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SUMMARY

I. Reglression lines relating initial inoculum density and

grain yield of four oat cultivars, New Zealand Cape (NZC)

SuaI, Swan and ltlest , grown under glasshouse condit ions ' were

signif icantly different, the slopqs of NZC and ltlest being

Iess negative than sual and swant:-indicating a higher level

of tolerance to Heterodera avenae in the former two

cultivars. Intolerant plants, when heavily infested used

water Iess efficiently than tolerant, infested plants. A

higher level of tolerance in NZC appeared to be due to grain

developnent on late forned tillers being less affected by

infestation than on intolerant plants.

2. Detillering (leaving only the nain culm) enhanced the

Ievel of tolerance of Heterodera avenae infested oat

cultivars irrespective of whether the cultivars were early

maturing!, and had a low tiIler production capacity (Swan and

West) or were the reverse (NZC and SuaI). Detillering nay

have relieved the conpetition between the nain-stem and

tillers for a common energy and nutritional source, thereby

inproving the nutrition of the single-stemmed, infested

plants, and enhancing tolerance.

3. Less impaired extension of infested seminal roots of NZC

was related to a higher Ievel tolerance to Heterodera av en ae

infestation. Uninfested Iateral root growth was greatest on

cultivars most reduced in seninal root growth by infestation

(Sual, Stout and Avena fatua). Nodal roots developed earlier

on NZC than on the other three cultivars.
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4. Reduced extension rate following nematode infestation of

axenically cultured, attached and detached roota?was related

to increases in endogenous abscisic acid and ethylene

concentrations. However, differences in root growth of

infested tolerant (NZC) and intolerant (Sual) cultivars Idere

not related to endogenous hornone Ievel.

Root segiments of Sual and NZC did not differ in

sensitivity to exogenously applied ABA or ethylene.

5. ttlhere water supply was f inite and in progressively more

linited supply, seedling shoot growth of infested tolerant

NZC was reduced Dore by water deficit stress than intolerant

Sual because of its more developed root systen.

6. The inability of infested roots of the cultivar Swan to

and into a well-watered zone atextend beyond a dry soil zone

as fast a rate as uninfested

reduction in early main-stem

yieId. Infestation alone and

main-stem yield of SuaI, but

when effects h,ere conbined.

root systems resulted in a

yield but not of later total

water stress aIone, reduced

the reduction was not additive

zone of both

a decline in

Rapid root extension into the well-watered

infested and uninfested cultivar, NZC prevented

nain-sten as well as total grain yield.



l-x

7. Heterodera avenae infestation had no direct effect on

the stonatal conductance or transpiration rates of well-

natered Swan and NZC up to 20 days after inoculation, but

tenporarily enhanced the stonatal conductance of SuaI.

8. There

Ieaf water

NZC, Sual,

not alter

was no relation between stomatal conductance and

potential of uninfested seedlings of cul.tivars

Swan or West. Heterodera avenae infestation did

these findings.

9. oat cultivars differed in the permeabitity of their root

systems (hydraulic conductivity) to water entry under

conditions in which hydrostatic pressure between the root and

shoot was varied. NZC and SuaI typified the responses

observed. Permeability decreased when the gradient was small

in NZC, but did not change in Sual at high or low pressure

gradients Heterodera avenae infestation enhanced root
permeability of Nzc and had little or no effect on the other

three cultivars.

10. Root extension of infested oat cultivars, sual. and swan

was not enhanced by a 2 week exposure to an enriched

atmospheric COz supply (x 3 anbient) but that of NZC was,

rel-ative to infeeted plants grown under ambient C0z

conditions. Reduced root extension of infested Sual and Swan

was therefore not due to a reduced supply of carbohydrates to

the root.
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It. Heterodera avenae infestation had no effect on the C0z

assinilation rate of NZC and Sual at anbient COe partial

pressure, but reduced the COz assimilation rate under COz

saturating conditions, the effect being rnore noticeable on

Sual. An accumulation of triose phosphates arising fron

inpaired root extension was the suggested cause of inhibition

of photosynthesis.

12. Main-stem and tiller grain yield of SuaI and l{est were

reduced by infestation at 10 and 100 M but not at t^¡M

solution phosphorus in sand culture. Phosphorus supply did

not influence the response of either cultivar to Heterodera

avenae infestation.

13. A decline in P uptake and therefore shoot growth in

infested, intolerant oat cultivars Sual and Swan grown in

nutrient solution, arose from reduced root Iength.

Infestation had no effect on the tolerant cultivar.- NZC.

Phosphorus deficiency of infested Swan was alleviated by

increasing the eolution phosphorus concentration from I0 to

I00 ¡.rM. This occurred as a consequence of a higher

phosphorus utilization efficiency of Swan conpared to the

other cultivars.
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CHÄPTER I: INTRODUCTION

The extent of yield decline caused by nematode

infestation varies within plant species (Trudgill and Cotes

1983, Boerma and Hussey I984, Barr and Dube l985)" Cultivars

reduced least in yield have been terned tolerant. The

environment often influences the plant-ne¡natode interaction

( Baker et aI . 1976, Griffin I98I , Edongal i f9BZ ) , The

difficulty in characterizing tolerance independently of the

environment has pronpted one author to suggest that true

disease tolerance may not exist (Gaunt 198I). llonetheless

tolerance is a useful descriptive term when use.C in conparing

the relative yield response of a set of cultivars to nenatode

infestation within prescribed environmental conditions.

In practical economic terms tolerance to nematodes has

obvious benefits by naintaining yield in spite of

infestation. To obtain an understanding of the mechanisms

involved in this defensive property of the host, the physio-

Iogical processes which are inportant deterninants of yield

and which are prinarily influenced by nematode infestation

nust be ascertained. The identification of these processest

requires the examination of the effects of infestation on as

many yield limiting factors as possible in cultivars varying

in their level of tolerance to nematodes. Those processes

that are clearly different between infested cultivars rnay be

the tolerance mechanisms that are being sought.
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Het erodera avenae contributes signíficantly to reduction

in grain yield in cereals grown in the grain-belt of south-

east Australia (Meagher 1977, Simon and Rovira I9B2).

Differences in levels of tolerance of oats (Avena to

Heterodera avenae have been observed in field experiments

(Barr and Dube I9B5).

This

Heterodera

thesis describes experi¡nents in which the effect of

avenae infestation on root growth, plant water

relations, phosphorus nutrition and carbohydrate utilization

and ass ini J-at ion in tolerant and intolerant oat cult ivars *ias

examined" Such data is used in attenpting to identify the

tolerance mechanisns in this host-parasite system.
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CHAPTER 2,: LITERATURE REVIEW

I. Dist ribution and Lifecvcle of Heterodeçq aven ae

.EejçJ-g-d-glq e-v-enae is a plant parasitic nematode present

in most cereal growing areas of the world (Meagher 197?). It

has recently beco¡ne recognized as a serious pathogen on

cerealg in the south of central regions of Australia (Banyer

1966, Meagher I968, Rovira and Sinon l982) though its

presence in the region was known much earlier (Davidson

rs30 ) .

Hatching of larvae fron cysts¡ occurs in the field

following a dormant period (Banyer and Fisher 1971a).

observation of seasonal fluctuations of Heterclþrq qlqe-lq-qe

hatching showed that the maxinum PoPulation of infective

larvae coincided with the period of cereal growth from seed

germination to floral initiation, about ten weeks (Meagher

I970). Hatching patterns are strongly influenced by environ-

mental conditions such as temperature (Cotten 1962i Fushtey

and Johnston 1966; Banyer and Fisher I971 a,b) and root

exudation (Kerry and Jenkinson 1976; t{illians and Beane

f979) " Newly hatched larvae infest roots in the region of

vascular differentiation behind the root tip. They move into

the host cortex where they induce cell enlargement and cell

wall breakdown with the resultant formation of a g;iant cell

or syncytiun (Dropkin 1979).



4

trnfestation generally occurs within the first t5

<lays of hatching, root penetration reaching! a maximum at 2OoC

(Davies and Fisher I976). Competition between larvae for

LimitecJ feeding sites has been observed to increase with

larvaI rlensity with a resultant decline in the percentage
d

invadj,¡td noots (Kerry and Jenkinson 1976; O'Brien and Fisher

l9?Ba). The ratio of nale to fenale larvae developing to

naturity is related to feeding site competition and the

inherant resistance of the plant species and cultivar (Cook

.g! aI. L974; O'Brien and Fisher 1977; o'Brien and Fisher f978

b). Development of fertilized females into mature cysts

coincides approximately with natur"tion of the host plant.

2. Effects of Heterodera avenae Infestation on Growth and
Phvs i o lotv of the Host

Plants inf ested by Heterode¡e -qyg-!.-g-g- show a progress ive

impairment of root extension with increasing nenatode densi.ty

(Gair t9650 Kerry and Hague L974, O'Brien and Fisher 1981,

Price et al-. f983). RadiaI thickening and profuse short

Lateral root formation at the penetration site is typical

(Gair 1965). Shoot development is inpaired when a critical

density is exceeded but nay be enhanced below this density

(Seinhorst IgBl a). Shoot impairment is widely believed to

be due to the general ef fects of seminal, Iatera.[ and nodal

root stunting which linits the volume of soil explored by the

plant thereby reducing the supply of water and minerals.
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(O'Brien

i nfes ted

Ls72).

and l-isher 1981, S inon

plants appear nutrient

and Rovira l9B5). Thus

deprived (Cai.r 1965; Kort

3. PIant- Tolerance to Nematode Infestation

3. I Resistance Versus Tolerance

Nematode resistance refers to the varying capacity of

the host plant to reduce the nu¡nber of egg laying fenales

reaching naturity (Robinson I969) " Resistance has the

obvious advantage of reducing the number of larvae that will

hatch and infest gerurinating host seedlings the following

year. Field studies have demonstrated the effectiveness of

using resistant varieties (McLeod f976). However total

resistance is at present unachievable. Meagher and Brown

(I974) reported that the best resistance still resulted in

sufficient fenales to cause up to 302 yield reduction the

following year. It is considered important therefore to seek

ways of reducing the effect of infestation (Fisher fgB2).

Nematode tolerance limits the inpact of infestation on

growth and yield. Tolerance refers to the abiLity of a plant

to sustain heavy infestation while suffering minimal yield

loss (CaIdwell et al. I958). Cultivar variations in Ievels

of tolerance have been reported in potatoes (Huisnan e! al.

I969, Seinhorst and den-ouden 1971, Evans and Franco 1979,

Evans l9B2) toUacco (Fox and Spasoff 1976)' and wheat (Fisher

e! aI. l98t, Stanton f983).
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Adhering to the definit ion of tolerance just described,

apparent tolerance conferring factors that act by Iimiting the

number of Iarvae penetrating, establishing or maturing in the

root or operate by inhibiting larval hatch, more closely

constitute mechanisms of avoidance, not tolerance. This

distinction is difficult to adhere to in the field because

a precise determination of the ratio of the number of

hatching larvae over the number penetrating and establishing

cannot- be made. For this reason operational definitions of

field tolerance include factors that may prevent Penetration

and establishnent such as the absence of hatching stimulation

on sone potato cultivars (Evans and Franco 1979), or factors

that prevent fenale maturation (TrudgiII and Cotes 1983 a).

This does not deter the more precise definition being applied

in the laboratory, when initial larval density can be

controlled.

3.2 The PhvsioloÍv of Tolerance

Through its effect on root growth, infestation can

influence both the nutritional and water status of the pIant.

Tolerance conferring, nechanisms are therefore most likely

related to processes that redress the nutritional or water

imbalance incurred through infestation. The discussion to

follow will address in order, the general principles of plant

water relat ions and mineral nutrit ion. After each sect íon

attention will be focused on how nematode tolerant plants

might alleviate stress induced by infestation. Because the

nutritional status of a plant is closely allied with its

water status (Tinker 1969) points raised in the discussion

may be common to both topics.
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3 .2 . I Water Relat ions

3.2. I . I Principles of Plant Water Relations

The requirenent for water is probably co¡nmon to every

aspect of metabolic function, and its absence precludes

growth. The inpact of water stress on various aspects of

plant development has received anple attention in several

recent books (Koz1-owski 1976; Turner and Kramer lgB0; Paleg

and Aspinall LgBl; Lange et al. l9B2; Taylor et al. l9B2) at

well as in several shorter reviews (Boyer and McPherson I975;

Hsiao el aI. 1976).

Terms and concepts relevant to water relations will be

described. The therrnodynamic solute and pressure forces in

plants are described by water potential (Yw¡ which is the
6olve'nf,chemical potential of the *æ4tbe (free energy/mol) divided by

t.he partial molar volume oi' water ( lB. 0cn3 /mol ) . It is

expressed in various terms applying to pressure o eÊ. bars and

megapascals. Measurements ofYw are always defined in

relation to the water potential of pure water which is equal

to 0. Yw is the sum of the solute and pressure forces on it.

This relationship is described by the equation:

Vw = Ys + Yp + Yt

where s is the osmotic potent ial, p is the

pressure or turgor potential¡ Btrd m relates to matric forces

originating from the ceLl surfaces. In plants the ¡natric

potential component is considered negligible and the equation

reduces to:

V*-Ys+Vp
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the value of Ys is always negat ive whi le Yp (ran be pos it ive

or negative, tIough turgor Pressure in plant tissue rareì.y

becomes negative in nature. During dehydration, Vp faIIs

until il a fully wilted plant it equals 0 and contributes
nolhtn to the water potential term (SIatyer 1969).

van den Honert (I948) described flow of water through

plants as a catenary Process analogous to electricity flow

through a network with varying resistances. Thus the flow of

water âcross any section of the flow path is proPortional to

the gradient in water potential between the shoot and root

and inversely proportional to the resistance t,o flow imposed

by the soil, root, vascular system and l-eaves (Cowan and

Milthorpe I96B). This can be described by the classical

transport equation:

Jv lp (ôY w) - R root R Leaf
Rroot+Rstem+Rl-eaf

where Jv is the water flow (cm3 cm-Z sec-1) and tp is the

hydraulic conductivity (cm sec-1 Mpa-t ¡ of the pathway'

describing the deglree to which hydraul ic forces can move

water through the frictional resistances of the planto and R

is the resistance (sec. cm-t Mpa-r ) (Slatyer f969; Cowan and

Milthorpe f968) . In the transpiring plant, evaporation from

the leaf surface results in a fall in hydrostatic pressure

within the vascular system which provides the drivin$ force



9

for water movement

Jv .' tfÀp where Ap

external medium an

the water equals t

transpi ral.iona'l 1y

l9B2), so tlat the

described by:

grven

lsBr).

to the top of the plant. fn this sense

equals the pressure drop between the
><¡5tøvr

d the ++eæå'+e*. The tot.al force driving

he osmotic s€jrr*+ potentialSs and the

induced hyclros tat ic f orce, (Weatherly

equation describing flow is properly

J' - LP (Af - ¿AVs)

where AYs is the rise in the osmotic pressure (Pa)

across a membrane, and o( is the reflect,ion coefficient that

accounts for membrane perneability to a given solute

(Passioura 1984).

From the equation imnediateLy above it follows that root

hydraulic conductivity can be estimated by obtaining values

of flow (Jv) at different hydrostatic pressures (Mees and

Itleatherly 1957; Fiscus and Kramer I975; Michel I977). Root

resistance values can be derived fron known flow rates at a

r$
A

the stunp of a plant in which the shoot has been excised and

pressure applied externally to the root system. The values

obtained from this method are based on an assumption that the

transpirational force driving water through an intact plant

is the same as the hydrostatic force exerted on an excised

root system. This may not always be true.

rostatic pressure (Ranos and Kaufman I979; Syvertsen

This can be done by monitoring exudation rates from
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The najor resistances to diffusion of water vapor from

the leaves to the air are the cut-icle, the boundary layer

resistance (n") and the stomata. The degree of stonatal"

opening governs plant transpiration rate (Raschke 1979) when

Ra is smal I, i , e. in a weI I circulated atmosphere.

Stomata are also the major pathway for movement of COz

from the atmosphere into the Ieaf nesophyll. Sto¡natal

conductance therefore determines the rate of both water Ioss

and COz uptake so that conservation of water precludes high

rates of COz assimilation (Cowan and Farquhar f977). Stomata

tend to open with changes in the environment which promote

carbon fixation and close with changes promoting water loss.

Thus their operation has the effect of reducing the average

rate of water loss relative to the average rate of carbon

fixation (Cowan I977, Farquhar et aI. I980, Hall and Schulze

1980a).

tç
*.€

The

wat er

dependence of transpiration rate (E) on

vapor *if*r+i+n (G) is simply expressed

covrdr¡etqnec
cc*¿¡¡eli¡¡¡*+

(Cowan,

1977):

E G (Wi t{o)

where E and G are in moles m..z sêc'- i r and t{¡ and Wo are mole

fractions of wat.er vapour inside and or¡tside the leaf.



3 .2 , | .2 To I erance
Caused by

11.

Mechanisms that All eviate Drought Stress
Nematode Infestation

Inabili ty to procure water deep within the soil during

dry conditions is believed to contnibute significantly to

crop failure of nematode infested plants (Kerry and Jenkinson

1976, Evans et al.. I977). Because the root system is the

site where host and the nematode interact, nematode consequent

deleterious effects on the water relations of the whole plant

are likely to evolve fron localized effects on the root.

Nematode tolerance is likely to consist of many Processes

that operate both locally and remotely to reverse or

neutralize the inpact of infestation on plant water

relations. Several plant responses alleviate drought stress

associated with nematode infestation. For example, plants

able to grow in arid environments may do so because they can

either avoid droughtr or because they are able to function

efficiently at a Ìow plant water potential; that is they uray

tolerate drought. While the irnportance of nechanisms

conferring drought tolerance may contribute significantly to

nematode tolerance, they faIl outside the scope of this

review.

The rnost obvious form of drought avoidance aPplicable to

a nematode infested plant is root extension beyond the point

of invasion. Because of the relevancy of root growth in

nitigating drought stress as weII as facilitating nineral

access, some attention will be paid to this topic.
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Much of the Root stunting associated with infestation by

Het e rodera spÞ. has been attributed to the early effects of

penetration and establishment of second stage juvenile larvae

(Seinhorst and den Ouden I97l). Indeed, proposed mechanisns

of tolerance have been equated with the response of early

root-growth to infestation (Seinhorst 1961 I965 l98l b

Trudgill and Cotes t98l; t{allace f973) " For exanple it has

been suggested that root systems may be able to sustain a

Iarger nematode population at no expense to shoot growth

because of their inherently greater size. Âlternatively the

rate of lateral root proliferation on toLerant plants

following infestation may exceed that of intolerant plants

thereby serving t,o compensate for growth impalrment of

infested roots. Tolerance rDay be manifest in reduced

sensitivity of infested roots to inpairment of root

extension. Root growth of tolerant cultivars has freguently

been recognised as being Iess inrpaired by Heterod€¡g

infestation eg. on potatoes (Evans et al" I977) wheat

(Meagher 1970; Stanton l9B3) and oats (Price and Hague l9B3).

Tolerant potato cultivars have root systens variously

described as being more vigorous (Evans gt al. L977 ) nore

active (TrudgiIl and Cotes 1983 b), hav.ing an enhanced

capacity to produce extra roots (Trudgill and Cotes I9B3 a,b)

and having a hiSher root tength/unit root nass ratio (Evans

et al. f977). Stanton (I983) found no evidence to suggest
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that tolerance in wheat was related to compensatory root

growth or that tolerant plants had inherentì-y Iarger root

systems. fn contrast Kerry and Hague (f974) suggested that

early nodal root development may have offset the dauraging

effects of infestation on the seminal roots of cereals.

A second potential tolerance mechanism which could

alleviate drought stress arising out of nematode infestation

relates to stomatal functioning. Under water Iimiting

conditions, the efficiency with which plants utilize water,

that is the volume of water transpired for each unit increase

in dry matter, is cruciaf (Fischer and lurner 1978, TayIor e!

al. f982). Since stomata constitute the major barrier to

water loss from the shoot the regulation of stomata in a way

which maximizes COz uptake with nininal He0 loss may render

an infested plant less prone to water defecit stress.

Studies directed toward finding relationships between

nematode tolerance and drought tolerance have been revealing.

ToLerance to the potato cyst nematode has been attributed, in

part, to a higher water use efficiency (WUE) (Evans and

Franco f979, Evans I982a, Fatemy et A1. I985). WUE of

nematode infested potato plants exceeded that of uninfested

plants during initial- growth (Evans l9B2a). However, the

il¡ean WUE of intolerant infested plants over the entire growth

interval was less than that of the uninfested controls due to

a decline in WUE of infested plants after five weeks.
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On the other hand, infested nematode-tolerant potat-o

varieties used water more efficientl-y than did uninfested,

intolerant controls (ßvans 1982a) 
"

Nematode infestation has been found to cause closure of

stomata (Evans, et al.1975¡ Kaplan, et al.1976, Meon qt al.

I979). Recently Fateny et aI. (fgB5) found that an infested

nematode tolerant potato variety had a higher daily mean

stonataÌ resistance and that stomatal closure occurred sooner

in response to water deficit stress compared to an intolerant

variety. they concluded that greater efficiency of water use

was achieved by rapid stomatal closure following onset of

stress and that properties of the plant that enhance drought

tolerance may also confer nematode tolerance.

Evans and co workers have investigated the possible

mediative role of abscisic acid (ABA), a plant growth

substance involved in regulating stonatal movement of infested

plants. ABA is known to cause stomatal closure at

physiological concentrations (Wright 1969). Their work has

shown that the endogenous concentration of foliar ABA uray

rise to nearly twice that of controls following infestation

but that uninfested potato cultivars, more tolerant to

infestation by Heterodera rostochiensis have levels of ABA

above those of less tolerant plants (Evans l9B2a). They

found that the ABA concentration of these tolerant cultivars

showed the least increase when infested by nenatodes (Evane
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l9B2b, Fatemy et al. 1985). ExoSenously applied ABA was

reported to cause more proì-onged closure of stomata on the

tolerant plants, further supporting the contention that

tolerance to nematode infestation may be related to greater

sensítivity of stomata to incipient water stress (Fatemy et

a1. 1985). However, it is unclear from these studies whether

elevated ABA levels in tolerant ptants were a cause or an

effect of tolerance. Given that the endogenous ABA

concentration varies inversely with ceII turgor (Pierce and

Raschke l9B0) the rise in ABA may be an early indication of

reduced leaf water potential, itself a consequence of factors

nore Iikely to be root than shoot related.

Tolerance to nematode infestation nay be manifest as an

increase in the permeability of the roots to water entry.

LarvaI penetration, establish¡nent and giant ceIl formation

could, through the disruptive effects on cortical cell

integrity, reduce the hydraulic conductivity of the root

systen. There is no work yet to support or refute this

clain. Root systems inpaired by infestation ¡nay benefit -

from an enhanced root conductance.

3.2.2 Mineral Nutrition with Emphasis on Phosphorus

Root growth is most strongly influenced by Het e rode ra

avenae infestation (Chapter II, Section 2) . Because

phosphorus is relatively immobile in the soil, (Lewis and

Quirk 1966) and its concentration in the available form is
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low (Bhat and Nye 1974) the uptake of this element is most

sensitive to changes in root norphology and size, such as

those caused by nematode infestation.

3.2.2.L Principles of Phosphorus Nutrition

The relationship between nutrient supply and yield or

total dry matter production follows a hyperbolic curve with

an optimum supply for growth being followed by growth

inhibition at higher concentratÍons (Moorby and Besford

f983). The effect of linitation of P on plant function has

been reviewed from a number of standpoints (Moorby and

Besford I983, Bieleski and Ferguson 1983, Gerloff and

Gabelman 1983) and will not be considered here.

An increase in root surface area will improve P

nutrition nore than other nutrients because of the relative

innobility of P in the soil compared to nore ¡robile ions such

as K+ and N0-3 (Nye and linker L977). Increased root surface

area brings into closer proxiurity soil regions not depleted

of P (BarIey f970). Factors that have the overall effect of

increasing the total surface area of the root, such as

reduced root radius for the same root mass (Hackett I969,

Christie I975), increased root length, (Jungk and Barber

1975) and increased root hair formation (Barley and Rovira

1970, Itoh and Barber 1983) have been shown to enhance P

absorpt ion.
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Deficiencies in phosphorus nutrition can have

differential effects on the components of root Iength.

Hackett (f968) observed a decline in the number of nodal

roots but not their Iength, and a decline in lateral root

Iength but not their number on P deficient plants. Localized

stinulation of root growth in regions of high P availability\
has also been observed (Drew and Saker 1978, Hackett 1972).

3.2.2.2 Effect of Infestat ion
Related Mechanisms of

Mineral Nutrition and
Tolerance

on Plant
Nenat ode

Evidence indicates that, by impeding root extension,

nematode infestation can seriously influence plant mineral

nutrition. fn field studies of potato plants, it was found

that a decline in size of the root systens of infested plants

was correlated with a reduced rate of P and K uptake Trudgill

et al. 1975, Evans et al. ( 1 977 ) " These findings

corroborated results of studies conducted in the past on a

range of plant species Kruger 1925; Neuworth I930; Paris

and JehIe 1943; Oteifa 1952; Jenkins and Malek I965).

Nenatode tolerant plants may have some characteristics

in conmon with plants capable of thriving in nineral

deficient soils. Plants tolerant to low phosphorus soils

either extract more phosphorus from a given soil volume or

may utilize the Iimited phosphorus available more

efficiently, that is, they can produce more dry matter per

unit plant phosphorus than low phosphorus-intolerant plants
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(Gerloff 1976, Lc,neragan I978, Chapin l-980). Greater

exploitation of available soil phosphorus could also be the

result of a more extensive root network (BarIey 1970),

(BaIdwin et a1. 1972), or be due to the release of substances

which solubilize an otherwise unavailable form of phosphorus

(Silberbush et aI. 1981 ) .

In the case of nematode tol-erance attention has already

been drawn to the relevance of root extension in ameliorating

the inpact of drough stress brought on by nematode

infestation (chapter II, section 3, 2.1.2), and similar con-

siderations apply to nineral nutrition '

t/llhile it is conceivable that the release of exudates

accompanying root nematode penetration night aid in the

solubíLization of unavailabte forms of phosphorus, rendering

a larger pool of P avaiLable for absorption by the plant, no

work has been published on this potential nematode tolerance

mechan i sm .

There is also no evidence in the nematode Iiterature to

substantiate or refute the claim that nenatode tolerant

plants are more efficient in utilizíng plant phosphorus.

One compensatory mechanism which nay relate more

directly to nematode tolerance than to Iow mineral tolerance

is the abil-ity to increase the rate per unit root surface

area of nineral uptake to compensate for a growth attenuated

root system. Evidence indicates that, in uninfested plants,
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a variable ion absorption rate serves to maintain a constant

internal Iow concentration over a wide range of external ion

concentrations (f{illiams 1948, Asher and Loneragan I967, Drew

and Saker I97B).

The observation that declines in plant growth and photo-

synthesis induced by nematode infestation are reversible by

fertilizer amendment (Oteifa 1952, WaIIace 1974, Evans et al.

L977) not only confirned that nenatode infestation caused

nutrient deprivation but also that such plants were able to

compensate for their growth restricted root systens by

increasing the rate of nineral uptake when suPplied with

additional fertilizer.

There is also evidence that indicates that even in the

absence of fertilizer amendment infested plants may have

higher rates of ion uptake. Hunter (1958) found no

indication of elenental deficiency of shoots resulting from

infection of tonato plants bY Meloidogyne incoEnita. fn

contrast often higher levels of P' N, K Mg and Cu were

observed in the roots of infested plants" More recently

price et al. (1982) published a paper studying uptake rates

of 32P and 86Rb of oat seedlings infested with Heterodera

avenae. They reported that the shorter infested roots took

up significantly more phosphorus and the shoots acquired more

potassium per unit root tength than the uninfested controls.

The authors interpreted this as demonstrating that

infestation did not restrict mineral uptake or transport, but

rather that plants could respond to root growth impairment by

increasing their uptake of P and K.
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A recent study by Price and Sanderson (fgB4) may partly

explain the disproportionately high Ievels of sone elenents

in roots and shoots of infested plants " They found that

eleven ti¡nes more calcium was translocated to the shoots of

Heterodera avenqq infested oat plants than in the shoots of

uninfested controls. They ascribed the increased rate of

uptake to endodermal disruption by the nematode increasing

the area free to aPoPlastic transport.

4. Root Growth and DeveloPment

There is an intinate association between root develop-

ment and HeterolþIe avenae infestation. (Chapter II' Section

2). Compensatory root growth may be an inportant comPonent of

nematode tolerance (Chapter II, Section 3)" This section

wilt provide a framework around which further considerations

of the interactions between root growth and nematode

infestation nay be Placed.

4. r Tarmi nol olw

The method of nomenclature used to describe the root

systems of oat plants in this study is one comnonly used

(Barley I9?0; Hackett I96B; Russel 1977). A root produced

fron the base, seed or stem of the plant is an axis, those

arising from the axes are termed first-order laterals, those

arising from first-order laterals are called second-order

Iaterals, and so on. Each axis with its associated Iaterals

is a root.
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Root systems of oat plants, like cereat plants in

general, have two distinct types of axes: aeninal sxes'

which arise from initials present in the ungerminated enbryo

and nodal axes, which develop subsequently from nodes on the

shoot (Schuurnan and de Boer f970).

4.2 Growth and Differentiation

The oat plant usually has three or four seminal roots.

Differentiation of newly divided root cells occurs in a

region extending from 0.5cm above the root aPex giving rise

to the vascular steIe, the cortex and the epidernis (Clowes

I96f). The innermost Layer of cortical cells surrounding the

stele, the endodermis, becones heavily lignified and

suberízed, blocking apoPlastic Passage of ions between the

cortex and stele (Robards et al. 1973).

The distance fron the root tip at which lateral root

initiation and emergence occurs is dependent on both the rate

of growth of the parent root and uPon the environment (Russel

l9?7). For example soil conpaction can considerably reduce

the distance frorn the apex to the first prinordia (Goss,

rs77 ) .

4.3 Hornonal Control of Root Growth

General reviews have been published on this subject

(Scott, T.K. L972; Torrey I976) and most recently by Feldnan

(1984). Root growth is controlled by several grouPs of

hormonal substances and most have their origin in the root,

though they may be produced elsewhere"
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of their control and their inter--

established.

4.3. I Root EIonÉation

It is generally agreed (Torrey l'976; EIIiott L977; PiJ'et

1983) that elongation of the prinary root is regulated by the

interaction of indole acetic acid ( IAA) , a growth pronoting

substance derived principalty from the shoot (McDavid et aI.

1970) transported acropetally in the root (PiIet I964;

Feldnan 198t) with abscisic acid (ABA) a root growth

inhibitor (Pilet l9?0) noving in a basipetal direction from

the root cap (Audus 1983). The Physiological effect of IAA

and ABA varies with concentration when exogenously aPPIied

and their promotive or inhibitory effects can be reversed.

For example ABA was reported to stimulate root elongation in

p_¡€_!¡!q sativum root tips (Gaither et aI. 1975), and IAA has

long been shown to have inhibitory effects at high

concentrations (Burstron f957). Ethylene has recently been

shown to have regulatory effects on root growth which

ninic those of IAA (Chadwick and Burg 1967), its pronotive or

inhibitory effect being concentration dependent (tieberman

and Kunishi f975). At 0.1 PPm¡ ethylene h,as found to inhibit

cell division at the apical tip (Apelbaun and Burg L972a),

increase root swelling, reduce root extension and increase

root mass over a 72 hour period (Apelbaun and Bur$ 1972b).

High rates of root elongation of rice, mustard and tomato

were correlated with high levels of ethylene (Konings and

Jackson I9?9; Bucher and PiIet 1981).
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Concentrations greater than I.0 Ppm

while concentrations less than 0.I

stinutated root elongation (Konings

inhib i ted

ppm have in

and Jackson

root elongat ion,

aome instances

reTs).

4.3.2 Lateral Root Initiation

Cultured roots of a range of species respond to auxin

treatment by initiating additional lateral roots (Torrey

1950, t{ightnan et al. I980). The induction of Iateral root

primordia by cytokinins (Torrey I962) and gibberellins

(Butcher and Street 1960) has also been reported. Goldacre

(f959) proposed that kinetin produced at active nelistems

diffused down a concentration gradient inducing lateral root

initiation when the active Physiological concentration Idas

reached. Later work confirmed the requirenent for auxin on

cultured roots of Haplopappus ravenii (BlakeIy et aI" I972)

More recently, tfightnan e! al. (I980) observed that

cytokinins inhibited lateral root initiation on pea seedlings

and that gibberellins had no effect. Ethylene at

concentrations in the range of 5.0 PPb were found to restore

lateral root branching on a non-lateral forming tomato

mutant, Diageotropica (Zobet 1973). Exposure of barley or

radish roots to 2-3ppm ethylene inhibited Iateral root

developnrent (Radin and Looutis I97I, Crossett and Campbell

f9?5). It is now believed that ethyLene pLays no role in

lateral root initiation but rather in subsequent root out-

growth (Batten and MuIlins I97B; Drew et al. fgBl).
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Further striking effects of ethylene on lateral root

development were described by Jackson (I983)' Temporary

ethylene exposure at an early stage gave lateral roots a

strong competitive advantage that resulted in faster rates of

growth conpared to laterals developing later" Ethylene (1-

I0 ppn) accelerated the emergence of nodal roots (Jackson et

al. I98r ) .

ABA has been shown to inhibit (Street 1969; Bottger

1974) stiu¡uIate (Chin et aI. 1969)' or have no effect on

Iateral root initiation (Coleman and Greyson I977 ) depending

on the applied concentration. Applied concentrations as low

as l0-8M have been clained to inhibit lateral root initiation

(Bottger 1974) but more recently Goodwin and Morris (f979)

and ttlightnan et aI. ( f 980 ) f ound that inhibition only

occurred when ABA concentrations exceeded l0-4M. In this

case, however, intact plants were used and it has been

suggested (Wightman et al. I980) that growth regulators fron

the intact shoot may have interacted with the applied ABA.

