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SUMMARY

The relation of H. avenae to resistant and susceptible cultivars
of wheat and barley, the mechanism of resistance in wheat, inheritance of
resistance in wheat and barley, and the possibility of biotypes of the
nematode in South Australia were studied.

Because of variability in published results, methods of studying
the relation df the nematode i.0 either a single roct tip or the entire
root system of plant were developed in which the enmvironment, plant growth
and density of larvae in the inocula were controlled. These methods were
used throughout this study, but one field tiial was done to relate these

results with the field situation.

Similar numbers of !zrvae invaded, established and developed in

susceptible and resistant culiivaers of wheat at each density of incaulu
when larvae were inoculated oste a single rcot tip. Each of thess three

aspects had a linear phase of increase in numkers of larvae and thiz was

followed by a plateau phase as the density increased, but only the nunher

of developing larvae decraased the denas of inocula contiaued to

nvading, c@teblishing

Ll

increase. The differences beivazsn nunbavs 2l larvas

and developing increased with Ly of inmoculation until ths plateau
phases were reached and rates of linear increase were progressively
reduced from invasion to estalilishment to developwent of larvae. Numbers
of females showed similar phases Lo thoge of developing larvae, but
although the number of females was initially half the total number of
larvae developing, this relation was not maintained. The ratio of males
to females was unity at the low density of inocula and then increased
with increases in the density of inoculation. Initially there was a

similar number of females on resistant and susceptible cultivars, but as

density of inocula increased, fewer females were on AUS 90248 than



ii.
Halberd and on AUS 10894 than AUS 90248.

Field and growth room studies showed that invasion of wheat
and barley seedlings affected plant growth and reduced both the numbers
of fertile spikelets and grains per inflorescence. This effect of the
nematode on growth and yield of cereals was probably related to nubrient
and moisture supply. The resistant wheat (cv. AUS 108%4) was usually
more tolerant than Halberd and the expression or absence of this tolerance
was associated with the mechanism of resistance. There was a suggestion
that the resistance inducad inic vhe early roots of AUS 10894 following
invasion was transferred to the later developing roots.

Resistance was confirmed for five barley cultivars. 7%his and

the resistance in wheat was usually associatzd with partial dominance of

a single gene with the po ity of polygerzs or modifier geres also

being associated. The same ma:;

:iv gene occurred in the two resistant

cultivars of wheat (cvs. AUS 10294 & AUS 90243}, but at least two and

possibly four different genes were present in the barley cultivars.
The two resistant wheat cultivars were resistant againzt H.

avenae at 27 different sitaes w

an 'International' range of cuitivars zgaivsc 4 different cites soggested

only one biotype. Because the few females on resistart wheat wese
probably a result of the mechanism of resigtance, no resistance-brerking
nematod«s were found or were likely within nematode populations in

South Austrzalia.
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1. INTRODUCTION

Cereal root eelwoxrm (Heterodera avenae, Wollenwebexr 1924,
(Filipjev, 1934)) was first-reported in South Australia by Davidson (1930Q)
and descriptive accounts of the effects of this organism on rereal growth
within Australia (Hickinbotham, 1930; Millikan, 1938; Eanyer, 195&;
Parkin & Goss, 1968; Meagher, 1268) have indicated that it is of
econonic importance. However, a synoptic study on the growirh of wheat

(Triticum aestivuw cv. Halberd) in South Australia by Stynes (1975) sugyests

that the nematode affects the early, or seedling, growth of zhe plant and
becauge the piant could compensate for this effect during later growth,
othex environmental factors are more important in determining the final
crop yield.

Thz major cereal growing areas within South Austrzl!ia are bound
rougrity by nmean winter (May to October) rainfall totals betvwaen 150 and
350 rmu. and ounmexr raigfall is relatively insignificant, i.e., bound
roughly by 2 mean annual rainfall between 200 and 550 mm. Slow maturing
cuitivarg are susceptible to the periods of high evaporstise demand which
normally occur late in the season, therefore, the geneti.. ad:.piaticn by
Bustralian wheats has been through eariy maturity and insersitivity to wocth
vernalisation and photoperiod (Donald & ¥Fuckridge, 1975). Highest yields
of wheat are obtained when sowing is Latween mid-May and mid-Jurns {Donsid
& Puckridge, 1975); this results in florxral initiation occuzrlag‘during July
(Symes, 19274; Wix, 1975) and anthesis occurring during carly October when
the optimal combination of water availability, temperature and light regimes
occur (Nix, 1975). These stages of wheat grcewth during the szzson are shown
in relation to time of sowing in Fig. 1b.

Seasonal fluctuations in the total numbers of larvae of H. avenae,

modified from Meagher (1970), are also shown (Fig. la) and these clearly



Figure 1. Changes in total (modified from Meacher, 1970) and
infective larvae of H. avenaes and in growth of

wheat uvredicted for an average seqzon in

South Australia.
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indicate that wheat grown in infested soil can be infested until the end of
July or early August. Absence of larvae after this time is apparently due

to an induced dormancy in the unhatched larvae during Juiy (Banyexr & Fisher,
1971 a). Therefore, wheat growth can be affected by fhe newratode until

after florxal initiation, and because the f£inal grain yield of wheac is a
reflection of the accumulation of the effects of crop growth {from germination
to anthesis, as welil as from anthesis to maturity (Nix, 1975), E. avenae

ig likely to affect the final yield of vheat.

1.} Physiology of growth of wheat

During vegetative growth, leaf primoidea are initiated and develop

maristem until floral initiation occurs and final leaf nurber

o
o
o
(i3
o
@
o
0
o
[ )

is determined [Bonnett, 1966). Although only four leave:s may be visible at

florai initiecion (Single, 1964), further growth of the leou” urimoidea

already initiated continues and usually 8 or 9 leaves axre d-~vizioped on the

main tiller {Symes, 1974). Nutrient reserves in the endosperm of the sead
normeliy affect only the growth of the fixst 4 leaves and, hecause the

duration of growth before

incrensed, ithe appearance

et

The largest leaf is often the one elongzting at the time of *lorai ipitiztion

(Boxrriil, 1959). The importance of nutrient supply for leef growth is

denonstrated by a reduction in leaf avea with reduced availziill

nutrients {(Langer, 1966) and an increase in number of leaves, wi?hout deiaying

the time of floral initiation, with increased nitrogen supply {(Single, 1%¢4).
Between floral initiation and anthesis, maximum grain number is

determined through development of spike-bearing tillers, spikilet number

per spike and florets per spikelet. The maximum number of s¢wilelets is

dictated by genotype and the actual numbexr is the result of the interaction

of genotype and environment (Rawson, 1970), and because spikelet differentiation
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seems to be completed when the apex has a "double ridge" appearance (Single,
1664; Tucas, 1971), spikelet differentiation -in the field is probably
conpleted by the end of August. This is also a period of low temperature

and poor light intensity (Nix, 1975), and these factors with leaf area

index, nutrient supply and plant cowgpetition (S8ingle, 1964; Davidson, 1965;
Friend, 1965; Aitken, 1966; Iuckridge & Donald, 1967; Puckridge, 1968)

are important factors in determining spikelet nuwber. Therefore, it is

also likely that plant diseases will also reduce spikelet number by affecting
sane or these factors.

A roduction in spikelst number may be compensated within a plant
by an increasad number of florets in the spllelets (Bonnett, 1966). However,
the number of fertile florets or qrains per spikelet are also affected by
% same factor: which affect spikelet numper {(Single, 1964; Davidson, 1965;
¥uckridge & Donald, 1967; Puckridge, 196y; Frankel, 1976) . Other
environmental faciors,especially frost ond moisture stress, can also affect
the number of grains per spikelet with an effect on grain set at anthesis
(Wix, 1975). Accumuiation of photosynthate in the grain is almost entirely

wthesis in the flag lezf. peduncle and spike (Evans & kKowson,

+harefore, an earlier eftect of either environment eor disease on
plant guowsh oould affect grain weight as well as numbers of grain vei plant.

Gimilar patterns of development are described for wheat and barley

me, 1966) and the yield accumulation process seems to operate
gimilarly for bharley and wheat, as the number of leaves and duration of the
preanthesis puriod are similar when both are grown under field conditions

iv South Australia {(Gardener, 1974).

.2 reeding and Resistance

Resistance in plants to most nematodes has been identified and

the inheritance of this resistance is similar to the inheritance of any



other type of resistance and other qualities in plants (Hare, 1965).
Cultivars of wheat (Triticum spp.; O'Brien & Fisher, 1974), barley (Hordeum
spg.: Hayes & Cotten, 1970) and oat (Avena spp.; Cotten & Hayes, 1972)

with resistance to H. avenae have been identified and some of these cultivars
are resistant te the nematode in Auvstralia (Millikan, 1938; Brown, R., 1969;
Brown & Meagher, 197C; O'Brien & Fisher, 1974; Ellis & Brown, 19765 .
tTnheritance of this resistance includes both the dominant and recessive
cxpressicn of the genes, and although a single gene is usually involved,

vy, three cr several genes within the host have slso been identified
(r.:derson, 1961; Cotten & Hayes, 196%2; Cotten & Hayes; 1972; Cook, 1974).
Therefore, the genetic material is available within each of the three cereal
genera to introduce resistance into comnercial cultivars.

Becauss of the possibility of new strains, races or biotypég of
s pathegen devaleping and breaking dowm the resistance to the disease
wihich is introduced into a new cultivar. polygenic rather than monogenic
resistance iz preferable (Van der Plank, 1968). However, polygenic resistance
s

is not always available and the asssssment of this expression of resistance

Az dirviculr during & byeeding programme. The nature and habitat of most

aowatodes is restricred and paysiclogical races that break

spread ziowly (Hare, 12A5). Therefore, the rotativn of

usceptible crops as recommended by Jones et ai. ({1057} could

o even prevent the selection of a new biotype.

Several bictypes of H. avenae have been identified within Xurope
{avidersen, 19359; Cotten, 1963; Xort et al., 1964; Neubert, 1966) and
¢ften two or more biotypes are present within one population of the ncmatode.
If iwo or more biotypes within a nematocde population is the normal situation,
the few females on roots of the resigtant cultivars in South Australia

(O'Brien & Fisher, 1974) may represent a different biotype and the
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resistance in cultivars will be lost because the resistance breaking bio-
types are already distributed throughout tne infested areas. However, only
one biotype is suggested for Australia (Brown, R:, 1962) and this bilotype
differs from those in EFurope. This aspect needs further attention as a
different biotype in South Australia is possible (0'Brien & Fisher, 1974)
and resistance breaking biotypes may occur within Victorian populations of
the nemetode (Ellis & Brown, 1976).

Genetics of virulence in H. avenae has been studizd {Anderson.

e

965). However, these studies are difficult and the prohapllity of celecting
fcr virulence or avirulence in the nematode is more easily assessed by

either measurisg the reaction of the same resistant cultivar to successive
generations of the nematode or understanding the mechanism of resistance
within the host. Because one life cycle of H. avenae iz llkatly each yeaxr
(Wallace, 1965), the mechanism of resistance in wheat needs =u be examined

to amazecs the likely stability of the resistance.

The exvression of resistance (Rohde, 1972) and hiochemical

wechanisms of resistance (Giebel, 1974} in plants to nex

recently roviewed. Inittle is known oi the response of r

Ii. avernae infection, but resistance in barley cultivars does unot afF

larval penstration (Cotten, 1267; 1970 2), female development ig Tetars

and the number of nematodes within the roots decrease (Coticu,

resistant wheat, penetration and the number of sexually mature wmoles Qi
not seem affected, but the number of sexuvally mature females ig #eiuced
(Brown, J., 1974). Therefore, the sex ratio of males to femnles is higho.
on the resistant than the susceptible cultivars of wheat. Variable sex

ratios also occur on susceptible hosts to Heterodera spp. (Ffiienby, 1954;
Kampfe & Kerstan, 1964; Trudgill, 1967) with different densities of nematodes

invading plants and different environments for plant growth. Sex reversal

may occur, but most Heterodera spp. (including H. avenae) are heterosexual
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and show sexual dimorphism (Shepherd, 1965) and genetical sex determination
of larvae is more likely in these bisexual species (Triantaphyliou, 1973).
Therefore, variable sex ratios reflect the effects of environment, nematode
density and host resistance on the establishment, development and maturation
of the female larvae in the nematode poputiation.

Resistance in cultivars of barley to H. avenae increase grain yield,
not only by reducing the density of the nematode population {Cotten, 1970b;
Williams, 1970), but also by having better tolerance te¢ nematode infection
than the susceptible cultivars (Cotten, 1967). Cultivars cof 2zl are generally
regarded as less tolerant to nematode invasion than cultiwvavs of wheat and
wheat is regarded as less tolerant than barley (Hesling, 1959; Stone, 1480).
Evidence on the tolerance of cultivars of oat and wheat is lacking and the

general relationship between the genera may not apply as ther: may be intia-

ar to that

speciss varietion in tolerance within each of the geners si 2
which cocurs with resistance (Millikan, 1938; Brown & Meagher, 1970). Couox
(19747 sucgests the difference in tolerance between barley and oats is

related to the host response to invasion. This aspect 2dxs further

investigation as tolerance associated with resistance would iix

prokabrlity of selecting resistant plants when plants are ss
incren=ing yields during the later steges of a breeding proguvmane. »Anothe

poasibility of assisting selection of resistant plants is the idsotification

of marker genes i.e., a character genztically linked with re noe wnich
is easily recognised, and some succesg has heen achieved with marker genes
for resistance to H. avenae in barley iindersen & Andersen, 1273).

During the identification of resistant cultivars, the selecting
of resistant progency in the early stages of breeding for rssistance and the
assessing of progeny in tests on the inheritance of resistance, it is

essential to use uniform methods of assessment to ensure that genetic

resistance, and not some other factor influencing development of female
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nematodes, is measured {(O‘'Brien & Fisher, 1974). The method of assessment
should also allow large numbers of plants to be tested at the one time
(McKenna et al., 1963). Different methods have been used (Sherherd, 1958;
Andexsan, 1961; Andersen, 1963; McKenna et al., 1963; Brown, J., 1974}
but wide variations in host reaction still occur. Therefore, further
information on the relationship between the nematode and the host plant
during assessment of the reaction of the host to infection is reguired to

eliminate variaticn in the reaction of the host plants.

1.3 Aim of Eggerimental Work

The primary aim of the experimental work presented here was to
examine the resistance in two cultivars of wheat, AUS 10894 and AUS 90242,
and to evaluate the effectiveness of this resistance as 3 maans of controlling

= in South Australia. Cultivars of barley were inciuded in some

experiments o mermit a comparison of the two genera as most of the

information available is on resistance in barley. Experiments are described

£
o
bt
o
>
',.,I
e
=
2
%—l

o
£y

ok
®
"

chie effect of H. avenae on cereal growth, the mechanismz of

1

resistance in wheat, the possibility of different biotyves in Scuth Auwzivalia

ané tir inheritance of resistance.

In crxder to obtain this information, two methods wers developed
to exawine the relation between the nematode and the host. Cie method vas
developed to egamine this relationshic on individual rocts of the host and
the other was developed to examine the relationship on the whoic plant.

The reacticn of plants to nematode infection was tested by the Latter method
and these tests were done before the oprimal densities of nematode and times

of inoculaticn were determined.



2. INTERACTION BETWEEN HETERODERA AVENAE AND RCOTS OF SUSCEPTIBLE PLANTS

A cercal plant is susceptible to H. avenae if it supports the
production of large numbers of prolific females kShepherd, 1952y ard
resistant if no, or very few, females are produced (Andersen, 1961).

When cereal cultivars were tested for their reacticn to this
nematode, variations occurred in the number of females which develonad
within a cultivar and between different tests for the same cultivar (C'Brian
& Fisher, 1974). This variation was attributed to cne or more of the
following: genetic variation in the host or nematode, viviae-ious in methods
of assessment, or the use of different densities of the nematode.

In & monoxenic culture method (RBrown, J., 19745, a single cyst:
of E. avenae was used to infect a susceptible wheat (cv. Olympic) and a
susceptible rurley (cv. Weeah). Again, the number of fenaics produced on

' variations

each cultivar was variable and this appeared to relate tc ¢

in the nwaser of larvae hatched from the cysts. Wide fluctuztions noted 3in

\

botli the total namber of iarvae hatched and rate of hatch of these larvae

from individual cysts were considered a normal feature within populati:

evenze in South Australia (Davies, pers. comm. ) . ey of

planis' reactions to H. avenae have usad cysts as the sourcs of inucw

assessments may be due to consequent differences in density of

The development of a method of application of seccivi-stage larvae

penetration, establishment and development of nematodes and growth of

geminal roots are examined and discussed in this section.

2.1 PRelationship between density of inoculum, penetration ¢f larvae

and growth of roots

A turbidimctric method of estimating the number of nematode larvae

in a guspension has been described by Blake (1958) in which a 0.5% solution
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of carbozymethyl cellulose (c.m.c) was used to retain larvae in suspersion.
Therefore, provided ¢.m.c. has no effects on either the nematcde or plant,
it would minimise variation in the number of larvae between iucculz from the
same suspension of nematodes, and so the value of c.m.c. as a medium for
inoculation of larvae of H. avenae and the method of application of the

inoculuam was examined.

2.1.1 Materialsand Methods

2.1.1.1 General

Mature cysts of H. avenae were collected with asscoriated rootis
of bailey (cv. Clipper) in March, 1972, from a field near Bow Hill in
South Australia and stored at 20°C.  When nematodes were required, the
cysts were traansferred to a temperature of 10°¢C for approximately 8 weeks
as an increase in rate of hatching of lavvae from cysts was cupected following
a low tanparciure treatment (Banyer & Fisher, 1971b). Cysis were then separated
from roocts by washing, collected with associated organic material in a .25 mm.
sieva and then placed, with the organic material, onto holiting silk in

O

il o~ K
1672 o

large trays (Southey, 1970). Each day, the trays were mowved

157¢C, or bhacex, and larvae were collected. counted and siored in shallow

water at 5°C until reqgquired. Davies & Fisher (1976) reported
infectivity cf larvae for up to six weeks under these conditions of gtoving.
Different densities of inoculum were prepared by dilution 2f the
highest density. Larvae in excess of the total number requiraed were placed
in a volume of water calculated to give a density of double the Lighast
density required. This was mixed with an equal volume c¢f a 2% solution of
c.m.c. to give the highest density neecded in a 1% solution of ¢.m.c. Thisg
dencity of larvae was checked by sub-sampling single drops with a pasteur
pipette and counting the number of larvae per drop in a modified Doncaster

dish (Southey, 1970). Other densities were prepared by dilution with a 1%



10.

solution of c.m.c.

Seeds of Halberd, a susceptible (O'Brien, 1972) and the most
widely grown wheat in South.Australia, were pregerminated. Fifty seeds were
placed on filter paper in a petri dish of 25 mm. diameter with 7 ml. of
water and incubated at 20°C in the dark. CGerminated seeds were selected
following the emerxrgence of the radicle and three seeds were pliaced on 1.75%
digiilled water agar in each 95 mm. petri dish. Incubation continued at
20°C in the dark untii each seedling had grown the first three seminal
rvooie (Fig, 2 a), when each tip of these roots was inoculated with a single
crep of inoculum of the same density with a pasteur pipette. Inoculaticons
of the seedlings within a petri dish were independent of one another.

Penctration of larvae following inoculation was the number in a
sact after a duration and temperature of incubation determined by experimental
design. Seedlings were removed from agar,; wached and stained in lactcphenol
cotton blue (Southey, 1970). The stairzd roots were treated with acid
{Davies, 1974}), sguashed between two glass slides and the number of larvae

oounted.

T

e

i position of root tips wss marked on the base of dishes at
inonainibicn erd after incubation, and the increase in length of root
measured Iun wmn. was reccrdaed as rocoo extension. Extension was measwured on
the first seminal root and alternately for the second and third rcots to

-

giva agual veplications between the two types cf root.

Z,1.1.2 Experimental

Initially, to measure the effect of density of inoculation on
koth the penetration of larvae and growth of roots, inocula were added
dirccetly onto roots. Six densities of 5(+1), 11(+1), 49(+4), 93(+3),
224 (+30) and 360(+23) larvae (+S.E.) were used and the seedlings were

incubated at 15°C for 48 hours in the dark following inoculation.



Figure 2.

H. avenae and boti

Schematic diagrams shcowing the arvongement of
seminal roots on a seedling of wheat, sand over
tiie root tip befor= inoculation with larvae of

s normal and abnormal

growth of a root ¢rowing on agar.
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Penetration of larvae and extension of the first seminal root were measured
on all seedlings, but only root extension for one of the other two semiral
roots of the seedling was measured. Six replica%es (seedlinge} of each
density of inoculum were cowmpletely randomised and analyses of variance
were dove on the raw data.

Direct inoculations of larvae onto roots caused some roots to
grow abnormally (Fig. 2 e), therefore a similar experiment vwas done to
compare two methods of inoculation. Six densities of 6(+1;, 13(11), 66(+2),
113(+6), 219(+11), and 399 (+17) larvae (+8.E.) were usad and inocviiaticus
were directly onto roots and onto particles of sand of 150 - 250 um. diwnzter
covering the rcot tips (Fig. 2 b, ¢). After inoculation, incubation was 2t

roow temperature in the dark for 36 hours. Penetration of larvae, extension

of rorts and experimental design were as described above. <Correlation

coefficients and regression analyses between the number of in:svae penetrabing
and lensith of extension of root were performed on both the yaw and trans-

formed data (lOg:o) and analysesg of variance were also done on the raw data.

2.1.2 TFegults

Crowth of most roots was either along the surface of

2 32) ¢r down into the agar, except that scme roots inoculated witiwouht o

covaring cf zand grew abnormally by growing upwards from the ager
{(#ig. 2 e}. Only a small percentage of rocts grew abnormalliy at ihe two
lowest densities of inoculum, but about 50% of the roots grow zbhnormally at
the next three densities (Table 1). Tnis abnormal growth seemed to reduca
the number of larvae penetrating but insufficient replicsticn prevented
analysis of these results.

Penetration of larvae into rootls increased with density of

inoculum in both experiments and this increase was not proportional to the

increase in density of inoculation (Tables 1 & 2). This relationship was



TABLE 1.

EFFECT OF DIFFERENT DENSITIES OF H. AVENAE OF PENETRATION

COF LARVAE AND GROWTH OF SEMINAL ROOTS OF WHEAT

(¢v. HALBERD) DURING 48 HOURS AT 15°¢.

Inoculum density 5 11 49 93 224 360
Penetration
(Noz. of larvae) 1 2 8 12 19 24
L.S.D. (P = 0.0%) = 3

koot extension (mm.)

root 1 42 36 17 12 8 5
root 2 or 3 36 32 17 13 S 5
L.S.D. (P = 0.058} = 7
% of abnormal. roots 5 0 68 58 e 0
TABLE 2.

EFFECT OF APPLYING DIFFERENT DENSITIES OF H. AVENALR DIFUUTY

OWTEG RO0TS OR ONTO SAND COVERING ROOTS ON PENETRATION OF

LARVAE AND GROWTH OF SEMINAL ROOTS OF WHEAT

(cv. H?LBEPD) DURING 36 HOURS AT ROOM TEMPERATIIRE.

Inoculim dencity 6 13 66 113 RS 200

Mos. of larvae penetrated

RKost 1 (Direct)* 2 4 9 14 214 28

Ront 2 (0 " ) 1 3 8 12 20 32

Root 1 (Sand) 3 7 20 28 47 75

Root 2 ( ") 3 7 17 26 46 58
I..s.D. (P = 0.05) =9

Root extension (mm.)

Root 1 (Direct) 60 28 39 25 14 31

Root 2 ( " ) 61l 51 32 25 17 9

Root 1 (Sand) 41 37 11 9 & 6

Root 2 ( ") 45 32 17 9 5
L.S.D. (P = 0.05) =9

( )* Method of inoculation onto roots.
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similar for both methods of inoculation, but nore larvae penetrated when
roots were covered with sand before inoculation (Table 2). Except with
the highest density (399) of inoculum cnte roots covered with sand, no
difference occurred between the two types of seminal root (Table 2).

Root extension was repressed as the density of inoculum increased,
but the relationship was not lineac (Tables 1 & 2). No difterences
ocuirred between the two types of sewinal root inoculated by both the same

method and the same density of larvac. However, root extension was more

iy resiricted when roots were covered with sand before inoculation

The relationship of density of inoculum to penetration seemed to

complement that of density of inoculum to root extension (Table 2).

3.

ression anaiyvsis on log10 of the data showed a highly significant

P

b

relation between penetration of larvae and root extension (Fig. 3 a)., A
close relationsiip between the raw dats of both parameters was also apparent

in a scatter diagram (Fig. 3 b).

A borizontallwv placed rost could be expected to show a pesitive

wonse (Whittington, 1969) and roots which gave a negative

response were described as "abuormal". Bbnormal growth occurred

iroculated without sund covering the root tip and appeares to be

4+ of nematodes because few roolts grew abnormally at the lower
Cenciliss of iaocula. Therefore, root tips were covered with sand to avoid
these effects on root growth following inoculation, and the sand particle
sives were selected from evidence of Wallace (1963) which permitted optimal
mewement of larvae of H. avenae.

Increased penetration and reduced extension of roots resulted

from using sand and this was probably due to several factors. Following



Figure 3

Scatter diagrams showing the relabionship hetween
the number of larvas wpenetrating a single root
and the growth of the root expressed as root

extension

() Logl transtormztion of data with the line

0

of best fit Jdetzw

ined from the equation
of the linear regression.

