seen in the seven wheats of set 2, of which many

krere exotic and yielded poorly, and the FZ families of
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set 3 which had exotic characLers and hacl not been selecLed

for yield of grain in any environment. Thus, the effect

of resistance on yield is poorly tested in this stuclyI âs

wheats that yield well tend to Ímpose greater demand on

their root system'*then grain is filling than rvheats that

yield poorly, and Lhus are 1ike1y to be more sensitive to

disease of roots than were some wheats of set 2. Resistance

to radial invasion by hyphae of G.g"t. that was general- in

root tissues t{as seen most clearly in wheats of set 2 r'¡here

it appeared to promote more severe infection of seminal roots

but less Severe infection of coronal roots. Ilowever ' this

form of resistarìce \"/as not simply inherited and tended over-

all to be negatively associated with yield of grain, atrd

therefore seerns of 1itt1e future use in the breeding of

wheats. Nevertheless, resistance to infection by G. g. t.

that is expressed as cortical browning appeared to promote

f il1ing of grain in diseased wheats. Furtherr¿lore ' corr-ica1
browniñg appeared to be simply inherited when expressed in
seminal- roots, and if simiJ-arly expressed in coronal roots,
may be
reäaity incorporated into Aust.ralian wheats and may improve

their field resistance to G.g.t. However' further work is

needed with wheats that have been selected for high yield

in local conditions to determine the extent t-o which improve-

ment by this means may be effected.

While resistance that is expressed in seminal and

coronal roots \,Jas de tected in this s tudy, addi tional f orms

of resiStance that are only expressed in coronal roots may

exist. Such resistance shoutd be investigated, as infection
of coronal roots waS most strongly aSsociated hlith yield of
grain in wheats that expressed disease of frequent
occurrence in South Australia, and as field groh¡n vJheats
differed more in infection of coronal roots than seminaÌ
roots (Chapter 4). Thus, infection of coronal roots with
G.g.t. shoul-d be studied in
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detail in a controlled environment as k/ere senlinal rooLs in

the current project. However, infection of coronal roots

will be more difficult to study than was infection of ,",,
t i,,

seminal roots, whose timing and rate of emergence can be

controlled to a11ow highly unif orm inf ection. I^/hen f orms

of resistance to infection by G.g.!. that exist in wheat

have been more extensively investigated than in this study,

sources of resistance can be better sought and forms of

resistance better evaluated than aL present.

Higher 1eve1s of resistance to G.g!t. have been found

in species related to wheat, in particular oats and rye.

While resj-stance in oats appears to be due to avenacirt

(Turner, I96I),a substance that inhibits the growth of

G.g.t., little is knorvn of the mechanismb of resistance in

rye. However, resistance from related species may not be

durable in cultivars of wheat that are rvidely grolvn r âs some

isolates of G.g.t. are pathogenic on oats (as is G. graminis

var avenae) while others are equally pathogenic on wheat

and rye (Scott, Hollins & Greg otY, 1985) . Moreover, these

characters are not expressed in wheat-rye (Scott' 19Bl)

and wheat-oat (Kruse, L969) hybrids and may be morîe difficult

to exploit in impro-¡ing the field resistance of wheats to

G. g. t. NeverLheless, these 1eve1s of resistance will be

easier to detect and s1-udy than the weaker leve1s of

resj-stance already found in wheat.

0n balance, this study provides some evidence of

usef u1 resistance to inf ection by G.-g= t t- in wheat. However '

coltsiderable work remains before it can be established that

resistance will be of use Lo plant breeders.
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Number and size of stelar lesions and extent of
cortical browning in the first seminal root of
cultivars of wheat infected with isolate 19 of
G.g.t. for 13 days

cu1 Livar stelar lesions cortical browning
(us ranks)

numb e r mean saze
( r" ranks )

discoloured intensely
discoloured

(P)

(P)
(P)

(P)

cultivars of set

Aus10B0

Chile 909

Chi1e911
Condor

Kite
Nebraska 86

Rac311

cultivars of set

Bagle
Egret
Festiguay
142335

M2424

0x1ey

Sun 3 9A

Sun4 1Â

Sun43A

Co ok

K-2003-r2
LR/0XS 27 30-4
Nl 0/TG2248-8
Halberd
(MKR*Kire) /st /st+
(MMr{-MMC ) /s9 /\r6
Rac357

Rac 39 9

Rac4 1 5

Rac4 16

2

0. 60

0. s3

o .28
2 .58
0.41
r.22
2.7 L

4

1.6
1.9
1.3
1.5
2.4
1.6
2.6
2. /+

r.2
2.4
1.8
r.7
1.4
L.2
1.5
r.g
1.5
2,3
1.6

2.4

1 . s6

1 .09
1 .98
1.39
1.00
I .68
1. s8

r.2
2.O

1.3
1.3

1

2.07
2.60
1.87
o .42
r.02
0.69
0.83

0.5
o.4
r.7
o.4
o.4
0.6
0.6
0.8
1.8
0.6
0.8
7.2
2.0
0.9
1.1
0.3
1.3
0,8
0.8
o.2

1.16
1.04
0. B4

0. 06

o .23
0.19
0.36

0.1
o .2.