4.4 Nematode Tnvasion and Endo{enous Hormone Concentration

Hormones originating in both the plant and the nernatode

have been claimed to be involved in

relationship ( Veech I9Bf ) . Sessi le

the host-parasite

nematodes that move into
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host cortical and stelar tissue such as Meloidogyne and

Heterodera species cause changes in the invaded root that

have been equated to those induced by exogienous application

of IAA (Giebef I973). In the case of invasion by Heterodera

spp. cell and nuclear hyperplasia are induced and lateraL

roots form near the invaded zone (Dropkin l97B). There are

several studies reporting the presence of indole conpounds in

root galls of MeJ.oidogyne species (Bird 1962; Yu and

Vigilierchio 1964), and in larvae and egg nasses of

MeloidoÉvne spp. (Yu and Viglierchio 1964) and Het erodera

s chacht i i (Johnson and Viglierchio I969). The absence of

reports of the presence of hormones in larval secretions led

Dropkin (1979) to suggest that tissue damage in the host nay

lead to changes in growth regulator concentration, for example

by destroying sites of hormone synthesis" Others have

suggested that nematodes may secrete $lycosidases or

proteases that release auxins from conjugates (GiebeI et al.

1971, GiebeI I974 ) .

4.5 Ethvlene and Pathofenes ts

Many plant pathogens have been claimed to stimulate the

production of ethylene. MuIler et aI. (1940) reported

increased ethylene product.ion in citrus fruit infected with

Penicillium dicitatum. DaIy et aI. (1970) also found that

resistant wheat infected with Puccinia {raninis showed

stinulated levels of ethylene. Ethylene production increases
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in a wide variety of plant tissues subjected to stress

induced by mechanical injury (Burg and Thinann I959,

McGIasson and Pratt 1964, Saltveit and DiIley I978).

Ethylene produced by infected tissue has been attributed

Iargely to the effects of celI danage (Sequeira 1973, Yang

and Pratt I9?8). Recently, GIazer et al. (I983) reported

elevated ethylene production in excised tomato root cultures

infested with MeIo i dolvne .iavanica. they found that

resistant tonato cultivars produced Iess ethylene than

susceptible plants and related ethylene production to gall

deve I opnent .

These are the possible nechanisns

operate. The remainder of this thesis

testing these hypotheses.

in which tolerance nay

is concerned with
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CHAPTER 3: METHODS AND MAÎERIATS

3. I Materials

oat (Avena) seeds were kindly provided by Mr. A. Barr of

the South Australian Department of Agriculture.

Chemicals and rea{ents were of analytical grade when

purity was essential. For general purPoses Iaboratory grade

chemicals t{ere used. The source of relevant chenicals are

given where they are first nentioned.

3.2 Methods

3.2.I Seed Preparation and Germination

seeds were presoaked for I hour at room tenperature (2A-

30oC). HulIs ldere removed using blunt forceps. Seeds were

surface sterilized in I.0Z sodiu¡n hypochlorite solution for 5

minutes and rinsed about 6 tines with 2O0 nI deionízed water.

Seeds were then placed dorsal side uP onto sterile l.5U water

agar plates (8.5 cn) onto which 2 mIs of 2X KNO3 solution had

been earlier applied. PIates were enclosed within black

plastic bags and incubated for one week at zoc. A second

incubation interval at 2OoC for 35-48 hours gave

about 75% germination with the longest seninal root about 15 nm.

Seedlings with aIl three seminal roots energed at the end of

this period were used in experiments.
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3.2.2 Plant Culture

3.2.2.I Soil

For experiments in which plants were soil-grown a steam

sterilized one-half strength John Innes soil mixture without

peat was used (Table A ). Generally this soil r,vas not used

earlier than 6 weeks after steríLization. Crushed gravel was

placed at the botton of the pots to facilitate drainage.

Table lrll : Preparation of Half -strength John Innes soil Mix -
Minus Peat

Equal parts by volune of coarse sand and medium loam were
steam sterilized at I00oC for 30 minutes.

The following nutrients were added uPon cooling:

Nutrient Amount Added (g n3 )

Blood Meal 600

Potassiun SulPhate 300

Super PhosPhate 550

In aome experiments plants were grown in either a single

or double tength of 2.7 (I.D.) X 13.0 cm rigid poly vinyl

choride electricaL conduit. tightly dried soil was conpacted

at the base of the tube with a plastic plunger, then further

soil increments Í{ere added and lightly tanped until the soil

was 3.0 cm from the top of the tube. Tubes were arranged

onto plastic Iined metal trays and supported with a rdire

grid. Six nl of distilled water was added to the soil

surface prior to planting seedlings. A further 2.O cm of dry

soil !{as added to cover the seed along with 2 nl of

distilled water. Subsequent water was added to the floor of

the trays when the uPPer soil appeared dry.
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3.2.2.2 Sand

In some experiments a sterile fine grained Pho

free sand was required. Waikerie river washed sand

and sieved to obtain fine grained sand (< 75Ùit> 25O

sp

f{

/I
horus

as dried
n^

). The

sand was soaked in an I N HCt solution for 24 hours on a

novin6 table before repeated rinsing in distilled water until

the pH of the sand-water solution was that of distilled water

(pH = 6.8). Colori¡netric determination (OIsen et al. I954)

of NaHC0s soluble phosphorus (coIweIl 1965) failed to

detect residual phosphorus after the acid washing treatment.

Specific details of plant culture are given in Chapter 4,

Section 6.

3.2,2.3 Hydroponics

Details of nutrient solutions and culture nethods are

given in the relevent sections (Chapter 4, Sections 5 and 6).

3.2

3.2

3 Environmental

3. I Condit ions
Cabinets

PIants groldn in a constant t emperature

canopy Ievel

(2O t zo9)

irradiance that

Cont ro I

of Growth in Glasshouse and in Growth

glasshouse received

measured tI5 to 680

an average
m

ft )fie 51s'e€Ë^"dJ- t at n i ddaY '

Controlled environment cabineta were naintained at 20/I5

t IoC day/night with a t6 hour photoperiod unless otherwise

stated. tight Í{as supPtied by a combination of high Pressure

sodiun (60W), "cooI white" fluorescent tubes (B0t{) and

incandescent bulbs (60W) to provide a total irradiance of 590

|En- e s- r at canopy I evel.
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3,2.3.2 Atmospheric COz Regulation

Plants to be tested were grown inside sPecially designed

mini-chanbers, These were constructed from cellulose acetate

plastic sheeting suPerinposed onto 85 x 40 cm metal trays

to obtain an enriched atnospheric COz partial

pressure within the chamber. Pure COz was nixed with outside

air (anbient partial pressure, 310 ¡bar) pumped into the

chamber by 2 díaphragn Put¡lPs (3l.min-1) linked in

paraIIeI. Attenuated C0z partial Pressures were obtained by

punping air through lOf KOH, carbosorb, a water trap, a

cotton and then a charcoal filter before entry into the

chamber. tllhere three COz treatments (attenuated, enriched,

anbient) were run concurrently in the sane growth room, air

from the chanber was directed outdoors via Iatex tubing

running fron vents at the toP of the chanbers. COz

concent,rations t{ere monitored regularly (hourly during

initial trials down to 3 times per day when patterns of COa

consumption were better understood). FIow rates controlled

by air flow regulators were adjusted to correct for over or

under-supply of COz. I0 mI air samples, drawn by syringe

from different positions along the air flow route. and from

within the chambers, were analysed for COz using an ADC Mark

III infrared gas analYser.
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Handling of Heterodera avenae Cysts and Larvae

I Collection and Maintenance of Heterodera avgIìqe

Mature cysts of Heterodera avelìtq were collected in

February or March of succeasive years from roots of barley

and wheat stubble harvested the Previous season in fields

reportedly infested wlth Heterodera avenae. cysts were

separated from root material by wet*sieving and decanting and

placed with some associated orgianic debris onto nylon nesh or

bolting silk. These lùere Put into glass petri plates (dian'

L2.O cm) and suspended on stainless steel or plastic mesh in

shallow water. Incubation temperature was naintained at 5 or

r00 c.

{4#.. Larvae were collected daily, counted and incubated at

5o or 10oC in shallow water until required'

Inoculum densities were prepared by water dilution of

the highest density. Inoculum was usuaJ-1y applíed in 0.5 nI

aliquots to the base of the 3 to I0 day otd seedlings unless

otherwise stated. Densities were confirned by triplicate

counts of known volumes of larval suspension in a modified

Doncaster dish (southy I9?0) exanined under a dissecting

microscope. Inoculum densities described are approximations

within an error of no more than 576'

Estimates of the larval Population in root systens liere

obtained either by direct counting of stained larvae on roots

squashed between two g;lass slidesr of by honogenízing the

stained root system in a blender, ât the highest setting for
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I-4 minutes and doing triplicate counte

larvae from a measured honogenate volume

Doncaster dish. Larvae counts were done

microscope.

on the

ln a

under

number of

nodi f i ed

a dÍssecting

3,2.4.2 Surface Sterilization of Larvae

The procedure of Aist and Riggs (I969) was adopted.

Hatched larvae rdere placed into a 2o0 ml fritted glass

Ìuchner funnel containing 30 nI pet'niciIlin (50u) and 30 nI

streptomycin (0.Ix) and incubated for 45 ninutes at 2Ooc.

Larvae ú{ere then sequentially rinsed in 50 nI hexadecyl-

trimethylammoniun bromide (0.05U ) for I minute, I00 nI sterile

deionized water, 50 nI Chlorhexidine Acetater (0.5x) for

6 ninutes. Finally they r4rere rinsed I tines with I50 nl

sterilized water.

3.2.5 Sanpling of Root and Shoot Material

Plants grown in sand were renoved fron their containers

and roots were washed

stream of water before

on a 25O ft
separat ing

under a gentle

fron roots.

s creen

shoots

l{hen only root length was to be

herd at'" t ttåi,ï; :ñËëff3 6tt"t-Þt¡5 
z-s

kept in FAÀ{f or Ionger term storage.

det ermined, roots ldere

days r or were

1. Supplied as HibitaneR
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Ílhen both root length and larval population on the root

were to be assessed, roots $rere stored in lactophenol

containing 0.IX cotton blue (Hooper' 1970). To hasten

staining, vials were incubated for 5 hours at B0oC.

Otherwise they úúere left for one or more weeks before

countinS.

Root mass Í{as obtained by thoroughly rinsing soil or

sand from the roots. If only fresh mass Úras required,

roots were carefully blotted dry on Whatnanz No. I filter

paper before weighing. If both fresh and dry mass were

reguired, samples were either returned to their sample vials

and freeze-dried or heated for 4A hours at 80oC before

storing over silica crystals prior to weighíng. Freeze-dried

samples could be rehydrated to pernit deternination of root

length or stained in lactophenol with cotton blue to obtain

nematode counts and root Iengths. Root length was measured

using the line intersect nethod of Newman (I966) nodified by

Marsh (I9?I). The root sanple was spread out evenly in a

round 19 cm dianeter glass plate containing a snall anount of

water. A grid of half an inch squares was laid below the

pIate. Vertical and horizontal lines were scanned and roots

were counted where they intersected a line" Root length in

centimetres was calculated according to the fornula:

R = fu--x"-

2. Trade nane

2H
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ttlhere R = total

distributed, n =

root length, A = area in which the roots are

the nunber of intersections between roots

and straight lines and H = total length of straight lines.

rn some experinents root surface area f,{as calculated

using the A -- 2'lf r I where A is root area' r root radius and

I, root length. In order to partially account for

differences in root radii of nain axis seninal and nodal roots

and first and higher order Iaterals, roots were classified as

either 500 urnor more and 300 uûor less in dianeter. Lengths

of roots with respective dianeters r¿ere calculated separately.

3.2.6 Estination of EthYIene

Ethylene concentrations in air surrounding root tissues

!{as measured using a Varian 1400 gas chromatograph fitted

with a flame ionization detector. Ethylene was separated on

a glass column silanízed and packed with Porapak O (I00-I20

Mesh; Waters Assoc. Inc. , U. S. A. ) . Flow retes of individual

gases through the column were (mI.nin.-r): Nz, 30; H2,30; air'

300. Temperatures at the injector, column and detector were

(oc): I00, 40 and 100, respectively. Gas samples of I m1

were injected into the column and quantitatively assessed by

comparing peak heights of standards PrePared by dilution of

known CzHa, concentrations in I L pickling jars fitted with

ttsuba-sealstt.
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3.2.7 Estination of Abscisic Acid

Abscisic acid was meaaured using a Varian 27OO gas

chromatograph equipped wíth an electron-capture detector.

Free ABA was extracted by a modified nethod of Coombe and Hale

(f9?3). Sanples were rinsed, wrapped in aluminiun foil,

frozen in Iiquid Nz, lyophilized and weighed. Tissue was

macerated with a g;Iass honogenízer in 2 mI each of acetone

and water and titrated to pH I with 3 N NHqOH. Sanples were

centrifuged twice at 2000 rPm for l0 minutes retaining the

supernatant and resusPending the pellet in 1.5 r¡l 2% NHcHCOs.

The water soluble fraction was separated by centrifuging

twice (2000 rP,n) with 3 nI chloroforn and acidified with lOX

HsPO¿ to pH 3. The organic fraction was partitioned with 5

and 2.5 nl ethyl acetate and the orglanic fraction was

concentrated by drying under a stream of nitrogen gas.

Sanples were further purified by aPPIying the extracts

to acid washed ttlhatman No. 3 nm chronatography Papers in 40

nm streaks. Chronatographs were developed in a descending

mixture of isopropanol: water: NH¿ OH ( l0: I: I v /v) and dried for

30 ninutes. Known ABA standards co-chromatographed with the

samples were identified on the paPer under UV light and Rf

regions of the correaPonding sample were cut out and eluted

with 70% nethanol. Eluted samples were reduced under Ne gas,

washed with anhydrous petroleum and dried.
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Dried extracts rdere suspended in ethyL acetate (0.5 mI)

and nethanof (0.5 mI) then nethyLated with diazomethane.

Diazomethane gas, produced by reacting 2 nl carbítol with 2

mI 602 (w/v) KOH and I00 mg P-tolysulphonylnethylnitrosoamide,

r.ùas bubbled through the sample until it became yelLow

indicating diazonethane saturation. The extract was dried

under Ne gas and stored at zo1 in the dark until iniecting it

into the GC.

ABA (nethyt-cis trans) extracts from samples were

dissolved in ethyl acetate and injected (0.5-2 u1) into

a salinized OV-I? Gas Chrom a (Applied Science Lab., U'S'A' )

glass column. Operating tenperatures of the injector, colunn

and detector wêre 2IO, I80 and 2450C, respectively. Flow

rate of the carrier (Na) gas was 25 nl min-r. Conparison of

retention times of sample with those of authentic cis-trans

ABÀ (Signa Chenical Co. U.S.A.) confirned the Presence of

ABA. Quantification of ABA was based on comParison of peak
ffiA

height of known l*åe. standards with the sanple. Losses during

extraction and purification were checked by adding 20 ng ABA

to the honogenizing nedium before macerating. Recovery rates

r{ere as low as 45% in some instances but generally were about

75 to BOU. Corrections were made in calculations to account

for losses.
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3.2.8 Estimation of PhosPhorus

Plant naterial was oven dried at 800c for 4a hours and

after weighing, was coarsely ground and digested in a mixture

of nitric and perchloric acid (3:2). Phosphorus was measured

by spectrophotometry of a phospho-molybdate blue complex in

the presence of ascorbic acid (Murphy and Riley 1962) on an

auto analyser. The ascorbic acid concentration was increased

to reduce the interference of Fe3+ ions (John f970)'

3.2.9 Estination of Total SoIubIe Carbohydrates

Total soluble carbohydrates rdas determined color-

inetrically using the phenol sulfuric acid reaction

described by Montgonery (f96f) using glucose standards

3.2. t0 Measurement of PIant and Soil ltlater Relations

3.2.10. I Deternination of FieId Capacity

Field capacity of John Innes soil was determined

according to the method described by Kezdi (1980). 2 litre

graduated cylinders were lined with plastic tubing sealed at

the bottom. The cylinder was fiIled with aPproxinately 2 kS

oven dried (80o, 4A hours) soil. L75 nl of water were added

at once to the soiI. water equilibrated for 2 days. The

water content of the soil 5 cm from the wetting front was

deter¡nined gravinetrical IY.
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3.2.L0.2 Leaf Water Potential ( Vll

Yl was measured with a Spanner thernocouple

psychroneter (Barrs r96B). Freshly excised Ieaves r{ere

coiled into the thermocouple cha¡nber and equilibrated for 2-4

hours at ZS>C in a water bath. YL was determined from

catibration curves prepared from a $raded series of NaCl

solutions. A Scholander Pressure chanber (soil moisture

equipnent Corp . , U. S . A. ) vJas also used to t"""rr." YL.

(scholander et al. 1964). The pressure at which a drop of

exudate was forced to the cut end of the leaf was taken as

tne Yl.

3.2.10.3 Relative Water Content (RWC)

in accordance with the method ofMeasurement of

Barrs and WeatherlY

formula:

RtÌc (x) =

RtlC is calculated using the

RWC was

(rs62).

Fresh mass drv nass x 100
Turgi d mas s dry mass

Freshly cut Ieaves t{ere weighed

low light at 20oC for 3 hours.

after Iightly blotting on filter

hours, B0oC) and weighed again.

then floated on water under

The turgid Ieaves

paper, then oven

were weighed

dried (48
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3.2. LO .4 Stonatal Conductance

Stonatal conductance l{aa measured using a diffusive

resistance autonati6 porometer, model, Mark III (DeJ.ta

Devices). Calibration of the instrument using a calibration

plate with graded Pore sizes lr¡as done before and after each

set of measurements. The tine required for a single measure-

ment varied between 20 and 60 seconds depending on the leaf

water status.

3. 2. I I COz Gas Exchan$e

Measurements of water vapour and C0z exchange of single

leaves were performed using an oPen ended gas exchange systen

sinilar to that described by $long et al. (1978). Leaves to

be measured yúere enclosed within an aluniniun and glass cuvette

naintained at a constant temperature (26.5 J 0.20C)'

Flow rate through the cuvette Í{as 1.0 Iitre. min-r '

Air passing over the leaf was conditioned by removing C0¿

with soda line and then hu¡¡idified, with the dewpoint set

when the air was passed through a Slass condenser at l$oC-

Vater vapour content was deterurined by a Vaisala HM606

(vaisaIa, oy, Helsinki, Fintand) capacitive sensor. The c0z

concentration was esabtished by injecting l0X COz in air into

the air strean through a nass-flow controller. The Cjz

depletion caused by the leaf was measured with an ADC Mark

III infrared gas analyser. ,Air was circulated inside the

cuvette by a snall fan. The light souce was a tungsten
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f
halogen projector Ianp with an iradiance of 600 ¡rmol m-2s-1.

Å/
Assinilation and evaporation rates, leaf conductance, and

intercellular COz concentration !ùere calculated on a

Commodore mini-conPuter. Calculations of results followed

those set out by Von Caemmerer and Farquhar (1981)" On the

day of measurement Plants were taken from the growth cabinet

to the gas exchange unit. The penultimate leaf h¡as laid

across the cuvette so that I cm of the central portion of the

leaf was inside the chamber. The area of the leaf surface

within the chanber was between l0 to 14 crz, depending upon

the cultivar and the leaf position. The toP of the cuvette

was then laid over the leaf and tightened with clanp screws

until the inside of the cuvette was comPletely sealed from

outside air. After 15 to 30 ninutes of equilibration ti¡¡e

the partial pressure of COz 1p(COz ) ) within the cuvette r^tas

increased from 330 ubars to 900 ubars pCOz and triplicate gas

exchange measurements were obtained. Gas exchange measure-

ments Í{ere then recorded at Progressively Iower pC0z levels,

down to 45 ubar p?}z. Measurenents were taken during the

normal daylight hours, corresponding to the photoperiod of

the growth cabinet in which the plants were grown.

3,2.L2 C}l.lorophyll Determinations

Three leaf discs were placed inmediately into 2 m7 of

N, N-dimethylformanide (DMF) in glass vials and stored in the

dark at 20C until measurement 2 weeks Iater (Skeep and

BIoo¡n I985). The resultant chlorophyll extract was analyzed

spectrophotometrically (Model CE 303, Cecil Instruments Ltd.
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Cambridge) at wave lengths of 665 and 647 nn. The amounts

of chlorophyll a and b were calculated using the equations:

CHLa = 12.7 (4665) - 2.79 (4647)

cHLb = 20.7 (4647) - 4.62 (Â665)

Total CHLa + cHtb = I?.9 (4647) - 8.08 (4665)

3.2. 13 Leaf Area

Leaf area $ras determined on freshly harvested leaves

using a Paton planimeter. Leaves were Placed on a trans-

parent conveyor and passed between a Iine of photocells at a

constant speed. Total area was shown on a digital readout

met er .

3.2.14 Experinental Design and Statistical Analysis

Conrpletely randomízed or randomízed conPlete block

designs rdere used in the experiments described. Data were

analyzed with the assistance of the Bionetry section of the

ttlaite fnstitute on either a Cyber or a Vax computer using

Genstat statistical analysis Programs.
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CHAPTER 4I RESULTS AND DISCUSSION

SECTION I

t.r Tolerance in Tillering PIants

t Introductiont.l

Most grass species are hosts for Heterodera avenae

(Meagher I977, Brown l984). Differences between

cultivars in Ievels of tolerance and resistance

avenae have been observed in field studies (Barr

rs85).

EVATUATION OT'

TO Heterodera
TO[ERANCE OF FOUR OAT CUTTIVARS
av en ae

oat

to Heterodera

and Dube

Plant response to nematode infestation has been shown to

be inftuenced by such factors as soil tenperature (Barker el

aI. I9?6; Nardacci and Baker I979, Griffin l9B1) irradiance

(Fawole and Mai I9?9) salinity (Endogali and Ferris 19BZ)

water avai lability (Evans and Franco t979; Evans L9B2a) and

soil nineral composition (Evans et- aI. L977; Sinron and Rovira

I9B5). Assessment of nemat<¡de tolerance under controlled

glass house conditions in which the inpact of a variable

clinate on plant response to infestation, is mini¡nized may

therefore differ from tolerance assessments in the fieId.

Fietd rating of cultivars for tolerance at harvest

provides no infornation on how differences in tolerance

originated. Continuous monitoriing of Plant growth has

greater potential to provide infornation on how differences



43

in development may affect final yield response to

infestat ion. For example, early maturing cult ivars may have

l.ess opportunity to counter infestation through growth of

t illers than late maturing cultivars. The production of

large root systems by some cultivars may facilitate water and

mineral aquisition and neutralize effects of infestation on

growth. Such developnental differences between cultivars

must be taken into account in assessing nematode tolerance

before more subtle physiological traits, such as hormone

IeveIs can be assessed.

The present study was undertaken to assess the

toJ-erance and resistance ratings of four oat cultivars

previously established in field trials, in response to

a range of initial nenatode densities under controlled

environment conditions. fnformation was also sought on

whether morphological and deveì-opnental traits could be

related to cultivar response to infestation.

I. I.2 Methods and Materials

Plastic pot.s , 2O cm diameter r^,ere f i 11ed with John Innes

soil without peat (Chapter IfI, Section 3.2.2.L). Plastic

PVC tubes 5.4 (I.D.) X 13.0 cm were placed I tube per pot,

vertically into the soil of the largier pot, the bottom 2 cm

enbedded below the soil surface, and filled with the sane

soil nixture. Perlite was sprinkled onto the soil surface to

reduce evaporat ion.
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Seeds of four oat cultivars, New Zealand Cape (NZC)

SuaI, Swan and West were Pregerminated (Chapter 3.2.1) and

pLanted 4 seedlings per tube. After one week plants were

thinned to one plant per pot. Second stage llet erodera av e439

larvae hìere applied at densities of 0, I00' 300, 900, 2000,

5000, 10,000, 20 
' 
000 and 40,000 per plant between 7 to I0

days af ter sowing. There rdere a suf f icient nunber of

replicates to enable destructive samPling on plants 30, 70,

I2O (Swan and lr¡est) and Iaz days after planting ( Nzc and

sual), with 4 (day 30) 6 (day 70) or B replicates (days 120

and lB0) per treatnent.

Plants were maintained until naturity, at a constant

temperatue of 2OoC + 30C in a tenperature controlled

glasshouse from the months of November to May wi.th an average

daylength of l_4 h, with night t ime supplemental I ight ing

providecl by "Coolwhite" fluorescent tubes (B0w) and

incandescent bulbs (60w).

PIants h¡ere watered every three to four days to maintain

a soil field capacity of 95%, determined gravimetrical ly.

The development of atl plants was recorded by measurement of

leaf lengths and later through destructive harvests. Because

they matured earlier, final harvests of Swan and West $,ere

carried out earlier (I20 {ays after planting) than those of'

Sual and NZC (LBZ daYs ) .
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Tolerance was assessed by comparing the grain yield of

control plants with that of inoculated treatr¡ents and was

expressed as the absolute reduction in yield (g) and X yield

reduction (tolerance index) (Fisher et al. 19BI Boerna and

Hussey f984).

Larval penetration of roots was measured four weeks

of cysts per root system wasafter sowing. The number

measured 7O, I20 and L82 days after sowing

Water consunption was recorded every third or fourth day

until day I36, by measuring weight foss of pots with plants

over the time period and subracting water loss due to

evaporation from control pots without plants.

The experiment was done in t9B2 and l-983, Iower inoculun

densities in the first year followed by higher densities in
o

the second year. For uniformity rarval densities of I and

^
2000 larvae per pot r^rere included in both experiments,

permitting conParison between years.

A randomized complete block design h,as used in both

years.

I. 1.3 Results

Variation between the two years in which the

was conducted $,as not significant on the basis of

exper iment

final grain

yield and shoot mass (TabIe l. I). Differences between

cultivars and densities will be discussed in the following

sections
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The Effect. of Different Plantin
Yield and Shoot Mass of Four Oa

gD
tcTabIe l. I

CULT I V AR

New Zealand
Cape

GRAIN YIETD
(g)

ates on Grain
ult ivars

SHooT MASs (S)
AT HARVEST

INITIAT
I NOC UtUM

DENS I TY
( TARVAE/POT)

0

2 000

MEAN

0

2000

MEAN

0

2000

MEAN

0

2000

MEAN

I 982

10.66

8.22

9.41

3.80

2 .27

3.02

7. 99

6.53

7. t9

I5. BO

7 .46

B.4I

3.43

l.85

2.66

6. 04

5 .82

5. 98

13.79

8.01

39. 1.4

LO .2L

5.74

10.57

6.10

I9B3 MEAN 1982

9. 48 10. r7 4t. 98

7 .s4 7. 69 44. 80

I9B3 MEAN

38.72 40.5r

39.46 42.0L

Wes t

Swan

SuaI

rsD (P s 0.05)

Between Years

Between Densities

Between Cultivars

43.31

3.62 11.03

2.ra 6.28

8. 64

7.0t 15.49

6.r9 13.41

14.45

14. B3 62.86

7 .76 30. 14

7. 89

13.98

14 .67

14. 69

14. r3

11.6t 10.92

NS

2 .34*

NS

46.43 43.32

14. 33

59.47 6r . t4

27 .16 28.72

NS

6.74**

8.22*
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Larval Infestat ion

Analysis was performed on Iog transformed data and

presentedintheoriginalforninthérelevantfigures.

The nematode population on invaded roots increased as

inoculum density increased (Figs' l'la and I'Ib)' No

significant cultivar by density interactions with respect

to male larvae numbers on roots at 30 days were observed'

Males !{ere more numerous on NZC and swan than on sual and

t{est. A significant interaction between density and

cultivar hras noted for fenale larvae, however swan had more

fenales in the internediate density rang;e, while most fenales

were counted on t{est at the higher densities (fig' f'1b)

(analysisoflogtransformeddata).Byday70Ílesthada

consistently higher female population while sual and NZC had

significantly fewer females than west over aIl densities

(Fig. 1. lc). Swan was again highly variable' At plant

maturity the nunber of cysts on roots had declined

<lramatically (Fig. 1.2) in all cultivars, this was

significant at initial densities of 5000 larvae or more.

Bythisdatedifferencesbetweencultivarswerenot

significant at Iower densities (Fig. I. Id) . At initial larval

densities greater than 5000 Sual had significantly fewer

cysts.



FIG l.Ia The effect of initial inoculum density of
avenae larvae on the number of male larvae
four oat cultivars 30 days after plantíng
four replicates ) .

Heterodera
on

( rnean o f

FIc I " tb The effect of
avenae Iarvae

initial
on the

oat cultivars 30
repl icates ) .

inoculum density of Heterodera
number of fenale Iarvae on
days after planting (nean offour

four

FIG l.Ic The effect of initial inoculun density of Heterodera
avenae larvae on the number of cysts on four oat
cultivars I2O (Swan and West) and lB2 (NZC and Sual)
days after planting (mean of eight replicates).

FIG l"Id The effect of initial inoculum density of Heterodera
avenae Larvae on the number of cystg on four
oat cultivars I29 (Swan and West) and L52 (NZC and
Sual) days after planting (mean of eight
replicates ) .

IDENTICAL SYMBOLS USED IN FIGS. 1.1 to L.4

CULTIVAR

NZC

SUAt

SWÂN

WEST

a-a
o-o
l-I

o-o

NOTE: Initial
Figures

inoculum denslty in Logr o scale in
l. Ia-d.
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FIG T.2 The effect of plant age (days after planting) on the
number of femal-e larvae on cysts on roots of four
oat cultivars inoculated with different initial
inoculum densities of Heterodera avenae larvae
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Main-stem Leaf Growtlt

The effect of nematode density on leaf growth L2r 24 and

40 days af ter plant ing is shown in 'tabl e L.2. Analysis of

variance was performed on individual sanple dates for each

leaf. Values for densities under 2000 are not included

because infestation had no effect on leaf growth below this

density. For cì.arity no values for the density of 5000 are

shown.

In general the eff,ect of infestation on leaf growth was

nost severe 24 days after planting. At that date infestation

reduced Ieaf length and/or delayed leaf extension at

densities of 20,000 larvae or more. However, cultivars

differed in therr response to infestation at l-ower densit,ies,

and at different dates '

NZC and Swan were unaffected

density on day L2. Sual and West

in Ieaf extension on day 12, Sual

to infestat ion than West . By day

evidence of both decline in final

delay in extens ion. Least affected

most af f ected we):e Sual and Swan.

r,irere significantly affected by

by infestation at any

showed significant delays

showing greater sensitivity

24 aII cultivars showed

leaf length as well as

were NZC, and West and

The latter two cultivars

densities of 2000 (SuaI) and

differences between cultivars10,000 (Swan) . After

established on day 24

40 days,

were still evident.



Table 1.2:

a) DAY L2

CUtT. DENS ITY

NZC 0
2000

I0000
20000
40000

SUAL 0
2000

t 0000
20000
40000

SUAI 0
2000

10000
20000
40000

L4 r5 L6

52 WEST
2I*
9*

58 SWAN
97
42
12*

49.

Effect ol Density of Heteroder'a aven-ae
Lamina Length of Four Oat Cultivars 12
After Planting

tÁ,MINA LENGTH (mn)

IEAF NO.

rl L2 r3 r-t

on
to 40 Days

89
a4
9t
B7
B2

B4
87
78
85
B1

26L
249
204
165 r
I42*

170
1.82
t57
t49
L47

I62
L52
l2 6*
t03x
84*

322
309
3r4
291
247 *

SI{AN 0
2000

t0000
20000
40000

r04
lrt
t0B
t03

98

B2
86
64
66
57

LEAF NO.

L23
r26
IIB
r 15
109

rt9
ITl
9I
B2
48*

L2 L3

52
54
65
4I
32

44
57
39
zl

b) DAY 24

CUtT. DENSITY T3

NZC 0
2000

r0000
20000
40000

0
2000

r 0000
20000
40000

0
2000

I0000
20000
40000

0
2000

r0000
20000
40000

76
72
72
79
69

L4

326
32L
299
261*
I93 *

228
224
IBI
L26

B7

ooo
198
17 4*
I42*
l07x

203
l9t
176
92*
59X

r6

73
5B
3l*

r5

258
273
229
192 *
163 X

330
337
193 x
l28r
84*

232
I76X
104*
62*

WEST 14I
tt3

74



Table 1.2 cont

c) DAY 40

CULT. DENS I TY

NZC 0

2000

I 0000

20000

40000

S UAL 0

2000

t0000

20000

40000

St{AN

2000

r0000

20000

40000

WEST 0

2000

10000

20000

40000

50

t5

338

351

37t

288

273

289

247

223*

LBz*

I47 *

354

366

338

2BIX

227 X

224

207

I83

194

176

t6

324

3r6

309

32r

276

352

292

242*

2 66*

257 *

34I

308

338

278

239X

208

179

t6t

157X

7B*

LEÂF NO.

L7 t8

232 196

289 234

206 t71

173 r69

I5 BX 97X

r9

84

rlB

22*

B*

73

0

324

3I8

22L*

I 93X

72x

254

218

137*

l IB*

34X

L72

I39

Il0*

I I7X

9lx

216

l40x

64

96

a) Leaves are numbered in increasing order of emerglence.

x Significantly different from 0 density (P < 0.05) .
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Shoot Mass, Root Mass, Root/Shoot Ratio

Analys is

are presented

was perforned on

in their original

Jn transformed data. Results

form.

Cultivar differences were observed in shoot mass after

30 days growth (Fig. 1.3). Swan and NZC had significantly (P

= 0.0I) larger root and shoot masses than Sual and West.

Nenatode density reduced root and shoot mass. Shoot mass of

aIl cultivars was similarly affected by density of inoculum.

A significant (P = 0.05) cultivar by nematode density

interaction was observed for root ¡nass after 30 days (Fig.

1.4). Root mass of all cultivars except that of NZC was

significantly depressed at larval densities of 10,000 or

more. No measurements were made on root growth aft,er 30

days. Ne¡ratodes had no effect on the root/shoot ratio of

NZC, Sual, Swan and West had higher root/shoot ratios at

larval densities of I0,000 or more. (TabIe I.3)"



Table 1.3

INITIAT
DENS IlY

0

100

300

900

2000

50 00

r0000

20000

400 00

MEAN

52.