(b) Original data with the line «ofFf best fit

determined iy arn antilog. transformation

from the equaiin: of Uhe Lirear vegression.
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incubation, liquid with larvae was observed around tips of roots directly
inoculated and this probably affected penetration (Sandstedt & Schuster,
1962). Sand would reduce the amount of liguid and assist movement of lavvae,
therefore less energy would be expended by the larvae and penretration could
be increased (Wallace, 1969). Also, the increased area of root available
to the larvae would resuli in lezs interference between larvac at the root
surface and increase penetiztion (Davies & Fisher, 1976). Since varicus
factors associated with root exudates may attract larvae (Lowerberyg et al.,
1960; Bird, 1962; McClure & Vigilerchio, 168%6; Johnson & Viglierchio,
1969 a), greater attraction < larvae couvld occur with sand.

Although analyses showed no interaction between the two groups nf
seminal roots examined, more Jlarvae penetrated the first seminal roots &t
the highest density of inozvlu~ in the second experiment. This jinfluenaced

the decision to use only the first seminal rool in future experiments.

2.2 Effect of three media on cenetration cf lsrvae and growth of rocts

The different growth responses of roots inoculated wiil . asvenae

in a solution of c.m.c. ware peohably dus to the nzmatode, bul some doubt

existed on the effect of < .m.ao. distilled water and ~igtilliced

water agsr were considered ag vosel aiternatives and an evaluation of the

three media was made by compari densities of inoculim co covered

and uncovered roots at two ter

2.2.1 Matorials and Methods

Larvae of H. avenae wera collected from the same tray of matured
cysts uced in Section 2.1.

Inocula in solutions of water, 1% c.m.c. and 0.15% distilled
water agar were prepared (Secticn 2.1.1.1) by mixing aliquots from the same

mixture of larvae and water with an equal volume of distilled water, 2% c.m.c.

or 0.3% distilled water agar. Similar densities of 24 (+8), 85(i§) and
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78(+3) larvae (+S.E.) in water, 1% c.m.c. and 0.15% agar respectively were
cbtained.

Seeds of wheat (cv. Halberd) were pregerminated, placed on agar
in petri dishess and thén inoculated (Section 2.1.1.1). Only one root per
seedling, the first seminal root, was inoculated and jinoculation was either
directly onto rcots or onto sand covering the root. With each inoculum, a
goluticn without nematodes was also tested.

Length of extension of all first seminal rcots and penetration of
Larvas inoculated onto sand covering roots were measured (Section 2.1.1.1)
foillowing incubation of seedlings in the dark for 24 hours at either 15°C or
25°¢.

There were six replications per treatment completely randomised
within each tewperature of incubation and analyses of variance were performed

e each paraweter measured.

Alrtough similar densities were used in each medium (Section 2.2.1),
£l variance of density from siu replicates wasm 346.2 for water, 71.5 for
Lomen, and 40,7 for age: and there was greater variation within watzr than
2oz vwhile ¢.m.c. was intermediate.

Penetration of larvae was una®fected by the solution used as the

= . - . o SIS
mediun, bhul more Larvae penetrated roots incubated at 15 C than 25 < (Takhle 3).

TABLE 3.

EFYECT OF THREE MEDIA AND TWO TEMPERATORES ON PENETRATION DURING

24 HOURS OF H., AVENAE INTO A SEMINAL ROOT OF WHEAT (cv.

Eﬁ}BERD) COVERED WITH SAND.

Water 1% c.m.c. 0.15% Agar
25°¢ 11 12 14
15°% 19 23 20

L.s.D. (P = 0.05) =6
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TABLE 4.

EFFECT OF THREE MEDIA, TWO TEMPERATURES AND SAND ON GROWT:! OF

SEMINAL ROOTS OF WHEAT (cv. HALBERD) INOCULATED AND

UNINOCULATED WITH H. AVENAE FOR 24 HOURS.

{a) Nos. of roots without sand with abnormal growth.

yarer S5 nle . AC]. 0.15% Agar
157 25°C 15°C 25°C 157 257¢
+ larvae 6 5 6 5 4 5
- larvae 5 2 1 3 1 2
(b) Root extension (mm.)
+ sand, + larvae 4 7 7 14 3 (3
- sand, + larvae 8 10 10 24 5 °
- sand, - larvae 12 27 16 29 15 28
4 sand, - larvae 17 30 15 29 1k 32

abuorinal growth (Section 2.1.2) was more frequent zmong roots with
than without larvae and this frequency was similar at both temperatures
{(Toble 4 a).

ugtencsion of roots without nematodes was unaiiis:

media, but was longer after incubation at 25% (Table 4 1) . Ireoculs
roots with larvae in water or agar, direactly or onto sand, reduced zont

extensicn similarly at both temperatures of incubation. The etffaect was zlso
similar when c.m.c. was used as the medium and roots were inuvieted at 150C,

(o} . ) g . X .
but at 25°C, a smaller effect on root extension occurred and this effect was

least when inoculation was directly onto roots.

2.2.3 Discussion
. . o . .
Extension of roots incubated at 25 C varied when inocula of c.m.c.
were used, but not when inocula of water or agar were used. Water and agar

were probably absorbed by agar in petri dishes, while c.m.c. was not and
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spread across the surface. Since increasing temperature decreases viscosity
of liquids, the spread of c.m.c. would be greater at 25°C than 15°C and the
associated nematodes would have further to move to reach the roots. There~
fore, these nematodes would have less effect on root extension because
either the total number peneérating was reduced or a delay in pereiration
ccourred and roots grew for a longer veriod before being affacted.

Abnqrmal growth of roots was associated with nematodes, but also
occurred in some roots without nematodes and seemed to be more frequent
wher: water was added and roots wexrs ircuboled at 15°C. Increased elongation
of cells in roots near the agnr surface probably occurred where free watexr
was present (Whittington, 1969).

However, less variation in numbers of larvae in inoculun with

agar was the main reason for solecting 0.15% ldistilled water agaxr as the

medium for inoculations in fursiiwer experimeuts performed in petri dishes.

oJ

2.3 Effect of density of inoculum on penetration and establishme

of larvae and on growth cf roots

A suitable methsd o

blying . avenae to single roots has been

developed and some informaticr om reliaticnship between denzity and
penetration ¢f larvae was obtained. further information oa the effects
of the density of inoculation and duration of incupation o both
penetration and establishment of larvae, and on root growth was sought
before investigating the differeices bastween susceptible and resistant
cultivare.

This section describes a series of experiments designed to acquire

this informaticn.

2.3.1 Materialsand Methods

Four experiments are described in this section and materials and

methods, unless otherwise stated, were either the same as, or modifications
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of, those described in Section 2.1.1.1. lLarvae of H. avenae were collected
from the same tray of cysts used for Section 2.1, but the different
densities of larvae were prepared in a 0.15% solution of distilled water agar.

To examine the effect of duration of incubation on the numbex of
larvae penetrating, the first semiunzl root of Halberd was inoculated,
either directly or onto sand covering the root tip, with 24(+2), 142(+9) or
256{+17) larvae (+S.E.). The nuwber of larvae in these roots was counted
after 12, 24, 36, 48 or 72 hours incubaticon at 20°C. A1l treatments were
randcnrsed and there were six replicates at each time of sampling. Analyses
¢ variance were calculated on the raw data.

The rumber of larvae wiich hecame either established or iwmobile
in roots following penetration was obtained by using a Seinhorst mistifier
to eXtract the nmctile larvae from the roots. The first seminal root of
ziberd was covered with sand, inoculated with 15{+1) or l40(iﬁ) larvae and
inoubated at lSoC for %, 1, 2, 4 ox % davs. The number of larvae in these
roots was counted both immediately after incubation and again following
74 hours in the mistifier. AlL trestments were randemised, there were eight

£ ox

ates sand analyses of variance were conducted.

" K

Te zain further information on the efifect of both the density of
inecudation and duration of incubabtion on the number of larvae either
establiighed or immobile in roots, the srevious experiment was repcecated with
the following modifications. Three densities of inocula were used, 22(i}),
L06{41)) or 19i(+10) larvae, and larvae were counted after 1, 2, 4 or & days
of incubaiticn.

To compare the relationship between penetration of larvae and
giowth of roots on susceptible wheat {cv. Halberd) and barley {(cv. Clipper),
the first seminal root was covered with sand and inoculated with O, 28(i3),

65(i§), lSS(i}) or 332(i}l) larvae and incubated at 2OOC for 48 hours. Two
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seedlings, one of each cultivar, were placed in a petri dish for incculation
with the same incculum. Extension of the one inoculated root (including
that of the control treatment without larvae) was measured between 24 and

48 hours of incubation and the length of all other roots of a seedling

neasured after 48 hours incubation wes combined to give a total length in

)

mi.  Length of each root of the seedlings without larvae was measured after
24 and 48 hours of incubation. The number of larvae in each of the roots of
a ceedling was measured following 48 hours of incubation and the number in
ootz other whan the inoculated root wasg combined for each seedling to give
the total nunher of larvae in unincoculated roots. Analyses of variance
were conducted on the raw data of five replications.

Extension of the uninoculated roots of seedlings inoculated with
iarvae was estiwated by subtraction of theirxr final length from the mean
iongth of the aquivalent roots on the control seedlings after 24 hours
incubation. Tudividual uninoculated rocts wiith the same number of larvae
in them were grouped together and koth the average extension and percentage
guowth relative to that of the control were calculated. Estimated externsion

of andividual roots on the same seedline were combined to give total

ver zeedling, znd from this, the average extension per seedling
was calonlataed for seedlings inoculated with the saine density of larvae.
han the pzrcentage growth of roots of seedlings relative to that of the

contieet was calculated. This data was not statistically analysed.

The number of larvae penetrating at each density of inoculetion
showed a similar trend over the period of incubation (Fig. 4 a, b, ¢}, but
*ewer larvae penetrated when inoculation was directly onto roots than onto
sand and this difference increased as the density of inoculum increased.

When roots covered with sand were inoculated, the number of

larvae penetrating roots increased with increased density of inoculum and



Pigure 4. Effect of density of H. avenae on number of larvae
in roots inoculated directly or onto sand covering

rootg at three different durations of incubation

at 0%,

(a), {bi, ().
e—-—e¢ Inoculation conto sand
o———0 Inoculation directly ocnio roots.

(@) &=——w Inoculum density = 254 larvae

it

o————0 Inoculum density 142 larvae

Am-——f\  Inoculum density = 24 larvae.
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varied with duration of incubation (Fig. 4 d). At the two highest densities
of inoculation, three phases of nematode activity were apparent during
72 hours of incubation. An initial increase in the number of larvae in
roots, a period of fairly constant numbers of larvae and finally a decrease
in numbers of larvae in roots. The duration of incubation requirved for the
maxinum mmber to penetrate decreased from 36 to 24 hours as density of
inoculum increased. At the lowest density of inoaulation, only the first
two phases were apparent as the number of larvae in roots increased until
36 hours of incubation when thsy ramainad ifairly constant.

In examining further the decreass in the number of larvae in roots
with duration of incubation,. density of incculation affected the time

needed for maximum numbers of larvae to penetrate (Table 5). 2t the high

AND DURATICN OF

AvAL IN WHEAT

(CV. HALBERD) BEFORE AND AFTER 24 HOURS IN

A SETNHORST MISTIF ILR.

Duration of incubation (day:d = 1 2 4 &

Inoculum of 140 larvae

Before mistifier 15 33 15 14 il

After ristifier 6 o 12 11 1c
Jnoculum of 15 larvae

Befo:e mistifier = 7 7 8 6

After mistifier 3 4 4 5 5

..8.D. (P = 0.05) = 2.8

density, % a day was sufficient but at the low density, numbers tended to

increase up to 4 days after inoculation. At the high density of inoculation,
the number of larvae in roots rceoined the same up till 4 days of incubation
and then declined, but no decline in numbers occurred at the low density.

The number of larvae remaining in roots after 24 hours in a Seinhorst
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mistifier were markedly fewer than the nunber penetrating from the high
density of inoculum after % a day of incubation, but this difference
gradually became less the longer the incubation period and finelly disappeared
after 6 days of incubation. At the low density, statistical differences
occurred between the number remaining and penetrating after 2 and & days of
incukbation and the number of larvae remaining in roots showes a tenidency

to increase during 4 days of incubation.

From a s=imilar experiment in which three densitics were compzved,
the maximum number penetrated roots inoculated with the hiclest dznsitics
within 1 day of incubation (Fig. 5 a, b) and at the lowest 2zasity, the
nunibey increased during 4 days of incubation (Fig. 5 c). With all densities
of incculation, no statisticai decrease occurred between the number of larvae
in reots with further incubation after the maximum numbhcr w2z obtained. The
number of larvae remaining in roots after 24 hours in a Seirniorst mistifier
remained constant at the two highest densities and was not significantly
different from the number penetrated at the higher density (Fig. 5 a) but
fewer remained ot the lower density (Fig. 5 b). At the lowest density, the

only sitatistical difference between the number remaininsg

occuryed after 4 days of incubation and the number of larvas remaln:
roots gradually increased during the & days of incubation {Fig. 5 ¢}. Also,
the number of larvae remaining in roots increased with each increase in
density of inoculation (Fig. 5 d).

A comparison of growth of control seedlings (i.e. without nematodes)
of Halberd and Clipper showed individual roots of Halberd extended further
over 24 hours than roots of Clipper (Table 6), but Clipper developed more
roots than Halbherd (Table 7). Also, the roots of Halberd were separated,

i.e. the distance between roots 2 and 3, 20 mm. away from the seed was

approximately 30 mm., while those of barley were closer together, i.e. a

distance of approximately 15 mm. between the two outer roots at the same



Figure 5. Effect of density of H. avenae and duration of
incubation at lSOC on number of larvae in wheat
(cv. Halberd) before and after 24 hours in a

Seinhorst mistifier.

(a), (©), (o).
e~——¢ Before mistifier

u-——-0 After mistifier

{d) @—~——e Inoculum density 191 larvae

o———0 JInoculum density 106 larvae

1l

A———4A Inoculum density 22 larvae

L.S.D. (P = 0.05) are given where statistical
differences nccurred. No statistical differensn=

occurred with inoculum density = 191 larvae.
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TABLE 6.

PENETRATING AND EXTENSION OF INOCULATED ROOTS OF

SUSCEPTIRLE WHEAT AND BARLEY.

Nos. of larvae in inoculum 0 28 65 155 332
Nos. penetrated - wheat 6 10 18 35
- barley 5 ] i8 )]

L.S.D. (P = 0.05) =7

Root extension (mm.)

wiieat 39 7 3 2z 1
barley 22 7 3 2 i

L.S.D. (P = 0.05) =4

TABLE 7.

EFFECT OF DENSITY OF H. AVENAE INOCULATED

RSOT OF SUSCEPTIBLE WHEAT AND BARLEY ON vVax

PARAMETERS OF THE UNIWNICCULATED ROOTS

SEEDLING.
Nos. of larvae in inoculum 0 28 65 155 332
Hos. of roots - wheat 2.2 2.4 2.4 2.4 2.4
- barley 4.4 4.6 4.4 4.7 do=
L.S.D. (P = 0.05) = 0.6
Taotal Jength (mm.) - wheat 102 20 104 04 51
- barley 206 i89 168 164 127
L.S.D. (2 = 0.05) = 22
Larvae penetrated (nos.)
- wheat 4 2 8
- barley 4 9 15
L..S.D. (P = 0.05) =5
Ave. nos. penetrated/roct
- wheat 1.5 0.8 3.5
- barley 1.0 2.1 3.5

L.S.D. (P

I
]
o
5
-
1
[
w
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position. TFollowing inoculztion with different densities of inoculum,

extension of and the number of larvae penetrating roots were similar at
ach density for both species and as density increased, the number of

larvae pcnetrating increased and extenzion of roots decreased (Table 6).

The total number of larvezs in uninoculated roots showed a general

y increasing dengity of inoculum and this was mcre obvious with

'.J
35
C
N
w
joil
ur
0}
z
e
r
A

Clipper than Halberd (Table 7). However, the average number of larvae
renetrating cach of these uninoculated roots was similar in both species
:t eagh denciiy, bub more penetrated these individual roots with 155 larvae
&x the inoculum. A comparison of the total length of unincculated roots
with density of inoculum suggested the total length was less affected in
Clipper than Halkerd, and this was zlso sugygested when estimations of
vancentage grovwin relative to the cortrol were compared with numbers of

irmovae penetreting roots for whole plantsg (Fig. 6 a) and individual roots

(F1g. 6 b).

2.3.3

of duration of incubation of high densities of

tha number 5% larvae wiorhin roots before ard after 24 hours

ir. 8 Seinhorst mistifier were inconsistent between experiments and on one

this number of larvea vas oiwilar throughout the duration of

Lirazation.  Although all larvae used in the inoculum were stored for less
“han 6 weekeg; they had been stored for different periods. Thus, although
ti2 dnvasion of roots by the larvae was normal, they probably had different
amounts of stored energy and some became immobile more gquickly than cthers.
Tnarefore, only fresh larvae should he usad in inocula, especially in
exXperiments on the establishment and development of larvae.

The effects of different densities of H. avenae on susceptible

wheat {cv. Halberd) and barley (cv. Clipper) were examined because barley is



Figure 9. Comparison of the effecl of larvae of H. avenae

within roots on the growth «f roots of susceptible

wheat and barley.

(a) 7Total extension of uninoculated roots per
ceadling  (mam.) .

(b} Ixtension of single uninoculated roots {(mm.).
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usually regarded as being more tolerant than wheat. Without nematodes,
individual roots of wheat grew faster than those of barley, but the nunmbher
of seminal roots was higher and the total growth-of roots per secedling
was greater with barley. With nematodes, growth of the individual inoculated
roots and the number of larvae penetrating these roots were similar on both
species at each density of inoculat%on. Therefore, indiwvidusl roots of
barley were not markedly more tolerant than wheat at the Zensities of inoculum

used in this experiment. These densities were selected fronm Fig. 3 b as heing

those associated with the rapid changes in root extensicn ot &
even the lowest density of 15 larvae was probably much higher ithan that
noraelly cxperienced by individual root tips in the field.

An indication of the effects cn root growth of lower densities
of larvae and Jdensities nearer to those normally in the Zicis were obtained

by examining the uninoculated roots on seedlings in which cne oot was

inoculs mwtansion .of individual roots of wheat was appairantly reduced

with each additional nematode penetrating, but barley was not affected

will vhree larvae had nenetrated. Because barley proGures more seminzi

roots Taster than wheat following germination, more lavvag woi

with barley to give a similar number at sach root tip and ¢live 2 aimiler

e}

number penetrating individual roots. Therefore, given similax
larvae for both wheat and barley, fewer larvae would penstrate individaal
roots of barley and these roots would maintain better growth trhar wheat.
With the lower densities of larvae normally in the field during the early
growth of seedlings, growth of roots or barley may be only slichtly affecced
while those of wheat are restricted, and this may explain the tclerance of

barley to H. avenae. This aspect needs confirmation, but thiz was not

possible within the time available for these studies.
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A suitable method of inoculating individval roots of seedlings in

.

a petri dish was developed with sand (150--250 um.) being placed over the
iip of the root. Freshly hatched larvae were prepared in a 0.15% distilled
vater aysr at appropriate densitiec and a single drop, from a pasteur
pipetta, of this inoculum was placed onto the sand. Using this method, an
understanding of penetration and establishment of H. avenae in individual

roots of susceptible hosts was obtained.

Chenges in the number of H. avenae penetrating roots of susceptuible

wheat and barley with increasing densities of jnoculation were similar to

those which cccurred with Ditylenchus dipse

on oats (Blake, 1962) and

ggigiﬁggzgg_iﬁggggizgn(McClure & Vinlierchio, 1966). The number of larvae
‘v roots incres:zed linearly as thoe densitv of inoculum increased until a
cosstant number was reached and maintained at the highest densities and

the percentage of the inoculum penetlra%ting roots decreased at the highest
densities with cach increase in density. Ag the density of inoculum
increased, cgn@etition‘between larvae on the root suvrface for invasion sites

sod Jor intersference fccieased (Davies &

of entyy inte roots (Peacock, 1959), the severe inhibition

of yoot orowth caused by 2 small number of larvae limited the space
available for nematodes within roots.
Invasion of roots by different densities of nematodes during

incubation showed three phases of nematode activity and a fourth occuvrred
if the period nrior to entry of the first larva into a root (lag phase) was
ancluded. This first, or lag phase was the time needed for larvae to move
to and begin widespread exploration of rxoots prior to penetration (Doncaster
& Seymour, 1973) and would be dependent upon the density of inoculum and the

distance travelling by larvae to reach the root.

The second, or exponential phase was the period of incubation



when the nunber of larvae penetrating roots increased linearly with time
and the rate of increase in the number penetrating increased with increased
density of inoculum. During this phase, larvae éntered roots, moved within
roots seeking a suitable site to establish and some larvae established and
began development, while other:s either continued to meve within rocts or
became quiescent. Entry of larvae was likely to be random and the first
larvae entering the roots were likely to establish themselves with little
competition with other larvae within roots; particularly at the low and
moderate densities of larvae i1 inoculum. Because competition and/or
interference occurs between larvae, even when a small number of laxvae was
05 the root surface (Davies & Fisher, 19763, this competition and/or inter-
ference has occurred throughout this phase and the linear increase in the
nunber of larvae within roots hios continued until larvae within +he roci
affected penetration.

Tn the third, or plateau phase, the number of larvae withiu

roots remained constant and although this number of larvae increased with

density of inoculum, the i 2e was not proporticnal to the increzse in

density of iroculum. Larwvsa wiivein the oot had est:

Lishad or necamo

quiescent or remained motile within tie roct. Deoncasier & Seymour (1973)

-

observed larvae of H. cruciferae in these stages within rcots anc also ncted

that guiescent larvae could eveuntuzlly regain motility to leave roots. At
low densities of inoculum, alwo=i 21l ilarvie established and began
development, but as density increussed therc were three separate effects of
competition between larvae likely to influence the number of larvae in
roots during this plateau phaze. The first effect would be due to the
interference between larvae on ‘he root surface resulting in some larvac
leaving the root surface; more larvae would leave as density increased

because of increased interference. Therefore, the number of larvae in roots
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would be associated with a lower number of larvae on the root surface than
was in the inoculum and this may be & proportional relationship. Secondly,
as nunbers of larvae within a root increased, the increased interference
between larvae within the root would cause scme of the larvae to move out
of the root and these larvae would inlerfere with the other larvae entering
the root. Therefore, a dynamic eguilibriuwm would exist between larvae
entering and leaving the root. Firally, because root growth was

estricted by larvae, the space availabhle to larvae within roots would be
occupied and there would &2 nc space for any wore larvae to penetrate. One
of theze three effects would e the dominant effect at different densities
of inoculation, with the first effect occurring at lower densiti=ss than
the second which would occur at lower densities than the third effect.

With high densitiss of inoculum, tiere was usually a phace when
the number of larvae within rocis decreased to a number similar o the
number of larvae established. 2% loss of ability of larvae to invade thez
root as body reserves of larvae were deplcied seemed unlikely Lacause some
larvae within the root retained the ability to move througheul the duration

of incubaztion and these lJ=rvae hava not Laen observed te feed during this

(o)

time (Davies & Fisher, 197%}. arvae within the root may have

extended the duration of their sctivity by conserving hody reserres during
pericds of quiescence. It seems more likely that larvae eventually moved
away from the damaged and unfavourable envircnment of the root, while
larvae unable to establish within tlie root have moved out, either randomly
or in response to changes in the root, in s~arch of other sites to establish
themselves.

Establishment of larvwee in a root weuld show three phases of
activity, a lag phase, exponential phase and a plateau phase. Apart from
the effect of an increase in duration of the lag phase while larvae move

within the root to sites of establishment, these phases are likely to be
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related to the equivalent phases of invasion by nematodes and density of
inoculation seemed to have a similar effect on invasion and establishwment
of iarvae. This and other aspects of establishment and development of

larvae are digcussed further in a latexr section.
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3. INTERACTION BEIWERN HWTL \5 AND WHOLE PLANTS

A consistent, repeatable method for measuring the genetic reaction
of up to 2,000 plants of cerzsals to H. averae in a single test was requested
by plant breeders, but assessment based on the number of females has been
Gifficuisl as the number of females on genetically homozygous genotypes
vary (Cotton & Hayes, 1969). ‘herefore, the genetic reaction of cerealsto
nematudes was masked by variations related to changes in the environment.

Lt

The testing of host reactions to cyst-forming species of rewatodes
ie asaaily pzrformed either outdeors in the natural environment or in a
alzsshouse and usually cysts are used as inoculum. Density of nenatodes

in inocula hac¢ neen a major source of variation (O'Brien & Fisher, 1974) and

using batched larvae as inoculum would seem preferable to using cysts as

setching from ¢nsts can be unpredictable. When hatched larvae of H.

wchtii were uzed (Shepherd, 1958}, variations in host reactions wzye

lar to using cysts as inoculum, ioe larvae were added in large numbers
at only one stage of plant growth, therefore careful management during
inoculation ~f larvae could reduce these variations. Other environmenial

could he more easily controlled within a

k)

I an@, althougl: this would limit space available for testing
g s 3 3!

e used as growth containers to increase runbers

of pilants tested within this space (BRnderson, 1963; McKenna ot ai., 1%63;

Cultivars of wheat and barley were grown in small tubes under
cortrelled envircenmental conditions and were inoculated with second-stage
Javvae of i. avenae. The development of a method to study interactions
bhelireen nematodes and plants is described and these interactions are

discussed in this section.