1.1
0.0
0.0
o.2
o.4
0.3
0.3
0.1
0.1
o.7
1.3
0.3
0.5
o.2
o.7
o.4
0.4
0.1

1.6
6

r.4
1

1

1

1

1

1

1

1

1

1

4

3

I
4

5

4

6

5

.7
5

1.3
1.7

(P) 1.5

cont...
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APPENDIX' 1: continued

numbe r

cultivars of set 4, continued

( P ) ( I^/W- 1sx-MH4 9) / Z6 /\{3

cul ti var

Millewa
MQ6

PD36

SD 34

Jacup

69\r /393
692/40r

cultivars of

stelar lesions cortical brorvning
( a" ranks )

mean size
(a" ranks )

intensely
discoloureddiscoloured

(P)
(P)

2.6
r.7
2.4
r.6
2.6
2.2
1.0
2.O

1.6
1.6
1.5
1.1
1.5
1.6
2.r
1.8

3

2

7

B

9

I
2

I
1

1

0.5
1.0
0.7

o.97
o.42
0.60
t.45
0. 50

t.02
r.26

0"9
1.3
1.3
1.1
o.7
o.2
0.3
0.3

set 5

Ar oona

Cond or
Cook

Fe st i guaY

Jac up

Kite
Lance

'r4c/29/55
Miling
Mi 11ewa

0x1 ey

PF / 41 /lI1
Rac3 1 I
Warigal
War imb a

r.52
2 .58
2.40
0.99
2.20
0.41
2.O8

r.60
1.39
1.80
r .22
1.60
1 .00
1.36

o.28
0.06
0.10
O. BB

o,20
o ,23
o.76

2.L9
1.39
1.39
r .52
2.71
L .47
r .47

r.74
I .48
1 .50
r.24
1.58
t.74
1.31

o.52
r.77
o .52
0. 53

0. B3

o.32
o.76

0.16
0.93
o.r2
0.19
0.36
0. 06

o .26

(P)cultivarsofset4selectedforstudyatPalmerinl9B3

data rePresent means of ten replicates
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aPpt¡¡nrx 2¿ Monthly rainfall aL field sites
study and long ter:m averages of
meLeorol-ogical stations

in years of
nearest

A.

C.

D.

Nangari, 1981
Loxton, 19 14-1983

B Perponda,
Karoonda,

Pa lmer ,
Mannum,

1981
19r4- 1 983

1 983
rB7 6- 1 983

Strathalbyr,
Strathalbyn,

1 983
1 953- I 983

long term averages are in faint line
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APPENDIX 3: Mean number of
i-nternode, and
with pathogens
grov/n in field

roots, length of the subcoronal
percentage of roots infected
other than G.l-. t. f or cultivars
e)iperj-ments

3 s
Culti.vars at tillering at anthesis

SEM SCI
(cms)

RSEM
(angles)

RSEM RCOR
( rngles

COR OCOR

)

SET 2 (Palmer)

Aus 1080
Chile 909
Chile 9 1 1

Condor
Kite
NebraskaB6
Rac311

SET 2 (Strathalbyn)

Aus 1080
Chi1e909
Chi1e9 I 1

Condor
Kite
NebraskaB6
Rac311

SET 3 (Palmer)

Aus10B0
Cond or
mean of families

SET 4 (Palmer)

Egret
t42335
r42424
Nro/TG2248-B
PD36
Rac416
SD3 4
(I{l^/1s-xMH49) /36/wZ

SET 5 (Strathalbyn)

Ar o ona
Condor
Egret
Festiguay
Kite
Lanc e
Mi1 an g
Millewa
0x1ey
PF /4r /t^]r
Rac311
hlarigal
Irlar imba

3.96
4 .48
4.t4
3.98
4.6s
4 .30
3 .98

3.92
2 .36
2 .44
3.31
3.30
3.26
3.68

10,8
8.1
1.6
7.L
7.O
4.3
4.4

25,O
37 .6
22 ,8
2r .6
20. B

23.2
24.O

27.
15.
2r.
ea

17.
28.

9
9
9
9
2
7
926.

4 .43
5.03
4.s5
4 .45
4. s8
4.35
4 .2s

2,7 5
0. B0
0.90
1.38
r .57
2 .28
2 .63

a.) o

rB.3
22.0
20 .2
22.7
2T.T
24.9

25.3
40. I
23 .4
24.9
24.6
22.8
22 .5

11.
T2,

o
c

16.
4,
6.

2 ro.2
I 11.5
6 9.6
7 r.9
B 14.3
4 14.4
3 14.1

4 .4s
4 .43
4 .44

1 .60
1.65
1.60 23.

5.9
7.0
4.3

25.
24.