The Effect of Nematode Density on Root/Shoot
Ratio (Dry Mass) of Four Oat Cultivars 30 Days
Àfter Sowing

ROOT/SHOOT RATrO

C ULT I VAR

NZC S UAt SWAN T{ES T MEAN

ANAIYS IS

SOURCE OF VARIATION

Cultivar

Density

Cultivar X Density

0.50

0.5r

0 " 56

0.53

0.53

0.61

0.59

0. 65

0. 64

0.56

LSD (P = 0.05,*; P

0.069xx

0 .072**

0. I49r

0.59

0. 66

o .62

0.56

0. 64

o.72

0. 66

0. 66

0. 68

0. 64

0.56

0.50

0. 55

0. 58

0.59

0. 57

0. 67

0.71

0. 76

0.6I

0. 48

0.41

0.50

o .47

0.46

0.53

0.58

0. 6t

0.67

0.52

0. 54

o.52

0.55

0.53

0.55

0.61

0 .62

0. 65

0. 69

0.0t**)
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Early Tiller Development

Cultivars differed in

and Sual had more tillers

tiIIer number (P ( 0.01)). NZC

than Swan and West (TabIe I.4) .

Table I.4: Effect of
Number of
Emergence

DENS ITY

NZC

Heterodera avenae
Four Oat Cultivars

Density on TiIIer
55 Days After

ANAI,YS I S

SOURCE OF VARIATION
cv
Dens ity
CV X Density

TILLER NO.

CULT I VAR

SUÀt SWAN

t7
T3
II
I
5

tSD (P = 0. 05, *; P 0. 01, x* )

4 .2**
3.7*X
NS

WEST

0
900

5000
10000
40000

16
L4
I
B
6

B

7
4
3
f)

=

6
6
4
2
2

Infestation reduced the tiller number of all cultivars.

fnteractions between cultivar and density were not

significant.

YieId Components and Final Yield

NZC and SuaI produced a greater number of tillers at

f inal harvest ( day I2O, Swan and ltlest; day I82, NZC and SuaI )

than Swan and West (Table 1.5).



FIG I.3 The effect of
avenae Iarvae
cultivars 30
repl icates )

initial inoculum density of Heterodera
on shoot dry mass of four oat

days after pI'anting (nean of four

FIG I.4 The effect of initial
Het e rode ra @on

CUIT IVARS

NZC

SUAL

STf AN

T{EST

NOTES:

inoculum densitY of
dry root nass of
days af ter plant ing (rnean

a-a
o-o
I-l

t-()

four oat cultivars 30
of four replicates).

Figs t.3 and 1"4 have common legends:

Initial inoculum density in Iogro scale
in Figures 1.3 anil I.4
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Effect of Density
Number and Number
Cultivars at Final

of Heterodera
of Panicles on
Harves t

avenae on Tiller
Four Oat

Table 1"5

CIJI,T.

NZC

LARV At
DENSITY

0
I00
300
900

2000
5000

t0000
20000
40000

0
t00
300
900

2000
5 000

10000
20000
40000

TITLER
NO.

t9
2t
23
2L
23
24
23
20
I8

29
2B
27
32
20
22
77
I9
t4

PAN IC LE
NO.

t9
15
23
20
20
23
It
20
IB

22
20
21
24
15
L7
T7
t6
L4

TOTAT GRAIN
NUMBER PER

PTANT

47L
394
351
407
392
469
399
353
29r

607
598
460
463
339
3r7
249
22L
103

257
274
253
r99
230
212
1I5
r03

57

% DECLINE
IN GRAIN

NO.

(84)
(7 4)
(86)
(83)
(se)
(85)
(75)
(62)

(ss)
(7 4)
(76)
(56)
(52)
(4t)
(37)
(r7)

(ro7)
(s8)
(77 )
(8s)
(82)
(44)
(40)
(22)

(76)
(7r)
(43)
(61)
(46)
( t6)
( t4)
(5)

GRAIN N

PER
PAN IC L

24
26
t5
20
19
2L
I8
IB
I6

2B
30
22
I9
23
t9
I4
I3

7

29
30
3I
2B
29
25
2l
19
t.3

I7
l4
T4
t0
t3
13
II
t0

B

SUAt

SWÂN 0
t00
300
900

2000
5000

I0000
20000
40000

TI¡E S T 0
100
300
900

2000
5000

t0000
20000
40000

ANATYS IS LSD ( P

SOURCE OF VARIATION

Between Cul-t ivars
Between f nocu.l at:i on
Cultivar X Inoculation

t36
104

97
59
B3
63
99
t9

7

TILI,ER NO. PANICTE NO "

.05)

9
9
7
7
8
B

5
5
4

B

7
7
6
6
6
4
.)

2

I
I
8
7
B
B

5
5
4

B

7
7
6
6
5
2
2
I

GRAINS /
PAN IC LE

3.4
2.8
5.9

3
t
5

3.9
3.0
5.7

3

4
L
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Because plants were grown until no further titlering occurred

infestation had an al¡nost identical effect on both total

tiller number and panic,l.e number. Infestation markedly

reduced the number of tillers on Sual, Swan and West.

Inspection of panicles during harvest of grain indicated that

fewer grains werê harvested per panicle at the higher

inocufum densities. This is illustrated in TabIe I.5. NZC

was least reduced by infestation and Sual was nost reduced.

Infestation also had a significant effect on single seed

nass, presented in TabIe I.6 as mass per hundred grains.

Table I.6 Effect of Density
I00 Seed Mass of

of Heterodera avenae on
Four Oat Cultivars

40000

NZC

2 .zLT

2. I4B

SUÄ,L

2 .497

t. 6r t\**

WEST

2.63r

2 .713

, ** values for inoculated and
significantly different (

respect ively.

SWAN

3. r35

2 .7 42*

uninoculated plants
P < 0.05, P I 0.01)

0

t

fnfestation at the highest

reduced hundred grain mass

nematode density significant ly

of Sual and Swan.

Total grain number per plant of NZC and Sual exceeded

that of Swan and West due to more tillers on the former

cultivars (Tab1e I.5). The extent to which grain number of

each cultivar was influenced by infestation supported results



56"

already presented" Grain number of NZC

nematode infestation while that of the

were dramatically reduced, partrcularly

was l- eas t affected by

3 cultivars

West.

remaining

that of

Fig 1.5 shows the rel-ation between total grain mass and

initial inoculum density, with Iines fitted accorded to

regression equations presented with the figure. Final grain

yield varied between cultivars in the absence of infestation

because of the differences in grain number between cultivars.

Àlthough SuaI had the highest yield in the absence of

infestation, its yield htas most severely affected by nematode

infestation. The relation between inítiaI nematode

density with the yields expressed as a percentage of

uninfested controls are shown in (Fig" f"6). The yield of

NZC was significantly Iess affected by nematode infestation

than the other 3 cultivars.

Transpiration Rate (Figs. l.1,3, Table I"7)

Figures I.7 a-d show the

cultivar at three inoculation

over the measurement 'interval 
"

transpiration rate of each

densities (0, 5000, 40,000)

Cultivar, density and date

inf Iuenced rate of evapotranspir¡¡tion ' Cul-tivars could be

ranked: NZC, Swan , Sua I ancl Wes t. in order of decreas ing total

water use. Nematodes reduced water use of al I cult ivars .

Peak transpiration rate occurred between 40 and

planting" There were significant interact ions

cultivar', density and date of meAsurement (P <

60 days after

b e tween

0.05 ) .



FIG I.5 The effect of initial inoculum density of
Ileterodera avenae Iarvae on the finaì. grain
yield of four oat cultivars. (Mean of B
repl icates ) .

FIG I.6 The effect of initial inoculum density of
[Ieterodera qvenae larvae on final yleld
expressed as percentage of uninfested control
plants (tolerance index) of four oat cultfvars
(nean of 8 replicates).

ïDENTICAt SYMBOtS USED IN FIcS t.5 and I.6

CUTTI VAR

NZC A-^
o-o
tr-tr
o-o

SUAL

SWAN

WEST

NOTE ¡ Initial inoculun density in logro in
Figs. I.5 to I.6
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FIG L.7 (a-d) The effect of initial inoculun density of
Heterodera avenae larvae on the
nater use of a) NZC b) SuaI c) Swan and
d) ltlest 25 to I30 days after plantlng

INITIAT INOCUTUM DENSIlY

0

500 0

40000

a-a
o-o
o-o

tsD (P = 0.05)
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In Table L.7 the effects of density on daily transpiration

over three developmentaì. intervals, with corresponding water

use efficiencies âre shown. There were significant cultivar,

density and measureìnent interval interactions. Transpiration

rate (E) of NZC was higher than that of the other 3 cultivars

during the fi.rst 70 days but equalled that of uninfested SuaI

Iater on. Swan and West had considerabLy lower E values than

NZC at all densities, and of Sual at densities greater than

I0,000 larvae. E values of NZC declined steadily with time

at aIl densities but values of Sual, Swan and West declined

only after 70 days. Of the four cultivars¡ Sreatest and

Ieast % decline in transpiration rate due to infestation

occurred on Sual and NZCr respectively.

Water use efficiency (WUE), the amount of water

unit dry natter produced differed between cultivars,

densities and days, Overall, WUE of West was lowest

the initial" growth interval, with smaller differences

between the 'tl¡ree remaining cultivars. Infestation

used per

during

noted

significantly (P -- 0"05) reduced l{UE of all

During early growth t'9UE of NZC improved with

density while that- of Sual and West declined

cult ivars "

increasing

s ign ificant Ly.

of West was almost twice

Nematodes reduced the WUE

Water required

that of Swan in

per unit grain nass

uninfested plants.

of West.of Swan but not



5B

Tabl-e 1 .7 :

TRANSPIRATION RATE WATER USE EFFICIE}ICY
(e oav-r¡ g H2oITUTAL g

GROUND

DEVELOPME¡TIAL ITfIERVAL (DAYS AT1TER PLANTING)

cr.tlT. DENS. 30-50 50-70 70-L20 30-120

The Effect of Heterodera avenae Infestatioïfrt.r,"nj-ration
and Water Use Efficiency of Four Oat Cultivars During
Three Developnental Stages

(xro-3 ¡

NZC

5

40

SUAL 0

5

40

104 70

153 68

106(102) 63(e0)

0 203

178

148(73)

135

B5

12(B)

95

4T

39(41)

65

41

32(4e)

158

105

23(Is)

B4

52

20(23)

110

119

4e(45)

II2
74

53(48)

34

18

ls(44)

H20lcRAIN
}IASS

30-t-20

737

901

1071

I49I
L22L

L691

WUE

(GRAIN I'4ÀSS )

L28.6**
109.5**

107

TT2

92

LL2

72

19

Sì[/{AN 0

5

65

46

30

59

3B

23

40

WEST 0

5

40

Cul-tivar (CV)
Density
Day
CV X Density
CV X Day
Density X Day
CVXDensityXDay

TRÀI{SPIRATION
RATE

14. 1**
11. B**
13.4**
29.6*
31.6*
24.7*
39.2*

36

2I
le(s3)

a) Parenthesized values indicate I decl-ine due to i¡festation.

AI'iALYSIS (P = 0.05)

SOURCE OF VARIATION WUE
(sHocrl I,4ASS )

39.4**
33. 1**
36.6**
77.2*
81.9*
78.2*

111.6*

242

288

311

91

66

T2I

431

532

514

240

L94

730

30-70 70-L20

328

344

386

323

181

L54

2L0

227

304

183

279

1050

236.0*
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l.l-.4 Discussion

The eultivars sel.ected for study in this experiment have

previously been classified on the basis of field trial.s with

respect t.o their resistance and tolerance to Heterodera

ef,gnag âs follows (Barr and Dube, l9B5): NZC,

res i st an I / to I e rant ; Swan , res istan t / ínto I erant ; Wes t ,

sus cept ib I e / int o I eran t ; SuaI , res i s t an t / ínt o I erant . The

absence of an oat cuLtivar having both susceptibility and

tolerance made it impossible to devise a complete

resistance/tolerance quadrat. This would have been

regrettable had tolerance been associated with an abitr-ity to

significantly exclude Larval establishnent. Though there

were cultivar differences in the number of Iarvae that

established on the roots by day 30, these appeared small

relative to the total numbers of Iarvae in the root.

There rrrere differences between the four oat cultivars

studied in their response to Heterodera avenae and these were

evident early in developrrent. fnfestation influenced leaf

emergence and size of SuaI, Swan and West more strongì.y

than NZC. There was IittIe sign of recovery from the.initiaL

effects on growth. While differences in growth response did

not seen related to differences in actual larval numbers

establishing in inoculated roots this possibility could not

be entirely discounted. Both NZC and Swan perforned better

than Sual fol"Iowing inocul.ation despite there being more

larvae detect.ed.in roots of the former cultivars than in
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SuaI. Nonetheless, Sual's root system was smaller than that

of NZC and Swan and may have had as many or more larvae per

unit root length than NZC or Swan. Unfortunately no root

length data were obtained from this study to test this

assertion. The poorer growth of Sual relative to West in

response to infestation could not be attributed sinply to

more larvae established per root since llest had a gireater

number of females than Sual on root systems of roughly

eguivalent dimensions. A more accurate measurement of root

size than ¡nass would be required to assess the inportance of

differences in larvaI nunber per plant to differences in

growth response to infestation between cultivars.

It is believed that plants resistant to nenatode

infestation nay also be nore tolerant because of the fewer

number of Iarvae that develop to naturity on resistant

plants (Cotton f967). AII cultivars examined in this study

except West have been classified as resistant to Heterodera

q\r€!ìae, yet Iarge dif f erences in tolerance þrere observed

between resistant cultivars in the present pot study and in

field studies (Barr and Dube l985). This suggests that

resistance nay have no relation to tolerance.

The very large decline in the nunber of females from 30

days to harvest (from 400 to 30) suggested thaf; either

collection and counting efficiency was poor on the older

plants or that nany fe¡nales died before plant naturity"
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The latter could be inclicative of some forn of resistance

operating in aIl cultivars. Reports by others support\ this

view (Rao and Peachey 1965, Seinhorst 1967, McClure g! qi_.

1974b). McClure e_t_ al. (f974b) found that although

sinilar numbers of Meloidosvne inco{nita I arvae

developed, syncytia degenerated and the nenatodes died before

reaching adulthood. sinilar results were reported by o'Brien
(19?6) on wheat in which increases in inoculation density

beyond a critical number resulted in no further female

developrnent. This was interpreted as indicating that root

resistance was directly proportional to Iarval density

already on the root.

Tolerance in the cultivar NZC seened to be very general

being nanifest at every growth stage as less delay in leaf

emerE!ence, Iess reduction in leaf sizer Do reduction in

tiller number or Iess decline in grain number. Âlthough

Sual and NZC closely resembled each other developnentally,

both being late maturers, and in growth habit, both being

heavy tiltering long stemmed cultivars, their response to

nematodes differed. The ability of NZC to continue to

produce new tillers even at high densities contrasted sharply

with that of the other cultivars. Unfortunately the

contribution of these Iater tillers to final yield was not

assessed, but it might have largely accounted for the smal.Ier

yield decl,ine of NZC compared to the other cultivars.
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This regenerative capacity absent in the other cultivars

studied could in part be responsible for NZC,s higher

tolerance Iimit " Differences between pì_ants in their

tolerance linit have been attributed in part to abitity to
compensate for early setbacks in growth, for example by

generation of new roots (Hesling 1957, Seinhorst and den

ouden 1971, l{al-lace, I973). The absence of root data after

day 30 made it inpossible to comment on this aspect of growth

conpensation. However NZC's tilì.ering capacity nay be a

further compensatory mechanism.

Increasingi tolerance with age has been reported

(seinhorst and den ouden 1971, seinhorst and KozTowska rg77)

and has been attributed to the effect of root growth late in

development particularly in pot studies (Seinhorst fgBl).

Seinhorst ( fgBf) found that nematode infested oat pLants

regained their water requirements as they matured.

In this study a similar delayed water requirement was

observed for the two cultivars NZC and Sual that rdere

indeterninate in their tillering ability (Fig. l. tl, Table 7).

continuous emerg;ence of new tillers resulted in the apparent

rejuvenation of the inocul.ated plants by delaying and

extending the duration of their water requirenents. However,

NZC and Sual differed in nematode tolerance because of

differences that occurred between their rates of

evapotranspirat ion during the first 60 days. The reLevance

of the relationship between the apparent. excessive water

requirenents of Nzc compared to Sual and NZC's abi. lity tc.r

better withstand nematode ef'fects is not obvious.
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Results of this study di.ffer from those that trave

indicated that nematode i¡¡festation predominantly delayed

plant development without affecting yield, if time was not

limiting (Meinl and Stelter 1963; Seinhorst and den Ouden,

f97f). Although there was some evidence of developmental

delayr eE. panicle emerg;ence, and water consumption, due to

infestation. Initial nematode effects persisted to full

naturi ty.

It has been suggested that cultivars with inherently

larger root systems may suffer Iess from nematode infestation

than snaller rooted cultivars (Seinhorst 1965; Evans et al.

1977; Trudgill and Cotes 1983 a). Both Swan and NZC had

large root systems compared to SuaI and West after 30 days

growth and yet yield loss of Swan exceeded that. of NZC and

West. Nematodes reduced the root size of Swan nore than NZC.

These results suggest that sensitivity of root growth to

infestation may be more important bhan uninfested root size

in determining the yield potent ial of infested cult ivars.

It should be borne in nind however that root growth in a pot

may have no bearing on root growth in the field.

In summary, early effects of infestation are correlated

with yield losses at harvest. EarIy maturation of

Swan and West nay have precluded recovery fro¡n the initial

set backs caused by infestation. A greater sensitivity to

infestation of Sual compared to NZC with respect to both

early leaf development and grain set on Iate formed tillers

was the apparent cause of NZC's l¡et-ter yield at harvest.
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More

for

detailed studies are necessary

differences in tolerance at both

stages between cultivars.

Conclusions arising fron this

differences in levels of tolerance

to deternine the reasons

early and later growth

study are that

to Heterodera avenae

between the cultivars examined in this study do exist. In

absolute terms, NZC h,as most tolerant, followed by ltlest,

Swan and Sual. If expressed in terms of B yield decline' NZC

ranked ahead of West followed by Swan and SuaI. These

tolerance rankings are in general agreenent with those of

Barr and Dube (f985).
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1.2 Effect of Tiller Removal on Tolerance of Oats to
Heterodera avenae

t . 2. I fntroduct ion

In the previous study two heavy tillering cultivars,

Sual and NZC, differed markedly in their level of tol-erance

to nematode infestation. Low tiller numbers on Swan and West

conferred no advantage against infestation at least in terms

of % yield reduction. These results suggested that tillering

capacity was not a relevant factor in determining tolerance

to Heterodera avenae. However it was the absence of, a

nematode effect on tiltering capacity of NZC that

distinguished it from the other cultivars. The question

arose whether unabated tillering was the cause or the resuLt

of NZC's tolerance to infestation. The strong growth

performance of NZC throughout its development suggested the

Iatter. However, a reciprocal argument- also has some

substance: the weak performance of Sual may have been

further hindered by overabundant titlering resulting in

available resources being diverted to tillers at the expense

of shoots, There is abundant evidence that suggests that

competition for Iimiting substrates and nutrients occurs

between newly developing tillers and the main shoot in cereal

plants ( Aspinal I [962; Kirby 1973) .

Because of the potentially contradictory effects of

til-ler production on productivity of nernatode infested plants

the following study h,as undertaken to test the hypothesis

that tiller removal has no effect on the tolerance level of

cultivars infested with tleterodera avenae.
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I.2.2 Methods

Seedlings of cultivars, NZC, Sua1, Swan and West were

grown under glass house conditions in open-ended cellulose

nitrate tubesr 2.0 x 9.0 ctr inbedded vertically in 20 cm

plastic pots previously filled with John Innes soj.I without

peat. 3-day oId seedlings were inoculated with suspensions

of larvae at densities of 1000 larvae. Subsequent

inoculation of plants with 2000 larvae was carried out daily

on plants receiving higher densities. Final inoculation

densities r{ere 0, 1000, 3000, 7000 and 15000 Iarvae per

pIant. Twenty days after planting, the cellulose nitrate

tubes r^rere removed to allow expansion of the root system.

During growth, aIl- tillers were removed each week with

scissors.

Four plants were harvested per treatment' 20 and 4a days

after planting to assess shoot and root growth and nematode

infestation. Final harvest of plants Idas carried out L20

days after planting on Swan and West and at 176 days rrn NZC

and SuaI. All measurelnents were replicated B tines. Plants

were arranged in a randomized conplete block design.
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The experiment was conducted between the nonths of March

and August when day length varied between B and I0 hours.

Glasshouse temperature was ¡raintained at 2Oo ¿ 5oC.

Fertilizer was applied after some yellowing was noticed B

weeks after planting and was applied subsequently every 4

weeks. The fertilizer solution was prepared by dissolving

5 g each of monoammonium phosphate, anonium nitrate and

potassiun chloride in l0 litres of water.

L.2.3 Results

Larval Population

The nunber of male and fenale nematodes per root systern

increased with inoculun density on all measurement dates

(Table I.8). There were also cultivar differences: West had

fewest nales and the most females and NZC had the fewest

females per root system. No significant interactions h,ere

observed. The female population generally declined with

plant age.



Table 1.8:

CUTT I VÀR

NZC

SUAI

STf AN

T{EST

MEAN
(DENSITY)

68.

E ffec t
Number
20 and

DENSITY NO.

of
of
4B

Dens i ty of ltete!'qdera avqnae on the
Mal-e and tr'"r"I"*iffi-po"r o"t Cuttivars
Days After Planting, and at Harvest

DAY 20 DAY 48 HARVEST

NO. FEMALES NO. FEMALES

MEAN LT72

0
1000
7000

r5000

0
I 000
7000

15000

0
389

T72T
2584

0
299

t847
24LL

0
294

r7 16
2897

0
272

r426
199 3

0
312

l-672
2468

NO.

0
46

L82
282

129

0
48

II6
337

0
27

r35
267

0
tt3
249
484

0
5B

L72
344

0
57
96

II4

68

0
42
92

r38

6B

0
9I

TI8
179

97

0
93

L47
236

II6

0
7t

rt6
t65

0
26
33
37

24

0
I9
29
43

23

0
3I
79
B7

49

0
4T
93

IIB

MEAN I1.37 t25

MEAN L223 t06

0
1000
70 00

r5000

0
r000
70 00

r5000

MEAN

0
I 000
7000

t5000

926 2r0 66

0
29
57
72

SOURCE OF VARIATION

cv

Dens i ty

CV X Density

(tSD P = 0.05,*; P = 0.0I,*X)

24* l7X 9**

4 I** 19** l3**

NS NS NS

B6*

93XX

NS
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Leaf Developnent

Fig I.B shows the effect of infestation at the highest

inoculun density on leaf emergence. fnfestation generally

delayed leaf emergence of SuaI, Swan and West, but this

effect was not significant. Due to the delay in leaf

emergence of infested plants Swan and hlest had one less leaf

than uninfested controls. FinaI length of Ieaves L2 to L4 of

Swan and West were significantly reduced (P = 0.05) bV

infestat ion.

the effect of infestation on final leaf length of

cultivars NZC and SuaI rdas less consistent (Figure 1.9)"

fnfestation stinulated leaf expansion of NZC during the first

40 days of growth¡ up to L5, but thereafter leaf length of

NZC was consistently but not significantly reduced by

infestation. Leaf length of Sual was significantly reduced

by infestation only during early and late plant developnent.

t. 2. 3. 3 Plant Height

Total internode length htas equated with plant height.

Stems of Swan and West attained final height approxinately 60

days sooner than SuaI and NCZ (Fig I.l0). Heights of Swan

and West were about 502 those of NZC and SuaI. Cultivars

differed in response to inoculation. Infestation enhanced

plant height of NZC, had no effect on West but reduced that

of SuaI and Swan.



FIc t.B (a-d) The effect of Heterodera avenae infestation
on the date of leaf energence of detillered
oat cultivars a) NZC, b) Sual and c) Swan
and West until the termination of vegetative
growt h

INITIAT TARVAI DENSITY

15000

o-o
o- -o

0

I LSD (P= 0.05)
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['IG 1.9 (a-d) The effect of Heterodera avenae fnfestation
on final loaf length of detillered oat
cultivers a) NZC, b) Sual, c) Swan and
lle¡t untll ternlnatlon of vegetative growth
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FIc l.I0 a, b

a)

b)

NZC

STIAN

SUAL

WEST

LSD (P = 0.05)

a 
-a ^_^ a_a

tr-tr !- E I-l

The effect of Heterodera avenae infestation
on plant height of detlllered oat cultivars
a) NZC and Swan and b) Sual and Wes.t 35 to lzt
days after planting
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VAR I AT ION

70.

0. 05, *; P 0.01,**).ANAtYS I S

SOURCE OF

cv

Density

CV X Density

0.0IBXX

0.014X*

0 . 021x

0. 04BX*

0.034XX

NS

0. Ì6BXX

o .17 4x

0.31x
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Shoot and Root Mass, Root Length

shoot and root mass were infruenced by both curtivar and

nematode density. Differences between cultivars in shoot

growth rate rdere most distinguishable by day 48, Swan having

accumul-ated the most dry rnatter, Nzc the least (Table l.g) .

Table 1.9 E ffect
Shoot
Aft er

of Density of
Mass of Four
Planting and

Het erodera avenae on
Oat Cultivars 20 and 4A Days
at Harvest

SHooT MASS (S)

DAYS AFTER PIANTING

20 4B HARVES TCUtT I VAR

NZC

SUÁt

SWAN

I{EST

MEAN
( DENS rTY)

DENS ITY

0
I000
7 000

15000

MEAN

0
1000
7000

15000

MEAN

0
1000
70 00

t5000

MEAN

0
1000
7000

r5000

MEAN

0
1000
7000

t5000

0 .21
0 .22
0.17
0.16

0. 19

0. rB
0.tB
0. tt
0.09

0.14

o .26
0 .25
0.18
0. l-5

0 .2r

0.17
0.18
0. t6
o.t2

0. t6

o .25
o .21
0.t6
0. t3

0. 45
0 .42
0. 36
0.37

0.40

0.66
o .62
0.5I
0.48

0.57

0 .82
0.78
o .72
0.55

0.71

0.69
0. 68
0.6t
0 .42

0.60

0.66
0.63
0.55
0.46

2.83
2.86
2.95
3. r7

2"97

2.42
2 .37
2.TT
1. Bl

2. LA

r .27
L .24
1.03
0. 86

t. 10

o.75
0.78
o.75
0.51

0. 68

| .82
1.79
r ,72
1.59



12.

Nematode infestation reduced shoot mass of aIl cultivars

at densities of 7000 or greater 20 and 48 days after

planting. Cultivars varied in their response to infestation.

Shoot growth of West was generally reduced only at the

highest density. Shoot growth of NZC was reduced 20 and 48

days after planting but had fully recovered by harvest.

Other cultivars were reduced in mass by between 25 and 40X

(P < 0.0r).

Dry root mass was cultivar and density dependent. Swan

displayed the greatest rate of dry nass increase up to day 48

(Table f.f0). By harvest, root mass of NZC and SuaI had

surpassed that of Swan, followed last by t{est.
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TabIe L. l0: Effect of Density of Heterodera avenae on
Dry Root Mass of Four Oat Cultivars 20 and 48
Days after Planting and at Harvest

Note Nodal roots aggregated at base of stem were
designated basal roote. The rest of the root systen
was arbitrarily classified as remainder.

ROOT MASS (s)

DAYS AFTER PTANTING

CU[TI VAR DENS ITY 20 48 HARVES T

BÁ,SAL REMAINDER IOTAI

NZC

SUAT

SWAN

WEST

ME ANS
(DENSTTY)

CV
Density
CVXDe

0. 15
0. r5
0.L2
0.tr

0. 09
0.09
0. 09
0.07

0. 13
0.13
0.tr
0.09

0.01*
0.0I*
NS

0
I 000
7000

15000

MEÄN

0
1000
7000

15000

MEAN

0
I000
?00 0

15000

MEAN

0
1000
7000

15000

MEAN

0
1000
7000

15000

0. r8
0. 18
0. 15
0. l5

0. 33
0. 35
0.30
o .32

0. 43
0.38
0. 34
0.36

0.52
0 .52
0.50
o .42

0.3I
o .32
0. 35
0.38

0. 40
0. 40
o .37
0.36

0.04*
0.03*
NS

o .44
0.45
0. 35
0.39

o.2a
0 .27
o .24
0.17

0 .32
o.28
0 .23
0. t7

0.1r
0. 10
0. 07
0. 04

0.29
0 .24
o .22
0. 19

0.03*
0.04*
NS

0. 70
0. 68
0. 87
o.74

0.75

0. 55
0. 56
0. 48
0.46

o .52

0.3r
0.31
o .28
0. 23

0. 15
0. 14
0.13
0.12

0.05*
0. 04*
0.08*

r. 13
t. 12
I .22
I. t5

I. 15

0. 83
0. 84
0.71
0. 65

0. 76

0. 63
0.59
0.52
0.40

0 .26
0 .24
0. t9
0. 16

0.08*
0.06*
0 . I 2.'f.

0.17 0.33 0.4I

0. t1
0. rt
0. 09
0.07

0. 09 0.38 O.24

0.13 0 " 49 0.25 o .29 0.54

0.09 0.34 0.08 0. 14 0 .2L

ANAIYSIS (tSD P = 0.05,*)

SOURCE OF VARIATION

nsity
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Significant cultivar density interactions were observed

onì.y at harvest. The root masses of all cultivars were

unaffected by nematodes except at harvest. Root mass of all

cultivars except NZC were reduced by infestation at harvest.

Thick, unbranched roots developed from tillers that were

subsequently excised and formed a large compact mass of roots

imnediately below the stem. These roots wilI be referred to

as basal roots. Basal roots comprised between 25 and 30U of

the total retrieved root mass (Table I. I0) . Because these

roots explored very Iittle of the soil colurnn yet their

contribution to the overall mass was Iarge a more appropriate

guage of root size in which only non-basal roots u¡ere

neasured rdas used. As it turned out there was very close

aglreement betwen remainder and total root mass in their

response to infestation.

Reduction in shoot growth generally was reflected by

similar though smaller declines in root mass in response to

infestation. Consequently root/shoot ratios tended to

increase with increasing density during early growth (TabIe

l. f1 ) . However, at harvest there were no signi ficant

differences between infested and uninfested plants.
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Effect of Density of
Dry Mass Root/Shoot
20 and 48 Days Âfter

Heterodera a en ae
Oat
at

Table l.lI:

ME AN
( DENS rrY)

CUTTIVAR DENSITY

NZC 0
r000
7000

15000

MEAN

SUÀt 0
1000
7000

r5000

MEAN

SWAN 0
r000
7000

15000

MEAN

WEST 0
1000
7000

15000

MEAN

DAY 20

0. 83
0.79
0.85
0 .92

0. 85

0. 64
0 .62
0.78
0.76

0.70

0.56
0.59
0.67
0. 69

0.63

0. 54
0.48
0.53
0.59

0.54

0.64
o .62
0. 69
o.74

[sD (P

0.076x

0.063x

NS

ROOT/SHOOT RATrO

DAY 48

0.73
0.79
0. 83
0. 86

0. 8t

0. 65
0 .62
0. 68
0.79

0. 69

0.63
0. 66
0. 69
0. 76

0. 69

o .44
0 .47
0.57
0.60

o .52

0.6t
0.63
0.69
0.75

0.05,x)

0 . 0BBr

0.079x

NS

0
r000
7000

r5000

Ratio of Four
Plant:ing and

on the
Cultivars

Harves t

HARVES T

0.4r
0. 40
0.41
0. 36

0. 40

0. 36
0. 37
0.35
0. 34

0. 36

0.48
o .47
o .47
0. 50

0. 48

0. 35
o .32
o .26
0.31

0.31

0. 40
0. 39
0.36
0.37

NS

NS

ANATYS IS

SOURCE OF VARIATION

cv

Density

CV X Density NS



ANALYS I S

SOURCE OF

tSD (P =

VARIAT ION

76.

0"05;

DAY

P-0

cv

Dens i ty

CV X Density

0.074*

0. 056**

NS

05,**)

DAY 4A

0. t7*

0. l4xx

NS

HARVEST TOTAI,

0. 18* I. 23

20



17.

The response of total root ì.ength to infestation generally

paralleled that of root mass (TabIe 1.12).

Table l. l2: Effect of Densit
TotaI Root Lengt
48 Days After Pl

DAY 20
TOTAI

6.9

3.9

5.6

4.t

Heterodera avenae on
Four Oat Cultivars 20 and

ng and at Harvest

ROOT TENGTH (M)

HARVE S TDAY 48
TOTAT TOTAL

CUTTIVAR DENSITY

NZC 0
1000
7000

I5000

MEAN

SUAL 0
r000
7000

t5000

MEAN

SWAN 0
1000
7000

15000

MEAN

WEST 0
t000
7000

I5000

ME AN

yof
hof
anti

2.3
2.2
1.9
2.0

8.5
8.5
6.2
4.6

2.4
2.4
I.B
I.5

5.2
5.2
2.9
2.4

I.7
1.6
t.3
r.3

0.3
0.4
0.5
0.5

5.2
5.4
3.5
2.4

7.5
7.O
4.5
3.3

3t .2
30. I
22 .6
17 .5

25 .4

35. 6
27 .9
2r.4
16 .2

25 .3

42 .2
47.r
34. I
29.2

38.4

20.r
I9.4
24 .6
rt.8
t8.8

32 .2
31.3
25 .9
18.7

2.1

2.0

1.5

0.4

97.9
99. 2

141" 4
135 " I

r18"4

109.9
L07 "4
105"8
108.4

107. I

79. I
78.6
75.4
58. 5

73"1

27 .9
26.2
29.4
25 .0

27 .0

ME AN
(DENSTTY)

0
1000
7000

15000

6.6
6.5
4.3
3.2
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There was a significant cultivar by density

with root

i ncreas ed

cult ivars

marginal.

length at harvest. TotaI root Iength

with increase in density whereas that

declined, though the decline on SuaI

interact ion

of NZC

of the other

and West was

Nenatode infestation reduced root length more than mass,

due to root swelling in response to invaeion and cyst

formation. This is illustrated in Table 1.3 in which the

effect of nenatode infestation on the length per unit mass on

roots sanpled at day 48 and at harvest is shown. Generally

nematodes had no effect on the primary root length. Root

Iength per unit root nass of all cultivars vras reduced by

infestation only on day 48.