3.1 Lffect of inoculation, cultivar and vool growth on davelopment

of adult nematodes

Laboratory studies showed hatching of larvae of H.

gigmoidal and that the rate of hatching was dependent upon the envivonment
{(Panyer & Fisher, 1971 a) and this seemed similar to hatchixng in the field
{Meagher, 1970) so that plants were affected by increasing densitics of
larvae during growth. Creater numbers cf larvae penefrated rcots after
severad inoculations with low densities of larvee than one ircculation
with a high density of larvae (Fisher, pers. comm.). 7Therefire, inocu
of plants at several times with an increase in the numbeir <f larvae frre
one incculaticu to the next would seem preferable to the single inoculatiun
used by Shephzrd (1958). The effects of different inoculations and plant
manzgement o the number of female nematodes developed < niiferent cereals

are described.

Cereal cultivars were grown in open-ended tuunes, 13 wo. long

and 2.5 cm. internal diameter, cut from rigid P.V.C.¥ ¢
wazhod river sand (Waikerie sand) with a wide range of partici: cizes
{(Table 8).

COMPOSITION OF WAIKERIE SAND CALCULATED BY SIEVIWG

SAND THROUGH STEVES OF LIFFERENT MESH SIZE

Mesh gize {(um.) >1,200 >1,000 >700 >500 >250 » 150 >100 <100

Proportion

[ A
collected -23 .13 .12 .05 .16 .24 .06 .01

Tubes were prepared for planting by placing them upright on a

* Poly vinyl chloride
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firm and even bas

A
l.u

e, adding a small guantity of moist sand, ramming this
sand vigorously Lo compact it te give a firm base which prevented the loss
of the extra sand to be added and to allow free drainage of solutions.
Further sand was then added until the tubes were full and this sand was
then lightly compacted. This was repcated until the level of sand was 1 om.
helow the top of the tubes; then ¥ nl. of Hoagland solution {Hoagland &
Snyder, 1933), containing iron chelate (Jacokson, 1951) in the place of

Iron Tartrate, was added with an automatlc pipetting machine. The level of

the cand usually subsided aftev ing nuurient solution and therefore more

sand was added to maintain tno original iIecwel., These prepared tuhes were
then stored on trays, 85 cm. x 40 cm.,until rhe plants were ready for
planting.

Seeds were pregerminitad (Section 2.5.1.1) and viable ceeds woie
selected as carly as possible. oine seed pev tube was sown approzimately

50 mm. deep into the sand and = further 5 mi. of nutrient solution win added,

either alone or with larvae. to the sand swrface. Trays of tules sown

with seeds were transferrad 1o # growth yoom until emergenc:z of the

coleoptiies cacurred and the Tissnl o

arnion of plantz coul

Selected plants were arranged i with expevimental dasign ana

veturned tc the growth room.

iy reomwas set o give a ceopstant
environnent of 20°C and 10 hours of continusus fluorescent light of uniform
intensity in each 24 hour peric<

When the sand in mosgt tibhes geemed Lo be dry during the carly
growth of plants (approximately unce per wesk) 10 ml. of either water or
nutrient solution were added t» the surface of the sand. Water and nutrient
solution were added on alternarr occasions with an automatic pipetting wachine
unless the adaition coincided with an inoculation, then the inoculum was

added using a hand pipetting machine. Maintenance of plants continued in

this manner until 5 days after the final inoculation when only water was used;
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it was added to the trays and absorbed through the base of tubes. Watexr
was added in this manner when plants began tc show gigns ¢f wilting.

Tnocula of lavvas were trepared with either water or nutrient
solution in a manner similar i< that descriked in Section 2.1.1.1, except
that the required density of larvae were in 5 ml. of solution.

Plants were examived rejularly for pests and diseases, hut only
green aphid and powdery mildew occurred on infrequent occasions. Plants
were sprayed with "rogor™® to control green aphid and dusted with sulphur
to control powdery mildevw.

The number of femslw jsiematodes were counted a minimum of 35 days
after the final inoculation. This allowed suificient time for cevelopment®
of the nematode to the adult stage under the conditions used for yrowth
of the plants (0O'Brien, 1972!. Growth tubes were soaked in water, plants

and sand were removed from the tvhes, placed un a 1.68 mm. sieve, washed

with a fast jet of water and females, sand and associated organic msteiial
collected in a 0.152 mm. sieve. The collected material was then wmixed

with water, agitated vigorousiy and decarnued into a 0.152 mr. si=¢e. Fand

was retained as sediment and collected in the sisve

nunmbers of females were countac oundier 10 x

[

L taooo dzitge counting 42
magnificaticn.

Root weight of planie was measured as wet root weight. Growth
tubes were soaked in water and toth the plankt rocts and associated sand

«

were renoved from the tubes. B8and was removed from roots by agitation in

water ani by washing roots in a2 1.62 mn. sl<ve with ¢ moderate jet of
water. Roots were cut from the plant, roclled into a ball, blotted dry

with watcr absorbent tissues to remove excess water and then weighed.

*  40% W/V dimethoate (0,0 - dimethyl § - (N - dimethyl S - (-methyl

carbamoylmethyl) phosphorodithiocate.
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3.1.1.2 Experimental

The effects of density, time and nuwber of inoculations on the
number of females on susceptible (cv. Halberd) and regigtant f{cv. AUS 16G£94)
wheat were compared. Waikerie sand with a particle size of less than
500 um. diameter was used as the medium for plant growth because thase
barticles were expected to ald neimatode movement (Wallace, 1963;. A
gingle inoculation with 200, 6CC or 1,500 larvae was applied to Halkerd on
days 0, 7 ox 14 after sowing and to AUS 10894 14 days after scwing.
Tnoculations of 200 larvees at sowing folleowed by 400 oxr 1,300 larvae atb
7 Gays or 400 or 1,300 larves &l 14 days after sowing were given to both
cultivars. Inoculation of 200 iarvae on azvs 0, 7 and 14 after sowing was

also given to both cultivars. A randomised block design containing five

replicates wzas used and the nuibezr of females was compared after an
analysis of variance.

The numbersof fewszics

seedlings with 500 larvae st days O, 7 ans 14 after sowing. Secdliugs were

Vaikerie sand in a randomiced block

grown and inoculated in tuwoos with

design with 7 replicates.

Ths barley cultivars were oz follows; Clipper a« the

“h

m

susceptibhie standard because it mont widely grown cultivar in

“outh Australia, Morocco (WI*

ST 3502) was reported resistant in
australic (Brown & Meagher, 1970} 25d seed was obtained freom the Victerian
Wheat Resesarch Institute at Horshiae, and Nite (WI 1470, CI 3582); Athinais
(WI 938), Orge Martin 839 (WI &L¢), CI 8147 (WI 1944) and WI 2231 which
were rated resistant in an unpublished field test in South Australia
(Sparrow, pers. comm.). Results were compared by analysis of variance.

The number of females was also assessed on a susceptible

* WI - Waite Agricultural Research Institute accession number.
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(cv. Halberd) and two othar (cvs. AUS* 10894 & AUS 90248) wheats, which
were recistant in South Australia (O'Brien & Fisher, 1974), by growing and
inoculating szedlings in tubes of Waikerie sand with 300 larvee at sowing,
560 larvae 5 days and 800 larvasz 15 days afier sowing. Six ceplicates of
the three cultivars were completely randomised and an analyris of variance
was done on results.

Following a successful test of the reaction of harley cultivars

1

to f. avenae earlier in this section, an attempt to test tho reacticn of

pareﬂts, Fl, F2 and hackcrosses c¢f progeny from Crosses of
susceptible barley was made. A maximum of 355 growth tui:z:x were placed on
a tray to test s maximum number of plants in the minimum space and at this
density the crowth tubes were self-supporting. After germination and scwing
test plants in tubes (Section 3.1.1.1); plants were scalttered at random
throuchout the tray btefore being inoculated with 500 laxvar &: sowing, 7 and
14 days afver sowing. -During the 75 days of growth of all pisnts, general

(section 3.1.1.1) of these densely packed plants was very

di#firalt, therefore, the 24 plants of susceptible bari:sy {ow, Clippex?

scatterad throughout the tray were examined aftexr thig tine o

the effects of management on the number of females in relatica Lo plant

Q

growth. Wet weight of root and the number of females on roois waia
measured and a regression analysis was performed on raw cdata.

A relationship between the asumber of females and rooth velget wasg
only expected when management of plants affected plant growuih and such a
relationship was obtained when 355 tubes were grown on & trayv (Fic., 7 ajl-
Therefore, 156 plants were grown in tubes arranged in 13 rows of 12 across
a tray, and except for one row, rows were paired and each pair of rows was

separated by a single spacing of the rigid net of wire used to support the

* AUS - Accession number of the Australian Wheat Collection at Temworth,

N.S.W.
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growth tubes, and this was similar to that shown in Plate 1. ¥Progeny of
crosses of bharley selected, germination, inoculation and geneial maragement
were similar to when 355 plants were grown on a tray. But plirts were
only grown for 45 days before wet weight of roots and the nuaber of females
on the 24 plants of susceptible barley (c¢v. Clipper) wvere moasured and a

regrezsion analysis was performed on the raw data.

3.1.2 Regylts

Waikerie sand with particle sizes less than 00 ym. in diameter
wae an unsuitable medium for plant growth «s seminal rocts ol hoth cultivars
of wheat were thick, stunted and develored few lateral rcols because of
compaction of the sand. Poor development of roots was also reflected by
the small nurbzr of females on the rooiz of Halberd inocuiatsed at one time
(Takle 9Y.

Halbard incculated with 200, 600 or 1,500 larvae V days after

sowing seemzd to produce fewer females than similar inoculations at or 1<

days after sowing (Table 9). This was probably the result of using larwae

stored for a longer period for inoculations 7 days after = 0
or 14 .ays after sowing. Increased muber of females ocruzael oo Hiinard

when irnoculations of 200 larvae at sowing and 400 larvae at 7V ox L

after cowirg were used, compared with one inoculation of 600 larvae.

Wowever, the number of females was sinilay on Halberd wheon anc
200 larvee at sowing and 1,300 larvae at 7 or 14 days after sowing were
compared with the one inoculaticn of 1,500 larvae. Most femelas developed
when Halberd was inoculated with 200 lawvase at sowing, 7 and 14 days afrer
sowing. Few females developed on resistant wheat (cv. AUS 12:894) and the
method of inoculating did not affect numbers of females.

When a complete mixture of the particle sizes in Waikerie sand

was used to grow plants, seminal roots of wheat and barley grew normally.



Plate 1. Arrancgement of growth tubes within trays for growth
of plants within an environmentally controlled growth

Yoom.
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TABLE 9.

H. AVENAE ON THE NUMBER OF FEMALES ON SUSCETTIBLE

— T e =

(CV. HALBERD) AND RESISTANT (Cv. AUS 10894) WHENT.

Inoculation
Noz. of larvae in inoculum on:
Bay O Day 7 Day 14 Bglbexd AGE 10834
200 0 0 5 =
0 200 0 2 -
0] o 200 4 1
600 0 0 6 -
0 600 0 4 -
2 0 600 4 0
1,500 0 0 7 -
0 1,500 0 3 -
)] 0 1,500 9 1
200 400 0 14 1
200 o 400 10 1l
200 1.300 0 8 1
200 6] 1,300 10 2
200 200 200 24 2

L.S.D. (P = 0.05) =5

Rocts grew the depth of tubes and lateral roots permeated th: sand wichin
tubes.

The number of females on cultivars of barley and wheal wag used
to assess the reaction to infection by H. zvenas. With the karley cultivars,
Clipper was very susceptible with an average of 60 females wer vlant and
the other cultivars were more resistant. (Takle 10). Althougir WI 2231 was
more resistant than Clipper and averaged 21 females per plaut, it was mere
susceptible than the other 5 cultivars which averaged 7 or lLess females per

plant. Morocco had the best resistance of the barley cultivars tested as

n ] E g .
there were)%emales on the rdots of this cultivar. With the wheat cultivars,
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TABLE 10.

EFFECT OF CULTIVARS Cr BARLEY ON THE NUMBER OF

FEMALES OF II. AVENAE ON ROOTS

e i e ebnf 3 g | S B ST s — e be e

rge-

Clipper Morocco  Nile  Athinals  Martin  WI2231 C18147
Females 60 0 5 4 3 21 7
+ 8.E. 6 0 1 1 1 2 1

Halberd was susceptible with an sverage of 35 femaies per plant and the twc
other cultivars, AUS 10894 and £45 §3248 were resistant with an average of

5 or less females per plant (lz2le 11).

TABLE 11.

EFFECT OF CULTIVARS (

FEMALZS O i, AVENAE CON ROOTS

Halberd AUS 10894 ﬁzi_CQZ§i
Nos. of Females (+ S.E.) 35 + 3 2 +1 § 41

L.2.D, (P = 0.05) = &

Maragement of the 305 howiev phiunts crowdeld mogecher on a tray
was very difficult. Watering plante witn an auvtomatic pipstting wachine
was diffiecult and time conguming doz o the top growth of plants. Adding
water te trays was easier, bub water was dictributed uneverly to the plants
and those plants growing in the czabve of the tray were oftan under moisture
stress. Fowdery mildew was difficuli te contain and aither othexr organisms
or physiological disorders cauzed a blackening at the base of stems and
poor root growth in many plantz, When 156 plants were grown on a tray,
uniform management of plants wzas easier and plant growth appeared to be
normal.

Regression analyses on the relationship between wet root weight

and the number of females on roots of Clipper showed a second order
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correlation when 355 plants were grown on a tray (Fig. 7 a). This relation-
ship was represented by the algeruraic equation, ¥ = 9.4 + 8.4 % - 0.9 x2.
The curve derived from the cguation showed an initial increase in the number
of females per plant as root welght increased. An optimum numbes of
females per plant was reached and then the number hegan to decrecse with
further increases in the root weight of plants.. No correlation occurred

between the number of females wer nlant and root waicght of Clippexr when

156 plants were grown on a tray (Fig. 7 bi.

3.1.3% Discussioc
Variations in the nusber of femalse nematodes on genetically

homozygous genotypes (Cotton & Hayes, 1969) mnade assessments of genstic

reaction oY different cultiwvars difficult. <Cultivars of wheat and barley

are normally self-fertili »nd the individual cultivars are described

as homozygous, but unless ricii selection of plants is maintained, minor

genetical differences can occur which causc variations in the genetic
influences within a cultivazr. Therefore, vrowth vesponses to the anvivonment

and reactions to the neme ind:

W plante would wary within th= zame cultivar,

but these are likely to be acar & Fi{fecent genetic control and wonld vary

4l

independent.ly of one another uniless

effects ocvcur, This means no should occur hetirean the root
weight and the number of femeias whspn both suitable envirorwent and
inoculations of nematode are sl o assesz the plant reaction.
Composition of the sard used as & growth medium aifected root
growth and also affected the number of females on plants. Therefore,

Waikerie sand was used in all later assesswents to ensure good rcot growth

and the maximum expression of

genetic reaction of plants to nematode
infection.
A correlation occurred between root weight and number of females

per plant when maximum numbers but not when fewer plants were grown on a



Figure 7. Scatier diagrams showing the relat:ionship between

the fresh weight of barley (cv. Clipper) roots

and the number of females of . zvenae on the roaobs.
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This showed that

difficulties in the

management

orment between

on a tray caused extreme differences in the envir

plonts and prevented some plants from reacting to nematode infection

jandependently of the environment. Therefore, spacing and careful

nanagement of plants are important duwing the assessment of plants to

nenarode ection.

by

Because roct growth was affected compaction of sand when

Halkberd - inoculated with different densities of larvee at differant

Was

o

cowing, of

iy siter the effects of inoculations on the numboszr of

‘)

not clznw. Howaver, the number of fema did not seen to

aes

with increased densities of 1nocu]'4 or with delay in inoculations and

this suggested competition between larvae ag 2 result of density and/or

root growti iimited the numb=r of females. Most females were produced

e inoculated on three successive occcasions with the lowest

seedlings

isity of nematede. This suggested the lew density allowed penetration,

establishment. and development of larvae into females, and allowed furtherx

growth off roots so growth between inoculations

Ffemales adds.

ar nunber <f

to develeop with each ¢

‘\...'

¢ least

(1%

normzl roct growth of wheat, a similar effect usin

as inoca!am should further increase the number of rYernlies.

the reactions of suscepti and resistant wheats were red

= Conpa

mumber of larvae in the initial and the twe subsequent

barley ¢ eveloped more roots than wheat

{ov. Halkerd) 4uring early growth (Section 2.3.2), an even higher initial
density of inoculum was used to compare the reaction of barley cultivars
2 nematode infection.

In the two tests, one on the reactions of barley and the other
on the reactions of wheat to H. avenae, a large difference in reaction

occurred between the susceptible and resistant cultivars. Resistance in

tional
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AUS 10894 and AUS 90248 was confirmed for wheat and in Morocco, Nile,

Athinais, Orge Martin 839 and CI 8147 for

o3

rley. The barley cultivar,
Wl 2231, was rated as susceptible, but was more resistant than Clipper and
ovld assist control of H. avenaas if it were a commercial cultivar.
The number of females on Halberd increased following increases
in the d=nsity of incoculetions when VWsikerie sand was used, but they did
not increase in proportion to the increases in densities of inoculations.

?1lsc, the number of i-males was greater on Clipper than Halberd when koth

wera grown uuder similar conditions. This, with other observations discussed

showed the nuwher of females on cereal roots was the end
sesult of coimvlex interactions betwsen environment, nematodes and plant

growth. By coutrolling the envirouwent and gaining a better understanding

of the interastions between nematodes and vplants, both the density and time

=P inoculations could be determined +o givs the maximum number of females

on cereals grown within a particuiar environment.

3.2 Effect of density of inoculim znd time of inoculation on

Palbcfd .and deVD]ﬁ“*Pﬁt of numnkodps

growth

ratiticn between lasvae during penetration of roots and/or

Pithin roo o tro main causes of variation in the number

of femsiez o roots of cultivars asculated with larvae of H. avenae.

11 ranagement during grewth of plants, spacing of plants on treays and

o

ervironnent asfected competition between nematodes. But these factors
were controlled in the later assessments and only caused minor variations

ir ine nunber ~f female nematodes on rocts. Density of inoculum ano time

of inosulation became the major causes of competition between larvae and
veriations in the number of female nematodes on roots. Further information

was needed to select both the densities of inoculum and times of inoculations

to avoid competition and to limit variation in the reaction of cultivars.
Effects of density of inoculum and time of inoculation on growth

of wheat (cv. Halberd) and development of nematodes are described and

discussed in this section.
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3.2.1 Matepiiggand Methods

Seedlings of Halberd were inoculated once with a low, mediuwn or

- high density of larvae {Tabie 12} either at sowing, 7 or 14 davs after

TABLE 12.

AVERAGE NUMBER Qi T22VAE OF_H. QYENAF INOCULATED ONTO

WHEAT (CV. BALLY D) AT DIT TEFERENT TIMES

M SOV LG

Days _from sowing bumber of Lorvae Density

0 167 Low
0 325 Medium
0 436 High
7 145 Low
7 286 Medium
7 422 High

14 165 Low

14 395 Medium
14 594 High

L.S.D. (P = 0.05) = 41

sowing and were compared with uninoculatad seedlings. Seediings wave to

Sovom - k)

be sampled at three times up ©21il 33 Jaye after incenlatioa for Jaformation

a7

on the nuiker of adult nematodos and roct yrowth. Early cyowth of seedlings
inoculated at sowing suggested top growth should also be evamined.
sufficicat plants were available trom inoculations at sewing for an extia
one sample at low and high dersities ard two samples at the medium density
of inoculations. Therefore, addiiicnal plants were inoculated with all
densities and the effects of H. avenae on plant growth were examined till

50 days after sowing for each timea of inoculation and most densities of
inoculation. The low and high densities at sowing were only examined till

36 days after sowing.

Destruction of seedlings was necessary at each sampling for the
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measuremernt of root growth. 8ix replicates of seedlingswere randomly
organised onto two trays in a manner similar to that described for barley
in Section 3.1.1.2 and shown in nlate 1. Sampling was at random from the
trays and seedlings were reorgsnised to maintailn rows of 12 wi ithin the trays.
Length of the first four seminal roots was measured on each
scedling sampied 7 and 14 days xztter sowing and an average langth of these
roots was calculated. Total length of nedal roots was measured orn each
eedling sampled until 36 days after sowirg. The number of root tips per
seedling were assessed until Z. dsvs sfter sowing. Assessment of root tips
was by a modification of the method descrihed by Southey (1970) to assess
the number of nematodes within roots. Sand was washed from the weots, thz
roots were stained in lactophencl cotton blus, macerated in an hewogenicer
and the number of tips in » 35 @}. aligquot of = 100 ml. suspension were
counted. Wet weight of rcots I each seedling sampled was obtained in the

same manner described for barley in Section 3.1.1.2.

The number of expanded leaves, langth of lamina of e:

and seedling height were m:

-2d on the wame seedlings selected {or rcot

growth. Lamina length (W7 il: dven, 1965) was unsed to agsess laaf

growth. Seedling height was s fron the sand gnrface te the tip of

the youngest emerged leaf. Bix reasured at the widect part of
lewina for the first four expaonded leaves on seedlings sampled 28 days from

sowing.

Adult nematodes were

or 36 days aftar inoculation.
Females were collected and counted as “escrived in Section 3.1.1.1. Males
were collected from sand as well as being washed off the surface of roots
during the collection of femalss. A 0.53 mm. sieve was placed beneath the
1.68 mm. sieve used to collect the females washed from roots. The water

used to soak the growth tubes was poured through a 1.68 mm. sieve and

material in this sieve was rinsed thoroughly with water. Males were
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collected in the 0.53 mm. sieve, a 10 ml. suspension was prepared from
material collected in this sieve and the number of males was assessed from
counts of 1 ml. aliguots oif the suspension (Southey, 1270).

Seedlings were inoculated and maintained in tubes as cescribed
in Section 3.1.1.1 until 5 days after the final inoculations. Then
seedlings were watered with 10 wl. from an automatic pipetting machine
when indicated by either dyv sand in tubes or signs of wilting of »lants.
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1 conditions within the tubes and to prevent
the lose of male nematodes. other eterinlce and methods used were as
descriked in Section 3.1.1.0L.

Analyses of variance were done on raw data for most vesults,

but log (x+1) transformation were analysed for the length of nodai rzoots

and the nunber of male nematones

3.2.2 Results

was similar at sowing and 7 days after soving (Table 12). But therwe were

more larvae in the medium ar:

inocula 14 davs after sowing

than in the eguivalent densitia: «f ih: carlier ipcoila.

noots of uninoculated zoediincs were observed te meander through

the sand as they grew down within

and therefore were a:z long as the

tube after 7 days (Table 13) alsi: not emerged from the tube.

EFFECT OF DIFFERENT DERS LT

OF B, LVONAE AT TIE OF SOWING

ON THE AVERAGCE LENGTH_{MM.) OF SEMINAL ROOTS OF WHEAT

(Cv. HALBERD) COMPARYN: WITH THE DEPTH OF GROWTH TUBES.

Days from Nemztode Density Growth
Sowing o Low Medium High Tube
7 128 - - -
14 133 920 85 58 128

L.S.D. (P = 0.05) = 19
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Tips of uninoculated roots were observed near the base of tubes after 7
days growth and at the base after 14 days growth. Rocts of seedlings
inoculated at sowing were shorter than those of uninoculated seedlings
after 14 days growth and the shortest roots were on gseedlings iroculated
with the highest density of larvae.

A compavizon of growth of uainoculated and inoculated roots is
chown (Plate 2) for sach sampling until 21 days after sowing. Roots
inoculated at sowing had growth severely affected at each sampling, wut
the offect of density of inoculum was not noticeable after 21 davys growth
ot roots. inoculaltion of roots with high densities of larvae 7 days after

et

ing was tl:= only other method of inoculatiocn to have sowme visual effect
on growth of roots (Plate 2¢).
Tnocutated and uninoculatcd seediings had a similar number oT

rent tips 7 daye after inoculation, 2.9.. neasurements 14 and 21 days

cr sowing fur inoculations 7 and 14 days after sowing respectively

ble 14). =»ut i4 days after inoculation, i.e., measurements 14 and 21 days

after sowing for inoculations at sowing and 7 days after sowing respectively,

inoculat«d seedlings had developed Tewer root tips than uninoculated

After 21 dnve crowth, seoxdlings inoculated at sowing had

+ s than uniuoculated seedlings and seedlings inoculated with

higher d-nsities had fewer root tips than those inoculated with the

Initiation of nodal roots was delayed with inoculation of

sowing and this delay was noticeable until 36 days after sowing
{rvable 15). @uen inoculation was later, i.e., 7 or more days after sowing,
ne differences between the length of nodal roots on inoculated and
tnroculated plants could be shown.

The root weight of uninoculated seedlings 36 and 42 days after
sowing were similar and showed an effect of moisture stress on root weight

as a result of a malfunction in the pipetting machine between these two



Plate 2. Root growth cof seedlings of wheat (cv. Halberd)

inoculated and uninoculated with H. avenae.