4
9
9

24.3
1C.8
16"8

20.2
13.9
19.r
10.0
20 .3
2r.6
13.6
18.4

4.70
4.06
4.10
3.60
4.13
4 .52
4 .30
4.03

2,03
2 .56
1.50
2 .22
2 .33
2 ,54
2.43
1.60

10.8
10.0
16.8
r4.9
18.1
r3 ,2
13.9
5.7

24.9
29 .3
26.3
L9.7
26.3
28.3
2I .T
22 .6

4.74
4.12
4.70
4 .44
4.7 4
4 .68
4.ro
4.32
4.80
4.64
4.04
4.70
4 .38

2.34
2 .20
1.90
2.36
1.66
2 .26
2.40
0.00
1.36
2 ,36
3.00
I .60
I .56

23.0
18.1
IB .2
r6.6
r7 .9
t6.4
18.8
1B.B
2T.B
2r.3
20 .6
r6.9
19.7

23 "O
27 .5
33.0
20 .5
31.0
31.0
28 .5
20 .5
27 .5
32.O
28 .5
31.0
26.s

4.L
4.r
7.0

12 .9
11.5
4.r
8.1

10.0
4.r
5.7

10.0
11.5
0.0

5 ubbreviations of means are explained on page 2I
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APPENDIX 4 Mean weight of dried shoots and number of
tillers at anthesis for cultivars grorrn at
Palmer and Strathalbyn, âûd percentage of
ripened heads near maturation measured aL
Palmer, Turretf ield or l{aite

cultivar shoot weight
(g*")

number of
tillers

ripened
heads (Z)

Set 2 (Palmer)

Ausl080
Chile 909

Chi1e911
Cond o r
Kite
NebraskaB6
Rac31 1

Set 2 (Strathalbytt)

Aus 1 080

Chile909
Chi1e9 1 1

Condor

Kite
Nebraska86.

Rac3 1 1

Set 3 (Palmer)

Aus I 080

Cond o r
mean of families

Set 4 (Palmer)

Eagle
Egret
Festiguay
t42335

'142424

0xley

4.s6
3.68
5.70
3.70
3.O4

6.30
4.82

1 .90
2.12
3.39
2.26
2 .42
3 .49
r.99

3.35
3.11
3.07

4,13

4"50
4 .52

2.9
3.8
2.4
2.2
2.r
2.6
2.6

3.0
3.4
2.6
2.5
2.6
2.5
2.6

7

3.1

3.7 5

3.38
3.60

(a)

T4

0

88

73

69

86

74

3

2 6

(b)

25 .5
95.0
s5. I

(c)

4

15

3B

18

33

28

cont. . .
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APPENDIX 4 continued

cultivar shoot weight.
(gt")

number of
tillers

ripened
heads (Z)

Set 4 (Palmer) continued

Sun 394

Sun 4 1A

Sun 434

Co ok

K-2003-1 2

LR/0XS 27 30-4
N10/TG2248-8
Halberd
(MKR',^'Ki te) /51 / 5r4
( MM-x-MMC ) / s9 /\r 6

Rac357

Rac399

Rac415

Rac4 I 6

(üllnr-15r'MH49 ) /56 /wZ

Millewa
MQ6

PD3 6

SD34

Jacup
69\t /393
692 / 40L

Set 5 (Strathalbyn)

Ar o ona

Con dor
Co ok

Festiguay
Jacup
Kite

4 .44
2.93

4 .20
3.40

6

2.8

2.r

2

30

1B

25

1B

48

7T

5

18

2B

2

25

6

3

40

13

30

2

I
25

2B

85

4.97 3. 84

1

4.23
3.94

4 "84
4.s3

r.2

21.8
2.5

(c)

99

95

99

I2. 3.0 60

cont. . .
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APPENDIX 4 continued

cul ti var shooÈ r./eight
( gtn" )

number of
tillers

r ip ene cl

heads ( Z )

Set 5 (StrathalbYn) continued

Lanc e

rlc /29 /ss
Mj-ling
MiIlewa
0x1ey
PF /4T /WT

Rac3 1 1

Llarigal
trr/a r imba

2.5

2.2
1.5
2.2
2.2
2.8
3.0
2.7

3.2

2.8
2.r
3.1
3.4
3.0
2.9
2.5

95

95

9s

99

B5

50

80

(")
(b)

(c)

Ripening measured in plots grown at: -

I^Iaíte in 1983

Palmer in 1983

Turretfield in 1981
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APPENDIX 5: Publication

Penrose, L. ( 1985) . Bvidence for resistance in

wheat cultivars grolr'n in sand culture to the

take-a11 pathogen r

var tritici.

Gaeumartnomyces

Ann. appl. Bio1. IO7 , 105-108



Penrose, L. (1985). Evidence for resistance in wheat cultivars grown in sand 

culture to the take‐all pathogen, Gaeumannomyces graminis var. tritici. Annals 
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