TilIer Developnent

TiIler emergence continued throughout the developnent of

aII four cultivars and pruning Í{as necessary on a weekly

and later a biweekly basis. To compare differences between

cultivars in the effect of nematode density on tiller growth

tiIler growth during one week was measured (Table f.14).

Cultivars did not differ significantly in the

nematode infestation reduced

number of

tillers

numbers

suggests that

by infestat ion

elongating but

of all cultivars. The only cultivar having

mass was Swan.

t i I ler mass waa

concomitant decline in totat tiller

the total regenerating

tiller

a

This

reduced

in Swan, but not in the remaining cultivars
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AN.ALYSIS LSD (P = 0.05,t)

SOURCE OF VARIATION

CV NS

Dens i ty NS

Density X CV NS

a Fine roots were designated

b Course roots designated as

NS

1739*

NS

as roots (

) 500 um"

NS

NS

NS

25O um.

NS

NS

NS



Table l.I3:

1{EST

MEAN
(DENSTTY)

80.

Effect of DensitY of
Unit Fresh Root Leng
Secondary Roots of F

After Planting and a

Het erodera avenae on
th (m E) of PrimarY and
our Oat Cultivars 4B DaYs
t Harvest

CUITIVAR DENSITY

NZC 0
r000
7000

I5000

MEAN

S UAt 0
I 000
7000

r5000

MEAN

SWAN 0
1000
7000

r5000

MEAN 449

UNIT ROOT LENGTH (n g- r )

DAY 48 HARVE S T
FINE COURSE

0
1000
7000

t5000

ME AN

0
t000
7000

r5000

FINEA

473
389
442
5r8

451

529
476
602
584

541

4L3
587
498
324

312
429
3I6
244

340

447
469
462
4t9

COARS Eb

4978
48L7
3903
29L4

4t5B

5472
5 198
370 I
3246

4409

5159
5248
3 986
392t

45 8I

6226
64 69
7005
5033

6I 89

545 B
5433
464).
37 84

333
347
304
279

3t6

4L7
432
483
446

443

487
385
382
369

40r

455
401
219
32r

359

423
394
37r
353

3486
3392
41r6
3934

3739

4689
4606
4635
4162

4528

5434

4502
46I3

4852

5242
5163
4119
4997

4BB7

47 16
43 89
4340
442I
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Ef f ect of Density of H-qlef-S-dels qYelge on
One Week of Late Tiller Growth of Four Oat CV's
Restricted in Tilleringa

TabIe l.l4:

CULTIVÀR DENSIlY

NZC 0
I000
7000

15000

SUA t 0
t 000
7000

15000

SWAN 0
1000
7000

I5000

WESl 0
r 000
7000

15000

MEAN
( DENSTTY)

0
1000
7000

15000

TIILER
NO.

NS

7
7
5
3

B

B

7
5

9
9
6
7

I
B

B

5

I
B

7
5

TOTAL
TILLER

MASS (s)

0. 14
0. 14
0.13
0. t4

0. 19
0.20
0 .27
0. t9

o .27
0. 26
0. t9
0.tB

0. t4
0. t3
0. 14
0. 15

0.0l9xx

0.028x

0.037*

T I LLER
MAS S

per tiller (g)

0.02r
0. 023
0.o24
0.026

o .027
0.034
0.033
0.026

0. 033
0.031
0.032
0"030

0.017
0"017
0.o24
0.035

0.0I2*

0.009xx

0 . 01Bx

ANATYS rS ( tSD -( 0. 05, *; P

SOURCE OF VARIÅTION

CV

Density

CV X Density

0.0I,x*)

2. L**

NS

a - Date of samPling for Swan and West - 84 days after
planting.

Date of sampling for Sual and NZC I32 days after
plant ing.
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Vegetative and Reproductive Growth Day 4a

cultivars differed in total Ieaf area. The later

maturing, more leaf bearing cultivars, Sual ancl NZC had

larger areas than the early nraturing Swan and west

(Table l. I5) . Infestation reduced leaf area of aIL

cultivars, though in absolute terms declines due to

infestation were larger on SuaI and Swan'

unit leaf area per plant of Nzc and sual exceeded that

of Swan and West (Table l.15). Nematode density had no

effect on unit leaf area, indicating that shoot mass and leaf

area h,ere co-regulated, so that decline in mass due to

infestation was coupled to a decline in leaf area. By day 48

ftag leaves had already ener$ed on West and Swan. The flag

leaf of Swan was lar$er than that of West. Infestation did

not influence flag leaf area.

spikelets were welI developed by day 48 on swan and west

though not yet emerged. on Nzc and sual only rudimentary

fLoral primordial development had occurred. Mass and number

of spikelets were similarly reduced by infestation on Swan

and West.

Yield Components at Harvest

The number of spikelets borne by each plant varied

between cultivar and inoculation density (TabIe r.16).

NZC and SuaI had equivalent numbers of spikelets. Swan and

West had about 40 and 60% fewer spikelets respectively. Atl

cultivars had fewer spikelets as a result of infestation, NZC

a¡rd West were Ieast affected.



Tabte 1.15: Effect of Densi-tY of Heterodera
Spikelet Nr:nrber and Mass of Four Oat
Days After Planting

LE,¡\F AIìE'\
Tf}TAL

u
crË

181
L69
136
124

154

L26
114
r02

11

104

87
83
74
60

l6

0
1_000

7000
15000

LEI\F AIìEi\ AREA
PER UNIT I{ASS FLAG SPIKELSIS

NS

2.Lt *

NS

PANICLE }4ASS

(s)

0.22I
0 .209
0.r79
0.088

o.2L2
0.181
0 .096
0.078

o.2L1

NS

0.019*

NS

avenae on Leaf Areat
Cultivars 48

a
CULTIVAR DENSITY

NZC 0
1000
7000

15000

ú ñ",-

No

tn t-

1Å
7

L77
172
15l-
145

MEAN 159

387
4r7
4l-2
394

403

216
27r
268
255

26'7

156
L44
L4L
139

145

L24
I2L
L2L
I42

r27

L42
35
l4
99

22.2
23.7
26.\
18.3

L2.1
L4.2
16. B

T2.B

t4.7

SUAL

srt^lAl.¡

I/ùEST

0
1 000
7000

15000

MEAN

0
1000
7000

r5000

0
1000
7000

1s000

MEAN

MEAN

(DENSITY)

L4
13
10

7

1122.1

15
13

B

B

15
13

9
B

0
0
0

198
139
082

SOURCE OF VARIATION

CV

Density

CV X Density

LSD (P = 0.05,*; P = 0.01**)

2't .3** 48.4** 3 .42*

19.6** NS NS

NS NS NS

a - sanpled at boot stage



Table I.16:
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E f f ect of Dens ity of Heterodera q-V-elq-e-e- on
Yietd Components of Four Oat Cultivars at
Harv es t

CULT I VAR

NZC 0
r000
7000

I5000

MEAN

SUAI 0
I 000
7000

r5000

MEAN

SWAN 0
r000
7000

15000

MEAN

WEST 0
1 000
7 000

r5000

MEAN

MEAN O

( DENS rTY) I000
7000

15000

SP IKE tET
NO.

36
35
32
to

33

36
34
2B
22

30

20
1B
t5
t0

16

t5
15
T2
11

L4

26
26
22
IB

GRAIN GRAINS/
SPIKELET

rOO SEED
MASS (g)

2.56
2 ,84
2 .95
,to

2 .57
2.41
2 .85
2. 86

3. 66
3.73
2.99
3.18

r.7t
t. 64
2. L8
2. tB

INOC.
DENS ITY

44 .4
43 .2
48. 6
45. 3

53.5
5r.9
40 .7
36. 7

34. r
31.7
26"5
14. I

20 .5
19.1
L5 .2
lr.4

r .23
L .25
r.51
r.57

t.49
t.53
r.42
1.67

t.7I
r.76
1.79
t.42

r.39
r .26
L .25
r.04

NS

NS

PANI C LE
MAS S

1.76
t. Bt
2. L6
t.94

3.46
3. 39
2.54
2. r9

L.54
I.43
t. 17
0. 67

r.96
r"97
t.89
r.59

45.5 r.35 r.92 2.66

44.9 1.49 2.A7 2.67

26.6 r . 66 t.20 3.39

ANATYSIS (LSDP=0.05'*i

SOURCE OF VARIATION

cv 3.9X

Density 4.I3t

CV X Density NS

16. 6 I .25

P ( 0.01,**)

r. 83 1.95

0. 1B*X 0. 30**

0.17x* NS

0.23X NS

5.7XX

4.61X

1I.T* NS
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Grain number at harvest roughly reflected spikelet

n¡mber. There was a significant cultivar x nernatode density

interact ion in grain number Per pIant. Infestation

significanLì-y reduced grain number of SuaI aud Swan but had

no effect on NZC and t{est. This occurred in spite of the

absence significant cultivar x nematqde density interactions

with respect to spikelet number or grain number per spikeLet'

The effects of infestation on spikelet number and girain

number per spikelet became significant when combined into the

single variable of grain number.

On the basis of individual seed mass'

hundred seed mass, Swan was heaviest, Sual

mediate, and West the Iightest' fnfection

clensities had no ef f ect on I00 seed mass '

expressed as one

and NZC inter-

at the applied

There were differences between cultivars in final grain

yield (Table l. I7). Yields of Nzc, swan and sual vrere

similar. In the absence of infestation grain mass of West

was only about 30% that of the other cultivars. The yields

of alI cultivars was reduced at the highest Ievel of nematode

infestation. cultivars differed in their response to

nematode density. In absolute terms NZC and l]llest were Ieast

reduced .in grain mass by inf estation. By comPar j son, Sual

and Swan lost between 4 and 7 times more in grain mass'

respectively, at the highest density than I{est and Nzc.

The¡e was a marked increase j'n yield of NZC at intermediate

densities that was not evident in the remairrlng cultivars'
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When yield loss was expressed as â percentage of

control, Swan was most strongly affected by infestation, Sual

and tfest were intermediate and NZC was least j-nfluenced by

infestation (Fig l. II).

Harvest indexr of grain mass per gram of shoot produced,

rdas cultivar and density dependent (TabIe I. I7). Swan proved

to be about twice as efficient as the other cultivars when

not infested. Harvest index of SuaI and Swan declined as a

result of infestation.

rabre r ' r?' 'rií:i'oll,o""iì:Tå,"' nË::i:'ii:'ïffff"iT." 
and

Harvest Index of Four Oat Cultivars

CULTIVAR DENS ITY

NZC 0
1000
7000

15000

S UAL 0
1000
7000

15000

SWAN 0
1000
7000

r5000

0
r000
7000

15000

SOURCE OF VARIATION

GRAIN YIELD (E) REDUCTION
HARVE S T

('e) INDEx (g s"1 )

0.40I
o .404
0.485
0.326

0.569
0.575
0.409
0.265

0. 984
0. 865
0.772
0.523

0 .467
o .464
0 .444
0.480

WES T

ANAIYSIS (LSD P = 0.05; P

I. I3B
I. I55
1.433
r . 04 t

I.377
1.363
0. 993
O.87B

ì..255
r.072
o.794
0.449

0.349
0.362
0. 332
0 .243

0
+17
+ 314
-84

0
I4

384
499

0
TB3
464
B14

0
+ 13
-37

r. 13

CV X Density 0. l52x

0.0I,xx)

93r 0.094*



FIG I.II The effect of initial inoculum density of
Heterodera avenae on the final yield
expressed as percentage of uninfeeted controls
(mean of B replicates). Initial inoculu¡n densit:
is in Logro scale

CUtT I VAR

NZC a-a
suAL o-o
st{AN r_l

I{EST l-Ö
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1.2.4 Discussion

Competition for substrates and nutrients is believed tcr

occur between newly developing bi-IIers and the main shnot in

cereals (AspinaIÌ I962; Kirby 1973) . When nutrients are not

Iimiting it is considered that main shoot growth can be

restricted by continual, demands of tillers for carbohydrates

(Kirby and Jones I977; Mohamed and Marshall 1979). Repeated

tiller removal as they emerge resuLts in heavier ears on the

main shoot compared to control plants (WheeIer f976).

Detillering has also been shown to have a stinulatory effect

on rate of leaf energ,ence, leaf síze and number and shoot

mass and height (SeiIer-Kelbitsch el al. I974, Kirby and

Jones 1977). The impact of tiller production on yield may be

accentuated when the ability of the main stern to secure

nutrients and water is impaired by a root system reduced in

size by nematode infestation. If so ¡ then tiller removal

could enhance a plant's tolerance to nematode infestation.

Heavy tillering plants night be expected to respond more

pos it ively to det i I Iering than plants producing few t i I Iers .

On the other hand, cletillering may renove one means by which

heavy tiltering plants can compensate for yield decline of

lhe main-stern caused by ,infestation
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A comparison between the effect of nematode infestatiorl

on several inportant components of growth of tillering

(Section f.1) and detillered (Section 1.2) plants is shown in

Tabl e l. lB to obtain some measure of Lhe írnpact of

det illering on nematode tolerance. In making such a

comparison it is acknowledged that differences between the

two experiments may be due not only to the presence or

absence of tillers but also to differences in the environ--

ment.

The results showed that detillering inproved the perfor -

mance of aII cultivars in the Presence of infestation,

Differences in growth response were evident at both low and

high Iarval densities. No adverse affect on shoot growth of

any cultivar was observed at the lowest larval density (I000)

in this study, whereas there was measureabl-e growth inpair^

ment at a density of 900 in the Previous experiment.

Sinilarly at high initial densities lamina Iength of Sual

at full extension during the first 40 to 50 days increased on

detillered plants but decreased on tillering plants. Reports

of growth stimul-ation folLowing nematode infestation are not

uncommon (Lownsberry and Peters 1956, Olthoff and Potter

L972). This stimulating eff'ect on growth has been attributed

to an increase in growth regulator synthesis (Doney et al,.

f97l). /rlthough the pattern of leaf growth of West and Swan

$ras not altered by detillering, aIl other growth indicators were

significantly lncreased. The tolerance level of NZC was also

increased by det i I Iering.
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Tabl-e 1. 18:

PERCM{T OF UNINFESTED COI.IIROLS

sHoc).I ]4Ass ROCII Ì,{A.SS C'RArN \lO. YrELD/PLAM
CULTIVÀR EARLY GRChiIII{ LATE GRChIIIH EARLY C'RChm{ +T/ -T/

+T_T+T-T+T_TPA¡¡ICLETCIALPÀ}trICLE+T-T

l-1. qvenae

Conparison of Highi Density Effects on Several- Growth
Paraneters for TiJ-lering (+T) and Detillered (-T)
Treatnents of Fotlr Oat Cul-tivarsa

NZC

SUAL

S1^1AI.¡

73 82 7L TL2

32 73 38 75

50 67 53 68

WE.ST 44 60 48 68

a - Tillering and detj-l-Iered plants carpared at equivalent initial
inocu\¡n densities (l-5,000 larvae). Results frcrn tillering
treatnents obtaj¡red from regression l-ines (Figure 1.11) values
presented are expressed as percentage of r:ninfested control

plants within tle relevant experirrent -

b - % root mass - daY 30.

c- I root mass - daYs 20 and 48-

s3 92

36 63

40 35

51 65

54 52 101

35 26 6'7

ss 29 41

52955

BAb BL/g6c

43 63/83

62 13/BO

54 77 /r20



90.

These results suggest that when freely tillering plants are

confronted with a biotic stress as in the Previous study the

competition that occurs between main-stem and tillers for

nutrients and assimilate makes them rnore sensitive to

infestation, that is, Less tolerant. Hormonally mediated

growth stinulation arising from tiller removal cannot be

discounted.

Better growth of infested Sual and West following

detillering indicated that tiller growth may have constituted

a metabolic drain on the plant when couPled with the stress

of nematode infestation. In contrast, despite the similar

tillering properties of Swan and West, Swan responded

poorly to detillering, as indicated by almost equivalent

reduction in growth and yield of tillering and detillered

plants. Apparently the effect that infestation had on growth

of swan was independent of tiller production. white the

potential benefits of late tiltering cannot be ruled out, no

cultivar hras disadvantaged by tiller removal and nost were

advantaged. Late tillering of heavily infested Sual failed

to provide adequate conPensation whereas detillering was

inmediately beneficial. The results suggest that tiller

production is not essential for tolerance and that

tillering can reduce the potentj al of plants to tolerate

nematode infestation. There are a number of reports that

have correlated tolerance with vigorous, faster and

therefore, larger root systems (Hogger I972; Evans et al.

1977; Trudgill and Cotes l9B3) '



91.

The present study shows that cultivars that yielded

well at the highest inoculum density also had root systems

comparable in length with control plants at harvest.

Aì_though the failure of the cultivar Swan to yieltì as well as

controls at. the higher densities was associated with reduced

root size the root length of infesterì Swan was over doubLe

that of west, a cultivar less affected by nematodes.

trn fact West had a toLerance level si¡nilar to that of SuaI

which had a root system over four times larger than that of

west, though it must be remembered that the final grain

yields of Sual and Swan were about 3.5 and 1.9 times that of

West at the highest nenatode density. These results suggest

that absolute root size was not a determinant of tolerance

but that relative root size, that is, the Percent decline in

ro<>t length caused by infestation was inportant. clearly' an

unimpaired root system was a prerequisite for a given

cultivar attaining maximum yield potential within the

-X constraints of the experiè¡nent. The posit ive correlation
\

between root síze and tolerance does not necessarily infer a

causal relationship. Though aPParent ly Iess I ikely an

unimpaired root systen may be the consequence not the cause

of vigorous toP growth.
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In conclusion detillering has been obse¡ved to enhance

the tolerance level 0f nematode infested cultivars

irrespective of their tiller bearing capacity. It is

believed that this effect was a consequence of relieving the

early competitive stain between main stem and tillers for a

conmon nutritional source which when coupled with nenatode

infestation adversely affected plant growth.
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SECTION 2: EFFE CTS ON R OT GROWTH OF Heterodera av en ae

IN['EST AT ION

2.1 Introduction

InSectionl,Partlritwasshownthatearlyroot

growth was reduced at initial nematode densities between 2000

and I0,000 depending uPon the cultivar' The relative

sensitivity of early root growth of different cultivars to

nematodes was related to final tolerance rating at harvest

suggesting thab tolerance levels were deternined early in

growth.ItalsoindicatedthatrootresPonaetoinfestation

nay be related directly to tolerance' Section l' Part 2'

though providing some evidence conflicting with this simple

theory, contained results in general agreement with those of

Part 1.

To the extent that early floral prinordiun initiation and

development is strongly influenced by water and mineral

nutrient supPly when these are in short supply (Salter and

Goode 196?; Rahnan and wilson L977 ) unrestricted root

development seems mandatory for rnaximum grain yieId. uptake

of water and some ninerals occurs most readily through the

regions near the root tip (Brouwer 1954; May et al. 1965;

Ferguson and clarkson 1976. Irnpaired ability to form new

root tips or to extend old ones' a comnonly reported

consequence of Het erodera avenae infestation (O'Brien I976;

price et a1. I983; Sinon and Rovira I985) would seriously

inpede water and mineral acquisition, both through inpeding

extension into undepleted soil zones and reducing the area of

active uPtake.
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NetirnpairmentofrootgrowthbyHeteroderaeJqqsenay

be the result of detay or inhibition of extension of emerged

infested roots and/or prevention or of delay in emergence of

roots not as yet subject to infestation. A number of studies

support the view that tolerance to nematode infestation may

be governed by the vigour with which the root system is

able to produce ner^, roots to compensate for nematode damage

to existing roots (Evans et aI. I977; Evans and Franco I979;

Trudgilt and cotes r983). Detailed information is required

on the relationship between nematode tolerance and patterns

of root growth response to nematode infestation.

TheainofthePresentexperimentswastotestthe

following hYPotheses.

l. There is no difference between the rate of extension of

Heterodera avenae infested and uninfested seminal roots

2. Growth of uninfested Iateral roots on infested root

systens does not differ from that on uninfested root

systens.

2.2 Methods

2.2. L Exoeriments (I) and (2)

Seeds of two oat cultivars' NZC and Stout

pregerninated ( Chapter 3. 2. I ) and soÚ{n in 2 '7

plastic electrical conduit (Chapter 3' 2'2'I) '

were

x I3.0 cm
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SecondstageHeteroderaavenaelarvaewereappl:i.edinl

r¡l water susPensions. In experiment (l) f5' 75 and 2OO

Larvae were applied to the soil surface l day after sowin$

In experiment (2) nenratode densities of I00, 25o, 500 and

900 larvae Per plant were applied I day after sowing'

Plants were grown for 10 days in a growth cabinet

under standard conditions (Chapter 3.2'3'I)' Ât harvest

total root length and nematode number were assessed (chapter

3, 2.5). Both exPriments were replicated six times'

ExperimentaldesignwasarandomizedcomPleteblock.

2.2.2 Experinent (3\

SeedsofthreeoatcultivarstNZCrsual'Swanandone

wild oat species, Avena fatua were planted in 13.0 cm plastic
c'ond,i..fü
'tiá$€å as described previously (2 '2 'L) ' One day Iater'-

seedlings were inoculated with 100, 400 and 900 seconrl stage

Het erodera avenae larvae. After 4 days six plants of each

treatmentweresetasideforassessmentofgrowthand

infestation. The remaining plants were removed from their

tubes, rinsed lightly to remove most sand particles then l-aid

on a styrofoarn board overlaid with a synthetic mat (trade

name: love sheet) and a sheet of whatman chromatography

paper which served as a wick suPplying the transplanted

seedlings with aerated one-half strength Hoaglands nutrient

solution (Hoagland and Ârnon f950)' A second Iayer of

synthetic mat t{as laid on toP of the roots and the whole

apparatus rdaa covered with clear plastic to reduce moisture

loss through evaporation. Àn illustration of the system is

shown in Fig. 2-1,
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The system of plant culture described above Iì¡as employed

to facilitate the assessment of the effect of larval invasion

on extension of the invaded root and the subsequent develop-

ment of uninfested roots. Measurernents of indvidual seminal

root lengths hrere obtained using a ruled Iine with distances

narked every 0.5 cm. After staining with 0.Ix cotton blue

for 24 hours each seminal root was laid straight on a glass

plate, its length measured, then scanned under a dissecting

microscope at ,L 250 magnification to detect sites of larval

penetration. Larval infestation was confined to a zone

starting about 2 cm below the base of the stem and extending

a further 2 cm down the root. Each of the three seminal

roots per root system was divided into three zones. The

portion of the seninal root above the infested region was

classified as zone l, the infested zone itself, zone 2, and

the renaining portion below zone 2 was called zone 3 (Fig

2.I). A zone commencin$ 2 cm below the stem base and

extending 2 cm was used for comParison on uninfested control

plants. After recording the number of first order lateral

roots e¡nerging from each zone the total length of first and

higher order lateral roots arising from each zone was

estinated using the grid-line intersect method (Newnan l-966) '

Treatments were replicated 6 times. The experinent

analysed as a completely randomízed design'

The choice of cultivars used in this study

an interest

possible in

in selecting cultivars that were as

v¡as

arose out of

different as

their level of tolerance to Heterodera aven ae



FIG 2 I Illustration of the Experinental Systen Described
in Chapter 4, Section 2.2.2

a) Planta l{ere inoculated I- day after transfer of pre-
gerninated seedlings to plastic tubes.

Three days later infested and uninfested plant roots
were transferred to inclined platform supplied with
nutrients and grown untiL 20 days after planting.

b) Illustration of the conponents of incLined styrofoam
platform on which plants were grown.

c) Classification of the three root zones discussed in
results.
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Hence the choice of NZC and Stout, a tolerant, resistant and

intolerant susceptible oat cultivars respectively' There is

some evidence to suggest that wild plant species may Posaess

greater disease tolerance than their cultivated relatives

(Ben-KaIio and clarke 19?9) wild oats (Avena fatua) Idas

therefore included in this study to complement NZC, and was

tentatively designated tolerant and susceptible.

2.3 Results

2.3.I Exoeriments (I) and (2)

These experiments were desiSned to deterr¡ine whether

there was a nematode density at which changes in root growth,

as measured by root length, could be evoked'

In experinent (1) there was no difference between

cultivars in root Iength, at any of the applied inoculation

densities (FiS 2.2a). Inoculation had no affect on root

tength and nass after ten days of growth. Nunbers of larvae

penetrating resistant and susceptible roots did not differ

between cultivars but increased with increasing inoculation

density.

rn experi.f.ot (z), initiar rarval density was increased
A

to a maxinum of 850 larvae per plant. Again the two

cultivars responded sinilarly to infestation (rig 2.2b).

Root Iength declined with increasing nematode infestation,

with cultivars showing no difference in response to

infestation at any nematode density.
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2.3.2 Ex ent

ThenumberofjuvenileHeterq¡þ¡gave4gglarvaedetected

in individual root systems rose with increasing initial

IarvaL densities. There was no significant difference

between cultivars in their infectivity (Fig 2.2c), nor did

tine influence total nematode numbers'

In general, root growth waa reduced by nenatode

infestation. Differences between cultivars in responE¡e to

infestation were observed in a number of aspects of root

growth.

Seninal Roots

Root analysis included assessment of growth of the three

seminal roots in each root system. NZC and stout had the

longest total seminal root Iengths, Sual and Avena fatgg

being significantly shorter (Table 2.I), Initial nematode

densities of at Ieast 400 larvae per plant significantly

reduced seminal root length on aIl plants' Increasing

inoculum density delayed the tine to attain maximum extension

rate within the tine span of the study (Fig 2.3) ' This

effect was cultivar dependent. stout, sual and Avena fatua

were aIl strongly impaired in se¡ninal root growth by nematode

infestation.



FIG 2 2a The effect of initial
avenae on total root
the oat cultivars NZC
inoculation (Il days

unoculum density
Iength and larval
and Stout l0 days

after planting)

of Heterodt
number on
aft er

of Heterodt
number on
aft er

STOUT

o-c
o--l

I rsD (P 0.05)

LsD (P 0"05)

FIG 2.2b The effect of initial inoculum density
avenae on total root length and Iarval
the oat cultivars NZC and Stout t0 days
inoculation (1I days after planting)

FIGS 2.?aand 2.2b have common legends

CULT I VAR

ROOT TENGTH

NZC

a-A
 --ALARVAT NUMBER

I

FIG 2.2c The effect of initial inoculum density of Heterod
gfslgg on the mean number of larvae on roots of
four oat cultivars averaged over 5 sample dates 3

to 19 days after inoculation (4 to 20 days after
planting)

CUtT I VAR

NZC

SUAL

STOUT

Avenae fatua

a-a
o_ o

I-I

I LSD (P 0.05)
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FIG 2.3 (a-d) the effect of initial inoculun density of 
i

Heterodera avenqe larvae on the rate
of senlnal root extension of a) NZCr b) Stot
c) Avenae fatua and d) SuaI 0 to 20 days
after planting (3 to 19 days after
inocul at i on )

INITIAT TARVAI DENSITY

0 a-a
100 o-o
400 tr-tr
e00 0- o

I.sD (P = 0.05)I
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TabIe 2.L

NEMATODE
DENS ITY

0

t00

400

900

MEAN

NZC

TLz.4

101.3

76. r

53.9

86. r

The
the
and

E ffect
Total
Avena

99.

of Heterodera avenae fnfestation on
Ser¡inal Root Length of NZC' Stout,
fatua 20 Days After Planting

SEMINAT ROOT TENGTH (cm)
OULT I VAR

STOUT SUAI Avena fatua

L06.2 92.6 82.6

100.8 86.2 65.8

64.6 5t.B 42.2

42.4 39.7 37.6

?8. B 68. 4 59. 3

Sual

MEAN

97. B

89. 2

59.4

43 .4

ANAIYS IS

C UtT I VAR
DENS ITY
CUTTIVAR & DENSITY

tSD (P = 0.05' * P I 0.0I **)

I5. 8x
12.7**
NS

Number o f ['i r st Or ¿lcr f.n nl Rooteter

The total number of first order lateral roots was

cultivar and nenatode density dependent (Table 2.2). Avena

fatua had increasingty fewer lateral roots than the other

three cultivars as the plants developed'

fnfestation significantly (P = 0.05) reduced the number of

first order Iaterals of alI cultivars at initial larval

densities of 400 or ¡nore. The cultivar X density interaction

was not significant.



TabLe 2.2:

CUIT. DENS ITY

NZC 0
100
400
900

MEAN

S UAt 0
100
400
900

MEAN

SWAN 0
100
400
900

4

2B
33
28
22

32
36
24
2L

7.4

33
26
l6
l6

3.0 22.9

30
I3
2I
26

31.3
27 .I
22.3
2r.4

DAYS AFTER PTANTING
L2 16 20

100.

The Effect of Density of Heterodera avenae o
the Total Nunber of First Order Lateral Root
Root Systen Arising from Seninal Roots of NZ

SuaI, Stout and Avena fatua During 20 Days
of Growth

IOTAL NUMBER OF FIRST ORDER LAÎERAL ROOTS

n
s Per
c,

B MEAN

5
6
5
8

52
60
34
33

62
64
4L
30

56
59
34
3I

35
39
32
33

5L.2
55. 6
35 .2
30. I

80
87
38
32

B4
7B
31
24

75
8l
29
25

57
5B
25
IB

74.O
76. r
30. B

23 .9

107
lr3
49
45

L28
II8

47
4l

9B
90
4B
42

54.4
59.9
30.4
27 .0

62.6
60 .2
29.I
23 .6

52.7
51.8
26. O

23.2

4r.0
38. 4
24.r
22.4

52.7
52 .6
27 .4
24. r

6.0 27 .9 44. r 58. 3 79.2 42.7

7
5
I
8

2
3
3
4

I
I
3
4

28. L 49. I 54. 3 83.6 44.0

MEAN

WEST 0
100
400
900

MEAN

MEÀN
( DENS r TY
x DAY)

cv
DENS ITY
DAY
CV X DENSITY
CV X DAY
DAY X DENSITY
CVXDÀYXDENSITY

45.l_ õ2.5 69. 5 38.4

B2
8I
37
32

2.3 22.8 33. B 39.2 58.6 3r.3

3.8
3.8
5.0
6.0

IO3. B

r01.5
45. 3
39. 6

ANALYSIS tSD (P = 0.05,*i

SOURCE OF VARIATION

P = 0.01,**)

I0. 9*
14. 8**
16. 2**
NS
25.7*
28. 6*
NS
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The number of lateral roots per unit root length did not

differ significantty between cultivars (Table 2.3 ) .

Infestation reduced the number of first order laterals per

unit root Iength (TabIe 2.3).

üñ;'li,'üiui
| ,.,t*o*t 

I

TabIe 2.3

DENS ITY

0
r00
400
900

MEAN

ANATYS I S

CUtT I VAR

DENS ITY

CUTTIVAR

The Effect
the Nu¡nber
Root Length
Stout, SuaI
Planting

NZC

0. 95
1.rl
0. 64
0.79

r.2l
r. 16
0. 63
0. 68

0. 92

0.05)

of Heterodera avenae DensitY on
of First Order Lateral Roots Per Unit
Arising from Seninal Roots of NZC,
and Avena fatua 20 DaYs After

NO. FIRST ORDER LATERAI ROOTS cm-r

CULT I VAR

S TOUT SUAt Avena fatua MEAN

1.06
r. 04
0. 79
0. 76

0.91

0. 99
L.23
0.7r
0.58

0. 88

r.05
t. 13
0. 68
0.71

0. 87

(tSD P =

X DENSITY

NS

o .29*

NS

There were no differences between cultivars or densities

in the number of lateral roots produced in zone I (TabIe

2.4a). Larval invasi.on caused a significant increase in the

nurnber of roots emerging from zone 2, the effect being

sinilar on aIt cultivars (Table 2.4b). The number of lateral

roots energing from zone 3 was significantly less (P = 0'05)

on Avena fatua than on the other 3 cultivars after 20 days

growth (Table 2.4c). Infestation significantì'y reduced the
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number of laterals energing from this zone at densities of

400 larvae or more. This apPeared to have been a direct

consequence of shorter seminal roots on infested plants. Al,l

cultivars responded sinilarlY.

TabIe 2.4 The Effect of Density of Heterodera avenae on
the Number of First Order Lateral Roots Initiated
Above (zone t)l Within (zone 2)2and Below (zone 3)
the Zone of Infestation Arising from Seninal
Roots of NZC ' SuaI, Stout and Avena fatua
During the First 20 Days of Growth

2.4a)

CULT.

NZC

MEAN

S TOUT

MEAN

SUAL

MEAN

ZONE I

DENS I TY

0
100
400
900

0
r00
400
900

0
I00
400
900

DÂYS
L2

AFTER PTANTING
t6 204

3
4
3
3

I

t7
I5
t6
I5

15
I5
T2
t4

l3
L2
IO
II

I6
I8
t5
T7

I5
22
I3
IB

IB
l5
L7
I6

l7
t6
I6
16

L7
19
I3
l6

t6
IB
L4
t4

t8
20
L4
T7

2I
I8
I9
L7

23
20
L7
t9

ME AN

14. 3
14.4
t2.4
13.4

L4 .4
I5.4
12.4
r3 " 6

14.0
t3.0
IT.6
12.0

3.3 r5"B 16.5 16.3 r7.3 13.6

3.8 r4.0 16.9 16.3 tB.B 14.0

4
3
5
3

0
0
0
0

0 tt.5 16.5 t5.5 19.8 L2.7



C ULT DENS ITY
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13. 5
1I.I
IT.3
t2.o

r.8 11.9

2.3 3. 0

3.3 3.0

DAYS AFTER PTANTING

T2 t6 20 MEÀN

0
100
400
900

L7
I6
I5
L4

r6.4
r?. 6
L5 .2
15.9

3.8

3.5

l5
13
t3
t2

16. I
r6.5
t4 .4
14 .4

t6
IB
l7
I4

19. I
18.9
I6. B

I6.B

It.4
10.2
r0.4
9"6

13.5
13. 3
II.7
12 .2

MEAN

MEANS
(DENSITY X

DAY)

2.4b ) zoNE 2

CUtT. DENSITY

NZC 0
100
400
900

MEAN

S TOUT 0
r00
400
900

MEAN

B

I
4
7
B

7

4

0
0
0
0

0

4

I
I
2
5

o

I
4
6

0 15.5 r3.3 16.3 10.4

1.8
r.8
2.O
r.5

16.3 15.4 lB. I L2.3

NO. Ot' IAÎERAL ROOÎS

DÂYS AFTER PIANTING

12 16 20 MEÂN8

t
2
4
5

I
I
4
5

2
3
4
5

I
2
3
6

t
2
3
6

3
3
5
4

r.6
D'

3.6
4.8

2
3
4
4

L.4
t.B
3.6
5.6

3.0 3.3 3.1

2.8 3.5 3. I

t
2
5
6



DENS ITY

r04.