(a)

(k)

Growth 7 days following sowing.
1. Uninoculated

2. Low density at socwing.

3. Medium density at sowing.

4, High density at sowing.

Growth 14 days following scwing.

i.. Uninoculated or low, medium or high
density 7 days following sowing.

2. Low dénsity at sowing.

3. Medium density at sowing.

4. THigh density at sowing.

Growth 21 days following sowing.
1. Uninoculated, low or medium density
7 days following sowing, low, mediun ox
high density 14 days following sowing.
2. High density 7 days following sowing.

3. Low, medium or high density at sowing.
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TABLE 14.

EFFECT OF DIFFERENT DENSITIES AND TIME OF INCCOLLATTION oF

OF H. AVENAE ON THE NUMBER OF ROOT TIPS PER

PLANT OF WHEAT (CV. HALBERD).

Inoculation Harvest (Days_ From 30w
Density Time (Davs) 7 14

0 83 256 577
Low 0 221 442
Med:cum 0 126 271
High 0 178 276
Lo 7 243 345
Madium 7 247 371
High 7 259 368
Low 14 G114
Medium 14 s
High 14 e15

L.S.D. (P = 0.05) = 49 = B0
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TABLE 15.

EFFECT OF DIFFERENT DENSITIES AND TIME OF INOCULATICH OF

H. AVENAE ON THE LENGTH OF NODAL ROOTS OF WHEAT

(CV. HALBERD)

Inocglggﬁon Harvest (Days fgg@.SowingL
Density Time (Days) 21 28 36
0 1.25 (31)y* 2.32 214y 2.4% (311)
I.ow 0 0.76 (9) 1.74 (686) 2.57 (386}
Med:i am 0 0 (0) 1.55 (93) 2.50 (327}
High 0 0.15 (1) 1.83 (7%) 2.57 (378)
Lovwi 7 1.37 (41) 2.31 (21gy  Z.55 (357)
Med Lan ) 7 1.22 (27) 2.35 (235} .52 (336)
tiigh 7 1.09 (21) 2.39 (256) 2.60 (402)
Low 14 1.31 (57) 2.43 (2835
Madium 14 1.51 (47) 2.38 (241;
High 14 1.54 (43) 2.34 (2313
».5.D. (P = 0.05) = 0.33 = 0.36 W.S.

Results for each time of harvest is the mean of Tcg,, {(x+l}
transformation of six replicates.

( )* Mean of original dats (mm.)
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NUMBER OF NEMATODES PER PLANT

°0or e HALBERD °
Ao AUS 10894
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70}
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40 L.S.D.
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20}
10}
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Figure 8. Effect of different densities of H. avenae and time of inoculaiicn on the growth of

roots of Halberd wheat.

(a) Inoculation con the day of {B) Incculation 7 days after sowing (¢) Incculation 14 days after sowing

e——2 O larvae - Traatmemt O e—o 0 larvae - Treatment ¢ o——-——9 0 larvas - Treatment O
o) 167 larvee - i o 145 larvae - 4 c 165 iarvae - 7

325 larvae - z A 286 larvae — 3 A 363 larvae - 8
A 436 larvae - 3 A 422 larvae 6 & 594 larvae ~ 9

All data was analysed, and apart frecm the following exceptions, the points presented on the graphs differ

significantly (P < 0.05).

EXCEPTICNS (1) Treatment N at d=vs 3¢ and 42.
(ii) Treatments 1, 2, I et each samnle. WN.B. Only treatment 2 was sampled on Day 50C.
{(iii) Treatment 9 and %reatmerts 1, 2, 3 at day 28,

(iv) Treatments 6 and 5 on day 50.
W) Treatments 0, 4 and 5 on day 50.
(vi) Treatments 8 and ¢ on day 50.

{vii) Treatments 0, 7 and 8§ on day 50.
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times of sampling (Fig. 8). Because of this influence of moisture stress
on unincculated plants, differences between root weights 42 deys after
sowing will be ignored, with the exception that all incculated nplants
did not show this effect of moisture stress.

Roots of seedlings inoculated at sowing with different densities

0

ad similar root weights and were alweys lighter than uninoculated roots

1

v

(Fig. & a). With roots inoculated 7 days after sowing, canly roois with
the high density differed from uninoculated rcots and were lighter 50

davs after sowing (Fig. 8 b). After 50 days of growth, the oot waight

Hh

of seedlings incculated 7 days after sowing showed a tendcacy to decreasa

as density of inoculum increased. Seedlings inoculated with low and meonun

densities 14 devs after sowing had a similar root weight to that of

cuninocuiated ceadlings, but seedlings incculated with the bigh density

had lLighter roots 28 days after sowing and heavier roots 5L 7s after

sowing

After 50 days growth, root weight of seadiings
inosuiated 14 dayvs after sowing showed a tendency to increase as density

of lpozulum increased.

The number of aduli nematodes on roots varied witl: the
of incoulation (Table 16). Density of inoculum had no effect on ibs
nuanbes of females but delay in time of inngulation reduced the munhor of
fewales, while the number of mzles incizased as density incuascazn and

also increased with delay in the time of incculation. These

in the number of adult nematodes were refiected in male to fcwnis ratios.
This ratio increased with increased density of inoculations a% planting
and 14 days after sowing but not with incculations 7 days after sowing.
Percentage of larvae which became adulc seered to increase with each
delay in time of inoculation and decrease with increased densities of

inoculations 7 and 14 days after sowing.

Length of lamina of expanded leaves of the first, second and
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e

ON WHEAT (7. HALBERD) .

o ——— LA S

Inoculation No. of Mo. of Males M/F Ratio Percent
Density Ture Females (chl0 X} (Logy (2+1)) Adults
Yemw 0 14 1.07 (i2)* 0.28 (0.2)*% 16
Medium O 14 1.38 (27} 0.45 (1.8} 13
High 0] 10 1.62 (51) 0.81 {5.06) 14
Vv 7 8 1.57 {38} 0.95 (13.3) 32
Pendium 7 10 1.72 (56) 0.87 (7.8) 23
Figh 7 10 1.B0 (65) 0.92 (7.9) 18
Low 14 4 1.72 (55) 1.25 (20.8) 36

14 4 1.91 (85). 1.39 (32.1) 23
iR Ho! 4 z.15 {148) 1.5z {44.0) 26
Y., (T = 0.05) = 5 = 0.17 = 0.32

( )Y* Mean of original data
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third leaves on plants inoculated at sowing wewse shorter than equivalent

leaves on uninoculated seedlings (Table 17). Incculations 7 and 14 days

TABLE 17.

EFFECT OF DIFFERENT DENSITIES AND TIME OF INOCULATION OF

H. AVINAE ON THE TENGT™ (mM.) OF EXPANDED LEAVES

\

OF WHEAT (CV. EﬁLBERD).

Inoculaticu Leaf Number (order cf development}

Time, 1 2 3 4 5 g

0 . 98 198 288 2717 295 275
Low 0 66 150 240 271
edium 0] 64 143 249 272 304 273
Fxah G 60 138 243 275
Low ; 94 1585 272 268 303 277
Medium 7 91 188 275 259 296 274
High 7 89 184 266 268 303 287
Lo 1L <0 1%l 281 263 285 270
pedium 14 92 i94 285 265 273 268
Hich 14 93 182 275 264 276 268
L.8.0. (B = 0.05) = 9 = 17 = 20 N.S. N.5.

aiter sowing seemed to affect length of the third and fourth leaves, but
cnly the third leaf on séedlings with the high inoculation 7 days after
sowing was shorter than the equivalent leaf on uninoculated plants.
Breadth of lamina of expanded leaves was also affected by inoculations

(Table 18). Second, third and fourth leaves of seedlings inoculated at



TABLE 18.

EFFECT OF DIFFERENT DENSITIES AND TIME OF TNOCULATION OF

H. AVENAE ON THE BREADTH (MM.) OF LAMINA OF

EXPANDED LEAVES CF WHEAT {CV. BALBERD),

Inoculation T.eaf Nuwher (order of development)
Density Time 1 2 £ 4

0 2.8 4.0 5.0 6.5
Low 0 3.7 5.2 4.2 6.0
Medium o 4,0 3.7 3.7 5.5
High 0 4.0 e 4.0 5.8
Low 7 4.0 3.8 4.3 6.2
Medium 7 4,0 Bres 4.3 6.3
High 7 4:8 S 4.2 6.2
Low 14 4.0 z.8 4.2 6.2
Medium 14 4.2 4.2 4.5 6.5
High 14 3.7 3.8 4.0 6.2

L.5.D. ¥ = 5,065 = 0.5

sowing and the third leaf of seadiings incoculated 7 and 14 davs afte:
sowing ware narrower than equiveleol loaves on vaincculated seedlings.
TLength of the newest espanding leaf was included in the
measuremsnts of the height of seedlings. Pecause the length of expanding
leaves was variable (Table 19), total length of laminae of green,
expanded leaves was added to h=ight and used as an index of stem growth
of seedlings. Seedlings inoculated 7 and 14 days after sowing grew
similarly to uninoculated seedlings and the variations, at 42 and 50 days

after sowing, with inoculations 7 days after sowing (Fig. 9 b) were an
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TABLE 19,

et e i g e

EFFECT OF 7 HIGH DENSITY OF H. AVENAR INOCULATED ONTC WHEAT

_iCV . HALB}E;‘RD) AT TIME OF SOWIWG ON VARIATION IN PLANT HEIGHT

AND NUMBER OF EXPANDED LEAVES AT TWC HARVESTS.

Harvest Height (mm.) Expanded Leaves (Nos )
{Vays from Plant Density Density
- Sowing) Number g L5 D, iigh
1 312 95 2 3
2 95 115 3 3
3 105 162 3 3
21 4 115 i92 3 3
5 120 230 3 3
3] 120 257 3 3
Mean 145 iz 2.8 3.0
S.E. 34 31 0.2 0
1 288 118 3 4
2 312 134 3 4
3 102 147 4 4
18 4 110 155 4 4
5 135 157 4 4
6 140 271 4 4
Mean 181 164 3.7 4.0

S.E. 38 22 0.2 0



Figure 9. Effect of different dcnsities of H. avenae and time

of inoculation on growth of the stem of wheat
{cv. Halberd) expresscd as height plus the total

length of lamina {m m.)

(a) 1Inoculation on sz of sowing.

o—© 0 larvae - Treatment

1t

o 167 larvae - Treatment
A 325 larvae - Treatment &
A 436 lsrve: - Treatment 3

N.B. Means of all samgies plotted.

(b) Inoculation 7 days after sowing.
o0 0 lariaae - Treatinent O

o} 145 Jxxvas Teoatmont 4

&4

A 286 larvas —~ Treabmont
A 422 larvae = Trezinent 6
®.B. No significant 4iffarences iu means until
day 42. Meana «f szmples from Day 36 are

plotted.

L.S.D. (¥ = 0.05)
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effect of either =arlier or later senescence of leaves on one or two of

the seedlings sampled. Stem growth of seedlings inoculated at sowing

was similar at most samplings (Fig. 9 a), but 21 days af soving, more

growth cceurred in seedlings inocculated witn the high than the low densi

Hoewever, seedlings inoculated with the high density at sowing also grew

similarly to uninoculated seedlings, while seedlings inooalatsd with the

low densityv grew similarly 14 and 28 days after sowing aund grew less 21

and 3¢ days after sowing. Seedlings with the mad .y of incculation
at planting were intermediate to the low ar’ hich dens’ tles

Seedlings inoculated with the high density of larvae at planting
were compared with uninoculated seedlings 21 and 28 days after sowing
for difforences in both the height and rumber of expanded leaves {Table
19). No differences cccurred when height ard the number of zaves were

acdlings were eithes inliler when

consideied

l’ f‘
rc
in

parately, but incculated

the same number of leaves were compared or shGrier with

.a leaf on the seedling. These differences indicated the

inoculatod seedlings had grown more than the uninoculat= adlings.

An index for stage of growth of seedlings at

sbhainad frow the height and the nunber of expanded leaves. & Sogariilaell

tyans Formation was done on height to minimise variation and i

N

plizd by the number of expanded leavas, gave an index of the

top growth of seedlings (Table 2C). No differences occurred in this

index between uninoculated and seedlings inoculated 7 and 34

csowing. But when uninoculated seedliny: were compared with seedlings
inoculated at sowing, the index was greater with the high density 21 days
after sowing and greater with all inoculations 28 days after sowing. A
bigger index was also obtained with the high than the low density of

inoculation at planting 21 days after sowing.



HESAGBNCOR

H. AVENAE ON DEVELOPMENT OF THE STEM OF WHELAT

TLER A,

(CV. HALEERD) FEPHESENTED AS NUMBER OF

EXPANDED LEAVES X LOG HETGHT' .

10
inoculation Harvest (Days from Sowing)

pensity  Time 1 2 22 36 42 50
& 4.0 5.9 8.1 i1.0 12.4 15.2

Liwr { 4.4 5.4 S 10.9
Mediwm G 4.3 6.G 9.9 11.5 15.5

High 0 4.3 6.7 £.8 11.3
FRATE ? 4.1 5.8 3.4 10.6 12.6 15.9
7 4.1 &§.0 2,3 10.9 12.4 15.2
High P 4.0 6.1 8.2 11.0 12.7 15.4
1o i4 5.5 8.5 15.5
i 14 3.3 3.5 15.%
High L 6.1 8.7 15.2
L&, (P = 0.05) N.5. = 0.67 = 0.54 = 0.65 N,.S. IS

3.2.2 Discussicn

Tncreasing the age of seedlings before inoculation from C to
7 to 14 days changed the number of roct tivs available for invasion Ly
~omatodes from 5 to 83 to 256, but the percentage of larvae becoming

adult increased only up to 7 days. This was best demonstrated by the

low density of inoculum in which the number of females decreased and the
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number of males increased as inoculation was delayed and suggested the
number of females was inversely related te the number of root tips.
Three main seminal reots had emerged from the seed cibiyo at
sowing and by 7 days there were five with their tips n=az the Lase of the
growth tube. Thereafter, no increase in the number of main roots occurred,
but they had branched (first order branching) within 7 daye and by 34 days,
cecond order branching had begun. This development of seminzl rocts
was normal (Troughton, 1962) and increases in root tips frou sowing to
7 days to 14 days after sowing were in tips of first and secont oxder
branches from the limited number of main seminal roots. In addition,
these roots &iffer in diameter with the main roots widest (0.32 nm.), thew
first order bianches (0.09 rm.) and finally the second order branches

(0.03 mm.) werz the narrowest (Troughte:, 1962).

Lo oroants and as

Thus, females probably develeped only on the m
these approach:zd the bottom of tubes, fewer larvae were zhls o find them,
penetirate end establish. Whereas, males could have developed in lateral

roots az the numher of males increased as the aunber of xoot tips

lelays in inoculation. Similar observatio

,\_‘ 7]

increased with = with H.

rosteshiensis (Ellenby, 1954; Trudgiil, 1967) have suygeatotd an Sl Llity

"»-’.D

-

of larvae to develop suitable syncytia for female development withan
narrovw leotzral roots (Ross & Trudgill, 1369).
Den Ouden (1960) and Trudgill (1967) implied sox in M.

rostochiensis was determined environmentally and that most lzarvae develop

N ne i m e
LaNveE .

into females following inoculation of xoots with single
Epproximately 30% of the total number of laxrvae they inoculated onto roots

developed into females and the males may have developed hut cscaped detection.

were able

Davies and Figsher (1976) have shown 80% of larvae of H. aver

to penetrate roots. If no competition occurred between larvae at

invasion sites of lateral roots and only males developed within lateral
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roots, 40% of the inoculum developing into males would favour sex being
genetically predetermined in second stage larvae (Iyiantaphyllou and
Hirschman, 1964; Xerstan, 1969; fTriantaphyllou, 1973;. This alucst
was reached when low nunbars o larvae of H. avenas were inoculated
onto seedlings 14 days after sowing sud prebably did occur as some wales

would not have keen recovered.

With either competitico between larvae on main roots or

development of rzl roots, the followling sequence
of events probably occurrad. fGenstically predetermined male and female

recond stage larvae penetrated moots randemly (Ross & Trudgill, 19692;

Section 2.3.3) rather than selectively (Da: & Triantaphylici:, 1967).
Following invasion, random establishment cf larvae occurred until vhere

was competition between larvac within the mazia roots, then the size of

syncytia rejuired for deveiopneni of female larvae was restricted znd hoth

similar eff-nt on the establishm

the main and lateral xroots &

of
development /female larvae. Syncytia may be eztablished and be
restrictions on their development, they may either remain small, restrict

Lion of

larval development and przven: i

and then the female larvae

possible for female larvae to r » motile and either leave rocts hecause
thev weve unable to establish (Dswvizs & Tusher, 1976) or die 1 roots
when encrgy reserves were deplauad {(iection 2.3.3). Therefore, changes
in sex ratics were a resul: of differential development of larvae due
to either female larvae leaving ioo%ts or seicctive death of female larvae
within roots.

Growth of seminal rootz was affected by nematodes and the
greatest effect was with inoculstions at sowing when both the root weight

and number of root tips were reduced, but differences between densities of

inocula were minor. Minor differences in root growth and a similar number
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4

of females between densities of inocula &t plantin

L'?

o has suggested similax
competition between larvae at the roots for each density and not the
increased competition with increasad density which was expected. Therefore,
an optimum density of inoculum at planting for tests to assess the reaction
of plants to nematodes was not determined. TFewer larvae than the nunber
used for the low density weuvld ze optumal and would aveid unnecescaxy
competition while allowing the maxiam number of females.

Inoculations at sowing also had the greatest effect on top

growth of plants. Because thice

iz are preformed in the
embryo of the seed and early :x.wih is dependent upon the endosperm
(Wellington, 1966}, the reduced growth of ©nose leaves, especizally of the
first leaf, following inoculation at sowing has suggested a direci effect
of the estabiishing nematodics i the top growtl: of plants. This nceds

confirmaticn as water and nutrizit uptake by roots would also be aitected

by nematcdes. As a result of

atodes affecting leaf growth, buoth the
total leaf area and stem available for phectosynthesis were reduced aud

further development of the plasts would bz aff ‘ected. However,; v Ludex

of stem growth (Fig. 9) showed that S Te compensat

of inoculations at sowing hy &b rate of growth.

With each delay in incculatior from sowing to 7 end thern
14 day:z after sowing, the effcul ox nematodes on plant growth was reduced.
This was due to a dilution of nomzicdes ot each root tip as the number of
tips increased and/or decraasing aveilability of the main seminal roots
to nematodes as the plants aged, thereby reducing the effects of
nematodes on both the growth and function of roots. A further indicatien
of the decreasing influence of sematodes on roots was shown by the different
responses of inoculated plants to moisture stress with delays in inoculation

and increases in density of inoculum.

Although nematodes may benefit plants under some abnormal
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environmental conditions, nematodes normally restrict bota the growth

and function of seminal roots, end delay development of the nodal roots
during the period of infection. 7Thus, moisture and nutrient uptake by
roots was affected and this was also reflected in the top growth of
plants. Therefore, the restricted growth of reots during penetration
and establishment of nematocdes rather than development of newsatodes after
establishment was the major cavse uf the effect of H. avenae on growth of

wheat.

3,3 Conclusicns

The medium of plant girowth, nurkcr »f plants on a iv. control

of pests and diseases, moisture, number and zge of larvae in the inoculium,

number of innculations and aves of plants at inoculation have afiected

both the growth of plants ans :umber of femala nematodes on roo

T -, o
- WS

the standarilisation of environmental

effects emphasised the need

conditions and method of incculation when studying interactions ke

H. avenae and plants, especially when onlv the fewales are countad,

Comparisons of the wo:

a sasceptible aud

resistant barley, and betwsan o

satisfactory separations of the uazsctions of different cultivars to H.
avenae and the variation in the numbar oF females on a culrivar wdas
relatively small. However, whew trhe cffoctc of different densities of
inoculation onto seedlings at scwing were compared, the effects of
nematode competition on nematcd: dovalopmeri and root yrowth of plants
were re-enrhasised, suggesting tlhe number of larvae used in the previous
tests of plants were too high and that only 50 to 100 larvse should be
used in the initial inoculum. lowever, more information is reguired,

especially on the importance of the nematode density to the possible

induction of resistance in resgistant cultivars.



Growth of wheat plants were affected by incculations with
nematodes at planting. The rate of top growth seemed faster, development
of nodal roots was delayed and the lamina growth of early leaves was
reduced when the inoculated were compared with uninoculated seedlings.
These efrects suggested plants infected by nematodes during early growth
conld hazve the growth, development and yield of mature plants affected.
This aspect needed confirmation and has been examined by ceomparing the
growth and development of a resistant and susceptible cultivar of wheat

and of barlev with and without inoculations of nematodes.
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4. FFFECT OF H. AVENAE ON GROWTH OF WHOLE PLANTS OF SUSCEPTIBLE AND

RESISTANT CULTIVARS OF WHEAT AND BARLEY

Reduced plant gro&th and grain yields due to infections with
H. avenae were reported for susceptible cereals during the first investi-~
cations in South Bustralia (Hickinbotham, 1930). This has since been
supported by increased grain yields in cereals following the reduction
~f nematode populaticns when different plant hosts were grown (Mathison,
1965: Meaghcs & Brown, 1974) and nematicides were used (Brown et al.,
1470; Brown, R. 1973).

In Turope, comparable densities <f H. avenae (Duggan, 1961;
Gair et al., 1969) to those in Australia doc not seem as severe in
reducing yields of cereals and although this may be due in part to thea
ereal cultivars grown, environment:l facturs, e.g., soil type and both
the nutrient and moisture supply, also affect the host response to
nematode infection (Jones et al., 1965; Wallace, 1970). Severe crop
losses in the field may be through the interaction between the nematode

population snd the environmental stresses te which the plant is subjected

{wnilmee, 1570). Howewar, Stynes (1375) concluded from a synoptic siudy
of wheat grown in South Ahustralia duving 1972 that although H. avenze

-~

affected the yrowth of wheat early in thz season, this effect was not
relatad to the final yield of jrain as increased plant growth later in
the season compensated for the earlier effect of H. avenae and other
environmental factors were mainly responsible for the fluctuations iu
vield of wheat.

Previcus results {(Section 3.2.2) have shown that the final
size of the leaves of wheat was affected by H. avenae and have also
suggested that the rate of growth of plants was faster. Floral
iniliation occurred within 20 days of sowing when wheat was grown in a

controlled environment (Williams, 1966) and within 42 days of sowing in
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the field (Symes, 1974). Therefore, floral initiation occurred early in
the season when the larvae of H. avenae wexe likely to be active in the
soil (Fig. 1), invading plants and affecting growth. The effects of

H. avenae on the growth of leaves, stem and inflorescence of resistant
and susceptible cultivars of wheat and barley are described and compared

iri this section.

A,1 Materials and Methods

4.1.1 Growth room study

Materials and methods used were similar to those described in
Section 3.1.1.1.

Grow!'h of inoculated and uninoculated plants of susceptible
cultivars of wheat (cv. Halberd) and barley {(cv. Clipper) and resistant
cuitivars of wheat: {cv. AUS 10894) and bariey (Morocéo) was measured.
tmsculated and sminoculated plants were treated with similar solutions
(water or nutrient) throughout the growth of plants. The number of

Jarvae (+ S..) inoculated onto seadlings were 33249 at sowing and then

*i

24418, 504:+7, 800+37%, 792422 and 938527 successively at 5 day interwvals

T e N R T T e R b e
followlng sowling.

Plent height and length of lamina of expanding and expanded
leaves werce weasured 11 days after sowing and then at 3 or 4 day intervals
untii 45 days after sowing, after which measurements were on days 527 and
“73. FEach leaf was designated as L1, L2, etc. and the number referred
to order of emargence. Plant height was recorded for the first tiller
of each plant and was the height of the top of the sheath of the latest
expanded leaf above the sand surface until emergence of the inflorescence,
wvhen height was to the top of the inflorescence and did not include awns.
Length of lamina of leaves was either the length of lamina of expanding

leaves yisible above the newest leaf or the length of lamina of expanded
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leaf. Lamina length of individual leaves was measured until this length
was &imilar on three successive occasions. Breadth of expanded lamina
of leaves was measured at the time of the final measurement oi lamina
length.

Growth of plants was terminated 73 days after sowing and the
other varameters were then measured. The number of tillers, total numbex
of spikelets and number of fertile spikelets on the inflorescence and
the number of female nematodes on roots were counted. After collecting
the female nematodes, plants were oven dried at 80°C for 12 ncurs and
the dry weight of stems and roots were measured.

Planis were grown on one tray in the growth room, arranged in
a randomised block design of five replicates and analyses of variance

were done on the raw data.

4.1.2 Field Study

Cuitivars of cereals resistant to H. avenae are of commercial
value if thev reduce the effects of nematodes on crop growth and increass
yicids in later crops. An indication cf the commercial waluz of resisiznce
in wheat was obtained by growing AUS 10894 for one seasou on an arda

infected with H. avenae, then measuring the growth of a suscaepiihlie whazat

(c. Halberd) in the following season and comparing this with the results

on areas where Halberd was grown in both seasons. Medic clover {Madicagc
littoralis) was grown for commercial seed production in close yproximity
to these arzas and between the plots of Halberd and AUS 10894 wzre areas
sprayed with non-residual weedicides (fallow), so a comparison was mads
of the effects of resistant wheat, medic clover and fallow with that of
a susceptible wheat on the growth of Halberd in the fol%zz;nq saason.

FiG.

From a field near Windsor in South AustraliaLin which Halberd

infected with H. avenae was grown during 1973, a site was selected on the
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basis of soil uniformity and the evenness of nematodes throughout the
site which was assessed by an examination of the roots of stukble in
March, 1974.

During 1974, Halberd and AUS 10894 were planted in plots
3m. x 3.5m.; there were two plots per block and each of thc three plots
was separated by a path 1.5 m. wide. The cultivars were assigned to plots
within blocks at random and arranged as shown in Fig. 1C. The number of
blocks was limited by the availability of seed of AUS 10894. Seeding wes
cn 12th June and the rows were in an east to west direction. In 1975,
the whole site was sown with Halberd on 22nd May with the rows at right
angles to those in 1974.

Seed bed preparation and sowing of cultivars were similar in
1974 »nd 197%, and followed the normal crop management proaram for the
district, except that in 1974, all plots were sprayed the sowc way on
two occasions during céreal growth to control weeds. On 5tk August, 1974,
the path areas were sprayed with paraquot and amitrole amwmonium thiocyauate
{feedazole TL plus*) tc kill all plants.

During 1975, plants of Halberd ware sampled twice fullowing
emergence of the inflorescence, when grain development was at tive 'dosgh’
stage and when the grain was mature just prior to harvest. Af each tim,
five random samples were taken from the areas of plots of Hallberd,

AUS 10894, paths (fallow) and medic clover in 1974, with at lszsi one
sample from each plot and pathway. Samples from areas with medic clover
were from the southern side and close to the area of plots. For samples
at the 'dough' stage of grain development, plants in 30 cm. of row with
15 cm. depth of soil were collected with a shovel. Tillers ol plants

within a pair of rows 1.75 m. long were harvested when the grain was ripe

* trade name



Figure 10. Arrangement of plots of Halberd and AUS 10894
wiii associated areas of fallow and medic at the

jnfested field site near Windsor.
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and gave a total row length of 3.5 m. per sample.

From plants collected at the 'dough' stage, the number of female
nematodes were counted and Ehe fresh weight of r;ots was meacured after
washing plants (Section 3.1.1.1) and the number of females per gram of
fresh rcot within a samble was calculated. Then the number of stems and
subcrown internodes were counted to give the total number of tillers and
plants per sample respectively, from which the average number of tillers
per plant within a sample was calculated. Incidence of fungal diseases,

rainly the 'take all' fungus (Gaeuvmannomyces graminis vax. writici),

on roots of rlants was assessed visually as the fraction of d{diseased
roots tm total roots on each plant within a sample. This was then
expressed as the average fraction of roct affected per plant. Eight
plants witheut fungal infection were selected from each sga&a.ie and the
average height; length of flag leaf and nunber of spikelests wox plant were
calculated fuvom the main tiller of these plants. Height was from the
basal node to the top of the inflorescence, length of flag leaf was both
the length of lamina and sheath, and the number of spikeleits was both tie
total number and number of fertile spikelets.

At harvest, the number of inflorescences on the mature plants
was counted, the plants were then thrashed and the weight of 4yrain pex
sample was measured. From these measvrements, weight of gra.in pev
inflorescence was calculated and recorded as weight of grain nei tiller.
Grain weight was also measured.

Analyses of variance were done on data of the five replications

of all the parameters measured at each time of sampling.

4.2 Results

4.2.1 Growth room study

A comparison of inoculated and uninoculated plants of the same
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cultivar provided an assessment of the effect of inoculation on plant
growth. Ieaf growth expressed as lamina length was affected hy nematodes
and because the rate of exponential growth of correspoh&ing l=aves was
similar, nematodes were usually associated with either redured size of
leaf (e.g. Fig. 11, L3) or delayed emergence of the leaves (e.g. Fig. 11,
L7} but occasionally leaves showed both of these effects (e.g. Fig. 11,
16) because the differences in lamina length during exponrential growth
was very significant. Normally the earlier leaves were smaller while
emergence of the later leaves was delayed.

Inoculation of Halberd reduced the length of mature laminae of
L2, L3, L6 (Fig. 11), reduczd the breadth of mature laminae of L2, L3,

L4 (Table 21} and delayed the time of emergence of 14, L5, L6, L7 and L8

TABLE 21.

EFFECT OF H. AVENAE ON BREADTH (MM.) OF LAMINAE 0%

EXPANDED LEAVES OF SUSCEPTIBLE (CV. HALBERD)

AND RESISTANT (CV. AUS 10894) WHEAT.

Halberd AUS 108494

ControL Inoculatqé_ Control zggggi

Teaf: Ll 4.1 4.0 4.1 4,0
L2 3.8 3.4 3.9 3.1

L3 5.0 4.0 5.0 4.0

L.S.D. (P = 0.05) = 0.2

L4 6.6 5.2 6.4 )

LS 7.3 7.0 7.0 6.1

L6 8.8 8.3 7.6 7.0

L7 9.2 8.6 8.0 7.7

.8 2.6 10.1 8.8 8.2

Flag 10.3 10.7 8.8 8.2
L.S.D. (P = 0.05) = 1.2



Figqure 11l. Effect of H. avenae on growth and final length of lamina of

leaves of susceptible wheat (cv. Halberd).

e——¢ Unincculated

o----0 Inoculated

I (a) L.S.D. (P = (.25) of expanded lawina

] (® r.s.D. (P

0.05) of expanding laminra

1l, L2, L3 etc. - refer to leaves numbered in cxder of

development.
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(Fig. 11). With L6, both the emergence was delayed and length of the
mature lamina was shortened by inoculation. Only two of the inoculated
plants developed L9 while all uninoculated plants developed L9 so the
1wean lencth of the mature lamina of L9 was shorter on inoculated plants.
the last leaf to develop on a plant was the flag leaf and emergence of
this leaf was apparently not delayed because 3 of the inoculated plents
developed L8 and all uninoculated plants developed L9 as the flag leaf.

When AUS 10894 was inoculated, the length of mature laminae of L1,
12, 1.3, L4, 15, L6 (Fig. 12) and the breadth of mature lamina of L2, L3,
1.4, L5 (Table 21) were reduced. Emergence of L7 and probably L8 were
delayed (Fig. 12). L8 was the flag leaf on both the inoculated and
uninoculated piants. Therefore, leaf size was affected more and the
time of emergencs of leaves was afifected less by inoculation than Halberd
{rig. 11).

Inoculation of Clipper had little effect on the length of mature
laminae and only L2 was significantly shorter (Fig. 13), but the breadth
of mature laminae was reduced on L2, L3, 14, L5, L6 {Table 22) and
swergence of L4, L5, L5, L7, L8, L9 (Fig. 13) was delayed. L9 was the
fing leof on woth the inoculated and uninoculated plants.

Both the length (Uig. 14) and breadth (Table 22) of mature lzminze

of Merocco wera not affected by inoculation, but emergence of L4, LS,

L&, 7.7, L3, 12 was delayed (Fig. 14). Because either 19 or L1l0 was the

f1lag leaf on koth the inoculated and uninoculated plants, inoculation

delayed ithe ewergence but did not affect the size of the flag leaf.
Tnoculations reduced the height of seedlings of Halberd (Fig. 35 a),

KUS 10894 (Fig. 15 b) and Clipper (Fig. 15 ¢) at various times during the

first 30 days of growth, but did not affect Morocco (Fig. 15 d). These

effects were likely to be associated with the effects of inoculations on

the size, time of emergence and other parameters of growth of the early leaves.



Figure 12, Effect of H. avenae on growth and final length of lamina of

leaves of resistant wheat (cv. AUS 10894).

®e——o Uninoculated

o---=-0 Inoculated

I (a) L.s.D. (P 0.05) of expanded leaves

I (b) L.S.D. (P = 0.05) of expanding leaves.

L1, L2, L3 etc., leaves numbered in order of development.
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Figure 13.

Effect of H. avenae on growth and final length of lamina of

leaves of susceptible barley (cv. Clipper).

e—9 Uninoculated

o--~-~c Inoculated

I (a) L.s.D. (P 0.05) &f expanded leaves

I (b) L.S.D. (P = 0.05) of expanding leaves

Ll, L2, L3 etc., leaves numbered in order of develcrment.
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. Figure 14.

Effect of H. avenae on growth and final length of lamina of

leaves of resistaat barley (cv. Morocco).

e———e Uninoculated

o----0 Inoculated

I(a) L.S.D. (P

T ® z.s.o. (@

Ll, L2, L3, etc.

0.05) of expanded leaves

0.05) of expanding leaves

leaves numbered in order of development.
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Figure 15. Effect of H. avenae on plant height of wheat and

barley during the first 30 days of growth.

o—-—¢ Uninoculated

o---~0 Inoculated

(a) Susceptible wheat (cv. Halberd)
(b} Resistant wheat (cv. AUS 10894)
{¢) Susceptible barley (cv. Clipper)

(d) Resistant barley (cv. Morocco)

L.S.D. (P = 0.05)
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TABLE 22.

EFFECT OF H. AVENAE ON BREADTH (MM.) OF LAMINAE OF

EXPANDED LEAVES OF SUSCEPTIBLE (CV. CLIPPER)

AND RESISTANT (CV. MOROCCO) BARLEY.

Ciipger Morocco
Control Inoculated Control Tnoculated
Leaf: Ll 6.1 5.6 7.6 7.4
L2 5.2 4,2 7.2 3.5
L3 7.4 5.6 7.9 7.0
L.S.D. (P = 0.05) = 0.6 N.S
T4 7.1 8.1 7.7
LS : 7.3 9.2 9.0
LS 8. 7.9 10.2 i3
L.8.D. (P = 0.05) = 0.6 L.8.D. (P = 0.05) = @
17 oy 7.4 ©10.2 11.6
i3 7.3 6.8 12.0 iz.3
U] 4.5 3.9 10.2 10.6
Flag S .9 8.0 7.9

Inoculation of Halberd did nct affeét the exponential rate of
elongation of stems, but the start of exponential elongation and the
'hoot' stage of growth were delayed and the final height of Srtoms was
reduced (Fig. 16 a, Plate 3 a). When AUS 10894 was inoculated.
elongating stems tended to be shorter, but the effects were small and
the mature plants attained similar heigints (Fig. 16 b, Plate 3 b). With
the inoculation of Clipper, the start of exponential elongation was not
affected, but the rate of this elongation was slower, emergence of the

inflorescence was delayed and the final height of stems was reduced



Figure 16.

Effect of H. avenae on height of susceptible

(cv. 4alkerd) and resistant (cv. AUS 10894)
wheat.,
-3 - Uninoculated

o---+9 Inoculated

B - the 'boot' stage of planit growth
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Plate 3. Comparison of plants inoculated with H. avenae
and uninoculated plants of wheat and barley

after 73 days growth.

(a) Susceptible wheat (cv. Halberd)
!n) Resistant wheat (cv. AUS 10894)
(c) Susceptible barley (cv. Clipper)

{d) Resistant barley (cv. Morocco)

C = VUninoculated plants

T - Inoculated plants.
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(Fig. 17 a, Plate 3 c). The effects of inoculation on Morocco were
probably similar to those with Clipper, except that mature plants attained
s a similar height (Fig. 17 b, Plate 3 ).
Inoculation reduced the numbers of tillers develorz2d on

AUS 10894 but not on Halberd, Clipper and Morocco (Table 23}. Root

TABLE 23,

EFFECT OF H. AVENAE ON NUMBER OF TILLERS, AND DRY

WEIGHT OF STEM AND ROOT PER PLANT OF WHEA™

(CVvS. HALBERD, AUZ 10894) AND BARLEY

(CVS. CLIPPER, MOROCCO) .

D.W. Stem (g.) D.W. koot (g.) Nos. of Tillers
PEela T el o - L - + - +
Halberd 0.86 - 0.46 0.15 0.11 1.0 1.6
AUS 108%4 0.91 0.69 0.13 0.09 2.8 1.0
Clipper 0.69 0.49 0.18 0.16 3.8 3.2
Morocce 0.732 0.60 0.17 0.18 1.¢ e
L.S.N. (P = £.05) = 0.12 = 0.06 = 1.1

growth apparently recovered for all cultivars following incuuiation
because the dry weight of roots of mature plants was simileax within
cultivars, but roots on inoculated wheat (cv. Halberd and cv. AUS 10894}
tended to be lighter (Table 23). The dry weight of stems was reduced
on all inoculated plants, but resistant barley (cv. Morocco) zeemed
less affected than Clipper and resistant wheat €v. AUS 108%4) was less
affeéted than Halberd (Table 23).

An effect of the inoculation on the differentiation of the



Figure 17. Effect of H. avenae on height of susceptible

~ (cv. Clipper) and resistant (cv. Morocco) barley.

e——-; Uninoculated
o---- Inoculated i
B - the 'boot' stage of prlant growth

E - the emergence of the infliorescence from

the flag leaf sheaii.

L.S.D. (P = 0.95)
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inflorescence could affect the total number of spikelets. The total

number of spikelets (Table 24) was reduced proportionally between the

TABLE 24.

EFFECT OF H. AVENAE ON NUMBER OF SPIKELETS PER INFLORCSCENCE

OF WHEAT (CVS. HALBERD, AUS 10894) AND BARLEY

(CVS. CLIPPER, MORDCCO) .

Number of Spikelets

Total Fertile
Control Inoculated Control Eﬂ?fﬁti&iﬁ
Halberd 15.0 12.6 12.0 8.:
AUS 10894 13.4 11.6 10.6 9,2
L.S.D. {¥ = 0.05) =1.2 =1.2
Clipper 11.6 10.0 6.6 L
Morocco 17.8 16.6 11.2 1G.2
L.S.D, (B = 0.05) = 1.7 = 1.5

two culitivars of wheat {cvs. Halberd & AUS 10894) following inoculation
and althoush the number of fertile spikelets was also radurel in Doth
cultivars by incculation, AUS 10894 was less affected than Enlbard.
Tctal number and number of %ertile spikelets on barley (cvs. Clipper
& Moroccr) were not significanﬁly affected by inoculatior, butr thea
inocﬁlated plants tended to have fewecr spikelets and perhaps the zffect
of inoculation on the number of spikelets was masked by some othéz factor
(e.g. nutrients) affecting growth of uninoculated barley.

Due to the number of larxvae used in inocula, competition between
larvae reduced the number of females which developed on the susceptible

cultivars. Susceptible wheat (cv. Halberd) averaged 31 females and

susceptible barley (cv. Clipper) averaged 21 females per plant, and these
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numbers were fewer than had been obtained previously (Section 3.1.2).
Few females developed on resistant cultivars; resistant wheat (cv.
AUS 10894) averaged 2 females and resistant barley (cv. Morocco) averaged

1 female per plant.

4.2.2 Field Study

Because the plots of Halberd and AUS-10894 grown in 1974 were
separated by paths without plants and surrounded by medic (Fig. 10),
the opportunity was taken to conpuare the effect of these additional sites
on the growth and grain yield of Halberd in 1975 with that of Halberd and
AUS 10894. The effects of Haiberd and AUS 10894 were statisticaliy
analysed and then the four treatments were analysed together. Both
analyses vave similar resulis, therefore, the complete analysis is
presented in Tables 25-27.

The number of plints znd incidence of fungal disease on roote
of these plants collected at the 'dough' stuage of plant growth were
similar for each of the areas, as were boih the fresh weight of rocis and
number of female nematodes pix mample beciuse high residual variance

within areas prevented tha anxti s zhowing any significant difterence

(Table 25). Root weight in grzme veried ¥iom 6.9 to 14.3, 8.9 *n 10.8,
9.2 to 23.5 and 7.1 to 17.0 while the nunter of females vavied from 648
to 1082, 652 to 743, 443 tc¢ 1Ev7 and 670 to 1499 forxr the areas of
Halberd, AUS 10894, fallow and medic during 1974 respectively. However,
when both of these parameters wez: combined to give the number of females
per gram of root, differences occurred between the treatments and showed
that the management in 1974 affzcted the initial density of nematodes in
soil in 1975, with the highest densities occurring after growth of
Halberd and the lowest densities occurring after fallow. AUS 10894 and

medic had similar effects on the density of nematodes and these densities
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TABLE 25.

EFFECT OF FIELD MANAGEMENT OF H. AVENAE DURING 1974 ON

VARIOUS PARAMETERS OF HALBERD AT THE 'DOUGH'® STAGE

OF GROWTH DEVELOPMENYT DURING 1975,

Management in 1974

Halberd AUS 10894 Fallow Medic L.S.D. (P = 0.05)
No. of plants 12.8 i2.4 13.2 11.8 N.S.
Roct disease® 0.16 0.14 0.10 0.12 N.S.
Fw.** of roo% s (g.) 8.4 9.4 13.¢© 12.2 N.S.
N~ of femalcs 877 700 792 970 N.S.

Y. females per
. of root ) 107 75 58 81 17.5

* Root discase — expressed as the fraction of plants per sample
with disease

#%  PFresh weight.

were intermedizte to those for Hallbera and fallow.

A comparison of the effects of AUS 10894 and Halberd during
1974 on growch of Halberd in 1975 showed that the height, number of
tiilevs =2na total number of spikelets wers similar, but the length of
fizg lenf ami number of fertile spikelets were increased following
ADS 10RU4 {Tabple 26). When fallow was compared with Halberd, the number
or tillers were similar, but f3llowing increased all the other aspa~ts
of nrowth that were measured. The effect of medic on growth of Halberd
was similar to fallow and both increased the length of flag leaf and
number of fertile spikelets more than AUS 10894.

The components of grain yield of Halberd were measured at
matvrity (Table 27). Weight of 1,000 grains was similar following
AUS 10894 and Halberd, but the total grain weight per harvest and grain

weight per tiller were increased following AUS 10894 because the number
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TABLE 26.

EFFECT OF FIELD MANAGEMENT OF H. AVENAE DURING 1974 ON

PARAMETERS OF TILLER GROWTH OF HALBERD AT THE

'DOUGH' STAGE O GRAIN DEVELOPMENT

DURING 1975.

Management in 1974

Halberd AUS 10894 Fallow Medic L.S.D. (P = 0.05)

Height (mm.) 638 686 735 731 52
Length of flag leaf

Yamina (mm.) 117 142 176 166 23

Lamina & shaath
(mm. ) 245 286 338 325 36

No. of tillers 1.0 1.1 1.3 1.3 N.S.

Bz, of spikelets

Total 13.5 14.1 14.6 14.9 0.9
Fertile 9.1 10.4 12.0 12.0 0.9
TARLE 27.

—

ZEFECT OF PIELD MANAGEMENT OF E. AVENAE DURIHNG 1974

ON COMPONENTSE COF GRAIN YIELD OF HALBERD AT

MATGRITY DURING 1975,

Management in 1974

Halberd AUS 10894 Fallow Medic L.S.D. (P = 0.05)

Grain weight {y.)

Total 79 103 150 139 23
roy Tiller 0.47 0.58 0.74 0.72 0.10
per 1,000 grains 33 34 38 39 2

No. grain/tiller 14.0 17.0 19.3 18.5 2.1
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]

of grains per tiller was increased. Fallow and medic increased all

Al

components of yield over that obtained following AUS 10894 and Halberd
with the exception of an intermediate effect of medic to fallow and

AUS 10894 on the number of grains per tiller.

4.3 Discussion

Serial inoculations of Halberd with H. avenae until after
floral initiation affected vegetative growth and the number of spikelets
on the spike. These effects on plant growth can be explained >y the
reduced supply of metabolites and nutrients within the plant following
invasion by nematodes.

Grovth of the first four leaves of wheat, although dependent to
some extent on the carbohydrate and nuirient reserves of the sndosperm
(Williams, 1960), was reduced on Halberd by the inoculatics with nematodes.
If larvae secrcce either a growth substance or precurscr (Kiuszberg, 1963;
Johnson & Viglierchio i969 b) when establishing and forming syncytia
(Johnson & Pushtey, 1966), then they may disrupt the gradients of growth
subsiances within plants and have a direct influence on piant growth.
Thercfore, an effect additional to that of nematodes on wooi fuomsil and
function may be involved during the early growth of plants. uhis aspan®
nesds further examination.

The longest leaf on a cerezal plant was often the one cmerging
at the initiation of floral development (Borrill, 1959) and tie Lransfer
of apical dominance from the leaf to spikelet development progressively
reduced the rate of early growth of leaves, i.e., before emergence,
because of reduced nutrient supply to the leaves (Williams, 1960).
Therefore, as the growth of the longest leaf was similar for Halberd with

and without nematodes, but emergence of the following leaves was

progressively delayed and fewer leaves were developed on plants with
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nematodes, nematodes havé not affected the time of floral initiation,

but they have reduced the rate of differentiation of leaves before floral
initiation and have reduced-the rate of growth of leaves before thcir
emergence following floral initiation. These effects were similar to
those of nutrient supplies on the number of leaves and l=af area (Single,
1964; TLanger, 1966) and this has suggested nematodes affected plant growth
by reducing the supply of nutrients. Floral initiation and stem girowth

of Halberd have also been affected in a similar way by nematodes as the
number of spikelets per spike were reduced and the rate of aawly yrowth of
the stem was reduced and this delayed the period of rapid «lcagation,
delayed emergence of the spike and reduaced plant height.

With AUS 10894, nematodes had little effect on the rate of growth
of leaves and zstem, but the reduced leaf area resulting Tvam the reduction
in the size of mature leaves in infected plants was probabliy vhe cause of
fewer spikelets being initiated (Davidson, 1965; Puckridge, 1968).
Although nematodes had similar effects on the root growth of AUS 10894 and

Halbexyd, growth of the stem and the number of spikelets were not so seve

il
"
o
et}
=<

affected and thereforzs, AUS 10894 seemad more tolerant ro ns=retad=n than
Halbexrd.

Apart frcm the nematodes having no effect on the nunber of
leaves and spikelets, growth of suscepiible barley (cv. Clippszy; iroculated
with nematodes was similar to Halberd. Vegetative growth of wazistant
barley (cv. Morocco) inoculated with nematodes was not affeciad cofore
floral initiation, but the rate of growth of leaves before emergence was
decreased after floral initiation and emergence of leaves wars delayed.
This later effect of nematodes on growth of Morocco explained the reduced
effect of nematodes on the top weight of the mature plants. No clear
effect of nematodes on the number of spikelets was obtained for either of

the barley cultivars. This may be the result of compensatory growth in
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the inoculated plants during the indeterminate growth of the spike, but
as the root weight of mature plants was not affected by nematodes, a
restriction on the growth of roors of uninoculated plants by the growth
container may have confoundad any reduction in spikelet number due to
infection with nematodes.

Although nematodes have affected vegetative and reproductive
growth of cereals grown in a controlled environment: by restricting
nutrient supply, this needed confirmation in a field situation to assess
the iikely effect of nematodes v grain yield in relation to other
environmental factors. Areas of different initial densities of H:. avenze
were developed in the field by growing susceptible (cv. Halberd) and
resistant (cv. AUS 10894) cultivars of wheat. Numbers of nematodes
infecting Halberd grown within ©hese areas during the following ceason
were assegsed from the number ¢! female nemsatodes per gram of fresh root.
This assessment of nematode density was more meaningful than cysts ox
eggs per unit weight of soil because it aszessed the actual number of
larvae hatching and invading wlants, therchy reducing some of the
uncertainty about the numher oV Lavviae hzmched from cysts or egas.

When Halberd followet Haibeard, xuvre nematodes infectad the
rlants and smaller flag leaves were prodaczd by the plants than when
Halberd followed AUS 10894. It wes alsc likely that the increase in
nenatodes infecting the plants :efuced the size of most of the leaves,
lowered the leaf area index and thie capacityv of plants to utilise light,
which could be a cause of the reduction in Loth the number of spikelets
and fertile spikelets, and grainsz per spikelet (Bavidson, 1965; Aitken,
1966; Frankel & Roskams, 1975%. But grain weight was not affected in
Halberd, therefore the reduction in grain yield was due to the effects of

environmental factors on the early growth of plants, and the number of

nematodes infecting plants was the main difference between the two sites.
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Therefore, growing the resistant wheat {cv. AUS 10894) lowered the
nuber of nematodes infecting plants in the following season and this
increascd grain yield of Halberd. !

Fallow, by increasing meisture and nutrients available to the
plants, snd medic, by increasing the nitrogen content of soils, improved
the soil environment for the growth of Halberd in the following season
over that obtained by growing Halberd or AUS 10894. Leaf area index and
all the components of grain yield measured for Halberd following fallow
asd nwedic were increased over that for Hélberd following Halberd by both
changing the so0il environment and reducing the density of nematodes in
the soil. A similar number of nemsztodes invaded Halberd following medic

and AUS 10894, but fewer nematodes invaded fcllowing fallow. However,

zimilar growth ¢nd grain yield of Halberd accurred following fallow and

1=t

«xijc but, apart from total spikelets per spike, growth and yield of
Halberd following AUS 10894 were pocyer. Therefore, an interaction between
nematode density and environment, especially nutrient supply, has

occurred and these field results have supported the conclusions of the

srowsl roum study that H. avenae affects plant growth by affecting

mirient and wolsture supply.