3.0 2.o

2.5 2.8

2.8 2.7

I

10
16

B

2

0.5 9.r

l6
t9
I
t

OF TATERAL ROOTS

AFTER PTANTING
L2 .16 20

NO.

D AYSCULT.

SUAt

MEAN

4

2
3
3
4

4

I
t
0
0

I
I
0
0

8

I
I
2
4

MEAN

0
100
400
900

t

3
5
4

2
3
3
5

I
2
5
7

r.6
2.4
3.6
4.8

t.4
r.8

3.0
5.0

3
5

.>

3

t.5
2.O
3.5
5.1

0*ì
100 -Þi

400
900

3.8

33
39
14
IT

45
39
24

7

3.3 3.5 3.1

I
I

I
3

2
T

3
5

I
I

3
5

2
6

4
4

MEAN

MEANS
( DENS I TY
x DAY)

0
100
400
900

t.5
r.5
3.0
6.0

r.8
2.8
4.3
4.8

r.3
I.B
3.5
5.0

r.8
2.3
4.0
5.5

1.3
r.5
3.0
5.0

3.0 2.5 3.3

3.4 2.9 3 .4

NO. L^å,TERAL ROOTS

DAYS AFTER PLANTING
12 t6 20

t06
99
23
t8

2.8

MEAN

38. I
43.2
14.8
9.4

46. 6
43. B

14.0
5.8

ñEAN LonYs)

2.4c) zoNE 3

CULT. DENSITY

NZC 0
100
400
900

MEAN

S TOUT 0
r00
400
900

24.3 40.2 57 .7 26.5

62
69
l9
t0

66
5B
T4

3

87
90
31
24

MEAN 0.5 1r.3 28.8 35.3 61.4 27 ,B
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NO. IATERAI ROOTS

DAYS AFTER PLANTING

CULT. DENS ITY

SUAL 0
r00
400
900

MEAN

4

0
0
0
0

I
I8
I3

4
I

9.4

I9
8

It
I

9.8

r5 " 6
13. 9
8.0
I.3

T2

37
42
L2

B

27
20
t5
l3

35. I
34. 0
16.I
9.8

57
6T
t2

6

4I
44

8
2

55. 6
58.2
13. r
5.3

73
67
26
t9

64
60
I7
t3

82.9
79. t
2s"6
I8.9

ZONE 3

7 .4r'

9. BX*

Il.3**

19.2x

NS

17.9*

NS

37 .2
45. 8
r0.8
6.8

30 .2
26. r
10.6
5.5

38. I
3?. 3
L2.4
7.L

I6 20 MEAN

0 24.A 34. I 46. 3 25 .4

0
100
400
900

0
0
0
0

0

0.5
0.5
0
0

MEAN

MEANS
( DENS ITY
x DAY)

rlEAN ( Davs)

ANATYS I S

SOURCE OF VARIAlION

curTrvAR (cv)

DENS I TY

DAY

DENSITY X DAY

CV X DENSITY

CV X DAY

CVXDAYXDENSITY

18.8 23.A 38.3 IB.l

0.3 9.7 23.8 33.r 51.6

tSD (P = 0.05,*; P < 0.0It*)

ZONE I

NS

NS

6.2X

NS

NS

NS

NS

ZONE 2

NS

2.7*

NS

NS

NS

NS

NS
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ANAIYSIS tsD (P

SOUNCE OT' VARIATION

cuLTrvAR (CV)

DENS ITY

DAY

CV X DENSITY

CV X DAY

DENSITY X DAY

CVXDENSIÎYXDAY

0.05,*; P ( 0.0I,**)

0.11*

0. I0x*

0. ll**

0. tB*

0. 19x

O. IB*

0.27*
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th of First and Higher Order Lateral Roots

The effect of ne¡natode density on total Iateral root

tengt,h is presented in Table 2.5 "

Tabl e 2.52 The Effect of Density of Heterodera rcnss on
the Total Length of Lateral Roots Per Plant
Arising fro¡¡ Seninal Roots of NZC' SuaI, Stout
and Avena fatua During 20 Days of Growth

CULT. DENSITY

tOG TOTAT IATERAI ROOT TENGTH PER PTANT (cur)

D^AYS AFlER PTANTING

4 8 12 16 20 MEAN

NZC

MEAN

STOUT

MEAN

SUAL

MEAN

Avena
fatua

ME.AN

MEANS
( DENS rTY
x DAY)

0
r00
400
900

0
r00
400
900

1. 63
r.23
1. r7
1. 36

1.38
1. 48
r.27
r.5r

0. 75
0. 60
0. 61
0.71

r.79
2. 33
2.22
2. 13

2.24
2.33
2. 05
2.17

r. 99
1.91
1.79
I"84

L.77
1.84
t.8r
t.71

1.95
2.lo
1.96
r.98

2.7L
2.78
2.5L
2 .37

2.64
2.65
2.4I
2 .24

2"54
2.46
2.33
2. 17

2 .35
2.29
2 .01
1.99

2.56
2 .55
2.33
2. t9

2.9L
2 .94
2.77
2 .6r

2. BI

2. 89
2.89
2.7 L

2.55

2.78

2.79
2. 69
2.59
2.46

2.73

2.75
2.64
2 .3L
2 .25

2.49

2.84
2.79
2.59
2.48

3.02
3.06
2 .87
2.78

3. 03
3.01
2.84
2.71

2. 89
2 .84
2.78
2.6r

2 .85
2.92
2 .60
2.46

2 .95
2 .96
2.74
2.64

2.41
2"47
2 .32
2 .25

2.44
2.4L
2.26
2 .24

2.04
I.98
t.89
l.78

l. 93
r.94
I.76
r.68

2"27
2 .20
2 .05
2 .02

r. 34 r. 86 2.59 2. 93 2.37

r.41 2.13 2.49 2.91 2.34

0
r00
400
900

0
r00
400
900

0 r.84 2.43

0
0
0
0

0
0
0
0

2.78 t. 96

0 1. 78 2.I8 2.7r I.82

MEAN (DAYS) 0.66 2.O2 2.4L 2. 69 2 .84
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No lateral root developnent rdas observed on sual and

Avena fatua until after I days of growth. Infestation

significantly reduced (P = 0.01) lateral root growth of alI

cultivars at the highest initial inoculu¡n density, but had no

effect at Iower densities. Differences in total lateral root

length between cultivars NZC' Stout and Sual within

individual densities were not significant after 8 days.

lotal lateral root length of NZC rdas significantly larger

than Avena fatua at atl 3 inoculation rates uP until day 16.

The combined length of first order Iateral roots and

higher order lateral roots arising fron then within each

seminal root zone was examined. The mean length of lateral

roots within zone I of uninfested NZC and Stout was

significantly (P = 0.05) Iarger than that of SuaI and Avena

fatua over the experinental interval (Table 2.6a). This

arose out of the absence of lateral root development on the

latter two cultivars within zone l, 4 days after planting.

The mean lateral root length of SuaI within zone I averaged

over all densities was equal to NZC and Stout whereas that of

Avena fatua was still significantly less than NZC and Stout.

fnfestation had no effect on the mean length of zone I

Iateral roots averaged over time on NZC, Stout and Avena

fatua but significantly enhanced the lateral root length of

Sual inoculated with 400 larvae. This was reflected in a

significant (P = 0.05) density by day effect, wherein

inoculation of 400 larvae caused an increase in lateral root

lenglth within zone l, l6 to 20 days after planting.
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The Effect of Density of Heterodera avenae on
t.he Length of First and Second Order Lateral
Roots Above (zone l) and Below (zone 3) the zone
of fnfestation on Seninal Roots of NZC, SuaI,
Swan and Avena fatua During 20 Days Growth

Table 2.6:

2.6a) zoNE t

CUtT. DENSITY

NZC 0
r00
400
900

MEAN

STOUT 0
t00
400
900

MEAN

SUAL 0
r00
400
900

MEAN

LOGro IATERAI ROOT TENGTH (cn)

DAYS AFTER PTANTING

812t6204

1.0
1. t7
t.t4
0. 94

1.30
I. 13
0.91
L .2t

MEAN

2. 00
2. L2
2. L6
1.88

2.06
2. 13
2.02
l. 85

L.77
r.67
1.75
r.65

t.58
1.64
1.76
r.69

t.84
1.86
t.92
t.86

2 .27
2 .25
2.36
2. t6

2.02
1.99
2.23
2. 06

1.94
2.06
t.99
I.88

2. rl
2. t6
2 .26
1.76

2.40
2.38
2.56
2.45

2. L9
2.22
2.44
2.29

2.16
2. LT
2. t8
2. L5

2.26
2.29
2.44
2. 35

2.49
2.49
2.68
2.59

2.32
2.37
2.56
2.45

2 .3r
2.29
2.42
2.36

2.38
2.43
2 .59
2.52

2. 19
2.LL
2 .2r
2.08

2. L0
2.07
2.IL
2"03

2 .04

t.66
1.67
2.23
r.7l

t.73

l.5B
t.7r
I.64
L .62

1.55

I.88
L .92
2.O4
1.85

2.23 2.35 2.43
2.32 2.41 2.48
2.43 2.5L 2.63
2.29 2.49 2.68

1.06 2.04 2.32 2.48 2.58 2. L5

l.13 2.02 2.26 2.35 2.56

0 I . 70 2. OB 2.29 2.48

0
0
0
0

0
0
0
0

Avena
fatua

MEAN

MEANS
(DENSTTY
x DAY)

0
100
400
900

0 r.67 L.82 2.16 2.23

0.57
0.58
0.5t
0.53

(onv) 0.55 l.86 2.L2 2.32 2.45



2.6b) ZONE 3

CUtT. DENS ITY

NZC 0
t00
400
900

MEAN

S TOUT 0
I00
400
900

MEAN

SUAT 0
100
400
900

MEAN

Loo io TATERAI ROOT LENGTH (cn)

DAYS AFTER PIANTING

4 B 72 L6

l-10.

1.78
r.9l
T.28
0. 90

1.76
r. 89
0. 90
0. 48

r.56
1.54
0. ?B
0. 30

20 ME.AN

30
0
0

0
0
0

0. 48

r.39
r.6t

0
0

0
0
0
0

2.53
2.57
L.74
t.6r

2. 39
2.43
r.58
I.4t

2.38
2 .27
r.62
r.53

2 .27
t.9t
I .28
1.30

2.4t
2.28
1.54
l. 46

2.77
2.79
2.28
t.98

2.72
2.73
2 .15
t. 89

2.66
2.49
2 .03
r. 96

2.58
2.46
t.7l
r.57

2 "68
2.62
2.04
I.85

2. 89
2 .92
2 .35
2. 08

2.aB
2.A5
2.35
2. 06

2.77
2 .67
2.37
2. 07

2.72
2 .77
2. L5
r.77

2.a2
2. Bt
2 .3L
l. 99

2. 09
2. ro
r.53
t.3I

2 .23
2.30
1.41
t. 18

l. 88
t. 78
r.43
l. 17

1.78
1.7r
1. IB
0. 99

r.99
t.97
t.39
r. t6

o.20 I.47 2.II 2.46 2.56 1.76

0.?5 1.30 I.97 2.38 2"54 L.77

1 . 05 r. 95 2.29 2.47 r. 55

Avena
fatua

0
100
400
900

MEAN

MEAN
( DENS I TY
x DAY)

cuLTrvAR (cv)
DENS ITY
DAY
CV X DENSITY
CV X DAY
DENSITY X DAY
CV X DENSITY X

0 t.32
0 1.43
0 0.78
0 0. 30

o.47 1.61
0.48 I. 70
0 0.94
0 0. 50

0 0.96 1.70 2.o9 2.35 r.40

0.24 1_.19 1.92 2.3r 2.49 1.63

Á,NALYSIS (tSD P = 0.05,*i P < 0.0l,xx)
SOURCE OF VARIATION ZONE I ZONE 3

0.97*
0. 08*
0.08**
0. I5*
0. l3*
0. I4*
NS

0. 0B*
0. 0B**
0. 08*x
0. l5x*
0. I5*
0. l5*
0.21**DAY
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The length of lateral roots within zone 3 on Stout after

4 days growth was significantly greater than that of the

other 3 cultivars when no larvae were applied (TabIe 2.6b).

Zone 3 Iateral root Iength of uninfested Sual, Stout and NZC

did not differ B to 20 days after planting whereas, uP until

20 days after planting the lateral root length within zone 3

of uninf ested .avena f atua was less than that of Nzc.

Inoculation with 400 or more Iarvae caused a significant

reduction (P = 0.0I) in Iateral root Iength of all cultivars

on all days excePt day 4' where infestation of SuaI and Avena

fatua had no effect on lateral root Iength because no lateral

roots had yet emerged.

The total length of lateral roots within zone 2 on

plants inoculated with 400 or more larvae was significantly

(p = 0.01) less than that from the same zone on uninfested

plants (TabIe 2.7). No cultivar differences were observed

throughout the 20 day exPerinental intervaf '



Table 2,7

DENSITY

0

100

400

900

TT2.

The Effect of Infestation on TotaI Length of
First and Higher Order Lateral. Roots Arising
fro¡n Zone 2 on Seminal Roots of Four Oat
Cultivars 20 Days After Planting

IATERAL ROOT IENGTH (cur)

NZC

3r(2.e) a

3r(2.7)

2r (2 .8)

L2(2.o)

24

of total (zones

CULT I V AR
SU^ÀL Avena fatua

23 (2 .8) 24 (3 .4)

77(2.4) rs(2.3)

15(2.5) rB(4.5)

8(2.0) rr(3.s)
16 lB

3) lateral root length.

0.01,**)

STOUl

rs(r.7)
22(2.L)

L2(r.7)

s(r.B)

l6

I+2+

MEÄN

24

22

T7

t$

(a) x

ANATYS IS

CUtT I VAR
DENS ITY
CULTIVAR X DENSITY

TSD (P

NS
9**
NS

The total second and higher order Iateral root length

deriving from individual first order lateral roots (expressed

in Fig 2.4 as unit root length) was greater on moderate to

heavily infested plants than on uninfested control plants l6

to 20 days after planting. The unit root length of Stout l^tas

higher than that of the other 3 cultivars 16 days after

planting at the highest nematode density.

The effect of inoculum density on the total lateral root

length/total seninal root length ratio after 20 days is

present,ed in Table 2.8. No effects were significant

indicating that the decline in total lateral root length of

infested plants was attributable principally to the decline

in seninal root Iength.



iFIG 2.4 (a-cl) lhe effect of initial fnoculun deneity of
Heterodera avenae larvae on the nean
length of second and higher order Iateral
roots per first order lateral root on
cultivars a) NZC, b) Stout c) Avenae fatua
and d) SuaI 4 to 20 days after planting
(3 to 19 days after inoculation)

INITIAL tARVAt DENSITI

a-a
o-o
l-l

a-t

LSD (P o " 05 )

0

t00

400

900

I
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of Heterodera gJCr¡se Infestation
Lateral Root Length,/Serninal Root Length

of Four Oat Cultivars After 2O Days

Table 2.8

NEMATODE
DENS I TY

0

r00

400

900

MEAN

E ffec t
on the
Rat io

NZC

9. 35

rr.4
9. 75

1r.4

r0.5

S TOUT

IO. I

ro .2

t0.B

L2.2

10. B

effects were

Âvena Fatua

8.6

tr.6
9.5

7.6

9.6

SUAI

8.3

8.0

lr.6

to .2

9.5

MEAN

9. L

10.6

r0.4

r0.4

Main and interactive
P = 0.05.

not significant at

Nodal Root Nunber and LenÍth

AII roots originating above the seninal roots were

designated nodal roots. These roots contributed

significantly to the total root Iength within aPProximately

16 days from planting (about 7%). OnIy data obtained from

the last date of sanpting are shown (Table 2.9). By day 20

approximately 4 to 5 nodal roots had ernerged. Neither

infestation nor cultivar influenced the number of nodal roots.

NZC and Stout had the largest total nodal root lengths; SuaI

and Avena fatua had sho/rter nodal roots. Nodal root length
I

declined with increasing inoculum density" The Iength of

Iateral roots energing fron the nodals was also influenced by

cultivar and density in a manner sinilar to that of nodal

root Iength.



Table 2.9 ¿

114.

Effect of Density of Heterodera avenae on Total-
Noda1 Root Number and Lengthrand First and second
Order Lateral Root Length Emerging from Nodal
Roots of NZC, Sual-, Stout and Avena fatua 20 Days
After Sowing

CV

NZC 0
100
400
900

MEAN

STOUT 0
100
400
900

MEAN

SUAL 0
100
400
900

MEAN

Avena 0
100
400
900

fatua

MEAN

14 E AN ( oÉu st rY)

ANALYSIS

SOURCE OF VARIATION

CV
DENSITY
CV X DENSITY

DENSITY No. NODAL
AXES

NS
NS
NS

LENGTH TOTAL
NODAL ROOT

AXES

( cm)

57
56

113
t_56

95.5

53
4B
97

12L

79.8

46
52
69
91

64.5

LENGTH L" ,2o
NODAL

LATERALS

(cm)

B1
94

267
314

L89.7

34
19

1_33
189

93.8

0
0

54
113

42.L

2L
L6

L2B
76

60 .7

34.1
33.7
14 .42

173.0

13.4**
11.6**
21.3*

TOTAL
LENGTH
NODAL

(cm )

l-38
150
380
470

283.7

B7
67

233
310

1,7 4.3

46
52

L23
204

105.3

4B
4B

191
148

109.6

79.6
'19.r

232.8
28T.9

4.2
3.9
6.3
5.7

5.6
5.2
4.8
5.1

3.6
5.8
4.2
4.0

2.1
1.8
2.9
3.4

27
32
63
72

48.5

31.5
47 .O
Bs.2

110.0

LSD (P= 0.05*; P3 0.01**)

7.r*
6. B**
NS

L9.2*
16.4**
39.1*
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TotaI Root Length

Effects on total root length of larval density on the

four cultivars tested are shown ín Fig. 2.5. Uninfested

total root lengths of Stout and NZC were larger (P=0.05) than

those of SuaI and Àvena fatua. Density of nenatode

infestation had less effect on total root systen length than

on seminal and lateral root lengths (Table 2.IO) but aIl

cultivars except NZC had root system lengths significantly

less (P = 0.5) than control plants at initial nematode

densities of 400 Iarvae.



FIG 2.5a-d The effect of initial inoculun seneity of Heteroder
avenae larvae on the total root length of a) NZC,
b) Stout, c) SuaI and d) Avenae fatua 0 to 20
dayo after planting (-1 to 19 days after
lnoculat ion)

INITIAT Lâ,RVAL DENSITY

0 a-^
100 o- o

400 s_ tr

e00 ô-o

I tsD (P = 0.05)
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Table 2 .1D.

CV DENSITY

NZC 100
400
900

STOUT 100
400
900

SUAL 100
400
900

100
400
900

* **

SEMINAL
ROOTS

93
7B**
55**

95
57 **
4 1**

93
53**
36**

91
54 **
46r,t

No. 1"
LATERALS

1r6.

Summary of Effects of DensitY
avenae on ComPonents of Root
20 Days

of Heterodera
Growth After

U OF UNINFESTED CONTROLS

NODAL TOTALLENGTH
I" ,2o ,3o
LATERALS

LENGTH
(AXES &

LATERALS )

Avena
æ

105
47 rr*
39**

92
32**
23**

92
42r,*
3l_**

98
37**
27 **

109
7 1**
57**

94
64* r,
47 *1,

BB
7 5**
50 **

116
56**
4 0**

108
27 5**
340**

Jl**
260**
356**

I 1_3

267 r,*
443**

1-0 0
398**
308**

107
93
B7

92
7B**
68**

g0*
84*
6B**

Lt2
75*
54**

significantly different from controfs ( P=0.05 ) , ( P=0.001 )
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2.4 D iscuss ion

2.4.1 Experinents (l) and (2)

Previous studies have indicated that root growth may be

inhibited at densities lower than those applied in the first

experi¡nent ( O'Brien I976, Stanton fgB3 ) . Inab i I i ty to obtain

a significant root growth decline !{as likely due to

inefficient inoculation resulting in reduced nunbers of larvae

penetrating the root system. O'Brien (I976) applied Iarvae

directly to the root tip of germinated wheat and barley

seedlings and achieved a 98X reduction in root extension of a

single root over 24 hours following penetration by 35 larvae.

Inoculation efficiency (nunber of larvae applied divided by

the number of larvae penetration X I00) was IzX in O'Briens

experiment. The nethod enployed in the present studies

reduced the chance of larvae conring in contact with the

root and thereby reduced inoculation efficiency to about 7%.

In the second experiment higher inoculum densities

resulted in inproved inoculation efficiency (10-l2Z) and

depressed root extension to about 35X of controls. The

apparent absence of difference in root extension between a

tolerant and intolerant cultivar after ten days growth at any

of the densities applied indicated firstLy that tol-erant and

intolerant cultivars both suffered the same degree of initial

stunting in root growth caused by larval penetration.

Secondly it suggested that a longer experinental duration

would be necessary to detect differences in root growth

fotlowing infestation between cultivars if such differences

existed.
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2.4.2 Exoeriment ( 3 )

The number of larvae present in roots in this study t'ì¡as

lower than in exPeriments I and 2 of this section. This may

have been due to some farvae being rinsed off prior to

transfer of the root systen onto the nat on day four, to a

shorter exposure of the root system to Iarvaer or to larvae

leaving the root after transplanting. Because there

yrere sti I I s ignif icant dif f erences in root ne¡¡atode

populations between applied densities, deternining the cause

of the overalL reduction in the population of nematodes in

the roots in this study f,tas cons idered unnecessary. The

absence of differences between cultivars in numbers of

juvenile larvae infesting roots ruled out one Possible

tolerance mechanism, namely, Iarval exclusion. It also

enabled evaluation of resPonses to infestation to be based

on equivalent infestation rates.

The priurary effect of nematode infestation was to reduce

the rate of seninal root extension. Impairment of seminal

root extension by Heterodera avenae has been reported

elsewhere (e.g. O'Brien t976, Price et al. I9B3). As a

consequence of shorter seminal roots plants inoculated at

densities of 400 to 900 larvae also had fewer first order

seninal roots within zone 3. This in turn resulted in

shorter root systems on moderately to heavily infested

plants.
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The smaLler number of first order lateral roots on

infested plants apeared to be partly compensated for by an

increase in the Iength of second and higher order Iateral

roots arising from individual first order roots ( i. e.

increase in unit root Iength) . However, the :increase in unit

root tength with increasing inoculun density was nainly the

result of a decÏne in the number of first order latera]s Per

unit length of seminal root at the higher densities of

inoculum.

Because of a significant decline in lateral- root growth

within zone 3 at moderate to high inoculum densities unabated

lateral root growth within zone I contributed significantly

to the total root length of infested Plants. The enhanced

lateral root growth within zone I of SuaI at the inoculum

density of 400 larvae was indicative of a Possible

compensatory root growth mechanism. These findings Idere

reminiscent of a study conducted by Hackett (r97I) who

reported that 22 days after partial excision of seminal roots

of barley, Iateral roots growing behind the point of excision

more than cotpensated for the decline in total root length.

However, factors responsible for inhibiting seminal root

extension of infested plants nay also impair the develop-

ment of uninfested Iateral roots. Lateral root extension

within zone 2 was signifi.cantly reduced in this study. In at

least one cultivar, Sual, enhanced zone I Iateral root growth

at the moderate inoculum density (400) did not occur at the

higher densityr suggesting that at even higher inoculum
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densities, zone 2 lateral root growth would have been

significantly less than in uninfested plants. On the basis

of the above discussion, equating root excision n¡ith the

effects of nematode infestation may be misleading.

Although there ldere significant differences between

cultivars in the effects of infestation on seninal root

extension, differences in total lateral root growth following

infestation were smaller, and in all cases except for Avena

fatua were not significantly different after B days. This was

unusual given the close relationship between seminal root

growth and Iateral root length (Table 2.f0). The

inconsistancy may be partly explained by the variability in

the root measurement data within treatments, wherein

differences as large as 175 cm were not significant when the

total root length was only 4-6 t irnes that .

It has been suggested that nematode tolerance nay be

related to vigorous root growth (e.g. Evans et al. f977).

Although rapid seminal root extension Idas a characteristic

of NZC, the cultivar feast inpaired by nematode invasion,

another cultivar, Stout had a comparable seminal extension

rate.to that of NZC in the absence of infestation, but was

significantly more reduced by infestation than NZC.

Subsequent lateral root developrnent- of the two cultivars did

not differ significantly after 8 days in this study. However

under conditions in which both seminal and lateral roots

would be hosts to IarvaI invasion, as would occur under field
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conditions, Stout, Sual and Avena fatua may be more reduced

in root length by infestation than NZC. This is assuming

that semínaI and Iateral roots are equally sensitive to

nematode invasion as indicated by reduced root growth.

Under such circumstances both farval density and duration

of exposure to infestation would deter¡nine whether

lateral root development could compensate for declines in

growth on infested roots.

Under field conditions nodal root development nay

therefore be an important determinant of tolerance.

Nodal roots, which emerged late in the study,

contributed significantly to the final root length of

infested plants. Because of the }arge absolute con-

tribution to total root system length of nodal roots in the

case of NZC, the overall effect of infestation at the highest

density was to reduce total length by only 13% (P = 0.05),

compared to 39% when nodal roots are excluded (TabIe 2.I0).

NodaI root developnent had a similar but less dramatic effect

on root length of the remaining cultivars.

this study indicate that theIn sunmary, the results of

higher level of tolerance in NZC

described in Chapter 4, Section

the lesser irnpact that nematode

extension, as well as an earlier

nodal root system when conpared

to Heterodera avenae,

l, nay be related in part to

invasion has on seminal root

and more rapidly growing

to the other cultivars.



r22.

Conversely, if it is assumed that Iateral and seminal roots

respond sinilarly to nematode infestation, then, because of

greater sensitivity to growth inhibition by nenatode

invasion. The cultivars suaI, Stout and Avena fatua, may be

less tolerant than NZC to infestation by He terode ra avenae.

Glasshouse studies have denonstrated an intolerance of

therefore support.Sua I

the

to Heterodera avenae (section l) and

above statements.

This exPeriment demonstrates that infestation

significantly impairs seminal root growth at inoculum

densities of 400 to 900 larvae and that cultivars differ in

the extent of inrpairment. It also shows that infestation can

reduce the total Iength of uninfested lateral roots energing

below the infested region on the seminal root by reducing the

length of the seminal root. Lateral root growth above the

infested zone is enhanced at moderate inoculum densities, but

nay be reduced at higher inoculun densities.

These differences could be related to the ability of

the least affected cultivar, NZC, to be more tolerant to high

infestat ions of Heterodera avenae than the cultivar SuaI

No gllasshouse studies were perforned to test the tolerance of

stout and ar-e_!_q fatua and therefore it is not valid to

extrapolate the resPonse of these plants observed in this

study to possible tolerance IeveIs at maturity.

Further

growth of the

studies are required to determine why root

cultivars studied differed in reaction to

nematode invasion.

is invest igated.

In the next section hormonal invoLvement
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Heterodera INFESTED ROOTS
ABSCISIC ACID

av en aeSECTION 3
BY ETTIYLENE ÂND

3.I RegulatÍon cf Growth of Aseptically cultured Roots

t Introduct.ion3.I

The

dens i t ies

of seminal root extension and delayed the extension of

lateral roots emerging behind the invasion zone. Rates of

root extension and Iateral root devel.opnent can be influenced

by a number of exogenously supplied plant growth hormones but

it is generally accepted that the principle hormones involved

in regulation of root growth are indole acetic acid (IAA)'

abscisic acid (ABA) and ethylene (street 1969; Scott I972;

Torrey I976; Eeldman 1984). At physiological concentrations

(10-s-I0-8M) ABA, produced in the root apex, inhibits the

pronotive effect of IAA on root extension and lateral root

initiation (Street 1969; Piì.let I970; Bottger 1974; Wightnan

et eI. l980; Audus I9B3). Lc¡w Ievels (0.01 ppn) of ethylene

promotes root elongation and lateral root outgrowth (Snith

and Robertson l-97 l; Zobel 1973; Konings and Jackson 1979,

Drew et a1. IgBI). At higher concentrations the effect's of

ethylene are reversed (Radin and Loomis I97I; Apelbaum and

Burg I972a Crossett and campbeJ-l 1975), ancl nodal root

emergence is st imulated ( Jackson et al ' I9Bf ) ' The

similari ty of root deve loprnental responsesi to ABA and

ethylene at elevated concentrations on the one hand and

previous stu

Heterodera

dy showed that- at sufficiently high

avenae infestation reduced the rate
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nematode invasion on the

j-nfestation may induce a

release of one or both of
IN

alteration^growth.

other (Section 2) suggests that

rise in rates of production or

these hormones causing the

The purpose of this study was to test the hypothesis

that changing patterns of root growth following Het erode ra

avenae infestation are not due to ÌocaLized effects of

infestation on ABA and/or ethyl,ene Ievels in infested oat

roots. The associated corollary, that differences ir¡ root

response to infestation between a tolerant and an intolerant

cultivar are not due to differences in ethylene or ÀBA

production or release, was also tested.

Tissue anrl organ culture techniques have been invaluable

in assisting identification of nutritional and t"tfral factors

regulating root growth (Street I969b) . Gno't obiot:ic studies

have also proven effective in elucidating plant-nenatode

relationships by eliminating the confounding effects of other

micro-organisms (Zuckerman 1970). In the present study,

biotic influences on the host--nematode interaction were

el ininated by employing organ culture techniques.
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3.I.2 Methods

Experiments were conducted with two oat cultivars, SuaI

and NZC. Seeds were preparecl for germination on water agar

as described in Chapter 3, 2,1. with an additional precaution

that all rinse water was presterilized. When the seminal

roots were 3-4 cm long the terminal 2 cm was excised and

transferred to nutrient agar medium in 9.0 cm petri dishes,

I0 root segrnents per pIate. The nutri-ent composition of the

agar medium was a modified version of that used by McClure

and Viglierchio (f966) (Table 3"1)' The root segments I^/ere

incubated in the dark at 22oC. After 10 days segnents of the

main root, 2 cm in Iength, bearing ernerged lateral roots,

were excised using fine sharp scissors and cultured singly

for a further t0 days on sinilar mediun. From these cultures

2 cm root tips were excised and used as experinental material

in the f ol lowing experirnent.

Nutrient agar slants as above were prepared in I00 url

erlenmeyer flasks, 50 nI flask-1. Ten 2 cm long root

apices were transferred to the flasks, tip downward, and

incubated at 22oC in the dark. Flasks were stoppered with

non-absorbent cotten plugs. One day Iater- about 0' f5 g of

autoclaved sand, grain size l-ess than 150 ¡¡rm, i^tas placed on
I

the apices of the root segments. Second stagc Heterodera

avenae larvae maintained as described in Chapter 3, 2.4.1 and

surface sterilized as outlined in Chapter 3, 2,4.2 were then

transferred under aseptic conditions to the tips of' the root
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apices in 0.2 nl, sterile water at a rate of 50 and 200 larvae

per root. During the following I days, at 3 day intervals,

root apices were monitored for ethyl-ene and abscisic acid

production. Ethylene was measured at the end of a 24 hour

period during which t ime the cotton plugs r^,ere replaced with

"suba-seaIs". One mI gas samples withdrawn through the sêal

from the flask with an hypodermic syringe were injected into

a gas chromatograph and analysed as outlined in Chapter 3t

2.6. Estirnation of ABA content in root tissue was

as described in Chapter 3, 2.7, on rinsed, snaP frozen and

Iyophylized sanples.

Measurements of root length, numbers of unemerged root

Iateral prinordia and emerged Iateral roots and larval number

were made on apices stained in 0.1% cotton blue in

lactophenol (Chapter 3, 2,5).

Ethylene samples were repì.icated 6 tines and ABA samples

r^rere replicated 3-4 times on bulked samples of I0 apices.

Root and nematode measurements I^rere repl icated 3 t imes and 2

times, rspectively, on batches of I0 apices each. Analysis

of variance was performed.flor each parameter measured.

3.1.3 Results

fnfestation

Larvae invaded cultured root t.ips of both cultivars to a

siurilar extent (Table 3.1)
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Table 3.1: ComPosition of

Stock Solution I

Ca(N0e )z . HzO

KN0s

Mg50o .7HzO

KHz P0¿

Wat er

Agar Mediu¡n Used in Sect ion 3

(Macro Nutrients)

l.4g

o .25e

0. 349

O.259

To I litre

I

Stock Solution II

Mn50a . Hz 0

KI

ZnSOa

Nr 50q

Cu50a

Mo0e

Water

Stock Solut ion I I I

G Iyc ine

i Inositol

Thiamine HCI

Niacin

Pyridoxine HCt

Biotin

Water

Iron Stock Solut ion

Fez (50a )s

EDTA. Naz

Water

Sucrose

(Micro Nutrients)

225 ng

50 mg

l0 mg

5.0 ng

5.0 mg

5.0 mg

To I litre

(Vitamins and Anino Acids)

300 ng

1000 ng

t0 mg

50 mg

l0 ng

1.0 ng

To 1,00 ml.

0.93 E

0.66 I
To 100 mI

205/l nutrient
solution
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Final Composition of Nutrient Agar

Stock Solution I

Stock Solution II

Stock Solution III

Iron Solut ion

Sucros e

Agar

There were

of NZC on

dens ity.

TabIe 3.2t Effect of DensitY of
Number of Larvae Inf
Root Segnents of Two

CULT I VAR DENS I TY

significantly nore (P = 0.05) larvae in the roots

day 3 at the higher, than at the lower inoculum

No other differences were observed.

Heterodera
esting Asepi
Oat Cultiva

LARVAE
DAYS AFTER

3

4. TB

8. 7Â

3. 98

6. 6ÂB

t00

t0

10

t0

20

t0

¡nl

ml

nl

g

Ê

avenae on the
cally Cultured
rs

NUMBER
I NOCULAT ION

I

5.448

7 .24

4 .28

7. 5A

NZC

S UAL

50

200

50

200

Significantly different values are narked with different
Ietters (P = 0.05)

Root Growth

The effects of density on main axis root length, the

nunber of first order laterals and the number of unemerged

Lateral root prinordia on aseptically cultured root segnents

over 9 days are shown in Tables 3.3 to 3.4, respectively.
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Root growth of cultured segments was slower than that on

intact plants (conpare TabIe 3.3 with Fig. 2.7). No cultivar

differences in root Iength over the trial pu'iod were

observed. At both densities controls were significantly

longer (P=0.05) than infested plants within three days after

inoculation. Infestation reduced the number of laterals

energing (Table 3.4) with no effects of cultivar or number of

nematodes. There were no significant effects on numbers of

Iateral root prinordia (Table 3.5) but it cannot be concluded

that the difference in numbers emerged was or was "?, due to

effects on elongation alone as there $tere also differences in

total lateral root nunbers (prinordia and energed) '
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Density of He t ero der a avenae on the
the Main Root Axis of AsePticallY

Root Segments of Two Oat Cultivars

C ULT I VAR DENS ITY

NZC 0

50

200

SUAT

50

200

Significantly different
letters(P=0.05)

Val ues
on same

53ÀB

438 (Br)

37c (70)

denoted by different

TabIe 3.3

TabIe 3.4

CUTTIVAR

NZC

SUAt

Effect of
Length of
Cul tured

AXIS ROOT
DAYS AFTER

tENcTH (mrn)
I NOCULAT ION

0

0

34

33

36

35

35

34

v al ues

3

458

37C

35C

4IB

36C

35C

are

6

56A

468

4lB

(82)

(73)

I

65A

498

438

(76)

(66)

59A

488 (81)

408 (67 )

in parentheses are Percentages of uninoculated control
day.

Het erodera avenae on the
Lateral Roots on

Root Segments of Two Oat

FIRST ORDER TATERAL ROOT NUMBER

Effect of DensitY of
Nunber of First Order
Aseptically Cultured
Cultivars

DENS ITY

0

50

200

0

50

D AYS AFTER INOCULATION

36

2.2 5.78

0.8 2.3C

I. I l.4CD

0

0

0

0

4. BBC

2.0c

I.ICD

I

10. 9A

4 .7BC

3. 6C

t 1. IÁ,

5.98

4"28C

0

0

0

0.4

0.6

0.5200

SiÉnificantly different values denoted by different letters
(P = 0.05).



Table 3.5

13 r.

Effect- of Density of
Number of Unenerged
Asepti cally Cultured
Cultivars

Heterodera avenae on the
Lateral Root Primordia on
Root Segments of Two Oat

CUTTIVAR DENS ITY

0

50

200

0

2

I

2

PRIMORDIA NUMBER

DAYS AFTER INOCUIATION

36

7 T7B

5 168

5 l3BC

I

29A

2IAB

2 3AB

NZC

SUAI t0 ISAB 23A

7 168 24A

B 13BC TTAB

are denoted by different

50

200

Significantly different values
Ietters (P = 0.05)

ABA and Ethylene

Levels of ABA and ethylene h/ere higher (P = 0.05) in

roots infested with lfe!erodera avenae (Tables 3.6 and 3.7).

Cultivar differences were not significant. Ethylene levels

were highest two days after inoculation, then decl-ined.

0 0

I

I
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Effect of Density of Heterodera avenae on the
Concentration of ABA in Aseptically Cultured Root
Segments of Two Oat Cultivars

Tabl e 3.6

CULT I V AR

NZC

SUAt

NEMATOD E

DENS I TY

0

50

200

0

50

200

DAYS AFTER

6

0. 094

o .482

o .42I

o.074

0.518

0.500

SOWING

ABA CONCENTRATION (ye.s-rD.tr)

ANATYS IS

SOURCE OF V.ARIATION

Cult ivar

Density

Day

Cultivar X Density

Density X Day

Cultivar X Day

Cultivar X Dens ity

a - Two days after

3a

0.087

0.361

0 .42L

0.o72

o .407

0.373

X Day

i nocul at i on

rsD (P 0.0r)

NS

0.06I2**

NS

NS

NS

NS

NS

I

0. 076

0. t90

0.236

O. OBI

0.406

0.333



r33.

Effect of Density of
Ethylene Production
Segments of Two Oat

Heterodera avenae on
by Âseptically Cultured Root
Cul t ivars

I

Table 3.7

CULT I VAR

NZC

S UAt

MEAN
(DENSTTY X

DAY )

ANAIYS IS

SOURCE OF

Cul t ivar

Density

Day

CuI t ivar

Cultivar

Dens ity X

Cultivar

NEMATODE
DENS ITY

0

50

200

0

50

200

1.55

2 .39

VARIATION

X Dens i ty

X Day

Day

X Density X Day

ETHYLENE PRODUCTION (nI. g

DAYS AFTER SOh'ÏNG

3a6

0.13

t.6B r.09

2.59 2 . 06

o .27

1.41 0.93

z.la I "2r

0.20 0.086

t.or 0.49

r.64 0.66

tSD (P = 0"05*)

NS

0.201x

0. l65x

NS

NS

0.413x

NS

-rh."r)

I

0.17

0.58

0.61

0.39

0.70

a Two days after inoculation

No Ethylene detected
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3.1.4 Discussion

Prolonged aseptic root- culture of monocots and

particularly of AI4enq has been difficult (Scott et aI. 1961,

ÂInestrand I949). However the modified mediun of Gautheret

( I942) used by McCl-ure and Viglierchio ( I966) promoted

satisfactory root segfment culture in the present study.

The method used to surface sterilize Heterodera aven ae

Iarvae resulted in about 75% recovery of treated larvae in a

prel iminary triaI. Contaninat ion of cultures of nematode

inoculated cultures did not differ fron controls, (about

L0%), a testimony to the adequacy of the method.

The impact of infestation on root growth observed in

this study, namely reduced main axis extension, inhibition of

lateral root outgrowth and possibly inhibition of Iateral

root initiation should be compared with reports of effects

of elevated leveLs of ABA and Ethylene on intact roots.

Wightman et ql. ( 1980) ..ported that ABÂ ( t0-6M)

inhibited IateraL root emergence but had no effects on

primordia induct ion except at much higher concentrations ( fO-f

M). Significant inhibition of lateral root induction h/as

observed at 2 x l0-?M ABA on excised pea roots (Bottger

I974). Ethylene is known to be a sLrong inhibjtor of latera'[

root outgrowth with little or no effect on primordial

initiation (Batten and Mul lins 1978, Drew et aI. l9Bl) .
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ABA and ethylene concentrations measured in t-he present

s tudy h¡ere in close aglreement with other studies. The

concentration of endogenous ABA in a root has been found to

vary from around O"4 ¡tg.g-r dry weight (Dt^J) in decapitated

pea plants (Bottger I97B) to about LI ¡g.g-t DW in root

cultures on Agar (Hartung and Abou-Mandour (I980) and to as

high as 2.2 pg.g-r DW on sunflower and Sycamore roots (Cohen

et.s-L. 1978).

Ethyfene production by intact unstressed seedlings of a

range of plant species varied between 2 to 6.5 nlg-t¡-r

(Konings and Jackson f979). Ethylene production rose from

1.0 nlg-t¡-t up to 2.5 nlg-r¡-r following MeloidoÉr¿ne

infestation of root cultures of tonato plants (Orion et aI.

rsB3 ) .

fnconsistencies were found in the results of this study

compared with results in Section 2. No differences in growth

between the two cultivars were observed in either infested or

control plants in this studyr uDlike that in Section 2,

Either root excision and/or aseptic root culture rendered NZC

more sensitive to nematode attackr or else Sual was made less

sensitive. The question arose whether similar amounts of

ethylene and ABA detected in both NZC and SuaI may have been

an artefact of the root culture technique just as growttr

patterns of Sual and NZC were identical. If sor amounts of

ABA and/or ethylene given off by NZC in response to nematodes

in intact plants may be less than by Sual.
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In conclusion there is a strong indication that chanÉing

patterns of root growth following nematode invasion are

consequential to nematode-induced increases in endogenous ABÂ

and ethylene concentrations. Although the present experiment

uncovered no differences in response of a tolerant and

intolerant cultivar this nay have been due to the special

circumstances of axenic culture.

3.2 Regulation of Root Growth of the Intact Plant

I Introduction3.2

In Section 3.I it was found that rates of root extension

and lateral root outgrowth did not differ significantly

between aseptically cultured root apices of the nematode

tolerant cultivar NZC and the intolerant cultivar SuaI,

regardless of their infestation status. These findings did

not agree with those reported in Section 2 in which it was

observed that root growth of NZC was less affected by

nematodes than l^ras SuaI.

No significant differences in production of ethylene or

concentration of abscisic acid was observed between the two

cultivars although amounts detected were significantly higher

in infested roots compared to controls.
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The contradictory results obl,r¡ined in Section 3.1 and

Section 2 may have been due to the shootl shoot--derived

factors possibly accounting for the better growth of NZC than

Sual in response to infestat ion.

The following study h¡as conducted to determine if

differences in root growth response to infestation between

intact plants having contrasting tolerance IeveIs to

Heterodera avenae are due to differences in production of ABA

and/or ethylene before or after infestation.

3.2.2 Methods

Seedling preparation was carried out as outlined in

Section 3,2.L on the two oat cultivars Sual and NZC. Between

36 and 48 hours after germination at 20oC coleoptiles l5 mn

long were directed bottom upward through 2 mm holes drilled

into 2.4 cm rubber suba--seaI caps. Caps with seedlings were

fitted onto 2,4 cm (ID) X 1I0.0 cm open-ended plastic tubes,

lined with plasti.c bags of similar dimensions. Bags had

been filled with steam sterilized sandy Ioam as described

in Chapter 4, Section 2 but minus John fnnes nutrients

(Fig. 3.1). Three holes about 3.0 mm diameter were

made at the bottom of the planting tr¡bes to assjst drainage.

Seedlings received I0 mI of hal f strength nutrient solution

(Hoagland and Arnon l-950) at planting. The plants were groÌon

in a cabinet in conditions previously described (Chapter

3.2.3. I). One day after planting, second stage Heterodera

avenae larvae cultured as described in Chapter 3, 2,4.I and
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subsequent 1y surface steri 1 ized ( Chapter 3.2.4 .2) vùere

applied to the surface of the soil at a density of 500 and

I500 Iarvae per plant in I mI aliquots through a slit in the

suba seaI. The hole was self-seaI in¿1. Controls received no

larvae.

Every three days, over the course of the next t5 days,

plants were sampled in the following manner: plants were

lifted from the plastic tubes by extracting the plastic

bags. The bags were opened using a sterile scalpel and roots

were rinsed free of soil under a gentle stream of deionized

water. The root system of the intact plant, stiII attached

to the suba-seal, was then inserted into a dark glass specimen

tube 2.35 (ID) X 9.6 crr into which had been laid a sterile

agar slant containing nutrients at the following

concentrations (¡n M): KNOs, 2OO;p CaNOs , 2O0; Mg50c, 100;

KHzPOq, 50; MICRO nutrients 0.25 strength Hoagland and Arnon

( 1950) , and Fe NaEDTA. Tubes were tightly sealed by

inserting the suba-seal into the specimen tube, then returned

to the growth cabinet where they were placed at a 45 deg,ree

angle to facilitate contact of the root with the agar.

Ethylene samples were taken from the test tube using a

syringe at three 1B hour intervals and ethylene concentration

h/as est imated ( Chapter 3 .2.6) . Means of the three readings

were calcr¡Iated. After each sampling fresh aì.r', sl.erilized

by passing through conc. HeSOc, conc NaOH, steril-e water and

2 cotton filters, was introduced into the specimen tube

through a syringe after first removing an equivalent amount

of air. Ethy.[ene samples were replicat,ed 6 times.
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After each sampling period plants were dj.vi ded into

blocks of three and six; the first block was set aside for

measurement of root infestation, length and number (Chapter

3.2.5). ABÄ determinations were performed on the second

block (Chapter 3, 2.7) after roots were separated from their

stems using a sterile scalpeI, snaP frozen in liquid Nz and

freeze dried.

3.2.3 Results

Infestation

No

observed

NZC

S UAL

significant differences

in the number of larvae

between Sual and NZC I^¡ere

in roots

numbers

during the three

within the rootsample dates ( Tab te 3. 9) . LarvaI

increased with time and density.

Table 3.8 E ffect
Larv ae
and 14

8

CUTTIVAR DENSITY

of Initial Larval Density on Number of
in Root Systems of Two Oat Cultivars 2,
Days After fnoculation

NEMATODE NUMBER

DAYS AFTER INOCUTATION

B T4

31 74 93

BI 207 241

46 86 t02

2

0

500

t500

0

500

t500 69 2r8 267

No significant differences between cultivars within densities
(P = 0.05)



Root Growth

Fíg. 3.

root length

I^rere reduced

14 0 .

I shows the effect of density on total seminal

over time. SeminaÌ root lengths of Sual and Swan

increasing nematode density, but only Sual

affected (P = 0.01) at the Iowest inoculum

with

was significantly

density.

Total lateral root length and number were reduced by

infestation with nematode effects becouring more noticable

with ti¡re (Fig. 3.2) but there were cultivar differences:

root length of SuaI h,as significantly (P = 0.05) reduced at a

density of 500 larvae, whereas NZC was not affected except at.

the highest density (analysis of Ln transformed data).

Both cultivars showed a significant decline in Iateral root

nunber at both initial nematode densities, though Sual's

decline was larger.

First order Iateral root number per unit seminal root

length on Sual was significantly greater than controls at the

highest nematode density (Table 3.9). This was offset Lry a

reduction (P = 0.01) in the unit lateral root length.

(Total length of first and higher order lateral roots arising

from a first order lateral root).
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FIG 3.1 (",b.) The effect of Heterodera avenae i4festation
on total seninal root le.gth ti*ÉJn(root
Iength) of a) NZC and b) Sual 3 15 days
after planting (plants inoculated one day
after planting)

INITIAL LARVAL DENSITY

0 a-^
500 o_o

1500 r_r

I rsD (P = 0.05)
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FIG 3.2 (a,b.) The effect of
total Iateral
the nunber of
and b) SuaI 6

INITIAT IARVAt DENSITY
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Table 3.?

Unit
No.
( No.

Lat. Root

cn-1)

141 .

Effects of Heterodera avenae c,n Unit Lateral
Root Number ( No. First Order Lateral-s per cm
Seminal Root Length) and Unit Lateral Root Length
(Total Length of lst and 2nd Order Laterals Per
Prinary Lateral Root) of Two Oat Cultivar$ at the
End of the Trial Period

CUtT I VAR

DENS ITY NZC SUAL

Unit Lat.
Length
(cn per Io

Root

Root )

t.5r
I .25

| .25

5.57

6. t4

3. r7x(56)

7 .44

2.02

2. 30x ( r5s)

5 .21

4.10*(78)

2 .23** (42)

0

500

1500

0

500

1500

*
P

x * significantly different from control, P

= 0.0I, respectively.
0. 05,

( ) percent uninocul-ated control.

Ethvlene and ABA Production

fnfestation significantly (P = 0.01) increased the

leveLs of ABA and ethylene (Tables 3.10 and 3.1f ). Differences

between controls and infested plants dininished with time.

Differences in hormone levels between initial densities of

500 and 1500 nematodes were not signif icant, nor vì¡ere

cultivar differences.
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Table 3.10: Effect of Density of Heterodera avenae on
Level of ABA in Roots of Two Oat Cul-t ivars

CULTIVAR -1ABA CONCENTRATION (tg/g 14D

NZC

SUAL

NEMATODE
DENSITY

0

500

1500

0

500

1500

3a

0.102
o .822
o .644

0.090
0.318
0.773

0.096
0.570
0.709

6

0.L44
0.234
0.564

0.186
0.396
0 .414

0.166
0.315
0.489

0.523 0.314 0.340 0.283

DAYS

9

o.L92
0.312
0.516

0. l_20

o.216
0.408

0.156
0.264
0 .462

AFTER SOWING

15

0.r74
0.258
0.458

0.295

0.069
0.114
0.378

0.187
o.L22
0.186
0 .418

I2
0.156
o.246
0 .446

0.211
0.054
0 .42L

0.184
0.150
0.434

0.394 0 .332 0.248 0 .229
MEAN
( DENSITY
X DAY)

ANALYSIS

SOURCE OF VARIATION

Cu]-ti-var
Dens ity
Day

Cultivar X Density
Cultj-var X Day

Density X Day

Cul-tivar X Density X Day

LSD (P = 0.05; P < 0"01,**)

NS

0.0252*t
0.0311*
NS

NS

0.0558*
NS
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Table 3.11: Effect of Density of Heterodera avenae on
Ethylene Production by Roots of Two Oat Cultivars

CULTIVAR

NZC

NEMATODE
DENS ITY

0

500

1500

0

s00

1500

3a

L,I2
4 .27
4 .4L

0.89
2 .1,9

3.68

6

L .47
L.32
2.53

o .67
1.55
2.72

1.07
r .44
2 .63

9

1.03
1.61
2.89

1.04
t.72
2 .43

L2

0.86
7.21-

r .64

1.16
1.19
t_.13

1 .01
I.20
1.39

15

r .27
L.t2
2 "O6

1.68

1.08

1.03
L .42
L.7 L

DAYS

-1 -1ETHYLENE PRODUCTION (nlg h

AFTER SOWING

MEAN 3.26 1.77 1. 84 r.24

SUAL

MEAN

MEAN 1.05
(DENSTTY 3.23
x AGE) 4.05

CuIt ivar
Dens ity
Age

Cultivar X Age

Cul-tivar X Density
Density X Age

Cultivar X /Density X Age

1.04
1.83
L.97

0.78
L .72

1.36

2.25 1.65 1.61 1.16

ANALYSIS

SOURCE OF VARIATION LSD (P = 0.05,*; P <

NS

0.146**
0.183*
NS

NS

0.374*
NS
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3.2.4 Discuss ion

Mor e

roots per

Section 2

This was

ret r i eved

nematodes invaded and became

unit initiaÌ inoculum density

established in the

than observed in

exposure period.

in larval populat ion

poss ib ly because of the l.onger

supported by the rise with time

from the root.

Root growth in this study was considerably reduced

compared to that observed in Section 2 ín which roots grew

for an extended period of time with Little or no irnpedance.

Longer exposure tine to nematode invasion and higher initial

densities are the two factors probably accounting! for the

very Iarge reduction in root length at the highest initial

nematode density. Ât lower densities the duration of

exposure had little or no inpact on the relative decline in

root length. This was indicated by sinilar percentage

reductions in root length for each cultivar at 400 (short

duration) or 500 ( long duration) Iarvae per plant in SecLion

2 (Table 2.7) and in this study, respectiveì-y,

This highlighted the significance of the effect of initial

invasion on subsequent root development. The increase

in the number of first order Iaterals per unit seminal root

length and the reduced total Iateral root Iength per first

order lateral on the cultivar Sual aL the highest density

relative to controls suggested that infestation had little

inhibitory effect on Lateral root. formation but significantly

slowed their extension.
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Higher levels of ethylene evolution in this study rdere

associated with nematode infestat ion and reduced root

elongation. These findings support those of the previous

study ( Sect ion 3 . I ) . The very early rise in ethylene

production observed in the present study resernbled that

elicited by that of ¡nechanical injury (McGIasson and Pratt

1964; Saltveit and Di1ì.ey 1978) or pathogen invasion (Lund

and Mapson 1970; Nakagaki et aI. I970). Though these results

suggested a rel-ationship between nematode invasion, ethylene

and ABA release and reduced root elongation a causaL

association could not be inferred on the basis of these

results alone. There was reason to question the involve-

rnent of these two hormones in the differences in response

of the root systems of the two cultivars to nematode

infestat ion

Ìn

Despite significant differences

root extension and lateral root

between

developrnent

in Ievels of

cuI t ivars

foll,owing

ethylene

infestat.ion, no clear differences

or of ABA production were observed

It is possible t.hat the sensitivity of Sual to a given

concentration of ethylene was greater than that of NZC,

resulting in a larger decline in root growth of that

cultivar.

The results of this study provided further evidence

of an associ.ation between alterecl root development patterns

of nematode infested plants and nematode induced stin¡uI¿rtion

of ABA and ethyler¡e synthesis and/or release. There is still
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no reason to relate the differential

to infestation to differing levels of

product i <¡n.

response of NZC and Sual

ABA or Ethylene

3.3 Response of Root Segments to ABA and EthyLene

I Int roduct i on3.3

The previous study showed that differences between

cultivars in the proportional decline in root growth in

response to nematode infestation were not necessarily related

tn differences in the rate of ethylene or ABA production.

The greater decline in root growth by Sual following nematode

infestation compared to NZC nay have been due to a higher

sensitivity to given concentrations of these two plant growth

regulators. The following study tested this hypothesis.

3.3.2 Methods

Experiments rdere conducted on seedlings of oats (cvs.

Sual and NZC). Seed pregernination procedures were as outlined

in methods Chapter 3.2.1. Wher¡ root radical length was 3 cm,

one cm long root segments were cut 3 mm behind the tip of the

main root. For growth experiments using ABA 10 segments were

placed in 50 ml erlenmeyer flasks containing t0 ml of a

nutrient solution tl nM Ca(N0:¡)2, 0.5 mM KCl, 0.5 nM Mg50a,

0.5 mM Naz H.POqlNaHaPOc, pH 5"61 with or without ABA and

shaken gentì.y in the dark at 22oC for 20 hours. At the end

of the incubation time the length of segnents was recorded.

Treatnents were replicated 6 B times.
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In experiments to examine the effect of ethylene

elongation ten I cm long root segments were incubated

plastic petri dishes containing the nutrient solut ion

described above but minus ABA.

on root

in 50 mm

Uncovered dishes were placed inside a perspex cha¡nber

into which a stream of air containing ethylene at known

concentrations was supplied (fIow rate I.0 I nin-t ). The

assembly was enclosed in black plastic and maintained at 22aC

for 20 hours after which time the length of segnents was

recorded. Each treatment was repeated six tines"

3.3.3 Results

Growth of excised root segments vùas stimulated

significantly (P = 0.05) by low concentrations of ABA

(+24% NZC, + 29% SuaI; optimum concentration l0-7M) (Fig 3.3,

TabIe 3. 12) . OnIy the root seg;ment length of SuaI was

significantly increased by et-hylene ('tlB%, concentration 0.05

ppm) although differences between cultivars were smaII (Fig

3.4, Table 3.1-2). Root segment extension was inhibited at

higher concentrations of ABA and ethylene.



TabLe 3.lC:

HORMONE

ABA

ETHYTENE

APPT I EI)
CONC.

OM

l0- I

10- ?

10- 6

l0-s

I0- 4

o Ppm

0.0t

0. 05

0. 15

t.0
10.0

148.

The Effect of ABA and Ethylene on Growth (% of
Controls) of Apical Oat (CVS, SuaI and NZC)
Root Segments After 24 Hours

ROOT ETONGATION (U OF CONTROLS)*

NZC SUAI

t00

to2

124*

Itt

B8

79x

t00

97

108

rt3

BB

67x

100

r05

l2 9x

I27 *

97

82*

100

t06

IIBX

ttl

B4

72*

Treatment means hrere not significantly different between
cultivars (P = 0.05)

Significantly different from controls (P= 0.05,x)
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3.3.4 Discussion

This study confirmed work of other studies reporting

both stimulatory and inhibitory effects on root segment

elongation of ABA and ethylene" Abou-Mandour and Hartung

( fgB0) and Pilet ( fgB3) found optirnum ABA concentrations at

l0- ? and I0- 8M ABA respectively. Ethyl ene concentrations

r^rere reported as optinal for rice and tomato at 0. l5 and O.02

ppn respectively (Konings and Jackson I979). These workers

observed that plant species having rapid rates of elongation

had higher rates of ethyl.ene production than slower growing

species. It has already been observed that the rate of root

extension of Sual. lagged behind that of NZC. The previous

study showed that both ABA and ethylene concentrations of NZC

tended to be higher than those of Sual (Section 3.2), though

not significantly so supporting the observations of Konings

and Jackson (I979). These workers also noted that greater

sens it ivity to low ethylene concentrat ion was associated with

low endogenous ethylene product-ion. They suggested that

under conditions which resulted in a build up of high ethylene

concentrations, plants with greatest ethylene sensitivity

would suffer the most from the inhibitory effects of ethylene

on root growth. Sual had a great-er sensitivity to ethylene

than NZC, though differences were smal l. The greater decL ine

in root growth of Sual compared to NZC following infestation

may therefore have been in part due to the effects of

nematode invasion on ethylene and perhaps ABA production.
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However, in conclusion, it seems unli.kely that

differences in growth response between Sual and

nematode infestation observed previously can be

a difference in sensitivity to these two growth

the

NZC to

attributed to

regulators.
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SECTION 4 OF Heterodera av en ae INFES TAT ION
AND INTOTERANTRELATIONS OF TOTERANT

4"1 Root Growth and Water Stress

4.1. I Introduction

Root systems reduced in size by Heterodera avenae

infestation may suffer the effects of nild water etress more
Salrnson

acutely than healthy plants ( eg. Kerry and Je¿Énson I9?6) .

Several studies have associated increased nenatode tolerance

with properties of the plant that either enhance water

acquisition (Evans et aI_. L977 ) or reduce water loss (KapIan

et aI. I9?6; Evans and Franco 1979; Evans 1982; Fatemy et al.

1986). On the other hand at least one study has failed to

find any effect of water etress on tolerance to Eele¡pde¡e

avenae (Seinhorst I981).

Infornation ie required on the effect of infestation on

plant water status. The aim of the following study was

twofol.d: first, to test the hypothesis that infestation at

levels above and below that sufficient to induce root

stunting has no effect on the plant water status of oat

seedlings; secondly, that infestation has no lnfluence on the

plant water status of seedlings subjected to short term water

stress. If the above hypotheses are correct then it is

unlikely that tolerance to Heterodera avenae is

influenced by water stress within the parameters chosen in

this study.

THE INFLUENCE
ON THE WATER
OAT PLANTS
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4.L2 Methods

Two oat cuLtivars, NZC and SuaI were germinated as

described in Chapter 3, 2.1 on agar plates. When the

shorteet of the three seminal roots was 2 cm Iong, nematode

suspensions (O.25 nI) were pipetted onto 0.6 g preautoclaved

sand mounds (grain size < 250 ) placed at the aPex of all

three seninal roots. Nematode densities were I00 and 300

Iarvae per root tip. After 3 days incubation in the dark at

I0oC seedlings selected for unifornity in growth were

tranferred to plastic tubes (5.4 cm ID x 26 cn) containing

autoclaved modified inert solid ¡nediun ( "Turface" ) . A

sufficient volune of one-quarter strength Hoagland's (I950)

solution with NaFeEDTA to allow free drainage was supPlied at

planting and every second day for the first 12 days. After

L2 days one-half of control and inoculated plants continued

to receive nutrient solution while the other half received

none. Measurements of water potential (VL) of the

penultimate leaf, (Chapter 3, 2. 10. I ) ' Ieaf Iength' shoot

¡nass, root length and nunber of Iarvae ¡.rere nade on plants

every 2 days during the next B days. Plants were arranged in

a randonized complete block, with 6 to B replicates.

A second experinent was performed in which only the

method of plant inoculation htas u¡odified. Instead of

inoculating seminal root tips on ogar, seedlings in which all

three seninal roots had emerged were planted into 2.7 x I3.0

cm tubes as described in Section 3, 2.2"I and inoculated with
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260 or I000 larvae after three

seedlings were transPlanted 8s

tubes fíIted with Turface"

Analysis

Iisted in both

days. Six days

described above

Iater

into taller

of variance r,r¡as performed on aIl parameters

experinents.

4. 1. 3 Results

A sufficient interval (L2 days) was allowed before

inposing water stress to nini¡nize transplant effects and to

enable nematodes to become establ,ished.

There were more Iarvae in roots inoculated with 300

than with I00 larvae (Tabte. 4.f.I). At the highest density

the number of larvae on both NZC and Sual decreased signif-

icantly after B days of water stress. However infestation

did not influence root length of any cultivar.

Table 4.L l: The Effect of Initial Heterodera aveDae
fnoculum Denslty on the Number of Larvae on
Roots of Plants Preinoculated and Transplanted
into Turface 3 Days Later. Larval Nunbers
Measured L2 and 20 Days After Transplant
(Day 0, Day 8 of Water Deficit Strees)

CULT I VÀR DENS I TY NO. LARVAE

DAY O DAY B

NZC 100
300

SUAL 100
300

0

3
7

2
7

2
4

2
5

rsD (P 05) 2
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development.
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inoculation

the desired

was therefore changed in the second

effect of inhibiting root

Larval Number

Both cultivars had significantly nore Iarvae in the

roots inoculated with 1000 than with 25O Iarvae (Table

4.L.2). There were significantly more larvae in NZC roots

after I days of water stress than prior to stress at the

highest inoculu¡n density.

Table 4.I.2 Effect of Initial Heterodera avenae fnoculum
Density on the Number of Larvae in Roots Before
and After B Days of Increasingly Severe lllater
Deficit Stress

CUTTI VAR

NZC

SUAt

250

r000

250

I 000

0.05 = lI

INITIitl
DBNS ITY B E FORE

22

43

1B

50

NO. TARVAE
STRESS AFTER STRESS

l9

56

20

58

third Ieaf

Fig. 4.I.I

of both

tSD P

Leaf LenÍth

The effect of water stress on length of the

of infested and uninfested oat plants is shown in

Water stress reduced

control and infested

the length of the third leaf

plants equally on NZC. Length of the
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third leaf of Nzc was not affected by infestation. water

stress reduced the leaf length of uninfested Sual plants but

had no significant effect on the most heavily infested

plants. Leaf Iength of Sual infested Plants was

eignificantly shorter than controf plants on aIl samPling

days.

Shoot Mass

Infestation had no effect on shoot mass of either

cultivar. Only effects of the highest inoculun density and

controls are shown ( Fig. 4. I. 2 ) . Ílater stress significantly

P = 0.05) reduced shoot mass of NZC by the end of the stress

treatment.

Root Lenrth

Total root length of Sual was significantly less

(P = 0.0I) than that of NZC on aIl sample davs (Fig.4.I.3).

Infestation reduced the root length of SuaI but had no

significant effect on NZC. Root Iengths of plants inoculated

with 25O larvae did not differ fror¡ that of uninfested

control plants and for clarity have been onitted fron Fig.

4.3. Water stress enhanced root length of both inoculated

and uninoculated cultivars, particularly that of SuaI, with

the effect being more noticeable with tine.



FIG 4.L.2 (a,b)

'IfT} WATER DEFICIT SIPfl*fTß

$otta DErrcrr s-?fltËrl

The effect of Heterodera avenae infestation
on the shoot nass of a) NZC and b) SuaI
O - B days after onset of water stress
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FIG 4.1.3 (a,b) The effect of Heterodera avenae infestation
on total root length of a) NZC and b) Sual
0 - B days after onset of water stresa
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Leaf Water Potent ial ( 'f . )

f he Vl- of NZC declined f ron about -O.2 to -2.5 MPa

during the course of water stress (Fig. 4.I.4). There Í{as a

significant three-way interaction between cultivar nematode

density and day (P = 0.0I). Dehydration of leaves of control

and infested NZC plants became mcre severe with tine.

Infestation of Sual resulted in significantly Iess

dehydration than that of uninfested plants by the eighth day

of water stress. Differences between infested and uninfested

plants not exposed to water stress were not significant. The

intermediate density did not differ from controls r+ith

respect to either cultivar and have been onitted.

4.L.4 Discussion

This study demonstrated that root system length can

strongly influence the effect of short-tern severe water

deficit stress on shoot growth of container grown seedlings.

The results confirned findings already reported (Chapter 4,

Section 2) that infestation has Iess impact on root growth of

NZC than on SuaI. This feature coupled with NZC's larger

root system enabled both infested and control plants to

extract the Linited supply of water remaining in the tubes at

a f aster nr¡t e than did Sual r 8s indicated by rì more rapid
Y-decrine in, following onset of water stress. water stress was
Å

by far the doninant factor Iimiting leaf growth of NZC.

While both control and infested root systems of SuaI
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apparently depleted water from the tubes at a slower rate

than NZC, infested plants must have used significantly less

water than control plants, using the more gradual decline in

VL as a reference. The net effect was that by the end of the

trial, water stress and infestation individually reduced leaf

extension and shoot mass, but in combination water stress

contributed only slightly to the overall decline in top

growt h .

There was no indication that infestation affected water

uptake in any way other than by reducing the total root

lerrgth" This rdas evident from results of the first study

which showed no effect of infestation on growth or water

potential of water stressed plants when root length was not

significantly affected.

In conclusion the relatively ninor effect of nematode

infestation on root growth of NZC resulted in more severe

growth inpairment following rapid onset of water stress

compared to Sual. Nematode invasion does not affect the

plant water status of well watered plants but can reduce water

uptake and thereby facilitate survival of plants under short*

term water stress.

4,2 Effects of Heterodera
Ability of Oat Plants
Differing in Depth

4 .2. I Introduct ion

avenae_ infestation on
to Extract Water from

the
Soi I Zones

The slower rate

nenatode infes tat ion

and the greater senE¡it ivity to

root aystem compared to that

of growth

of SuaI's
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of NZC delayed the effects of rapid and severe water stress

on plant dehydration and shoot growth (Chapter 4, Section 4.1).

Under field conditions the slower growing and riotz

nematode-sensitive root system of Sual- may be at a

disadvantage if unable to extend beyond the zone of water

deficiency.