Gezconal rainfall during 1975 was above average at Windsor,
especially in the spring (September tc November), while the synoptic study
by Stynes (1975) from which models of factors affecting growth of wheat in
South Bustralia were calculated, was done during a season of below average
rainfail. Due to the complexity of the relationship between factors of the
environment (including disease organisms) and grain yield of cereals, the
ralative importance of any factor would change from season to season.
Therefore, further synoptic studies are needed to assess the importance
of H. avenae over a wide range of seasonal conditions, but additional

aspects of plant growth and yield to those used by Stynes (1975) should be
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included.

From the information available at this time, the use of resistant
cultivars within the normal agricualtural practic¢e of rotation, which
includes a season of pasture, would reduce nematode densities, increase

nutrient supply and therefore increase grain yields.
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5. MECHANISM OF RESISTANCE TO H. AVENAE IN WHEAT

Biotypes of H. avenae capable of breaking resistance in cereals
havz been reported in Eur&éé (Andersen, 1959; éotten, 1963; Kort et al.,
1264; Weubert, 1966) and although there may bhe only one biotype in

P
nustralia (Brown,L§969), a few female nematodes usually develop on the
vesistant cultivars of wheat (0'Brien & Fisher, 1974); these may represent
n different biotype. If this is so, using resistant cultivars commercially
would temporurily control the nematode, increase the proportion of
veaistant breaking biotypes and eventually resistance would be lost.

Because of the limited time available to investigate the
probability of more than a single bictyve crcurring within a nematode
vopulation, this aspect was examined by investigating the mechanism ox
resistance in the laboratory, growta room and thé field rather than uy
irmvaestigating the continual growth of the resistant cultivars on the same
nematode populiation. This section descriles these studies on some aspects

of the mechz:uism of resistance of whcat to H. avenae and the results are

discussed in relaticn to both previous studies and the possibility of

vireaking Ldctvpes.

and Methaods

Twalve experiments are described in this section and,unless
ofherwise stated, the tips of the first seminal roots of pregerminated
sests were covered with sand for inoculation with larvae in 0.15% distilled
wai:er m2gar as lescribed in Section 2.1.1.1. Also, the number of
nematodes other than males and females within roots was counted by the
mathod for counting the number of larvae penetrating roots (Section
2.1.1.1), and the number of adult nematodes was counted as described for

females (Section 3.1.1.1) and males (Section 3.2.1).
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To examine the number of larvae of H. avenae penetrating rocts of
susceptible (cv. Halberd) and resistant (cvs. AUS 10894 & AUS 90248) wheat,
seedlings were inoculated in petri dishes with 17(+1), 31(+3), 63(+£3),

116 (+2), 216(+11), 429(+17), 560 (+19) oxr 777(+10) larvae (+S.E.),
incubated at 15°C for 24 hours and then the number of larvae within the
inocnlated roots was counted. OCne pregerminated seed of each cultivar
was placed in a petri dish and the 3 cultivars in a dish were inoculated
with the same density of larvae. Analyses of variance were claculated on
the ¢ vandomised replicates of each density of inoculum.

The number of nematodes penetrating, establishing and developing
in roots of Halberd, AUS 10894 and AUS 90248 were compared followiny
inoculations with 33(+3), 123(+8) or 398(+12}) larvae and, Halberd and
AU18 10894 were <iso compared following an inoculation of 792(+31) larvae.
Cnz seedling cf each cﬁltivar was placed in a petri dish and inoculated
with the same denzity of larvae, therefore wmost dishes contained 3
seedlings buit at the highest density each dish contained 2 seedlings.
Twelve replicates were randomised ond incubated at 12°¢ for 18 hours
inen 20°C for 18 hours bafore 6 of the replicates were used to count the
nombas pencixatad.  Seedlings in the other 6 replicates were washed
ard transpianted to 120 wls. of Hoaglands solution (Section 3.1.1.1)

in polystyvrene sample jars of 45 mm. in diameter and 100 mm. high, and

Z

wera covered with brown paper to exclude light., These seedlings were
grown in a growth room (Section 3.1.1.1) and the number of larvae which
emerged from ilie roots during the first 7 days was counted by exchanging
+ha nutrient solution, and counting the number of larvae within the
original solution. The seedlings continued growth in the growth room
until 20 days after incubation when both the number of established
nematodes and the number of nematodes which had developed beyond the

second stage were counted before any males emerged (Trudgill, 1967;
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O'Brien, 1972). BRnalyses of variance were done on these results.

Further information on the number of larvae establishing and
developing, plus the number becoming female in roots of Halberd,
£1S 10894 and AUS 90248 was obtained by inoculating the roots with 5,
10, 20, 50, 1006 or 300 larvae in petri dishes as described above, but
incupration was at lSOC for 24 nours before transplanting the seedlings
to yrowth tubes of sand (Section 3.1.1.1). Because a smaller number of
larvae was expected to invade roots with the low than the high densities
of inmoculum, fluctuations of only one or two nematodes at the lowest
densities would cause a greater proportional variation than a similar
number at the highest densities. This effect was minimised within the
limited space of a growth room by inoculating groups of 10, 5, 4, 2, 2
=nd one seedlinc for densities of 5, 10, 2%, 50, 100 and 300 larvae
rospectively. Growth tubes were arranged in a randomised block design of
10 blocks within +he growth room, and 5 of the blocks were sampled 20
days after incubation to count both the nuwber of established nematodes
and number daveloped beyond the second stage of growth, while the
e ining scedlings continued growkh until 35 days after incubation when
five pumber of females per inoculated root was counted. All results
ortained were transformed to th2 equivalent number of nematodes per 10
inoculated roots and analyses of variance were on these resuitls.

pucause of the experimental design with an unequal number of
plants at different densities, the previous experiment was repeated using
an equel number of plants. The number of larvae penetrating, establishing,
developing and becoming females were assegsed for roots of Halberd,
A0S 10894 and AUS 90248 inoculated with 7(+1), 12+1), 25(+l), 56(+4),
81(i3) and 110(:7) larvae, then incubated at 200C for 36 hours before
the seedlings were grown in either sand or water culture. Following

incubation, 5 replicates of each density were used to count the number of
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larvae penetrating roots, 8 replicates of densities of 25, 56, 81 and
11¢ larvae were grown in water culture for 20 days before counting both
the number of established larvae in roots and thé nunber of these larvae
which had begun development, and 8 replicates of all the densities were
grown in growth tubes with sand for 36 days before counting the number
of females. Materials and methods were as described previously and
znalyses of variance were done on the results.

To examine the number of males and females on Halberd and
408 10894, seedlings were germinated and inoculated in growth tubas
{Section 3.1.3.1) at one time with 500 larvae at sowing, or two times
with 500 larvae at sowing and 750, 1500, 3600 orxr 6000 larvae 12 days after
sowing. Seediiugs were grown in the growth room (Section 3.1.1.1) for

& days (i.e. 20 days after the second incculation), when the number of

-

wmeies and females were counted in the 5 replicates distributed at random
cii a tray. Anaiyses of variance were done on these resu}ts.

A further examination of male and female nematodes was made on
susceptible icv. Halberd) and resistant (cv. AUS 10894) wheat and on

[N ]

coocentible {ev. Clipper) and resistant {¢v. Morocco) barley. Seeds were

A

germinated, sown, inoculated and waintained in a growth room as descrabed

abowve, bubt the inoculations of 5 rewlicates were with 332(+6) larvae st
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304 (+7) la;vae 10 days after sowing or 332(1+6) larvae &t
sewing and 504 (+7) larvae 10 days after sowing. The number of females
and males were counted 30 days after the second inoculation and analyses
of wariance wcre done on these results.

To compare the cffect of Halberd and AUS 10894 on H. avenae
vitGor field conditions, the plants grown at Windsor during 1974 were
examined (Section 4.1). Ten plants per cultivar, with at least 3 from each
of the 3 plots sown, were randomly collected 22 (July 4), 39 (July 21)

and 63 (August 14) days after sowing by placing an auger, which gave a
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core of both the soil and associated rcots for each plant of 6.5 cm.
diameter by 15 cm. deep, over each plant. Soil was washed from the roots,
and the roots were weighed (Section 3.1.1.1) before the number of galls
and number of both second-stage and developing larvae of H. avenae, with
the nuaber of foreign nematodes within roots, were counted. Analyses of
variance were done on these results.

The effects of resistant wheat (cvﬂ AUS 10894) on development of
H. avenae dﬁring the experiments already described in this section
suggested an effect of the initial infections of H. avenae ci ponetration
and establishment of larvae inoculated onto roots after the initial
inocuiation. f“herefore 5 experiments were done on seedlings in petri
dishes to examinz this effect further.

To examine thg effect of duration of invasion f an initial
inoculaticn with H. avenae on the penetration of larvae from = second
inoculation on the samé root, the first seminal root of Hallwrd and
AUS ‘10894 was inoculated and incubated at 20°C. One seedling of each
cultivar was placed in esach petri dish and treated the saie way. For
the single inoculations, enough seedlings were inoculated wizl Zgiertia
larvae to give 5 replicates of each duration of 4 or 10 hour:z incubaliicr
before the penetrated larvae were counted, or 5 replicates were
inoculated with 70(+4) larvae and incubated for 12 hours befors sounting.
For the double inoculation, seedlings were inoculated with 287 {7
larvae and after 4 or 10 hrs, the second inoculation of 70(34) lérvae
was done and the number of penetrated iarvae in 10 replicatec was
counted after a further 12 hours incubation. Analyses of variance were
carried out.

A further examination of the effect of an initial inoculation

of H. avenae on the penetration of larvae from a second inoculation onto

the same root of Halberd and AUS 10894, plus the effect on the establishment
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of larvae was done. The procedure was similar to that described above
except that there was only one duration of incubation of the first
incculation; whenever seedlings were harvested for counting the number

of penetrated larvae, an equal number of seedlings were placed in a

s

“einhors” mistifier for 4 days to determine the number of larvae which
became established, and there were 10 replicates of all treatments. As

rontrols, a single incculation of 328(+15) larvae was left in association

for 8 hours with the roots, which were then washed to remove the larvae

o the roots and the zeedlings were placed on fresh agar for
4 or 16 hours hefore the number of larvae penetrated and established
were determinzd. As a control for the seccud inoculation, 96(+5) laxrvae

were added 12 hours after the start of the experiment, i.e., fresh

>dlings were inoculated when the ¥first plants were harvested for counting,

the number of penetrated and established larvae were determined 12 hours
later. For the deuble inoculation, boil mrocedures were combined, i.e.,
seedlings were inoculated with 333(+15) larvae for 8 hours, then they

wore washed ~nd placed on fresh agar for 4 hours before the second

satonion of 96 (+5) laxrvae was addad and the number of penetrated and

‘arvae in the roois were counted 12 hours later. Analyscec

of varisice wezre done on itne result

Lt

»

o examine the effect of inoculating the first seminal root of

and FUS 10894 on a later inoculation of the second or third root,
the first root was inoculated with 338(+15) larvae and following 13 hours
incubation at ZOOC, the roots were washed, transferred to new agar and
aither the second or third root was inoculated with 78(i}) larvae.
¥stonsion of Bection 2.1.1.1), and both the number of penetrated and
established larvae in, the inoculated second or third root were measured
after 24 hours incubation at 20°c. The number of established larvae was

counted following 4 days in a Seinhorst mistifier. As the controls, the
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first root only, or either the second or third root only, or none of the
roots on a seedling were inoculated with the same density and incubated
for the same duration as the equivalent roots whén the seedlings were
inoculated at two times. Extension cf the second or third root, and

both the number of penetrated znd established larxrvae in all the incculated
roots were measured. One seedling of each cultivar was placed in a petri
dish as described previously and fhere were 10 randomised replications

of each treatment. Analyses of variance were done on the results.

The effect of time o¢f inoculation of the first three seminal
roots of AUS 10894 on extensior of, and beth the penetration and
establishment of larvae in the fourth or fifth seminal root was examined.
Each of the first three roots were inoculated before the fourth and fifth
roots had emerged (0 days) witnh 209(+8) larvze, or when the fourth and
fifth root were approximately i wm. long (2 days) with 195(+6) larvae, or
when they were approximately 10 mm. long (3 days) with 204 (+12) larvaa.
Invasion of larvae into the first three roots was terminated afier 24
hours by washing the larvze off the roots with water and the seedlings were
transferied o fresh agar ‘M Jourdh co £ifth ront of each seedling was
inoculated on day 4 with 100(39%} iayvae ani invasion was terminated

a

24 hours la“er when the extension «f, and both the number of penetrated

o

and estebiished larvae in these rouis were measured as described abeve.
The number of established larva2z in the unincculated fourth or fifth root
was also counted and as controls, the extencion of the fourth or fifth
root on uninoculated seedlings and the numbar of larvae penetrated when
the fourth or fifth root was the only root inoculated on a seedling,

were measured at the same time #s the measurements on seedlings inoculated
at two times. Seedlings were incubated at 20°C and 8 replicates were used
for each treatment. Analyses of variance were done on these results.

A comparison was then made of the effect of inoculation of each
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of the first three seminal roots of AUS 10894 and Halberd with 24(1})
larvae on the reaction of the fourth or fifth root to inoculation with
16(i}) larvae. The first three roots were inoculated before the next
pair of roots were visible and one of this next pair was then inoculated
when they had grown onto the agar surface. On both occasions, invasion
was terminated 24 hours after inoculation as described previously.
Incubation was at 2OOC throughout the experiment. Eight replicates were
used for both the seedlings inoculated at two times and the control
sredlings with the fourth or fifth root only inoculated. Extension of
eoch of the first three roots, with and without nematodes, and of the one
inoculated rcot of the next pair was measur=d as described above. Then
the number of jarvae in each of the first three inoculated roots and in
imo one inoculated root of the next pair ware counted following the
wermination of invasion, while the other uninoculated root of the nex
pair was also examined for larvae as a check on possikble contamination
by larvae frem the first inoculation. BAnalyses of variance were done
o1 these results.

sooause of the effects of ihe Jdifferent methods of inoculating
Folbeed and AJS 10894 on the estaiklishment and development of H. avenae,
& further cramination was made of the effect of H. avenae on the growth
of iie two culitivars. Seedlings were germinated and the seedlings
ircoulabed in growth tubes (Section 3.1.1.1) with 425(+11), 532(+20) and
78¢{+30) larvee 0, 5 and 15 days after sowing respectively, were compared
with the uninc~ulated seedlings. The number of females was counted and
both the wet roots (Section 3.1.1.1) and fresh stems were weighed 50 days
sfrer sowing for the 5 replicates distributed at random on a tray. A
‘Students' t test was done to compare each result of the inoculated and

uninoculated control plants of each cultivar.
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5.2 Results

The numbers of larvae penetrating susceptible (cv. Halberd) and
resistant (cvs. AUS 10894 é.AUS 90248) wheat during 24 hours showed
increased variation within cultivars as the density of inoculum increased.
rherefore, statictical analyses were on treatments inoculated with less
than or with more than 300 larvae and on the combined treatments. A
similar number penetrated the different cultivars at each density of
inoculum (Fig. 18) and a phase of linear increase was followed by a phase
¢’ a constant number penetrating as the density of inoculum increased.

Three separate experiments were done to compare the effects of
density of inozulum on the establishment and development of larvae in
susceptible (cv. Halberd) and resistant (cvs. AUS 10894 & AUS 90248) wheat.
“i. the first experiment, the number of larvaze penetrating during 1% days
(msnle 28) and leaving over the following 7 days were similar for the
thiree cultivars, and both of these numbers of larvae increased with
increasing density of inoculation. After 18 days, a similar number of
nenatodes established in the rooks of each cultivar at the lowest density
o fnooealavion, but fewer establisisd in the roots of the resistant
euliivers at the higher densities. The number of established nematcdes
invreased up to an inoculum density of 123 larvae and then remained
constazat in Halberd, but in the resistant cultivars the increase ccntinuéd
te an inceculum density of 398 larvae. At the lowest density of inoculum,
the nunber of Zarvae which developed was similar in all cultivars, but
fewer developed in the resistant cultivars than in Halberd at the higher
densities, and fawer tended to develop in AUS 10894 than AUS 90248 at an
incculum density of 398 larvae. In Halberd and AUS 20248, the number
developing increased with density up to an inoculation of 398 larvae,

but this increase in AUS 10894 was only up to a density of 123 larvae.



Figure 18.

Effect of density of H. avenae on number of iarvae.
penetrating roots of susceptible (cv. Halberd) and

resistant (cvs. AUS 10894 & AUS 90248) wheat.
L.S.D. (P = 0.05) of all treatments

Analvsis of numbers of larvae penetrating rocias
with densities greater than 300 larvae showed no

gsignificant difference between cultivars.
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Table 28.
Effect of density of E. avenae on number of larvae penetrating,
establishing and-developing in Halberd, AUS 10894
and AUS 90248.
No. of Larvae in inoculum
33 123 398 792
1% days after inoculation: No. cf larvae penetrated
Halberd 7 28 49 53
AUS 10894 8 25 43 57
AUS 90248 ] 20 46 -
L.s.D. (P = 0.05) = 12
7 days after incculation: No. of larvae emerged
Halberd 1 5 19 31
AUS 10894 2 6 20 34
AUS 90248 1 6 - 20 -
£.s.D. (P = 0.05) =9
1% deys after inoculaticn: No. of nematodes established
Halberd 5 21 24 24
AUS 108%4 5 12 17 18
AUS 90248 6 12 17 -
L.S.D. (P = 0.05) =5
128 days after inoculation: No. of nematodes developing
Halberd 4 12 16 16
AUS 10894 4 9 8 8
AUS 90248 4 8 11 -
L.S.D. (P = 0.05) = 3
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In the second experiment, a narrower range of densities of
inoculation was used and the number of females was counted. The number
of larvae which establishedlor developed showed the same trends with
increase in density of inoculun (Fig. 19 a, b), a phase of lineax increase
in the number of nematodes followed by a plateau phase in which the
number remained constant. HRacn cultiver was similar with respect to the
number established or developed at each density of inoculation. At low
densities, moét of the larvaes which established wexe able to develop but
as density of inoculum increased, a smallex proportion of the established
larvae were able to develop mnitil the number of established larvae was
constant. The number of females also showed & linear and plat&au’phase
with increasing density of inoculation (Fig. 19 c), but in AUS 10824, the
number decreased at the highaest density. The change from the linear to
the plateau phase of the number of females was at a lower density ihan
that for the number of developing nematodes. Although a similar number of
females developed on the three cultivars at the lowest densities, fewer
developed on AUS 90248 than Halberd and even fewer developed on AUS 10534
than AUS 20248 as the den=ity <f incculaticn increacsed.

In the third experiwent, th2 saw: pattern of penetraticu of
larvae was oktained (Fig. 20), & iiunear ingrease in the nurbex renetrated,
which was followed by a platean phase as density of inoculatiosn increased,
and the number of penetrated larvas was similar in the three cultivars at
ecach densitv. However, the platean phase was reached at a much lower
density of inoculum than in the previous exveriment on penetration (Fig.
18). The number of establisheé¢ and developed nematodes in the three
cultivars were similar at each density of inoculation, and although the
number established and developzd were similar at the low density (Fig. 20),
more were established than developed at the higher densities. There was

no significant change in the number of larvae established or developing as



Pigure 19. Effect of density of H. avenae on number of
established, developing and female nematodes in
susceptible (cv. Halberd) and resistant

(cvs. AUS 10894 & AUS 20248) wheat.

(a) Number of nematodez in roots 20 days
after sowing.

(b) UWumber of nematodes beyond the second
stage of development 20 days after sowing.

(c) ~umber of females 35 days after sowing.

I (1) L.s.D. following analvsis of
| Halberd, AUS 10894 and AUS 90248,
I (2) 1.S8.D. folliowing =mnalysis of
RUS 108%4 and AUS 920248,
{3} Proposed relaticn beiween stages of

nematode action in roots of Halberd.

L.S.D. (P = 0.05)



[4)]
o

:
/

2100-}/
-f

@ ESTABLISHED

ATODES IN TE
R

;"‘ B DEVELOPED
w
Z
(u51oo- A
5| />
P b L.S.D.
% 50+ / 1
'y
?
’t
E

200

300

304

20+

[c] FEMALE

l A\‘/A

L.S.D.(2)

(o]

N~

400+

200~

100+

[d HALBERD

Penetration

Establishment

e e — —
wm— -

------
- cercmemaa

0

INOCULUM DENSITY PER ROOT TIP

e Halberd

v Aus 10894

4 Aus 90248



Figure 20. Effect of density of H. avenae on penetration,
establishment and development of larvae and female
development in susceptible (cv. Halberd) and

resistant (cvs. AUS 10894 & AUS 90248) wheat.

L.S.D. (P = 0.05)

(1) 2Analysis of the number of larvae penetrating
roOts.
(2) BAnalysis of the nunber oi established and

developed nematcdes.

xS
-,

Analysiz of the number of females on the
three cultivars.
f{4)  Analysis of the numbar of females on

AUS 108924 and AUS 90248.
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density of inoculum increased and these numbers were less than that
obtained in the previous experiment (Fig. 19). However, the number of
females and the pattern of production with increasing incculum density
(Fig. 20) were similar to the previous experiment (Fig. 19), except that
the number of females on AUS 90248 was reduced to equal the number on
AUUS 10894 at the higher densities of inoculum. The number of femalas
on Halberd at the two lowest densities of inoculum was spproximately
half that of the number of larvae penetrating (Fig. 20} and at the next
highest density, were approximately half that of the nwsber «f dzveloping
larvae.

Two separate experiments examined the effect of different
inoculations on the number of male and female nematodes developed on
susceptible and resistant cultivars. In the first of thare, the number

-
H

of maies and females on Halberd and AUS 10894 were compared. The number

-

of femzics on Halberd increased initially when larvae were added 12 days

after sewing (Table 29) but then remained constant while the number of

Table 29.

Effect of density of H. avenae on nwuber of male and f&

nematodes on Halberd and AUS 10894,

No. of larvae in inoculum No. of females No. of males
Day O Day 12 Halberd  AUS 10894 Halberd AUS 10894
500 0 22 1 28 10
500 750 34 2 64 15
500 1,500 37 3 65 13
500 3,000 39 2 80 14
500 6,000 39 1 114 13

L.S.D. (P = 0.05) 11

31



88.

males not only increased initially but also continued to increase as the
density of the second inoculation increased. With larvae added only at
sowing, a similar nunber oflmales and females océurred in Halberd, but
with a second incculation, the male to female ratio gradually increased
with the density of larvae. However, AUS 10894 had fewer males and
females than Halberd and these numbers were similar in all the inoculation
treatments.

In the other experiment, the number of males and females on
svsceptible and resistant cultivars of wheat and barley were compared.
Tva number of males on the four cultivars, except between AUS 10894 and
Moracco with the double inoculation, was siirilar within each of the
inoculations (Table 30) and between the single inoculation 10 days after

Tarie 30.

Effect of time and density* of inoculation of H. avenae

on numicer of adult nematodes on susceptible {cv. Halberd)

and resistant (cv. AUS 1089%4) wheat, and susceptible

{cv. Clipper) and registant (cv. Morocco) barley.

% No. larvae in inccuium: 332 + 6 on Day O

504 + 7 on Day 10

Inoculabicn No. of females No. of males
{Dzvs Lrom sowing) 0 1o 0&10 0 10 0&10
Halberi 14 3 21 23 50 58

AUS 10894 1 0 1 25 60 41
Clipper 14 1 19 22 50 59
Morecco 0 0 0] 14 64 71

L.S.D. (P = 0.05) =5

23
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sowing and inoculation at both times, but fewer males developed feollowing
the single inoculation at sowing. There were no females on the resistant
barley {cv. Morocco), very few on resistant wheat (cv. AUS 10894) with
each inoculation and very few also on susceptible wheat (cv. Halberd)
znd susceptible barley (cv. Clipper) with the single inoculation 10 days
after sowing. More females developed on both susceptible cultivars when
inoculated twice than with either of the single inoculations, and the
single inoculation at sowing produced more females than 10 days later.
with each tvre of inoculation, the number of females on Halberd and
ClLipper wac similar.

The effects of Halberd awnd AUS 102%4 on H. avelae were coirpared

under field conditions. At 22 days after sowing the total number of

i1 avenae in the roots was similar fcr botlh cultivars and all the

atodes were second stage larvae (Fig. 21). Following further growth of
Halberd, the total number and number of developing nematodes increased and
the number of second-stage larvae rewained the same for at least 17 days
before decreasing. However, with further growth of AUS 10894, the

vameher of sccond-stage larvae decreased, the total number of nematodes

Forded o decvease and only a few ol the nematodes began development.

anot weignt was similar ian both cuitivars (Table 31) until 384 days aftar

s

nffect of H. avenae on frech root weight and number of

galls on Halberd and AUS 10894 grown undex field conditions.

Fresh root weight (g) No. galls/plant

Days from sowing 22 4C 64 _ 22 64
Halberd 0.11 0.11 0.43 1.1 53
AUS 10894 0.11 0.16 0.31 0.2 3

il

L.S.D. (P = 0.05) 0.08 = 7



Figure 21. Tffect of growing susceptible (cv. Halberd) and
resistant (cv. AUS 10894) whect in the field or

nurizar of H. avenae in roots at different times

after sowing.

L.S.D. (P = 0.05)
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sowing when the roots of Halberd were heavier than AUS 10894, This
increase in root weight was probably due to the increased number of galls
induced by the nematodes on Halbard, as this was the only time when
either cultivar showed a significant correlation coefficient (r[8] = 0.9814)
between the number of developiug nematodes and root weight, and this was
obtained with Halberd. All the seminsl roots of Halberd were intected
by nematodes several times but only the first thres or four serinal roots
appeared to be infected once on AlIS 10894 and the other roots did not
appear affected (Plate 4). The number of nematodes other than H. avenae
was zlso counted, and although +hs number of these increased during the
growth of plants, no significcni difference occurred between the number
on Halberd and AUS 10894.