The inpact of early drought stress on floral prinordium

development and subsequent spikelet and grain number on

cereals has been reviewed (Salter and Goode 1967¡ Slatyer

I973). $later stress during inflorescence developnent has

been found to reduce the number of prinordia and the develop-

ment of these into fertile florets (Van der Paauw 1949;

NichoI ls and May I963; Aspinal I et al . f 964 ) . EarJ.y

water stress has also been found to reduce the number of

grain bearing ears per plant due to suppression of late

tillering (AspinaIl et aI. 1964).

The purpose of the following study was to determine if

the effects of drought stress on grain yield would be

exacerbated by infestation as a result of the delayed

extension of roots fron a soil zone deficient in water to one

well supplied.

A comparison was made between cultivars having fast

growing and slow growing root systens, NZC and SuaI,

respectively. A comparison was also made between two

cultivars having fast growing root systems (NZC and Swan)

but varying in their relative sensitivity to root stunting by

nernatode invasion (NZC, low-, Swan, high-sensitivity).
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4.2.2 Methods

Seeds of NZC, SuaI and Swan !{ere germinated on agar as

previously described (Chapter 3.2.f). Seedlings were

selected for unifornity of root emergence and planted into

flexible plastic cylínders (2.5 x 5.0 cn) containing

John Innes soiI. these cylinders had previously been placed

into taller rigid plastic tubes (9.0 x 40.0 cn) closed at one

end with a water permeable synthetic cloth (love sheet).

These were fiIled with John Innes soil separated about two-

thirds (27.0 cn) down the tube with a 5 cm layer of

autoclaved crushed gravef () I cur _< I.5 cn) held in place

with plastic nesh. Soil in the lower compartment had a water

content just in excess of field capacity (14.0X) at the tine

of sowing. The soil in the upper section had a water content

of 9.5X at planting. Two days after planting seedlings were

inoculated with 4000 larvae in 1.0 ¡nI water suspensions. No

further water r{as added to the top compartment during the

course of the study. Plants stood in trays and obtained

distilled water contalning one half strength Hoagland

solution (I950) supplied to the base of the pots. Two

further treatments were devised. In an arrangement, identical

to that described above, basal irrigation r.ras onitted. Water

was supplied to the top compartment to maintain a constant

soil water content as gauged by decline in pot weight with

time. In a third treatment plants went without water from

either the base or the top. In the above two trials one-half

of the plants received nematodes (aOO0/pIant). Treatnents

were designated as follows: water supplied only to base,

D/W; water supplied to top, t{; no water supplied, D.
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Plants were grown in a glasshouse (nean air temperature

was 22oe ! 5) and arranged in a randonízed conplete block

design. Plants were harvested 14, 24, 40 and 100 days after

planting, 4-6 replicates per harvest date. Root Iength in

the upper soil compartment, the crushed gravel zone and the

lower soil compartment was measured separately. Yield

components and final grain yield were measured on days 40 and

I00. Y r of the penultimate leaf on days 13, 23 and 45 was

obtained using a Spanner psychrometer (Chapter 3. 2. 10. I.

Stonatal conductivity (G) was assessed from days l0-12 onward

every 5 days untit day 45 on the distal abaxial and adaxial

surfaces of the penultinate leaf (Chapter 3.2. I0.5).

Stonatal conductances presented are the mean of Ab-and Ad-

axial values. Yr and G measurements t{ere replicated 4 and 3

tines, respectively. Analysis of variance was performed on

growth and yield paraneters on individual harvest days. G

and YL values were analysed for differences between

treatments over time.

4,2.3 Results

Infestation and Root Lenqth

Cultlvars did not differ significantly in nematode

numbers in roots sampled 2 days after inoculation (Table

4.2.I). Water treatments also had no effect on infestation

up to this date. No other measurements of larvael numbers

h/ere taken.
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Table 4.2.I: No. of Heterodera avenae
of Plants 22 Days After
Larvae

CULT I VAR

Larvae in Roots
fnoculation With 4000

I{

LARVAE NO.

WATER TREATMENT

D/w

224L
r 769
2077

D

2L28
L947
2083

noda I

(day 40)

seninal

and

soi I

NZC
SUAL
SWAN

.ÀNALYS I S

CV

Water Treatment

CV X Water Treatment

I 929
t792
I 997

LSD (P

394 NS

4I8 NS

622 NS

0.05)

The effects of water supply treatment and nematode

infestation on root growth of NZC, Sual and Swan L4r 24,40

and 100 days after planting are presented in f,g". 4"2.1

a-d. The root systems of alI three uninfested cultivars had

extended to the botton soil compartment within 24 days after

planting irrespective of water supply treatnent.

During the first 40

root Iength (days 14 and

of NZC was not reduced by

root extension within the

Iater, seminal and nodal

compartments (days 24 and

significantly inpaired by

days of growth seminal and

24) and root system length

infestation. In contrast

top soil compartment

root growth into the

40) of SuaI and Swan

infestat ion, in al I

(day r4)

two Iower

Ide re

water supply



FIC¡ 4.2.L (a-d) The effect of Heterodera avenae infestation
and water supply treatment on the root
Iength in the top, glravel and botton soil
compartments of NZC, Sual and Swan a) 14,
b) 24, c) 40 and d) f00 days after planting
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treatnents except the D treatment on day 24. After I00 days

(harvest) infested and uninfested roots of NZC, Sual and Swan

did not differ in length within any of the water supply

treatments.

The three cultivars responded sinilarly to water supply

treatment. The dry soil- treatment (D) and the niIdIy water

deficit stress treatment (D/W) ted to the growth of longer

roots than the well-watered treatment (W) within 24 days of

planting. After 40 days the D treated plants had

considerably Ionger roots than the D/W and W treatnents

within the top soil compartment" Longer roots¡ on D treated

plants continued until harvest in the case of NZC and Sual,

but not in Swan.

Leaf Water Potential ( Y") and
Co¡.Js¡ctance'

Stomatal (c)

VaIues of G of al l three cult ivars f ol l-owed broadly

sinilar patterna (fig. 4.2"2) and reflected the course of

root development. The stomatal conductances (G) of well-

watered plants (tY) tended to be higher than those of the

other two water stress treatments I5 days after planting, and

r^¡ere signif icantly higher (P = 0.05) af ter a further 5 days.
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This waa the result of rising (NZC and Sual) or steady (Swan

following an initial decline) values of G l0 to 20 days after

plant ing in ltl-treated plants conpared to a decl ine in the D

and D/W plants during the same interval. The D-treated

plants never recovered from depressed G values, but those of

the D/W-treated plants increased significantly between days

20 to 35, depending on the cultivar and on the presence or

absence of infestation. Stonatal conductances of infested

and uninfested NZC, treatment D/W, increased significantly

between days 20 to 25 and uninfested NZC continued to

increase up to day 30. G values of uninfested Sual,

treatnent D/W, increased significantly from day 20 to day 30

while those of infested Sual, did not differ fron day 20

values until a further l5 days. Stomatal conductances of

Swan D/W treated plants behaved in a way sinilar to Sual

between 20 and 45 days after planting. From 35 to 45 days

after planting, etomatal conductances of infested and

uninfested W and D/W treatments did not differ, irres-

pective of cultivar.

Leaf water potentials ( Yu) of the penultinate Ieaves of

each of the cultivars subjected to different water stress

treatnents are shown in Fig. 4.2.3. Vr values of plants

subjected to water stress (D/W and D) were significantly lower

days after planting than well watered plants. Infestation

had no effect on Yr of well-watered NZC and Sual over the

entire neasurement interval, whereas infestation redrrced V"

L3



t'IG 4.2.3 (a-c) The effect of Heterodera avenae infestation
and water supply treatnent on the leaf wate
potential of a) NZC, b) Sual and c) Swan 13
24 and 40 days after planting
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and

not

t64.

on day 23. Differences between uninfested and infested

Sual plants wi.thin and between D/W and D treatnents

significant l3 and 23 days after pìanting but D

values of NZC were significantly Iower than D/W and

45 days after planting. In Swan, D treatments had

t reatnen t

W values

significantly lower Yu values than D/W and t{ treatments

23 and 42 days after planting.

TilIer Developnent

Swan had fewer tillers than the other 2 cultivars

(TabIe 4.2.2). The aevere water stress treatnent (D) had

restricted tillering in all cultivars. Nenatode infestation

had no effect on tillering in any cultivar or water-supply

treatnent.
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Table 4.2.2

NZC

SU.AL

SWAN

Effect of
Treatnent
Cu I t ivars

Inf estat ion and l'ìlater Supply
on TiIler Production of 3 Oat
I00 Days After Planting

CUTTIVAR NEMAÎODE

TIttER NUMBER

DAYS AFÎER PLANTING

r00

t{ATER STRESS TREATMENT

D/W MEAN MEAN
(cv x DENSrrY (cv)

D

0

40 00

0

4000

0

4000

t{

II.5

L2.3

II.4

ro .2

7.7

7.5

7.3

6.7

6.2

6.9

5.8

5.3

L2 .6

14. I

t3. r

L2.7

8.2

9.3

10.4

11.3

LO .2

I

7

7

r0. I

I0 " t

7"3

I
2

4

MEAN (WT) IO. I 6.4 ll.8

ANATYSTS rSD (P <

SOURCE OF VARIATION

SIGNIFICÁ,NT EFFECTS: LSD (P = 0.05)

Cultivar (cv) 1.38

Water Treatnent (t{T) I.38

( No significant interact ions )
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Tillering of the 3 cultivars was the same in W and D/W

treatments but in the D treatment Swan had significantly more

tillers than NZC or Sual. Tillering of NZC and SuaI W and

D/W treatments was the same but in Swan there were

significantly more tillers in D/W than in W.

Grain Yield

The effect of infestation and water supply treatment on

total grain nunber and grain mass is presented in-tABl¿:4,2.3.

Severe water deficit stress significantly reduced grain

number and grain mass of aIl cultivars. No differences were

found between infested and uninfested D-treated plants.

Mi 1d

number or

grain mass

water stress had no effect on either total gra in

the totalgrain mass of Sual and

of Nzc (TabIe 4"2.3).

Swan and increased

Total grain mass of Sual

and Swan was reduced by infestation in both the D/W and on

treatments but NZC was not affected.



r6-t .

Effect of Heterodera avenae fnfestation and
Water Supply Treatment on Yield of Three Oat
Cultivars 100 Days After Planting

TOTAT GRAIN NO. TOTAL GRAIN MASS

Table 4.2.3:

NZC

SUAT

St{AN

MEANS W

( DENS I TY
x r{T)

t{

D

NEMATODE DENSITY

MEAN O 4OOO MEAN0

74.2
3I.7
89. I

96. r
35. B

92 .7

IOI.7
52.6
97. 3

83. I

90. 7

40. 0

D/W 93.0

MEAN 65. 0 69. 7

I{
D

D/w

w
D

D/w

I{
D

D/w

4000

83.6
34. I
90.7

66. I
3r.4
6r.8

87 .4
5t.6
79 .2

72 .4

79.3

39. 3

77 .2

78. I
33.3
89. 9

BI.5
67 .2
77 "3

94. 6
52.2
88. 3

r.48
0. 45
r.83

| .25

2. l5
o .47
t. 97

r.53

3.4I
r. 64
3. t9

2.74

2.35

0. 85

2 .33

1.84

1.59
0.49
1.71

I.25

I.49
0 .47
I .46

I. 14

2.93
r.53
2. 89

2.45

2.00

0. 83

2.02

L.62

I. 54
o .47
r .77

1.82
0 .47
L.72

3. 17
1.59
3. 04

MEAN 74.9 53.4

MEAN
(DENSTlY)

74.6 65.3

B.
7.
B.

t3.
16.
13.
NS

ANALYSIS LSO

SOURCE OF VARIATION

cv
Dens i ty
I{. T.
CV X Density
cv x w.1.
Density X W.T.
CVXDensityXW.T.

97 **
03x
97 X*
l4*
28*
I4*

0. 187*
0 . I31_ **
0. I87*x
0 .244*
0. 209*
0 .284*
NS

*,** significant P = 0.05, P ( 0.01 respectively.
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Älthough mild water stress had no effect on total yieId,

the individual conponents of yield of sual and swan Í{ere

influenced by the D/W treatment (fnare 4.a,.+).

Table 4.2.1: Effect of Infestation and Wate
Ste¡¡ Grain Nunber and Mass of
100 Days After Planting

GRAIN NO.

rS
30

tress on Main
at Cultivars

CV t{. T

NZC t{
D

D/w

MEAN

S UAI t{
D

D /V]

MEAN

SWAN I{
D

D/w

MEAN

MEAN W

CV X D

DENS . )D /Vl

0

2r .5
8.7

24 .3

3t .2
r3.9
26. O

25.5
t3.0
2r.5

26"0
rt.9
24 .9

+

23.5
IO. I
25.3

23.2
t2. B
22.2

23.

23 .2
10. B

2L.O

MEAN

22"5
9.4

24.8

27 .2
13.4
24 .I

24.3
TI .2
18.5

24 .7
It.3
22 .5

0. 55
0. 18
0. 54

0. 83
0. 25
0. 55

0. 64
0 "20
0. 54

GRAIN
MAS S

0.09**
0.07*
0.09*
0. I3*
0. t4*
NS
NS

MEAN

o .52
0. t7
0. 54

0.41

0. 7r
0. lB
0.56

0. 87
0. 33
0. 54

0. 6t

0. 70
0 .23
0.50

GR.AIN MASS ( g)

0. 55
0. tB
0.53

0.39 0 .42

0

0.49
0. 16
0. 54

0. 86
0. 17
0.58

0. 9t
0.41
0 "72

0. 75
0 .25
0.6I

MÂIN STEM

+

LB.2 19.6 IB"9

23.7 19.4 2r.5 0.53 0 .42 0.48

0
4
5

9.
15.

20"o t5.9 17.9 0"68 0"54

SOURCE OF VARIATION

curTrvAR (cv)
DENS ITY
I{ATER TREATMENT ( WT )
CV X DENSITY
cv x l{T
DENSITY X WT

CVXDENSITYXWT

GRAI N
NO.

3.06x
NS
3.06*X
NS
5.3r*
NS
NS
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Main-sten grain mass and number in Sual and main-stem grain

number in Swan were reduced on D/W treated uninfested plants.

Infestation had no effect on grain mass or number of weII-

watered Swan but further reduced the grain maaa of D/W

treated plants. Decline in infested D/W treated, nain-stem

grain mass of swan was due to a reduction in grain number

with no effect on single grain mass (Table 4.2.5).



Tabl.e 4.2.5t

110 "

Effect of Heterodera avenae Infestntion and
Water Supply Treatment on Single Grain Mass
Deriving from the Main Sten and Tillers of 3
Cultivars 100 Days After Planting

SINGTE GRAIN MASS (¡re)

MAIN SÎEM TILTERS

+MEANO+

NZC

D/w

MEAN

ST{AN t{

D

D/w

t{

D

0

23

t8

22

2T

36

31

33

27

26

t3

23

2T

36

29

34

2**
NS
2*
NS
NS
NS
7*

MEAN

l9

T5

l9

l8

t9

t5

I7

L7

33

27

33

23 23 18

1B t8 t5

2T 22 t9

2t T7

I9

I3

L7

16

33

26

30

I9

l5

I8

L7

IB

t6

t6

MEÂ.N 2L

SUAL W 28

I2

D/W 22

D

24

I4

24

2I

36

26

35

L7

32

27

35

MEAN 33 32 33 30 31 3t

ANALysrs LSD (P=o.os)l+ iP=o.ot*Ð
CULT I VÀR
DENS ITY
WATER TREATMENT (W.
CV X DENSITY
cv x I{.T.
DENS ITY X W. T.
CV X DENSITY X I{. T.

T

2**
NS
2tF
NS
NS
NS
NS

a) o, o Iarvae per plant; + 4000 larvae per plant.
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In 0ontrast the main-stem grain mass of infested Sual waa

onl-y reduced in wel-1"-watered plants, there being no ef f ect on

grain number. Main-'stem grain number and nass of NZC were

not reduced by nild water stress and infestation alone or in

comb inat i on .

The effect of infestation on tiller grain yield of Swan

and SuaI mirrored that of infestation on nain-stem yield of

Sual (Table 4.2,6). fnfestation only reduced grain mass and

number of SuaI, and grain nass of Swan when plants rdere not

water stressed. Water stress alone had no effect on tiIler

yield of Swan, but reduced both mass and number of tiller

grains of Sual. TiIler yield of NZC was unaffected by

infestation but nild water stress enhanced grain nunber and

mass of NZC.

The increase in tiller grain number and mass of D/W

treated NZCwas due to an increase in tiIler number. The

decline in tiller grain mass of infested Swan l{as due to

fewer grains per tiller.

The decline in tiLler grain mass and number of well-

watered, infested SuaL was due to both a decline in tiller

number and grains/tiller. The decline in tiller grain mass

and number of Sual response to mild water deficit was due to

fewer grains per panicle, and slightly smaller grain size.

In all cultivars the effects of water stress and infestation

on the individual components of tiller grain yield were in

thenselves insignificant but had a significant effect on

tiller yield, with combined.
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The Effect of Infestation and Water Supply
Treatnent on Tiller Grain Number2 Grain
Number per TiIIer and Grain Mass of 3 Oat
Cultivars I00 days After Planting

Table 4.2.6

cv t{.T. 0

NZC t{
D

D/w

MEAN

SUAI W

D

D/w

MEAN

SWAN W

D

D/w

MEAN

GRAIN NO.

+ MEAN

54.3 56.1 55.2
18.1 19.7 18.9
6A.2 66. r 67 . 5

GRAINS/TItLER

O + MEAN

MASS ( g)

+ MEAN

GRA IN

46.9 47.3 47.L 4.r 3"4 3.8 0.85 0.86 0.86

4.7
r.7
4.9

4.6
1.1
4.4

4.7
2.2
5.3

5.2
3.I
4.2

9.5
7.3
B.B

I 8.9
6 7.9
2 7.4

0

0. 99
0.28
L .29

r .29
0. 30
0. 99

2 .52
0. 97
2.47

5 r.60

0 0.51

I.09
0 .29
I .22

0.85
0 .29
0. 78

2. L4
t. 15
2 .34

r. 36

0.57

1.04
0. 29
1.3

L .07
0. 29
0. 89

2.33
1.06
2"4I

1.48

0. 54

66.2 47.5
23.6 18.4
57.3 49.2

76.8 67.0
38. 0 42.3
83.3 71.3

56.
2L.
53.

71.9 r0.
40.2 6.
76.0 t0.

I 5.8 4.6
0 3.8 2.4
3 4.5 3.8

49.0 38.3 43.7 4.7 3.6 4.2 0.86 0.64 0.75

65.9 59.3 62.6 8.9 B.r 8.5 r.99 1.21 r.60

MEAN W

(I{TxD
DENS ITY )

(D/I{)

MEAN
( DENS. )

a) 0, 0

66.8 56.9 61.3 6.9 6.0 6

27.6 26.8 3r.3 4.2 3.8 4

69.6 6r.3 65"6 6.7 5.3 6.0 r"58 1.45 r.53

ANATYS IS

54.7 48. I 5.9 5.0 r.23 r.29

larvae per plant; +, 4000 larvae per plant

LSD (P 0.05,*; P ( 0.01,**)

T I TLERS

GRAI N

NO.

6" llx
4 .82X
6.llx*
B .72*

L0.72*
8.72*
NS

GRAIN
MAS S

0.lI*x
0.09*
0.I1**
0. l6*
0. l9*
0.16*
NS

GRA IN/
T I LLER

0.48*
0.35x
0.48**
NS
0.87*
NS
NS
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4.2.4 Discussion

The purpose of this study was to examine the effects on

grain yield of water stress of nenatode infested plants to

deterrnine whether water stress imposed during early plant

development predisposed a plant to increased danage by

nematode infestation. The experinent was designed in such a

r{ay that it would test the hypothesis that the cultivar(s)

most seriously affected in root growth by nematode

infestation would nost Iikely be affected by a soil water

deficit. Early water deficit stress has been reported to

inhibit or delay floral prinordial development (Husin and

.Àspinall 1970, Fischer 1973) thereby reducing grain number"

Tillering can also be suppressed during water stress

(AspinaIl et a1. f964). Mitd water deficit during grain

filling can reduce final mass per grain (Aspinall I965,

Wardlaw I971, Brocklehurst et al. 1978) and severe water

deficit during grain filling has been reported to reduce the

rate of starch deposition (Brooks et aI I97B) and hasten

the ternination of grain filling (Wardlaw f97f). In this

study the decline in tiller number, grain number, total grain

mass, and single grain naas of the severely water stressed

plants (D) can be explained on the basis of the above.
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In these plants the effects of water stress outweighed those

of infestation on yieId. However, nild water deficit stress

influenced the response of nain stem yield to infestation"

Differences in the way that infestation and the D/W treatnent

influenced the main stem yield of the three cultivarg could

be related to differences in root developnent, and the extent

to which root growth was inpeded by nematode infestation.

The cultivar NZC had a faster growing root system and was

Iess inpaired by nematode infestation than Sual and Swan.

Because infested and uninfested roots of NZC extended

into the well watered root zone at about the same tíne no

differences in Y I and G were observed between infested and

uninfested plants and recovery fron stress occurred sooner

than on SuaI and Swan.

Although slower developnent of roots within the well-

watered botton soil compartment may account for the

deleterious effect of nild water stress on uninfested Sual

and Swan conpared to NZC, it does not explain why nild water

stress had no effect on infested SuaI but reduced the yield

of otherwise unaffected, infested Swan. The effect of

infestation on Swan is understandable, infestation further

delaying the time for roots to extend into the botton root

compartment, thereby accentuating the effects of water stress
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on main stem yieId. Sual should have been similarly affected
given the si¡nilarity in infested root sizes of the two

cultivars, rnstead in suaI, only the well-watered treatnent
was reduced by infestation. These findings indicated that
infestation influenced the processes of grain filling of sual

independent of the effects of internal and externar water

stress. Measurenents of stomatal conductance and Vu for SuaI

supported this observation. For example, stonatal

conductance of infested SuaI was significantly higher than on

uninfested plants after 20 days and Y L varues between

infested and control plants did not differ. since root

length of sual was significantry reduced on infested plants

the decline in grain mass can be attributed to the inability
of the smaller root systen to support the sane growth as the

larger uninfested root systen. The absence of such an effect
on Swan nay be a reflection of a less severely nematode-

impaired root systen at the density applied. Mild water

stress may have had no further effect on main-stem grain

yierd of sual because the smarl stature of the infested root
system may have reduced the plants water requirements,

thereby in part, cancelling the effect of a drier soiI.

The negative effects of infestation on titrer yierd of
Sual and swan did not appear to be associated with either
reduced root length or with plant water deficit stress during

later growth. rn both cultivars, root developnent of well-
watered infested plants within the top soil compartment was

not significantly different fron that of uninfested plants.
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The resuLts on main stem and tiller yield responses of

SuaI and Swan to infestation indicated that water deficiency

may not be the prinary factor responsible for the decline in

yield of infested plants. Nonetheless the extent to which

roots hrere inpeded in growth by nematode infestation was

related to how severely yield rlas reduced by inf estation.

Because mineral nutrition is also dependent on root

extension it is possible that access to minerals and not

water was the principle liniting factor in deter¡rining the

yield of infested plants. The rate of diffusion of ions to

the root surface is more rapid when the soil is moist than

when it is dry (Reisenauler 1966, Nye and Tinker L977).

Both infested and uninfested plants would have been subject

to this constraint in the D treatuent, and differences in

root length nay not have been sufficiently large to benefit

the uninfested root systen. With increasing soil noisture

(D/W and W treatrnents) the soil conductance to ion movement

nay have been a less Iiniting factor than root length. In that

case infested plants would be disadvantaged compared to

uninfested plants. This could explain why the grain yield of

Sual, a cultivar considerably reduced in root Iength by

infestation, was reduced only when water stress was mild or

absent. The relationship between root growth of infested

plants and mineral nutrition wiIl be examined in more detail

in section 6 of this chapter.



r71 .

To conclude, while an analysis of total yield failed to

detect interactions U"tw"fr infestation and water stress,

water deficit stress accentuated the effect of infestation on

main sten grain mass of Swan. These two factors acted

independently on the nain stem grain yield of Sual and tiller

grain yield of Sual and Swan. The cultivar NZC was largely

unaffected by infestation and water supply treatment.
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4.3 Direct Effect of Infestation on Stomatal Conductivity

I Int roduct i on4.:3

In section 4.I, rapid dehydration of the three cultivars

exposed to drought stress appeared to be prevented by stomatal

cl-osure. D ifferences between infested and control plants in

stomatal conductance could be satisfactorily ascribed to the

ind'irect effect of root stunting that slowed water

consumption, thereby delaying onset as well as relief from

water stress. Direct effects of nematode invasion on

stomatal aperture if they occurred were therefore difficult

to identify"

Stomatal closure has been associated with elevated leaf

ABA concentrations (Mittelheuser and Steveninck 1969, Jones

and Mansfield 1970). It has already been shown that nematode

infestation elevated the level of ABA in root tips (section

3). It is possible that nematode invasion nay also induce a

rise in ABA IeveIs in the Ieaves of infested plants, thereby

directly causing stomatal closure and reducingi transpiration.

Since there is lj.ttle information about the specific

effects of nematode invasion on stonatal, aperture the

following study was undertaken to determine whether nematode

infestation has an effect on stomatal- aperture independent of

root length effects. Cultivar differences were alsc¡

exanined.
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4.3.2 Methods

Seeds of four oat cuLtivars (NZC, Sual, Swan and West)

h,ere ¡,repared f or germination as described (Chapter 3.2. l) .

Three day-oId seedlings were planted into 2.7 x 26 cm tubes

containing John Innes soil with a volumetric soil noisture

content of l-4.0 + O.8"Á. Standard growth cabinet conditions

applied. Photoperiod was I6 hours starting at 600 hours.

After 12 days the plants vùere selected for uniformity and

soil surfaces, top and botton, were sealed with tightly

fitting ParafilmR and plastic ClipsalR caps resPectively, to

mininize water loss from the soil. Daily transpirational

water Loss r¡rras monitored gravimetrically during a 10 hour

period from 800 to lB00 hours for three days " TotaI Ieaf

area approximations were obtained from leaf Iength measure'-

ments, enabling transpiration rates to be expressed on a leaf

area basis. Distilled water was added to the soil surface to

cornpensate for daily water loss after unsealing the parafilm.

Tubes were left unsealed overnight. Sto¡natal conductance htas

monitored as described (Chapter 3, 2. f0.5) at 1000 and 1600

hours . Duri ng t-he same interval plant s having either
¿¿návcårr¡nce-

anspirat íorUlvalues that deviated

I\ztf f rom the mean hrere re¡noved on the

fourteenth day. At 20"00 hours of the fourteenth day after

pLant.ing onÉ,) -haIf of the plants were inoculated with a I " 0 ml

water suspensiou <:ontaining 3000 Heterodera avenae nematode

larvae, while thc-: other half rece.ived 1.0 m1 of the same

water, minus nematodes.

R Registered Trade Mark
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Stomatal conductance measurernent-s were taken the f ol.Low ing

day and for the next 5 days,2 or 3 times daiIy, and then I0,

t5 and 20 days later on conLrol and treated plants. Tr-ans-.

pirational Iosses h,ere monitored until the twentieth day of

planting. After that ti¡ne the Clipsal caps were removed fro¡n

the bottom of the tubes and plants accessed water from the

bottom of plastic Iined metal trays.

Ten days after inoculation five

were destructively harvested

control and inoculated

to obtain information onplants

root t ength and larval establishnent.

G,.*"r*îLncu
and transpiration measurements were

obtained by random subsampling of four plants per treatment

from a total population of I6 plants per treat¡nent. The

experiment was analysed as a conpletely randomized block

design.

4.3.3 Results

Infestatirln of SuaI by Heterq¡þ¡g avenae resulted in

significantly higher (P = 0.01) conductivity values than

controls on leaf 3 (day l5) and leaf 4 (day 16, lB00 hours to
Cbnóvc{o'r\¿Lday 19, 900 hours ) ( Fig, 4. 3. 1) . Stonatal +å+dg€++i+;+iÊ of the

remaining three cul-tivars was not r:onsistently influenced by

nenatode infestation, although nematode infestation resulted
eav,àvalf4.r1€.€,

.in ué{i'C++€å¡+¡i++ values of NZC beirrg significantly less than

controls 2 days after infestation but becoming insignificant

on the eighteenth day" Transpiration rates of al.1 cultivars

remained unaffected by nematorles throughout the experimental

peri od 
"



FIG 4.3.1 (a-d) The effect of Heterodera avenae infestation
on stomatal conductance (G) and trans-
piration rate (E) of a) NZC, b) Sual, c)
Swan and d) hlest 0 - 36 days after
inoculation (I2 40 days after planting)

INITIAT LARVAL DENS ITY

3000

l--l

o--o

0

O-O

Fig. 4.3 a) Nzc

TRANSPINATION RATE, E D-tr

SToMATAI CONDUCTANCE, G

t3 to t6 Leaf Positlon 3 to 6

indicates date of larval- appJ-ication

LSD (P 0.0s )
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rrc 4. 3. I

ÎRANSPIRATION RATE, E

sToMå,TAL CONDUCTANCE, G

t3 to L6: Leaf Positlon 3 to 6

b) the effect of Heterodera avenae infestation
on stonatal conductance (G) and trans-
plration rate (E) of b) SuaI 0 36 days after
inoculation (LZ - 40 days after plantinÉ)
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FIc 4,3. I c) The effect of Heterodera avenae infestat ion
t rans-
36 days after

plant tng)

on stomatal conductance (C) and
piration rate (E) of c) Swan 0 -inoculation (12 40 days after
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t3 [6: Leaf Pocition B to 6
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FIG 4. 3. I d

TRANSPIRATION RATE, E

sToMTÁ,t CoNDUCTANCE, c

t3 to L6: Leaf Position 3 to 6

I

The effect of Heterodera avenae infestation
on atonatal conductance (C) and trans-
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All cultivars were found to have substantial Larval

populat ions

d i fferences

on their roots (Table 4.3. l) . No significant

between cultivars were observed.

Root length was not

infestation though roots

shorter.

Table 4. 3. I: Effect. of Heterodera

significantly reduced by nematode

of infested plants tended to be

aven ae
Fourteen Days After Sowing
Length and Larvae Nunber

fnoculationa
on the TotaI Root

I0 Days Later

CUI.T I VÂR

NZC

SUAL

SWAN

WES T

NO. LARVAE

a Initial Density 3000 2nd stage larvae

+ Standard error of mean.

4,3.4 Discussion

effects of nematode

cultivars might be

ROOT TENGTH
(% oF uNrNocuLATED CONTROT)

98. 4

92. I

89. 6

95.r

infestation on

associated with

Stonatal closure

stomatal

in duced

572

639

519

596

146

t68
+32

+ 74

Differential

physiology between

tolerance of plants t.o

by nematode infestat ion

thereby reduce the rate

reduce net CÙz assimi Iation and

infestation

could

of dry matter accumulat ion.
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Intolerant cult ivars might

ef f ect than tolerant c,nes.

however, that infestation

conductance.

stomata close so

would be greater

show greater sensitivity to this

The

had an

present study showed,

unexpected effect on leaf

Nematode infestation was found to tenporarily enhance

stomatal conductance of the intolerant cultivar, SuaI, and to

have no consistent influence on the remaining cult-ivars.

Transpiration rate was unaffected by nematode invasion.

The effect of infestation on the stomatal conductance of Sual

found in this study confirned the higher conductances

observed in SuaI in Chapter, 4.2. f n view of the cl.ose

relationship between stonatal conductance and leaf water

potential (V"¡ the higher conductance values of infested

SuaI may have indicated that these plants had a higher plant water

status than uninfested plants. Alternatively stomata of

infested Sual may be less sensitive to incipient water

deficit stress than uninfested plants. This could occur if
d¿cæase4

infestat ion the crit ical threshofd Vu at which

that at a giv"n Vl, leaf conductance

than on uninfested plants. The net effect

would be to reduce the water use efficiency of infested

plants. This wj.l-l be discussed in nore detail in the

following sect i on .
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On the basis of the results of this section .intolerance

coul-d not be attributed to unavailability of COz supply

arising from nematode-induced stomatal closure. For the

cultivars Swan and NZC, there is no reason to attribute

differences in stomatal conductivity between infested and

uninfested plants observed in the Previous section to

anything other than indirect effects of nematode invasion on

root surface area. Further work is required before this

can be said about Sual.

4.4 The Influence of Heterodera avenae Infestation
Leaf Water Potential andon the Relationship Betwen

Stomatal Conductance

4 .4. L fntroduct ion

Transpiration rates of well-watered plants have been

shown to be unaffected by the initial effects of nematode

invasion (Chapter 4r 4.3). Nernatode invasion was found to

temporarily induce higher stomatal conductivity (G) in Ieaves

of one less tolerant oat cultivar (SuaI). fnsensitivity of

stomatal guard cells to plant water deficit could reduce

overall water use efficiency (WUE) (Turner et al. l97B;

Schulze and Hall fgB2). Results of Chapter 4, l. I indicated

that the t{UE of Sual was most reduced by infestation, of the

four cultivars examinecl. Insufficient data $¿as collected

f rom Chapter 4, 4.3 to attempt to generalize on the relat:ion-

ship between Vr. and stomatal conductance (G) or on how

different cult-ivars or the presence of nenatode infestation

may influence this rel-ationship.
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The following st udy was undertaken

hypothes is that nen¡atr:rde

relationship between V r-

also invest igated.

infestat ion

to

has

and G. Cul-tivar

test the

no effect on the

d i. f f erences hrere

4.4.2 Methods

Seeds of four oat cultivars, NZC, Sual, Swan and West

were germinated and seedlings were planted into 5.0 x 7.0 cm

pots containing .Iohn fnnes sandy-loam soil with crushed

gravel placed at the bottom to facil itate drainage. After

nine days growth in a growth cabinet (conditions described

Chapter 3, 2.3. L) plants were selected for uniformity from

that population and received either 2000 or 4000 second stage

larvae in water suspensions. Control plants were given water

without nematodes. Ten nl distilled water vùas added every

two days starting two days after nematode inoculation. Six-

teen days after planting water was withheld from the plants

for the remainder of the experiment.