Because of the appearance of the rcots of AUS 10894 exanined
from the field, a further five laboratory expezriments examined the effecsw
of inoculation of AUS 108%4 on the later penetration and establishment of
larvae.

Two experiments eramined the localised effect by inoculating
the same root on two separwte ccocasions. *n the first experiment, there
was no difference in the wumbar ©F jarvas penetrating the first sewinzl
root of Halberd and AUS 10824 wit:in cach inoculaticn {Tabls 2Zj.

Lowever, scme effect of the firat wilnticn on penetvaticon of larvae in

h
bt
=
<
{2
H
A
T

the second inoculation showed, hecaase with the double inoculations; the
difference between the numker o iarvae whech penetrated Halberd, when
invasion of larvae in the first iooculation increased from 4 to 10 hours,
was greater than that for AUS 10594.

In the second experiusznt there were no differences in the
number of larvae penetrating or =stablishing in Halberd or »US 10894
following inoculations at only one time (Table 33), but both numbers were
greater in Halberd than AUS 10894 following the inoculation at two times.

The number of larvae in roots 12 and 24 hours after starting the first



Plate 4. Infested seminal roots of susceptible and resistant
wheats collected 63 days after sowing near Windsor

during 1974.

(a} Susceptible - cv. Halberd

(b) Resistant - cv. AUS 108%4.






Table 32.

Effect of density, duration and number of inoculations

of H. avenae on penetration of larvae into the first

seminal root of Halberd and AUS 1089

4.

INOCULATION 1
- No. of larvae 296 296 0

-~ Duration (Hrs.) 4 10 0
INOCULATION 2

- No. of larvae 0 0 70

Nos. of larvae in
- Halberd 4 21 10

- RUS 10894 5 20 12

L.S.D. {» = 0.05) =

3
o)t

Table 33.

296

7¢

18

20

n

10

70C

T¥fant of density, number of inoculation and duration

after inoculation of H. avenae on penetration aznd

establishment of larvae within the first

serminal

root of Halberd and AUS 10894,

INCTZULATION 1

Ye. of larvae 338 338 338
Duration (Hrs.) 12 24 0

INOCULATION 2
No. of larvae 0 0 96

No. Penetrated

Halberd 21 21 g5
AUS 10894 19 20 23
L..s.D. (P = 0.0

No. Established
Halberd 12 17 19
AUS 10894 8 12 12
L.S.D. (P = 0.0

5)

5) =

96

15

17
8

i3

a o

91.
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inoculation were the same in both cultivars and similar to the numnber
in AUS 10894 following inoculation at two times, but in Halberd, the
number following inoculaticn at two times seemed to be the additive
effect of the two single inoculations. Therefore, penetration of larvae
in the second inoculation was inhibiced in AUS 10894 but not in Halberd.
Mo additive effect occurred with the number of larvae establizhed and
this number was not increased in either cultivar by the second
inoculation, ﬁowever, fewer larvae tended to be established 12 hours after
the first incoulation than after 22 hours.

One of the experiwsntz examined the effect of inoculating the
first seminal root on growth of roots and oth the penetration and

establishment of larvae following inoculation of one of the next pair of

roots. Extension of equivalent roots (Table 34) and both the numker of

Effect of an initial i

later inoculation of the second cr third seminal

root with H. : em extensicn (mm.) of the

later inoculated woo: of Taihevd and BUS 10894,

No. of larvae
Seminal 1 0 336 338 0

Seminal 2 or 3 ¢ G 78 78

Root Extension (mm.)
Halberd 18 16 4 5

US 10894 13 16 6 5
L.5.D. (P = 0.05) =3

penetrated and established larvae in the roots (Table 35) were the same
for both cultivars. There was no influence of the inoculated first

seminal root on larvae invading one of the next pair of roots.
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Table 3§:

Effect of an initial inoculation of the first and a later

}noculation of the second or third seminal root with

H. avenae ¢n penetration and establishment of larvae

an the later inoculated root of Halberd and AUS 10894.

Mos. of larvae
Seminal 1 0 338 0 338

Seminal 2 or 3 78 78 78 78

No. Penetraggg_ No. Established

Halberd 11 11 10 12
AUS 10E94 10 12 9 9
(N.5.)
Therefore, two experiments examined the effect of inoculating

e first three seminal roots on the fourth and fifth root. In the first

experiment, there was no significant effaect of delaying inoculation of
the first throe roots from before; at and after appearance of roots 4

znd 5 on the extension of roots & and 5 following their inoculation

foaikle 2%, out extension tended to be reduced with each delay. Bckth

tre numver of penetrated and estanlished laxvae in either the fourth or

£ivEh roct increased with each delay in inoculation of the first three

IO However, increased Cross contamination by larvae following 2ach

Flis e

I

delay in inoculation of the first three seminal roots to roots 4 and 5

wes chown by an increase in the number of established larvae in the
uninoculated root 4, or 5, on a seedling.

In the second experiment, the first three seminal roots of both
Haiberd and AUS 10894 were inoculated before the appearance of roots 4
and 5. Root extension of, and the number of penetrated larvae in the first

three seminal roots of Halberd and AUS 10894 were the same (Table 37) and
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Table 36.

Effect of time of an initial iroculation of the first three and a

later inoculation of the_fgprth or fifth seminal root with

H. avenae on extensicn of, and penetration and

establishment of larvae in “he later inocualated root of AUS 10894.

INOCULATION 1 (Seminal 1. 2, Z; L.S.D.
No. of larvae 0 0 209 195 204 (P = 0.05)
time (Days) G 0 0 2 3

INOCULATICN 2 (Seminal 4 or 5}

No. of larvae 0 100 100 100 100

Doot FExtension {(mm.) 18 5 5 3 2 3

Penetration (No.) 14 1l 16 22 o)

Establishmng_(No.)

Inoculated root 6 7 S
: 2
Uninoculated root 1 3 4
wable 37.

Effect of an initial inoculation of the first three and a tfaten

inoculation of the fourth or fifth szminal root with H. avenae

on the extension (mm.) of, and penciration and establishment

of larvae in, the inocuinied voots of Halberd and AUS 10894

INOCULATION 1 (Seminal 1, 2, 3} Roct 1,2,3 Root 4 or 5

. S St ———— —— — a =

No. of larvae a 24 ¢ 24

ITNOCULETION 2 (Seminal 4 or 5

No. of larvae 16 16 16 16

Root Extension (mm.)

Halberd 18 3 7 7
AUS 10894 19 3 7 8
(N.S.)
Penetration (Nos.) .
Halberd 6 4 5
AUS 10894 6 ' 5 5

(N.S.)
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there was no difference between these three roots on a seedling. When
root 4, or 5 was inoculated at a later time, root extension of, and the
number of penétrated larvae were the same for both cultivars and was not
affected by the earlier inoculation. There were‘no larvae in the
uninoculated roots when they were examined.

When the effect of H. avenas on the growth of Halberd oxr

AUS 10894 was examined, wet root weight in both cvltivars wasz similar

(Table 238) and while fresh weight of stem was not significantly less in

Tarle 38.

Effect of H. avenee on number of females and growth

of Halberd and AUS lO&gﬁ,

Halberd AUS 10894
g?ntrol Inoculagﬁg' Control Incculated
No. of females 0 36% 0 2
Root Weight (g.) 3.9 2.0 1.6 1.5
Stem Weight (g.) 3.1 2.7 3.1 D s

* gignificant at P = 0.05

Halberd, it was less in A8 10¢%4 foilowing a compzrison of the
inoculated and uninoculated plants 50 days after sowing. Many femnales
developed on Halberd, but except for cine riznt which produced 5 iemales,
either O or 1 female developed on AUS 10864. Also, the fresh stem weilght
of the cne plant of AUS 10894 with 5 females was similar to that of the

uninoculated plants.

5.3 Discussion

Invasion of resistant nlants by nematodes has often been
confirmed so that resistance does not depend on barriers obstructing the
entry of nematodes. Sometimes invasion was less (Shepherd, 1959;

Dropkin & Webb, 1967) but often was not affected by resistance of the host
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(Endo, 1965; Reynolds et al., 1970; McClure 1974 a). Resistant

[0

[
lSD

—

bariey had no effect on invasion of H. avenae (Cotton, 1967) and there
was no cffect of resistant cultivars of wheat on’ invasion of this nematode.
When invasion was affected, e.g., incubation at 200C instead of lSOC
£ollowing inoculation, the same effect occurred on the resistant and
susceptible cultivars, and thig effect was difficult to explain because
the motility of larvae was likely to be similar at both temperatures
(Banyer & Fisher, 1972). Therefore, invasion cf larvae into a single root
oF vesistant cultivars of wheat was probably at random and similar to that
Jcsceribed for susceptible wheat in Section 2.4.

Although some symptomatic response; such as a necrotic or hyper-
sensitive reaction, is usually shown by resistant roots it is not

~oeential for ibe expression of resistance by the plant (Dropkin, 1569)

avd does not alweays occur (Reynolds et al., 1970; Fassuliotis, 1970, but
resistance is induced soon after infection begins (Dropkin, 1969). Larxrvae
of H. avenae had astablished in susceptible and resistant roots of wheat

within 12 hours, cytological studiss showed resistance in cotton to

2 jacognitz occarred in 42 hovrs (McClure et al., 1974 b) and

i

after 2 Aaye (Reynolds et al., 1970). Also, fewer nematodes develoved

nrvas of Meloidogyne incognita acrita left roots of resistant alfalfa

in resistant than susceptible roots because larvae migrated from the roots
(Reyuoids et al., 1870), second stage larvae died in the roots (Shepherd,
i95%) o¢r syncytia were initiated and then degenerated before larval
devalopmeat beyan (Endo, 1965). A similar number may develop with fewer
nematodes becoming female because inadequate syncytia were developed
{wsusuliotis, 1970) or syncytia degencrated and the nematodes died before
they become adult (McClure et al.; 1974 b).

No cytological studies were done on resistance in wheat to

H. avenae, but the same number of larvae migrated out of resistant and
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susceptible roots, resulting in the same number of larvae remaining in
the roots and the same number of nematodes developing beyond the second
stage of development at each density of inoculation. The number of
female nematodes were similar at low densities, but then more females
developed on Halberd than the resistant cultivars and more developed
on AUS 90248 than AUS 10894 as density of inoculation was increasecd.
Therefore, not all larvae were able to initiate suitable syncytia in
resistant roots to develop into females and either some development of
these nematodes occurred hefore iLicey died or they developed into males.
although sex reversal may have occurred, the greater ratio of males to
females in resistant than susceptible roots was more likely the result
of the reduction in the number of females, and if more males developed,

this was probably due to the s:lective estakbiizhment of male larvae in
the same wanner as that descriped for the chanues in the sex ratio on
susceptible plants as inoculum dgnsity increased (Section 3.2.3).

Therefore, the mechanism of resistance occurring at a single

root tip of wheat followirg a stingle inoculation with larvae of . avenae

was induced following invesion « “he rooi by larvae.  Invasion by the

lLarvae

nematode was random and when snell numbers invaded,
established and developed normaiiy; hawever, as the rurber invaiing
increaced, the first larva into tho root established, developed normally
and induced a resistant mechanics which prevented female larvae entering
after them rrom forming suitabie syncytia to become females. These later
larvae, potentially female, either remeined and died or migrated out of
the rootl while those larvae which were potentially males, were able to
establish and develop because their requirements were less than that for
development of female larvae. So far, no symptomatic response would be

shown by the plant, but as the number of larvae invading roots increased,

eventually a hypersensitive reaction occurred and the degeneration of
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syncytia prevented female but allowed male development. Thus, two
phases in the resistance mechanism seemed likely and the number of larvae
invading roots to induce these mechanisms differed for AUS 90248 and

AUS 10894 as they supported a different number of females as density of
inocularion increased.

The number of H. avenae within roots of Halberd ard AUS 10894
were counted from plants grown in the field and initially both cultivars
contained the same nuaber of second-stage larvae. From then on, the
yrmber of newatodes developing in Halberd continued to increase as
1urvae continvally invaded the roots while the nunber of larvae in
AUS 10894 decreased and only a few of the larvae began development. Also,
there was an average of 53 galls on roots of Halberd and only 3 galls on
ATID 10894, suggesting the first three seminal roots of the resistant
owitivar were invaded similarly to those of the susceptible cultivar, but
the roots which ewerged after these sither escaped invasion or continued
to grow despite invasion. A simiyér onservation on AUS 10894 was made

v Brown, J. (1974), and therefore, not only had a localised mechanism

for incculaticn of a sirgle root occurred on the first

Rl

(

roste . but alsce the

sistance had probably already been induced
ivto the other roots. In addition to this, field observations and growth
siudies (Section 4) suggested AUs 10894 was more tolerant to H. averae
tron Hallbare, and this tolerance was likely to relate to the induced
vesistance of all roots following the initial invasion of nematodes.
Altlough a similar effect occurred in one growth yoom study
in which there was no increase in the number of males on AUS 10894
foliowing inoculation at two separate times with different densities of
jarvae, this vas not repeated in a later experiment. Also, the laboratory

studies in which different roots were inoculated with a delay between

inoculations did not give any indication of a transfer of resistance from
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8]

one seminal root to another. Because these were preliminary studies and
time did not permit continued investigations, there were many possible
explanations of this failuré to demonstrate the translocation of
resistance within AUS 10894 and further studies need to be done on this
aspect. However, a high initial density of inoculum prevented invasion
of larvce from a second inoculum on the same root and demonstrated a
change in the mechanism of local resistance with increased density of
nematodes. Therefore, the reaction of a resistant wheat to infection
wag wlwo likely to change with the initial density of nematodes invading
{»e wlant.

In histological investigations of the host-nematode relation-

ship of H. avenae and resistant cultivars of barley and oat (Coock, 1974},

rvae invading karley stimulated the initiation of syncytia and the cyto-

wizsm of these cells became sparse and vacuolated, while invasion of oat

was normally followed by hyperplasia and necrosis which prevented the
initiation of syncytia. No experimental details were given with these

conclusions and different histelogl

responses by barley and oat to

irwagion mav occur with different densities of inoculum, 1.e.,

[nt

=

Avnaity of nemaiodes inocuiated onto barley may cause a similar

o ical reaction to that reported on ocat, and a lower density of

nievatodes with oat may give a similar histological response to that on
bzulaey. Hewaever, two different histolcgical responses within resistant
wereals to H. avenae have been reported and the response may be dependent
upon the density of nematode invading the roots.

The following sequence of responses of resistant wheat probably
comurred as the density of nematodes increased. When a low number of
larvae invaded the early seminal roots during germination of the host,

penetration, establishment and development of larvae to adults was

unaffected, but sufficient reaction by the host may have occurred to
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induce resistance in the roots which developed later. As this initial
density of nematodes increased, a localised resistance was induced which
inhibited female development and there was no further increase in the
nunber of females, while resistance was probably still induced into the
later roots. This inhibition of female development was possibly a
delayed introduction of the lecalised mechanism of resistancs which

was expressed by either a degeneration of syncytia or hyperplasia and
necrosis preventing the initiation of further syncytia. Further increases
in the initial density of nematodes continuved to affeci. fewele develop-
ment, and although the number of females was constant at firzt, a density
was reached when the number of females decreased and eventually no
females developed on the roots. These changes implied an earlier
introduction of the localised mechanism within the root wiii: the
increased ratie of invasion as the initial density increzsed =ntil no
female: developed and no resistance was transferred to the other roots.

The imporiance of female development in the transfer of resistance between

roots was also implied and favoured the earlier introdusticin of a hype:-

senzitive reaction as initial density of nematodes increase

Further, similar studies with histological and biow
studies are required to verify these changes in the resistanse meEchIni =i

of wheat with increasing density of nenatodes. The time of the initial

invasicn by the nematode determined the number of roots per i
on resistant cultivars by the nematode as each root infected =zt this time
reacted independently of the cther roots. Changes in the iniiial density
and time of invasion caused anomolies in the results, e.g., an increasc
in the number of males following two inoculations, the effect on the
penetration of larvae in a later inoculum and the change from a tolerant
to an intolerant reaction in AUS 10894, and these can be explained by the

mechanisms of resistance which have been proposed.
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The few females which normally develup on the resistant cultivars
of wheat can be explained by random establishment and development of
ferale Jérvae. Therefore, these females are a result of the mechanism of
resistance and not the selection and development of a minor biotype within
+he nematode population. Also, O'Brien & Fisher (1974) suggested Loros
(AUS 90248) may have been susceptible to one population and that two
biotypes of H. avenae may occur in South Australia. The higher number of
females counted on AUS 90248 could have resulted from a late infecticn of
a low densitv of nematodes and this provides a more likely hypeihesis to
that of a biotype effect.

Much of this discussion is hypothatical, but is consistent with
the results obtained and shows more is involved in the mechanism of
rosistance in wheat to H. avenae than the localised and hypersensitive
venctions of hosts to fungal infection (Day, 1973). Also, due to the
relationship betwsen female developmani: and the transfer of resistance
between roots of the host, growth regulators and the balance between growth
regulators aund phenolids (Wallace, 3%973) may be invblved in more than

vesreitic aad hypersensitive responses of hosts to invasion.
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FOR BIOTYPES

&. EXAMINATION OF . "XV“"‘\[P‘“ FPROM DIPFERENT S51UE

Different biotypes of H. avenae have been identified within
Burope (Andersen, 1959; Cotten, 1963; Xort et al., 1964; Neubert,
1266), but when the European test cultivars were used in Victoria, one
biotype which differed from the Eurcpsan bictypes was established
(Rzewn, L., 1269) and additioﬁ} suppcrt for the single biotype has been
reporcad (Brown & Meagher, 1970; Brown, R., 1974). Two biotypes in
South Australia were possible (0'Brien & Fisher, 1374), but an
cnvirormental elifect was the more likely evplanation of the variation in
roerction report “ed for AUS 90248.

Becuuse of the possibilicvy of biotypes of H. avenae breaking
down the resgistance introduced inte a new cultivar, further assessmenis

cre made of the presence of biotvpss within South Australia. These

assments arz Jdiscussed in this secrion.

6.1 Materials au" Method°

Thrae different assessments ware done of the reaction of cereal

wwitivars te H. svensa from different sites throughout the cereal growing
sveian of Suirth Australian.  AlL assassments were on the number of femralers
ras “ollowing the inoculaticon and growth of plants in the growih

roow (beokicon 3.1.1.10).

Botwsen the 'boot' =o 'anthesis' stages of cereal growth during
147y, ali cereal growing areas were visited and 26 sites of H. avenae
{(Fic. 22) were selected. Selection was on the basis of both the nurher
of females on cereal roots and variation in environmept, i.e., selection
vas biased to give a wide range of soil and climatic conditions under
vhiich the nematode had developed. This, and the collection of mature

cysts with associated organic matter between February and early May during

1974, was done with the aid of Officers of the State Department of



Figure 22. Digtvibution of sites of the populationg of

e sampled througihout th: cereal growing

areas »f South Australia in the sLearch for

diffe:ont biotypes of the nematode.
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Agriculture. The scil samples containing the nature cysts were stored
at. ambient temperature until the 22nd Mey, 1874, when they were transferred
to a temperature of 10°C for 6 wecks before the cysts were separated
trom the soil, washed from the roots and the hatching larvae were then
collectad and stored at 5°¢ {section 2.1.1.1).

In the first assessment, the reaction of 6 cereal cultivars
to H. avenae from the 26 sites (Fig. 22) was assessed and ancther
cultivar of harley (cv. No. 191) was intended but then omitted berauvse
of woar germination. Four of the cultivars, 3 wheat and 1 barley, were
celenied from the cereals tested in previous experiments (Section 3.1.1.2).
These were Halberd as the susceptitle standsrd and AUS 10894, AUS 90248
and Morocco am the resistant cultivers. In addition, an oat (cv. Sur II)

and 2 barleys {~vs. Drost and No. 161} obft=zined from the Victorian Tlant

sarch Tnstitute at Burnley were inciuded. The 5 replicates of each

e were arrvanged in a randomised klicck dogign, inoculated with 300 laxvae
at sowing, 400 larvae 7 days after sowing and 600 larvae 14 days after

sowing, and the number of femsles rov plant wzs counted 50 days aftexr

=

Yoo snalyses vweu eaction of the cultivars was

done, wut tie

1

TnlEE

pal

~1 Fre mean nunber of fewmsles per plant.. A cultivar was vaiod

ant when there ware fewer than 5 females per plant and succepuible
C P

1+ the second assessment, the reaction of 9 barley, 8 ocax,
T wheat and 1 rye cultivars to H. avenae from sites 14, 19, 20 and ZX
(Fig. 22} was 2ssessed at the same time and by the same precedure as in
the first cssessment. With the exception of Halberd which was included
as & susceptible standard, the cultivars lested (Table 40) comprised an
‘International' test range of cultivars used to identify different bio-
types. Except for three of the wheat cultivars, Halberd and AUS 10894

which were used previocusly (Section 3.1.1.2) and Psathias (AUS 881) which



was obtained from the Victorian Wheat Research Institnte at Horsham, the
cultivars were obtained from C.H. Nielsen at Tylstrup in Denmark.

Anzlyses of variance were done separately for the barley, wheat and oat

caltivars on bBoth the raw and leg, transformed data.
For the third assessment, the reaction of cultivars of 3 barley,
7 cat and 1 wheat cultivar selected from the 'International' range of

cuitivars to H. avenae from sites 12, 19, 20 (Fig. 22) was assessed and

compared with the reaction of a susceptible standard for each of the

-
[RAQICR Clz2

wpot for barley, Halberd for wheat and Early Kherson for oat
wore the susceptible standards as these three cultivars are sugsceptible

cultivars grown throughout South Australia. Rajo Aragon -1-1, Dalmatishe

and P 31322-1 for barley and Psathias for wheat were selected to be rye-

+ed because they were offten resistant in Turopean tests (Nielsen, pers.

gorun.), while Sun IT and 640318-40-2-1 for oat were selected to reassess

difference cbrained bhetween these wwo cultivars to the nematode from
site 19 in the previous assessment. There were 7 replicates of cach site

srranged in = randomised block dasign. The wheat and cat cultivars were

wrth 250 larvaze at sowing and 500 larvae 7 and 21 days &fiex
aovire, while the barley cultivars were inoculated with 500 larvae at

sowing, 7, 4 and 21 days after sowing. The nurmber of females per plant
o) £ I =

coumiad 60 days after sowing and an analysis of variancc was done

Mature cysts of H. avehae were collected over a long duration
(F2bruary to early May), in wet soil from 12 of the sites and in dry soil
from the other 14 sites. These variations- in collecticon may relate to
the irregular hatching of larvae which occurred between the sites and
because of this, no assessment was possible for sites 2, 5, 15 and 23

(Table 39), only 3 replicates were possible for sites 7, 11 and 25, and
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Effect of different populaticns of H. averae on number of

females per plant of Halberd, FUS 11194,

AUS 90248, Mcrocco, Sun II z2nd wost.

Results presented are;

(a) The average number of fe

#las from 5 replicates,
with the rating of the reaciion of each aultivar as
either susceptible (§) or resistant (R).

(b) Numbers in brackets are the range of mmber of

females per plant.

* Three replicates wnly ~f sarh ooltivar tesied

against the population.

? an uncertain classiticaticon of the host reaction.
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11%

12

13

14

22

23
24

25%

Hdlbﬂrd

11 S
(7-14)

No result
13 s
(8-20)

13 S
(12-14)
No result
11 kS
(7-17)

14
(13-15
14

(8- 25)
19
(10-35
12
(7-1¢6;
15 S
(9-25)

1 —|n

1~

13 S

(LG~23)
No result
30 S
(21-4 T
(7-15)

13 s
(10-1.4)
14 3]
{(11-17)
21 S
{10-34)
i6 S
(1.0-23)
1.7
(12-22)

[

No result

15 s
(6-24)
12 S
(1L0-16)
17 s
(7-33)

AUS 10894 AUS 90248

Morocco
1 R 0 R
(0-4) (0-2)
2 R 0 R
(1-3) (0)
2 R 0 R
(1-2) (0-2)
1 R 0 R
(1.-2) (0-1)
1 R 0 R
(0-3) (0)
3 R v R
(1-5} {0}
1 R 0 R
(0-2) (0-1)
1 R 0 R
(0-1) (0-1)
2 R 0 R
(1-3) (0-1)
4 R 2 R
(1-5) {0-5)
1 R 0 R
(0-2) (0-1)
4 R G R
(1-6; 10-2)
3 R 0 R
(1-5) {0)
1 R 0 R
(0-1) (0)
1 R 0 R
(0-3) (0)
3. R 0 R
{1-4) (o
4 R 1 R
{0-8) (0-2)
4 K 0 R
(1-6) (0)
2 R 2 R
(1-3} (0-9)
2 R 1 R
(0-5) {0-1)
2 R 0 R
(0-3) (0-1)
2 R 2 R
(1-4) (0-6)

10 <
(5-17%
10 s
(7-12)"
7 g7
(5-9)
3 R?
(1-6)
15 g
(11-285
12 s
(6-15)
10 S
(8-13)
4 1?7
(363
13 5
7183
11 :
(6 »‘ll
i3 :
(8-17)
18 s
(Lo-48)
(':3-']’ B
7 -
(2-%)
15 L
(9-20)
17 5
(11--213%
11 o
(7-13}
11 5
(5-16)
Ix
(1-5)
11 5

(6-20)

106.

Drost.

11
(8-1
5
(3-8)
12 s
(7-19)
10 ¢
(7-12)
o 8
(6-12)
10 s
(7-12)
14 s
(8-19)
11 s
(7-16)
12 s
(9-15)

13 5
(9-28)

- . %

(5-14)

)
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larvae stored for different durations were used in the inoculations.

However, the reaction of Halberd and Drost was rated as susceptible and

™

5 resigtant at all of

b6

for AUS 10894, 2US 90248 and Morocco was rated a

1

ihe sites tested, while the reaction of Sun II was usually rated as

-~

usceptible, but was rated as resictant to larvae from sites 7, 11, 18

[y

and 24.

The assessment of the reaction of an 'International' range of
cultivare to 4 sites of the nematode was done with larvae collected at
he sane tine as those for the previous assessment. Therefore, the

S, o

A Fferences which occurred between sites 14, 19, 20 and 21 (Table 40)
were probably »eiated to the duration of stocage of the larvae. However,
no significan® interaction occurred betweern sites and cultivars, thewe

were only minox changes in the rauking of ihe reaction of cultivars

Locween sites and no bilotype effect was recognised. Within the barley

tivars, Maryiin 403-2 and Morocco were resistant and the reaction of
Dalmatishe was varisble between thie sites. The reaction of rye (cv.
Rogo) was vaciable within replicaticons. Tor wheat, 2US 10894 and the
<tant while Psathias and Iskamish -1~

Iovan wroes (63/1-7-1%+12) were res't

we variable resctions batween sites. Within the oat cultivars,

- urd Silva wero resistant while the reaction of 640318-4C-2-7

retween sites. Plants of TY 72-42-1 and 'IY 72-49-1 drew

vhe number of plants assessed to give the mean number of

oL

fauales per plant varied from 1 to 4.

In the third assessment, when the reaction of cultivars
eplected from the '"International® range wes tested, a significaont inter-—
amtion between cultivars and sites occurred as well as differences
between cultivars and sites (Table 41). The differences between cultivars
showed variations in susceptibility of the cultivars tested and no plants

were resistant, while the differences between sites showed variations in
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Table 40,

EFFECT OF H. AVENAE FROM FOUR SITEE ONM NUMBER OF FEMALES

PER. PLANT OF CEREALS IN THE "INTERNATIONAL' RANGE

FOR IDENTIFICATION OF BIOTYPES.

N

Site of pepulation of H. averae (Fig. 22)

BARLEY 20 19 zZL 14  L.S.D. (2=0.05)
Varde 38 20 18 14 EECHESTS eSS
Siri (121 cross) 24 i5 i5 12
Tmiy 21 14 9 7
Oirtolan 21 13 2 9
P21322-1 20 11 7 7 = 3
Bajo Arciaon-1-1 13 10 12 8
Dalmatisgie 2 7 4 1
Martin 4043-2 3 0 2 1
Morocco ¢ 0 0 0

L.8.D. (2-0.05) between cultivars = 4

Rogo ) 4 4 1
WHEN?
Iskamish-K-2-Dark 36 25 21 20 L.S.D. (P=0.05)
Halberd . 20 25 i6 18 between sites
Capa 23 19 20 7
Pgathiss - AUS #5814 12 13 7 3 =4
: n=K=-2-Light 5] Lo 4 7
Ted512 (Loven oross) 7 b 3 i
! 5 3 4 2
I.8.D. {(P=0.08) between cultivarg = S
Widay XTI 31 26 22 23 L.S.D. (»=0.05)
mun IT 21 14 11 11 between sites
£40318-40-2--1 15 6 10 15
TGV g 72~-546% 17 10 13 10 = 3
Silva 3 5 3 2
A. scerilis cc 4658 0 0 1 0
..S.D. (P=0.05).between cultivars = 4
Y 72-42-1 17 o) 15 9
TY 72-49-1 i2 5 13 12

* (ér sterilis (A:n) x Sun II7)
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Eable 4%.

EFFECT OF M., AVENAE I'ROM THREE SITES O WUMPER OF FEMALES

PER PLANT CF CULTIVARS OF CRREMNLS FROM THE P INTERNATIONAL'

RANCE FOR IDENTIFICATION OF PIOTYPES.

Site cf pepulation of H. avenae (Fig. 22)

T e T

BARTEY 20 19 12 L.5.D. (P=0.05)
styrae < 1Lt

Ciipper 50 19 29 BEEHESTNISBEES
Bajo Arvagon-l-1 24 7 14
Dalmatiche o] 7 10
PR1322-1 18 6 10

SHEAT
Halberd i6 15 14 = 3
Psathias -~ AUS 881 17 13 18

OAT
Farly Xherson 27 4 1
Sun IX 32 13 20
640318-40~%Z~1 21 11 16

L.5.. (P=0.05) between mwitivars = 4
" " of intsraction (cultivar x sites) = 8

znesy of the inoculationg.

culrivars, retween sites and different assesswents, demonstrated the

-

eing in comparing the effocts of nematodes frowm different sites on the
llest reaction. Irrespective of the technique used for incculation, i.e.,
naturally infested soil, mature cysts or larvae, it would e very
difficult to manage the nematode from the different sites to give cimilar
infections of the test plants. Thercfore, separation of the reactions

of plants on the number of females as highly resistant, resistant,
moderately resistant, poorly resistant, moderately susceptible and

suscepltible were impractical because most of the variations were due to



116.

the testing methcds and neot differences in the nematode. However, better
management of the mature cysts before and during hatching so that fresh
larvae could be used in the inocula (Section 2.3) and thz use of lower
densities of larvae in the inocula !Section 2.2) would miuninise the
variations in reactions of host plants to nematodes from different «ites.
A comparison of nematodes from Watchman in 8cuth Australia
(O'Brien & Fisher, 1974) and Sea Lake in Victoria (Brown, R.., 21963) with

thece tested in this section was attempted. However, insufifizient larvae

were collected from the mature cyste from the two sites to
meaningful test on the reacticn oi the different hosts to These nematoles.
Therafore, only one biotype of H. avenae seemed likely for South Bustral.a
and whether *his was the same as the one biotype suggested for Victoria

(Brown, R., 12¢9; 1974) was not determined. However, the

ceptikle

zause the

reaction of Tsathias may have suggested different biotyres

reactions of Psathias and AUS 10894 were similar against victoxian

tina of the nematode (Brown, R., 1974). Ellis & Brown (1976)

pogulations of the nematode, but the host rezactions wers

£his vaes 1likely to be due to the method used to assess The Xaoood

The 1 ezctions of Sun II, Drost and Moroccoe suggested the biwos

South Australia was different froum the European biotypes (Cogk & Walliams,

1972), but this could not be establisred definitely because of fha

absence of No. 191 from the assessment. However, the susceptlb reactions
of Bajoc Aragon-1-1, Dalmatishe, P 31322-1, Psathias and 64031%-40--2-1
suggested this biotype was different from those of Europe (Wielsen, pors.
comm.). Further testing of nematodes from different localizies by the

same method of assessment would be needed to establish the relationship

between the different nematodes.

Some doubt may exist on the ability to transfer the resistance



from one cultivar to another because one barley; c¢v. P 31322-1 (celected
from crosses which included Drost and Morocco) and three oat; cvs.

IGV H 72-646, TY 72-42-1 and TY 72-49-1 (selected from crosses with 2.
sterilis) were susceptible. This was probably duie to an inability to
maintain resistance to the Australian biotype when the selection was
made against the European hiotypes. However, the one wheat cultivar;
63/1-7-15-12 (selected from a cross witi Loros) was resistant and the
Loros used wag likely to bz similar to AUS 90248. Therefore, the
rasistance of AUS 10894 ard AUS o048 to the nematode at all sites used
in the assessments, and the protability of a single biotype in

South BAuctralia, supported the suitability of these cultivars fov
inclusion in a breeding programme. Before cther resistant cultivars are

included in = breeding procramas, it would ke desirable to test thailr

reaction o nematodes from a widz range of sites throughout the arecs

intended for their use.
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7. INHERITANCE OF RESISTANCE TO M. A

IN UBFAT AND BARLEY

The inheritance of resistance to . avenae in wheat (Nielsen,

1966: Slootmaker et al., 1974), oat [Cotten & Hayes, 1972) and barley

fandersen & Andersen, 1968; Cotteu & Hayes, 1269) has been studied, but

e

©o infermation is available on inheritance

in these crop species to
Australion pepulations of the nematcede. Resistance is determined by
‘he mimber of females on plant roots (Andersen, 1961) and progeny with
3 or 1 femalce were rated as resistant in the study on inheritance in

whasi (Elootmaker et al., 1974). However, in the studies con inheritance

ir. barley (Cotten & Hayes, 1969) and ocat (Cotten & Hayes, 1%72) cultivars,

a bimodal disvripution was determined for resistant and susceptible

reactions of the progeny, but not by selecting an absolute number of

sles below whirch plants were resistant. “he difficulty in assessing

reaction of progeny was attributed par:ly to environmental variauvion

¢

duving the tests and partly to gene

wariation in the aggressiveness

of the nematods (Cotten & Hayes, 196%j.

Ir Section 3.1, a technianz was described in which both the

~iai conditions and the suw-er of larvae inoculated onto the

mertyrolled, ond in Section 6, the prebability of only cone

Lintyee of the nematode in South Acvstralia was determined. Therefore,

a2

thiz technigue was used in an attempt Lo establish the mode of inreritance

in wheat and barley cultivars to this biotype.

7.0 Materials and Methods

e — e

The sssessments were by the method described in Section 3.1.1.1
ant 156 plants were grown on each tray (Section 3.1.1.2) with plants of
ths varents, F1 and F2 progeny arranged at random throughout all the

trays needed to accommodate the plants within a test. The wheat and

barley were grown in separate trials.
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With wheat, seeds of the susceptible (cv. Halberd) and
recistant (cvs. AUS 10894 and AUS 90248) parents were from the same source
ag those used previohsly (Ssection 3.1.1.2) and seeds of both the Fi and
¥2 progeny of Halberd x AUS 10894, Halberd x AUS 00245 and AUS 108%4 x
T RUS 90248 were provided by Dr. A.J. Rathjen. Approximately 30 plants of
Halberd, AUS 10894 and progeny from the F1 of ecach of the three croszes,
15 pilants of AUS 90248, 180 plants from the F2 generation of koth the
dalberd » AUS 00248 and AUS 10894 x AUS 920248 crosses, and 370 plants
trowe the F2 goneration of Halberd x AUS 10894 wers inoculated with
755 (+56) , 590 {+33) and 733 (+51) larvae (+z8.E.) at 0, 7 and 21 days
following sowing respectively.

Bariev plants from different crosses involving Clipper (8}
=n the susceptitle parent and Athirais (v, CT 8147 (CI), Marocaine 079
{1121, Morocco (Mc), Nile (N) and W1 2231 {W) as the resistant parents
ware assessed by thie number of fewales on xoots. Except for Ma
(WI 2397, CI 8334) which was obtainso fxom the Victorian Wheat Research
institute, Rorsham, Victoria, the other cultivars wexze from the same
aeires Aesciibed in Section 3.1.1.7. Bpproximately 10 plants from the

FLoand 76 olaats from the F2

D
(2]

Ax<T,CrlzxC, MaxC, MoxC, NxC

oywn s Tl
ari W

s O oweare tested.  Howeval

, there weare the following excaptions;
The
% plents from the F1 of CI x C, 162 plants from F2 of A % C and no piants

froem Lhe Y1 0f Ma ¥ C. Also, 30 to 40 plants from(A x Ma) x €, (B x Mo) x C,
(L w N x C, iCF x Mo) x C, (Mo xC) »C, (Ma x C) xC, (N x Mo) x C and

i ¥ Mo) x C, and 20 plants from (A x C) x C were tested. All parents

and progeny were provided by Dr. D. Sparrcw, and were inoculated with
241(+8), 463(+12) and 44 (+11) larvae at 0, 7 and 20 days following

sowing respectively.

For both the wheat and barley, the raw data and both the square

root and logarithmic transformationsg were used to determine the 95%
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confidence limits of the distribution of the reaction of the susceptible
parents and of the resistant pavents conbined with the Fl progeny. This
was similar to the procedure used by Cotten & Eayes (1969) to determine

-he bimodal distripbution of resistant and su:iceptible genotypes.

7.2 Regults
The distribution cof F2 and intercross progeny of wheat and
parley in these tests was not bimodal, and therefore, some of the geno-
tyvres could nut be classified as either resistant or susceptible.
Dictribution of the F1l progeny of Kalberd x RUS 10894 (Fig. 23 jo)]
wis between that of the two parerts (Fig. 23 a) and the mean of this
distribution {(x = 12) was significantly greater than that of AUS 10894

fw = 3) and smaller than that of Hualbexd {x = 39). With the F2 progeny

Jer -

ig. 23 ¢), the distribution was continuots and skewed towards that of
“he resistant parent (cv. AUS 10894) .

Progeny of Halberd x AUS %0248 chowed a similar pattern of
distribution {Fig. 24) to that of the prcgeny of Halberd x AUS 10894
{¥ig. 23). The mean of the distribution of the Fl proyeny (x = 16) was
signifaosncly areater Then that of 205 90248 (x = 4), smaller than ihat
of dailhoerd zad similar to thet of the F1 progeny of AUS 10894 x Halberd.

There was no difference iun the distribution of parents and koth
the ¥l

and 2 orogeny of AUS 10894 x AUS 90248 (Fig. 25), and the mean

of each of these distributions was less than that for the F1 progeny of
Helberd x AUS 10894 and Halberd x AUS 20248,

The susceptible parent {(cv. Clipper) had low numbers of ferzles
per plant in the test on barley and *this distribution overlapped the
distribution of 5 of the resistant parents; Athinais and Nile (Fig. 26},
Marocaine 079 (Fig. 27), WI 2231 and CI 8147 (Fig. 28), but not Morocco

(Fig. 26). Although all resistant and susceptible genotypes were not
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Frequensy distribution of uunber of females of

H. aveaae per wheat plant of paireate and progeny

of ¥slkeard x AUS 90248.
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Figure 25. Prequency distrilboticn of number of females of

H. avenae per wh

of AUS 10894 x AUS
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distinguished, thz distribution of the F1 progeny (Fig. 26, 27, 28)
suggested only partial dominance as its mean was greater bthar that of the

.

resistant parent, and this was similar to the results which occourrad with

When Athinais and Nile (¥ig. 26), Marccaine 079 (Fig. 27 and
CI 2147 (Fig. 28) were the resistant parents, the distrihations of che 2
progeny were similarx and skewed to give a similar distrivution tu that
for the F2 progeny of wheat (Fig. 23, 24)}. The progeny from (A x C) x C
and (Ma x C) x C (Fig. 27) produced distrilmtions which move ~icaely
resembled the distribution of Clipper than the resistant pavoni.

Most of the F2 progeny from ilo x C (Fig., 27) seemed resistant
and the iack of genotypes as susceptible as Clipper was unexpected. Thix
was anonolous and further investigations would be needed to confirm this
result by reraking the cross. The distribution of progmny frim (Mo x C) «
was not suffinisntly distinct to provide definite conclusicns on the
resistance of Moxrocce.

Whenever WI 2231 was used as a parent (Fig. 2%}, discussion

no

of resictance was not needed as the differences in disiribui

21 and (lipper were negligible.

The distributions for (A x N} » C and (N x Mo) % C

resembied those for the F2 which suggected that the resistsnces in Aihinaic

and Nile, and Nile and Morocco were nat the same. Conversely, bhe

distribution for (A x Ma) x C (Fig., 27) resembled an Fl and sri

the resistance in Athinais and Marocaiu: G79 was the same. ¥ith

(A x Me) x C (Fig. 27) and (CI x Mo) x C (Fig. 28), the distributions ware
not distinct, but they seemed more likely to resemble those for the F2
than the Fl, which suggested that the resistances in Athinais and

CT 8147 were not the same as the resistance in Morocco.
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Figure 2%, Freguency distribution of nuwuber of females of

proceny of A x C and N x €, and progeny of (A » W

x 7 and {N x Mo) x C.

rent cultivars of harley:

2 - Atbinais Mo - Morocco
C - Clipper N - Nile
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suenay distribution of number of females of
H. avenae per barley plani of parvaents, Il progeny
of Mc » C, F2 progeny of Mo x C and Ma x €, and
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(A % Ma) x C and (A x Mo} x C.
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—
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Figure 2<. Freoquency distribution of number of femasles of

as per bariey plant of parents, F1 and

i progeny of W x C and CI x <, and projeny of

i o J‘

Wy o) » ¢ and (CI x Mo) x C.
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7.3 Discussion

Although resistance in oats (Cotten & Hayes, 1972) and barley
(znéarsen, 1961; Cotten & Hayes, 1969; Hayves & Cotten, 1970) included
“ath the dominant and recessive expression of cne or more genes, & mMono-
genic aswd dominant expression of resistance was usially involved.

neaistanca in wheat {(Nielsen, 1966; Sloctmaker et al., 1974) has also

beon attributed to a single dominant gene. These conclusions on the
inheritance of resistunce would cnly be valid if a bimodal distribution
the reaction of resistant and susceptible genotypes occurred, i.e.,
#n distribution of the resistant genotypes differed from that of the
susceptible gruntypes, but were similar te that oi the resistant parent.
Bimodal distrilutions of the resistant and susceptible genotypes may
nave occurred ii. the previous studies on the inheritance of registance
te il. avenae in cereals, but often ths resistance rating given to geno-
tvnes was determined from an absoluts pumber of females and insufficient

data was inciuded to validate this assessment of resistance, e.g.,

Slootmaker ot al. (1974) rated cencotypes of wheat as resistant when O

o 1 Fepals was counted on the roots, no data was presented for the
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af yenotypes in ths
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only the rating coif resistant ox
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2ptible was given for gerotypes in the F2.

The distributions of resicstant and susceptible genchtypes of
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Hayes, 1972) and barley (Cotten & Hayes, 196%) were only
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he calculation of the 95% confidence limits of ths sgeare
voot transeforration for the distribution of both the susceptible pa-ocpt
and the resistant parent combined with that of the Fl progeny. All the
genotypes of barleywere then rated as either resistant or susceptibla,

but some of the genctypes of oats were still intermediate to the two

distributions and could not be rated. Similar calculations were done in

an attempt to separate resistant and susceptible genotypes during these
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studies on resistance in wheat and barley, but too many of the genotypes
were intermediate to the two distributions and could not be rated
becangse a bimodal distribution did not ocvcur in the F2.

Failure to distinguish hetween resistant and susceptible
reacticne was probably due to the inzkility of the technique used to give
sufficient females on the susceptible genotypes. Therefore, if fre<h
ilarvae in the inocula improves both the establishment and development of
tarvae invading the plants (Section 2.3), and a lower nunber of larvae
in *he inocuia reduces the competition between larvae and has less effect
ar. root growkh (Section 3.2), this method of assessment could be nodified
to increase the number of females on the susceptible parents in further
studies. However, except for the inability to establish bhimodal distribu-
vions, the dis*ribution of these cenotypes of wheat and barley seemed

sinilar to those for barley (Cotten & tayes, 1969) and oats (Cotten =z

[

Jnves, 1972), even though there were 220 teo 767 females on the susceptible

TA

-

varley and 43 to 873 females on the susceptible oats in those studies.

Therefore, although variations within the methods used affected the

=ione of the gencobtypes, the mode of resistance within the genotypes

i

the reactions to infection.

~suse the Fl distributicns were intermediate to that of the

o
)
¥

[

ictant sud susceptible parents, only partial dominance hac heer

(%]
4
e
o]
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, end hecause the F2 distributions were not bhimodal, it wzs
invalid to draw any firm conclusions on Mendelian inheritance. However,
+ha P2 distrilutions encompassed both parents and pointed clearly to
nuly one or two genes being involved, as the F2 range would not be so
axtensive if many genes were involved.

During an early assesswment of resistance in wheat in Australia

(Brown & Meagher, 1970), Loros was susceptible. But there are 5

accessions of Loros within the Australian Wheat Collection at Tamworth in
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New South Wales. When 4 of these were tested hy Brown, J. (1974), 3
were susceptible and 1 (cv. AUS 11577) was resistant and the other
aceescion (cv. BAUS 90248) was also resistant (0'Brien & Fisher, 1974).
AUS 90248 may be the =zame as AUS 11577. Therefore, the relation hetween
AUS 90248 and the Toros used in the genetic studies in Burope (Nielsen,
i%66; Slootmaker et al., 1974} is uncertain. However, a single major
gene was also likely in AUS 90248 and the resisztence in AUS 10894
appeared tc be the same, because no susceptible genotypes were segregated
in “he F2 of AUS 90248 x AUS 10894. The partial dominance of this gene,
the continuity in the F2 distributions and the consistent differences
between the too cultivars during studies on the mechanism of resistance
(Section 5) have suggested polygenes. or modifier genes, (Rieger et al.,
1968) were associated with the major gene in the expression of resistanie
in wheat.

With barley, a similar relation between major and modifier
genes was alsc possible. Resistance in Athinais, CI 8147, Marocaine 079

and Nile was likely to be associated with one major gene, while in Morocco,

ther two nador genes were prohahly asscciated with resistance or an

-
N

crinse was tested in the as only a single gene has previously
bheen identifisd (Hayes & Cotien, 1970). Although the same gene may have

heen involwved in Athinais and Marocaine 079; a different gene was

saonsinated wilkh resistance in Wile than Athinai

n

and these differed from
the resistance in Morocco. Resistance in CI 8147 may have azlso differed
from that in Morocco. Therefore, at least 2 and possibly 4 different
ma‘or genes were involved in the expression of resistance within barley to

the population of H. avenae used in fthese tests.
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8. GENERAL DISCUSSION

These studies have shown H. avenac affected the early
seedring growth of wheat, suppressed the grain yield and that
cignificant reduction of grain yield could occur when no symptoms were
obvious on the plant. B3 wider distribution of an economic reduction in
the yield of wheat, as a resuli of this organism than was previously
recoguised in South Australia, has been implied. Therefore, the
importance of the incorporation of resistance to the nematode intc
cymiereial onltivars of cereals was re—emphasised.

wo techniques were developed and widely used throughout these

studies on diifzarent aspects associated with the resistance in cereals

~

to the nematcde. The results were coften variable because insufficient

"a was availahie on the density of Larvas normally associated with
iyengion of either individual or entive root systems of seedlings at
fifferent stagez of growth. Often the density of larvae used in the
inoculations were abnormally high and therefore, competition occurred
hetween larvae invading, establishing and developing within roots, and

b move practical wethods of incculation were determined, they were

late for use

in these investigations.

However, studies on the relation of the nematode to both
ragistant and susceptible cultivurs of wheat showed that the invasgion of
root tips by different larvae within the nematcde population was at
ceindom, and that approximately an equal number of male and female
nemztodes deveioped at iow densities of inoculation. As the density of
inoenlation increased, either resistance was induced in the resistant
miiivars or competition eventually occurred between larvae in the
susceptible cultivar; female development was then restricted and more

of the male than female larvae developed into adult nematodes.
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The field study in which AUS 10894 was compared with Halberd
showed the resistant cultivar reduced the density of the nematsode and
increased the yieid of the susceptible cultivar in the following scason.
An examination of the relation of the nematode to the two cultivars
durino the first year of this study suggested that the registance
inducel into the first seminal roote cn AUS 10894 was algo trunsferred
to the rcots which developed later. This effect of resistance and a
growth room study. which compared the effect of the nematods on the
growth of Halberd and AUS 10824, suggested tolerance may nownaily ne
associated with the resistance in AUS 10894. This was an /mcrtant

the

conclusion beczuse it has implied that the selection of/highest yielding

genctynes during the latter stages of selection in a breeding programue

would also normally be a selection for resistance to the nenntode.
Although the same monogenic resistance with partial Jominance

occurred in AUS 10894 and AUS 90248, the mechanism of resistance in

AUS 10894 was consistently better than that in AUS 90248. This differerce

botwesi: the two resistant cultivars of wheat suggested a diiference in

the polvgenes or modifier genes likely to he assoclated with tnae olingis

wajor gene in the inheritance of resistance. Thérefore, AUD
ne a shitable cultivar to use as a resistaut parent, but the netier
resistance in AUS 10894 would fuvour iks seleccion as the cultiwan to
use in the transfer of resistance to zommercial cultivars of wheat
within a breeding programme.

Only one biotype seemed likeiy within South Austrelia, ond
Loth AU3 10894 and AUS 20248 were resistant to the nematode at all sites
tested during this study. Although variations in the numbeir oI females
occurred on the indicator plants, the relation of the nenatode to

resistant and susceptible cultivars showed these variations were likely
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to be the result of variations in the density of active larvae used in
the assessments, and not in the virulence of the nematode.

Therefore, the resistance available to the nematode in wheat
cultivars would be beneficial if transferred to commercial cultivars.
Tncreased grain yield would result from both the reduction of the
density of the nematode population and the tolerance associated with the
mechanism of resistance. The resistance would be retained for a long
+time as there is probably only one biotype in South Australia and also,
thare 1s unlikely to be any resistance-breaking nematodes withiu this

woralation.
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