Measurements of G (Cha¡rter 3.2.1.0.5),Vr (Chapter

3.2.10.1) and RWC (Chapter' 3.2.I0.3) were determined on

plants over the course of the next six days,30 to 120

^I4-minutes the start of each new light cycle.

Measurements of G were replicated 6 times, Vu measurements, 3

times, and RWC 2 3 tirnes per cultivar within each density.
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4 " 4.3 Results

Considerable variabilit.y in the data Precluded

signif icant relationships being found between G and Vl.

Regression analysis of Vu on RWC (tr'igure 4-.4.2) on th"
(Frgrrr..4.a. ¡2

straight line segment of the relationshin¡in which G values

were greater than 0 indicated that Vr, values closely depicted

the actual water status of the plant, disrnissing one Possible

source of error. Neither cultivar nor ne¡natode effects were

signifi-cant, although slopes for infested plants tended to be

steeper than for controls.

4.4.4 Discussion

If soil water is not replenished, plants develop water

deficits and Ieaf conductance decreases. Under conditions of

artificially irnposed drought of the type induced in this

study, stomates close fairly abruptly at a critical threshold

Ieaf water potent-ial (Turner 1974; Ludlow l9B0) although

there is uncertainty as to whether this phenomenon can be

always applied to field conditions (Schulze and HalI I9BZ).

Nonetheless, differences in the water potential threshold for

stomatal clcsr¡re have been reported both between species

( Sanche z"-Diaz and Kramer 1971, Turner and Be88 I97B) and

varieties (Blum 1974, Henzell et ql. 1975) . There

was therefore some reason to expect differences in the

present study.



FIc 4.4.1 ( a-d) The effect of infestation on the relation
between stomatal conductance (G) and
leaf water potential ( Yr) of the
penult irnate Ieaf ( tg or tq ) of a) NZC 

'b ) Sual c) Swan and d) West. (t{ater ü,as with
held 16 days after planting and ¡neasurenents
were taken during the next 6 days).
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FIC¡ 4.4 2 The effect of infestation on the relation
between leaf water potential (Vr) and relative
water content (Rt{C) of the penultinate leaf (ts or
tc) of a) NZC, b) SuaI, c) Swan and d) West.
(Ilater r{as withheld l6 days after planting and
neasurements were taken during the next 6 days)
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Given the subst-ant-ial evidence supporting ¿r close

relationship between V. and G indicated above, the very

haphazard relationshi,p betwe"t Vl and G observed in t.hj.s

study may have been indicative of artefactual error inherent.

in the experirnental method. However no síng1e element of the

experinental procedure could have so critically affected the

resufts. More replicates would have undoubtedly reduced

effects due to error. Pot size was considered sufficiently

large to support the relatively small water requirements of a

I5 to 20 day old seedling. Water rdas applied at a rate

sufficient to perrn,it water to leak from the bottom of the

pots. Soil texture was loose enough to prevent anaerobiosis,

Measurements at pre-'dawn would have reflected the least water

stressed condition. Yet relatively Iow stomatal conductances
t4pa

coupled with relatively few V" vafues Iess than -rZ vùere

indicative of plants suffering mild drought stress. Poor

correlations between Vu and G have been reported in other

studies (Turner e! al. 1985, Gollan et aI-. l985).

In spite of the unexpectedly poor relationship bet.ween

Vt and G a couple of useful conclusions could be drawn fron

the results. Infestation appeared Ln have little influence
(¿nd'ue{a¡ic€-

on the dispers ion of e*i¡¡-¡¡¡^+Ul¡¡-¡-y val.ues of al I cult ivars

above and below the rough mean G value of 2.0 cms-Ì except

for NZC. Ir¡festation of NZC reduced the percentage of G

values greater than 2 from about 0.65 to 0.35%. In spite of

this the cultivar NZC has been shown j-n Previous studies to

be: .l ittte affected .in root and shoot growth by infest.at.ior¡ at

the nematode densities trsed in this study, so this effect is
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I ikely to have had little affect on C0a assimilation. From a

different viewpoint, NZC may be more tolerant as a result of

a better ability to conserve water when infested, compared to

the other cultivars. Inefficient water use has been related

to intolerance in work on potato cultivars (Evans l9B2a) "

Sual has been shown to be strongly affected by

infestation yet no differences were evident in effect.s of

infestation on G. On the basis of these observations it

would appear that nematode effects on stomatal aperture do

not influence the growth response of oats to Heterodera

avenae. This conclusion can only be provisional in view of

the acknowledgement of the possibility of an unknown error

source that induced mild drought stress on well-watered

plants.
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4.5 Effect of
Hydraul ic

Heterodera avenae fnfestation on Root
Conduct ivi ty

4"5.I fntroduction

Evidence collected from previous studies in this section

have suggested both direct (Section 4.4) and indirect

(section 4.3) effects of infestation on stomatal controÌ.

There is some evidence to equate these effects with tolerance

The rate of plant water loss is a function of both above

and below ground resistances (Cowan and Milthorpe f96B).

Under conditions in which water is in unlimited supply the

amount of water reaching the shoot for a given Pressure

gradient (Ap) depends upon the resistances in the pathway

along which water moves from the root surface to the leaves

above. If the sum of the root resistances or its inverse,

the hydraulic conductance (C) r^,as a static entity then 6nly

total root surface area could i-nfluence the rate of flow (Jv)

of water into the shoot at a given root to

However,

I inear Iy

(Mees and

it has been repeatedly shown that

shooa AF

Jv and A¡

Ap

are not

l.ncreasesC increases

1976, Michel

as

The

related but rather that

Weatherly 1957, Newman

potent ial variab i I ity of

1s77).

root hydraulic conductance

values sinilar Lo uninfested plants

reduction in stomatal conductance'

may be relevant. to the relat.ive toler¿ìnce cultivars to

infestation by Het e rodera avenae. Infested plants have been

observed to maintain Vu

without a corresponding
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and inspite of a reduction in root surface area (section

4. r.4.3). This could occur if the permeability to water of

the infested root system was higher than that of uninfested

plants. The extent to which this adjustnent in hydraulic

conductance might occur may vary between cultivars and as

such could account for differences in growth response to

infestation.

Authors studying the reLative magnitude of resistance to

water flow in root systems have varied Ap by regulating the

solute potential of the root nedium (Mees and Weatherly 1957;

Newman 19?3; Michel- L977), varying the transpirational rate

by manipulation of air hunidity, temperature and wind speed

(Haitey et al. I973; LawIor and Lake I977 ) or by

increasing the hydrostatic Pressure around the root system

( Jensen et aI. l96l , Duniuray I976; Ramos and

Kaufmann 1979). In the foltowing set of studies in which

the effects of water stress on Jv, C and K, the hydraulic

conductivity Per unit root surface area of infested plants

was examined using all three methods of varyi.ng Ap.

will be presented in

single heading at the

Met hods

sequence and

end.

and results of each studY

wi.l I be discussed under a
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4 .5 .2 Methods

4.Í:.2.I Manipu.lation of Ap usinÉ Polyethylene GIycol (PEG)

Four oat cultivars, NZC, SuaI, Swan and West were

examined in this study. Seeds I4rere pregerminated as

described (Chapter 3.2. I) and seedlings $tere individually

sor^/n in specially prepared 3.0 (diameter) x l0 cm plastic

bags containing John Innes soiI. Pebbles (2-4 mm) placed

at the base of the plastic bags prevented soil from washing

out through slits made in the plastic to allow drainage.

Seedlings were grown in a growth cabinet.

Het erodera avenqe larvae were applied after three and

six days at a density of 2000 farvae each day. Controls

remained nematode free. Twelve days after planting soil was

removed from the roots by cutting the plastic bags and

imnersing the bag with the pì.ant into water, and gently

agitating unt-i 1 t.he soil fell away. Plants uniforn in both

root and shoot size were selected fron each of the two

inoculation treatments and placed into blackened test tubes

(25 x 250 mm) containing nutrient solution. The composition

of the nutrient solution was as follows (mM): KNOs , 2"0;

Ca(NOs)e, 2.0; MgSOc, 0.9; KHz P0¿ 0.25; one half strength

HoagLand's solution micro nutrients and NaEDTA-Fe (9. B ng

NaFEDTa and 13. 0 mg Fe ( N0a ) z per cn3 stock solut ion. PIants

were supported in solution with foam blocks. Air fittered

through cotton wool r^ras continuously provided from a
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centrifugal pump forcing air into a rnanifold and distributed

to individuala tubes via slender plastic tubing (1.0 mm ID).

Âfter approxinat-ely 24 hours, nutrient solutions were replaced

with solutions of identical composition but varying in

polyethylene gIycoI 4000 (PEG) concentrations having solution

osmotic potentials of 0, -0.2, -0.4 and -0.6 MPa. There was

a total of 8 treatments, inoculated and controls each being

subjected to the range of PEG concentrations. Over the

following 3 daysr solutions were replaced daily with fresh

solution of the same PEG concentration. Transpirational

water Ioss was measured 1 and 3 days after initiation of the

PEG treatments. DaiIy transpiration rates were the mean of 4

readings taken at 4-hourly intervals over a LZ hour period

starting 2 hours after the tights were turned on.

Transpiration was measured gravimetrically to an accuracy of

I mg. Corrections for water loss from the tube through the

foam were made fron measurements of tubes containing no

plants. Leaf length measure¡nents were taken after the final

water Ioss h,as recorded on each of the three days. Two hours

after the tights were switched off, the penul-timate leaf Í\,as

excised and placed into a Spanner psychroneter thermocouple

chamber for measurement of leaf water potential (Vr,). The

root system h/as retained for measurement of root length.

Nematode infestation was assessed at the start and end of the

trial. Measuremen'ts of V r were replicated 4 t imes.

Root neasurer¡ents were replicated 6 times. The experiment

was arranged in a randomized complete block design.
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Hydraulic conductance (C), the reciprocal

according to the

of hydraul ic

equatj"onresistance (R) 14,as

(Ramos and Kaufman

defi n ed

K (n2 s

where A

calculated

r979):

R"T X üP

root system

described by

A
Jv

where L is root length (n), AVp is the water potential

gradient between the root and Ieaf , and Jv is volume fLow

equivalent to water flux through the whole plant measured on

a unit Ieaf area basis (m3 m2s-1), R rePresents the hydraulic

resistance per unit meter of root. To obtain the total

resistance Rr, R is divided by the total length of the root

system (Ranos and Kaufmann 1979).

Root conductivity (K) differs from C

for a specific area of

in that K is

(Passioura l9B4) 
"

the equation-r Mpa-I) is therefore

K = C/A

is the total surface area (m') of the root system

VaIues of V" I4tere obtainable directly from psychronetry

and AVp was regulated by the PEG solution concentration. A

basic stock nutrient solution had " Y= - -0,O47 MPa" Jv was

measured as transpiration rate (E) expressed on a unit Ieaf

area basis wi th units ng m- 2 s- I which can be recluced to ms--f .
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area was deternined by recorcling J.engths of roots

on the basis of two root diametersl O,O25 and

0.05 cm. The narrower roots were mainly first and higher

order laterals, and the thicker roots I^rere the main axes of

seminal and nodal roots. fn general, uninfested root systems

were composed of about 15% thick roots while infested root

systerns consisted of between 25 to 50% thick roots.

Area was calculated using the equation A = fIdL, where d is

root diameter and L is total root length.

4.5.2.2 Manipulation of Åp by Varying Relative Humidity (RH)

.A pressure potential gradient ( Ap ) was manipulated by

regulating growth chamber relative hunidity (R.H.) inducing

increased vapor pressure deficit (VPD) at Iow R.H"

Seedlings were grown as described in the Previous study.

Larvae were applied three days after planting at densities of

I000 and 4000 per plant. After l6 days plants were exposed

to either 90, 60 or 30% R.H. A hunidifier was used to

circulate moist cool air through a plexiglass chamber housed

within a growth cabinet. Relative humidity was regulated by

a humidostat positioned inside the chamber. The wet/dry bulb

¡nethod was used to verify hunidities. R. H. fluctuated by

about 77" at the highest (902;) R.H and about Ll% at 60% R. H
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To prevent moisture build up within the chamber at the lowest

RH, air passed through a silica gel fiLter and was pumped

through the chamber. In addition the door of the chamber was

left stightly ajar to reduce moisture build up. Variability

in R.H. was approximately 4% at 30% R.H. A constant gentle

flow of air was maintained across the canopy using a fan

positioned within the chamber" The chamber l,ì¡as equipped with

both an air entry and exit port.

Transpirational water loss was measured as described in

the previous section I8 and 24 days after sowing. Between

measurement dates sufficient distilled water was added daily

until excess water drained from the base. Leaf water

potential was recorded as in the Previous study using either

a Scholander pressurepsychronetríc methods or

Comparable results h¡ere obtained using either

within an accuracy of!0.0I4 MPa. Leaf lengths

lengths as well as nematode larvae number were

plants on the day of measurement.

chanber.

t echn i que

and root

obtained from

TotaI hydraulic root conductance

conductivity (K) were calculated from

(C) and root

equations previously

assumed that thett wasdescribed ( section 4. 5. 2. I ) .

pressure gradient between the

iÚr minus the V" of the xylem

kept saturated.

Leaf and root

( -0.023 MPa)

system hras equal to

since the soil was
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4.5.2.3 Manipulation of A¡ by Varying Hydrostatic Pressure

Hydraulic root conductance

described by Rantos and Kaufmann

developed by Mees and WeatherlY

was determined by methods

(1979) following principles

(rs57).

Plants were grown in growth cabinet as described

prèviously in 2"7 x 26 cm tubes containing John Innes soil

Heterodera avenae larvae were applied three days after

planting at a density of 4000 larvae Per plant.

Measurements h/ere carried out on plants between 15 and 20

days after planting. At 800 hours (2 hours into the light

cycle) the tubes were placed in a container of water to

saturate the soil for about 5 minutes. They were then

returned to the growth cabinet for 3 hours to allow drainage.

One. hour before measurement the plants were taken to a

constant ternperature room (25oC) and soil h¡as gently washed

from the roots. The stem was excised from the root about 2

cm from the base and the root system htas submerged in a

vessel containing aerated l/2 strength Hoagland's solution 
"

The vessel- was placed inside a pressure chamber with the cut

end of the stem protruding about O.75 cm from the chamber.

Once a tight seal was obtained the air Pressure wBs gradually

increased to a final pressure of either 0.25 or 0.5 MPa.

Exudate collected during the first 6 minutes was d:iscarded.
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Volumes of exudate over three successive 3 ninute intervals

were rneasured by inverting a srnall glass vial 0.9 (I.D) x 3.0

c¡n containing a strip of filter paper over the stump and

covering this with a Iarger vial to nini¡nize evaporative

loss. Rates of exudation were found to be constant for at

Least one hour at either pressure. After measurenents at the

first pressure, chamber pressure was released and the root

system was aerated for 3 ninutes. The same procedure ldas

then repeated at the alternate pressure. After the final

measurement the length of the root system was measured.

Hydraulic root conductivity

values of Jv Ap and root length

section 4.5.2.I.

4.5.3 Results

4.5.3.1 PEG Study fnfestation,

There were significant Iy (P =

on day 17 than on day 13, but the

larval numbers on both days (Table

was obtained from measured

using the equations in

Leaf Area, Root Length

0.05) fewer larvae on NZC

other cultivars had sinilar

larvae on

f.ï(.r at

on day 0.

roots of NZC and Swan h¡as

4.5.I). The nun¡ber

significantly (P =

-0. 04 MPa and -0 .2 and -0 . 4 MPa, respect ively 
'

A1l other differer¡ces were not significant.

of

o"05)

t han
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The Effect of Nutrient Solution Osmotic
Potential (Ys) on Larval Population in Roots
of Four Oat Cultivars t3 and L7 Days After
Planting

Tab le 4. 5. I:

CUtT.

NZC

SP)

MEAN ( Y.)

ANATYSIS tSD
currrvAR (cv)
DAY
soruTE PoT. (sP)

8.0

4.2

7.5

8.3

7.r

6.9

7.0

(P = 0.05,*; P j. 0.01 **)
0. 6*x
NS
0. 6*
NS NS

1.0*
NS NS
NS

oF TARVAE rN ROOÎS (X 10-2)

V" (MPa)

-o "2 -0.4 -0.6

7.5 9.4 B.I

3.9 3.7 3.9

7.5 7.5 7.5

6.8 6.5 8.9

6.5 7 "2

6"3 7.0

6 7.r

NO.

-0. 0t
MEAN

8.3

3.9

7"5

7.6

6.9

6.5

I3
L7

8.8
7.7

8.9
7.2

9.6
9. t

8.1
6.9

8.4
7.5

3.4
4.3

2.8
4.1

3.4
4.0

3.5
4.2

3.8
4.6

?.9
7.L

7.5
7.7

9"3
8.4

6. r
6.9

MEAN

SUAI

MEAN

SWAN

MEAN

IdEST

MEAN

MEAN

(DÂY X

I3
L7

t3
L7

l3
t7

Day 13

Day L7

7.9
7.L

8. r
6.9

7.9
7.r

7.7
7.3

4.2
8.3

6.2
7.3

6

6

B

7

B64

CV X DAYS
CV X SP
DAY X SP(vxDAYxsP
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h/as not significantly affected by solute

(TabJ-e 4.5.2) . Inf estation had no inf Iuence

NZC, Swan and West but significantly reduced

Leaf

potent ial (v
on leaf area

DENS ITY
OF I,ARVAE

0

4000

4000

s)

of

that of Sual after 20 days growth"

Root length was not significantly affected by solute

potential. Infestation reduced root length of all cultivars

except NZC (Table 4.5.2). Swan had a longer root system than

the other- cultivars at both nematode densities.

Table 4.5.2 The Effect of Larval Density on Mean Leaf Area
And Root Length of Four Oat Cultivars 20 Days
After Planting

LEAF ARE.À ( cmz )

C U[T I VAR
SUÂL SWAN

0

NZC

3r .2

27 .7

536

443

23 .6

19.4X

27 .5

30.0

WEST

25 .3

24 "2

487

3 r6X

RoOT LENGTH ( cn)

501 772

329X 630X

* significantly different from uninfested control plants
(P = 0.05)
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Transpiration Rate vs Root Length

Because transpiration rate (E) and transpiration rate

per unit root length (En) responded sinilarly to changes in

V" and to infestation, only En data will be presented.

The transpiration rates per unit root length (En) for

day I and 3 of each treatment are shown in Table 4.5.3.
oÇ

The U*Trrinfested NZC, Swan and West declined r" Y"
^declined, NZC and Swan significantly (P = 0.05) on both

measurement days where the En of Sual was unaffected by

decreased V". Infestation influenced En differently I and 3

days after PEG treatment initiation. En of NZC again

decl ined with decreas ing Ys whi le that of SuaI Swan and ltlest

either tended to decline (Swan, West) or renained unaffected

(SuaI) by a decline in Vs.
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ANATYS IS

SOURCE OF VARIATION

cuLTrvAR (cv)

osMoTIc PoTENTTAT (OP)

DENS ITY

cvxoP
CV X DENSIÎY

OP X DENSITY

CVXOPXDENSITY

DAY I
4. l**
4.7**

3. 8**

8. I*

NS

NS

12.2*

DAY 3
3. 6**

4.6**

3. 2*x

7. 9*

7. I*
NS

NS



Table 4.5.3:

cv

20r

Transpiration Rate Per Unit Root
Length (En) of Inoculated and
Uninoculated Oat Cultivars I and 3 Days
After Comnencement of PEG Treatnent ( l4
and 16 Days After Planting)

f*s -o ft-.+ "^'^) ^-t /o*) - t]
SOTUTE

POTENT I At
( -MPa )

En X L0s

DÂYS ÅFTER TREATMENT INIÏTATION

I 3

4000 o 40OO MEAN

NZC

MEAN

SUAI

MEAN

SI{AN

MEAN

WEST

MEAN

0.0
o.2
o.4
0.6

0
2
4
6

0
0
0
0

0.0
o.2
0.4
0.6

0.0
o.2
0.4
0.6

0

27
24
20
lt

33
32
28
36

26
19
IB
I3

23
IB
t4
t3

58
50
38
22

26
37
35
16

25
23
l9
L5

25
42
34
3I

MEAN
(oP x DENSTTY)

27 22

27
IO
t8
l3

T7

39
39
47
47

53

3I
32
23
20

2T
23
l8
20

29
2L
2I
t7

30
31
33
34

19
20
16
L4

T7

30
26
26
20

26

29
24
27
24

27
24
L4
t9

23
23
I6
L7

l6
t6
I4

7

29
25
20
20

24
24
22
20

21 32

L2
I2
I
I

ll t3

21 24

MEAN ( DENSTTY) 26 20 23



Ap t" Y"

The effects

(Y"¡ on Ap ( Y.

different ( Figure

202.

of the nutrient solution solute potentiaL

- Y" ) of each cultivar were signif icantì.y

4.5.r).

Since Y

solution Y ",
I and 3, West

r- is the only variable component in

an increase in Ap with decreasing

day 3) indicated a decline in Y"

Ap

V"

at each

( NZC , day

was

?

with

that

larger than the corresponding decl-ine in Vs. A constant I
(West day l) reflected a decline in Su equal to the

corresponding decline in Ys, and smaller values of Ap

declining Y" (SuaI and Swan) indicated either that Yu

increased as V" hras reduced.

Total H draulic Root Conductance c and H drauli
Con uct 1V tvK

VaÌues of C represent conductance of the entire root

system whereas K provides an indication of the permeability

to water of the major barrier to radial water flow in the

roots, possibì.y the endodermal membrane¡ oD a unit. surf ace

area basis (Newman 1973; Ramos and Kaufmann 1979; Passioura

l984). C and K responded very simiIarLy to changes in s and

infestation (Fig. 4.5.2), C and K values of NZC and West

declined with decreasing Y" whereas those of Sual and Swan

increased. Differences in C and K values between infested

and control plants of Sual, Swan and West increased with tine

and solutior¡ Y" . Wj th Lhe exc:eption of NZC contro I plants



FIC 4.5. I The effect of infestation an.d the nutríent
solution solute potential (Ys ) on A o (Y r-Ys .of NZC, Sual, Swan and ülest I and 3 days after
commencement of PEG treatnent ( 16 and L7 days
after planting)

INITIAI tARVAt DENSITY

0 a-a
4000 a- -a

tsD (P = 0.05)I



WESTSUA L

\
A

SWAN

DAY ONE

NZC

21

18
1-5

1.2

8oe
l0.o
^03
{o
!zt
À21

1.5

1.2

09
o6

0.3

o

A
A

0 2 4 6

)*I\

A

\^ a\

*ko 2 4 6

 
L"L'

^

a-a

DAY THREE

\\

\

A*

 

\

0 24 6

A

0 2 4 6

I

I

A

-L -

f-^
^"2-/

\\^
/
I 

A

0 24 6 0 24 60 2 4 6

SoLUTE POTEI.¡TIAL OF NUTRIENT SOLUTION (-MPA)



flc 4.õ.2 a-d

INITIAT

0

IIYDRAUTTC CONDUCTTVTTY ( K) A-A

HYDRAUTIC CONDUCTANCE (C) o-o

The effect of lnfeetation on the hydraulic
root conductance (C) and hydraulic root
conductivity (K) of a) NZC, b) Sual c) Swan and
d) Idest I and 3 days after conmencement of
PEG treatment (f5 and 17 days after planting)

TARVAT DENSITY

400 0

a-a

o-a

I rsD (P 0.06)
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responded to declining V" with increased conductance

whereas infested plants either did not change (Swan and West)

or increased on l-y s Ì ight Iy ( Sual ) .

4.5"3 2 Relative Hunidity Study
Root Length

fnfestat ion, Leaf Area,

Cultivars differed in the total number of l-arvae per

root system only at the highest density (Fig. 4.5.3a). NZC

had significantly more Larvae than SuaI and West. Total

Iarvae number did not differ between days. The number of

fenales did not differ between cultivars but increased from

day 18 to 24 at the highest density (Fig 4.5.3b). Humidity

had no effect on larval number"

Leaf area per plant was infLuenced

variables except hunidity (Fig" 4.5.4).

interaction was not significant.

The intermediate density did

by all independent

The density x day

not significantly reduce

tested. The highest

of al- I cul t ivars except.

leaf area of

inoculation

NZC on both

of the cultivars

reduced Ieaf area

any

rat e

but was

density

reduced

sample dates.

Root growth was strongly inhibited by ir¡fes tation,

not affected by humidity (Fig 4.5.5). Cultivar x

effects were only significant on day 24. Infestation

total root length of Sual, West anrl Swan at

inoculation densities of I000 and 4000 larvae but of NZC at



Frc 4.5.3 a) The relation between initial inoculum
density and the total nu¡nber of larvae on
four oat cultivars 7 days after commencenent
of relatiVe hunidity treatment (each value
is the mean of 6 replicates)

b) The relation between initial inoculum
density and the mean nu¡nber of nale and
fenale Iarvae (averaged over four oat
cultivars) I and 7 days after commencernent
of relative hunidity treatment (each value
is the mean of 24 replicates)

I rsD (P 0.05)



a) b)

18

16

DAYS AFTER

PLANTING

17
MALE LARVAE A O

FEMALE LARVAE   O

NZC A
SUAL O
SWAN tr
wEST o14

2

o

I

1

6

4

2

1

oo
x
l¡J

cÍ.

öz
J
t-ot-

I

o1 4
0 4

INTIAL DENSITY (LARVAE PER PLANT) X lOOO



FrG 4.5.4 The effect of Heterodera avenae infestation
on total leaf area of 4 oat cultivars I and
7 days after commencement of relative humidity
treatnent ( l8 and 24 days after Planting)

I rsD (P 0.05)

FIG 4.5 " 5 Effect of Heterodera avenae infestation on total
root length of four oat cultivars 7 days after
commencement of relative humidity treatment (24 day
after planting)

Figs. 4.6.4 and 4"5.5 have comrlon legends:

CUTTIVAR

NZC A_A

suAL o- o

SWAN tr-tr

wEsr o-o

I rsD (P o.05)
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only 4000 larvae. Root length of Sual did not differ from

that of Swan and West when inoculated with 1000 larvae but

was significantly shorter than these 2 cultivars at the

highest inoculum density.

Transpiration Rate vs Root Length

Transpiration rate (g) was stable over a wide range

of root Iengths. As a result transpiration rate per unit

root length (8.) on day 7 values h/ere less than day I values

(Table 4.5.4). Heavily infested pì-ants transpired more water

per unit root length and this held for aì.1 cultivars at all

relative humidites (RH) on day l. However, on day'7, only

SuaI and Swan had significantly (P = 0.0I) higher

transpiration rates at the highest inoculation density

compared to uninfested plants. AII cul-tivars gror.en

at 30 and 60% humidity levels transpired more water per unit

root length than those grown at high RH on day l. This was

only true for Swan on day 7, all other cultivars showing

significant increases in transpiration rate only at. 30% RH.

The interaction between density and RH was significant on

both day 1 and 7. On day I and 7 plants inoculated with 4000

larvae had En values more than twice those of uninoculated plants

at the same RH.



ANAIYS IS
SOURCE OF VÂRÏATION

Cul t i var
Relative Humidity
Density

205.

DAY I
I .2X

(RH) I. lxx
l. 2xx
NS
NS
2.0x
NS

CVXRH
CV x Density
RH x Density
CVxRHxDensity

tSD (P = 0.05,*¡ P < 0.01,*x)

DAY 7
1. 1*
1. 0*x
1. 0x*
I. B*
I. 8x
1.9X
NS



TabLe 4.5.4:

206.

Transpiration Rate Per Unit Root Length (En)
of Inoculated and Uninoculated Oat Cultivars

cv

NZC

MEAN

SUAt

RE LAT I VE
HUMID ITY

ù
^

90
60
30

90
60
30

En (f O" ¡ (Kg n-z (teaf e.") ñl (.""Ð s- I )

0.7
2.0
3.7

8 1,.4
4 4.5
9 6.3

0.8
2.3
3.4

o.7
I.B
2.7

2.9
6.5

15. I

1.10.9
2.4 2. L

0 1000

DAYS AFTER COMMENCEMENT OF HUMIDITY TREATMENT

I 7

(NEMATODE No.)

4OOO MEAN

INOCULATION DENSITY
o

4000 MEAN / r00o

3.
7.

L2.

1.0
2"8
4.8

0.6
1.6
3.4

0.6
1.5
2.9

4 2.3
5 5.7
B 9.9

r.6
4.6
8.8

I.B
4.9
B.I

5.0

0.7
4.5

10. 0

2.2
5.r

t3. I

5.9
9.8

22. t

5.0 7.9 6.0 L.7 t.9 2.9 2.2

2.
9.

L2"

ME,AN

ST{AN 90
60
30

MEAN

I{EST 90
60
30

MEAN

ME.å,N
(RH X DENSITY)

MEAN (DENSTTY) 4.2

5.1 6.8 L2.6 8.2 r.7 t.9 A.4 4.0

4.
r0.
16.

3.r 4.6 t0.4 6.0 I"5 t.7 3.6 2"3

2.
7.

18"

3.5

0.6
I"6
90

0.5
t.3
2.6

6 2.4
2 5.6
3 9.9

5
9
3

I
3
I

L.2
2.8
5.2

0.8
t.6
4"7

o.7
2.4
3.9

3 1.7
5 4.6
7 10. I

L.7
3.4
7.5

I.0
2.9
6.5

o.7
1.8
3.6

0.6
I.B
3.0

2"3
5"6

It.5

r.8
4.3
9.4

t.2
3.8
7.5

4.2 9.5 5.7 2.3 2.4 3. B 2"8

t.3 0.8
2.8 I.9
6.8 4.1

8"0 5.5

1.6 1.0
4.4 2.7
8.14.9

4.r
8. B

t7"5

5.2 I0.t 6.5 1.8 2.0 4.7
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Leaf Water Potential ( Vu) vs Transpiration Rate (E)

Because the soi1 in t.his experinent was welL watered the

soil water potential was assumed to be 0" Leaf water

potential ( Vu ) therefore equalf edAp. Since AP is the

driving force behind water flow through the plant an increase

in Ap, as ¡:ef lected in a reduction in Yr, should increase

the transpirat ional rate ( E ) of affected plants . However'

inlspite of s ign if cant 1y lower Yr, values on inf estecl NZC, Swant^
and West at 902 RH on day I conpared to uninfested plants,

transpiration rates of these plants did not differ from

uninfested control plants ( Fig 4 " 5.6) . On day 7 ne ither E

nor Vr. of inf ested plants dif f ered f rom uninf ested controls.

At 60% RH, while infested pì-ants tended to have lower

transpiration rates, differences were still not significant.

Again the f u of NZC and West at the highest inoculum density

was significantly Iower than that of uninfested plants at

this RH on day l. At 30% RH, inoculation of plants with 400C)

larvae significantly reduced E values of NZC and Sual on day

I and of NZC on day 7, corresponding to similar declines in

Yr of NZC on day 1, but on Sual or NZC on day 7. In addition

inspite of smal I , though ins ignificant , increase in E of

heavily inoculated day 'l , the Yu of these ptants wasonWes t

thansignificantly lower uninfested plants 
"

Hvdraulic Conductivitv (K)

Because values of C and K showed

response in section

s i¡ni lar patterns of

were not calctrlated for'4.5.3.1,

this experiment.

C values



Frc 4.5.6 (a-d) The effect of Heterodera avenae infestation
on the relationohip between Leaf water
potentlal and transpiration rate of a) NZC
b) Sual, c) Swan and d) llest I and 7 days
after connencenent of relative hunidíty treatner
(18 and 24 days after planting)

TARVAT DENS ITY

A-A
o-o
o- -o

0

2000

rsD (P 0.05)

500

I
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The hydraulic conductivit-y increased significantly with

decreasing relative hunidity (RH) ( increasing! vapor pressure

deficit) (Fig 4.5.7). This was sign.lficant only on day 1 on

control and Iightly infested plants. At high RH, infestation

at the highest density had no effect on K" Under conditions

of low RH heavily infested Sual and Swan had significantì-y

higher values of K than lightly infested and controL plants.

hydraulic Conductivities of NZC and West did not differ from

controls.

4.5. 3. 3 Pressure Chanber Study

Because inoculum densities in this trial were the same

as in the first 2 studies in Lhis series it was assumed that

larval numbers were simil,ar to values reported earlier"

Measurements were conducted be t-ween :1 5 and 20 clays after

sowing during which time root lengths more than doubled in

some cases. fn prel:im.ini-rry calculations classifying C values

within cultivars on the basis of root system size had no

effect on the calculated vaÌues and therefore results from a

range of root system surfac:e areas were pooled. The total

root surface area per plant was sign.i ficantì y reduced by

infestation on all plants, the greatest decline occurring on

Sual in which area was reduced to 26% of unin.[ested plants,

conpared to 54r 4I and 60% for NZC, Swan and West

respectively (Table 4.5.5).



FIG 4.5.7 (a-d) The effect of Heterodera avenae infestation
oR the hydraulic root conductivity of a) NZC
b) SuaI, c) Swan and d) hlest I and 7 days
after comnencement of relative humidity treat¡
(IB and 24 days after planting)

TARVAT DENS ITY

0 A-A

500 o- o

2000 0-o

I ISD (P= 0.05)
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Table

CULT. DENSITY

NZC

4000

SUAL

4000

STIAN

400 0

WEST

4000

ANAIYS IS

Significant

CV X Density

CV X Density

249 .

4.6.5 The Effect of Heterodera
and Hydrostatic Pressure
FIow Rate (Jv) Hydraulic
Oat Cultivars. (values
20 days after planting)

avenae Infestation
(Ap) on Root Length,
Conductance (C) of Four

obtained between l6 to

Ap

/o.zs
/o .50

ROOT
tENG TH

(M)

9r5
9r5

494
494

726
726

189
l89

937
937

384
384

702
702

427
427

r6.2
33.8

18.3
38. I

IO. I
22. L

r3.9
27 .6

7
I5"

8.
r6.

7.
14.

Root Length

o.a2

RATE OF
FLoI{ (Jv)
(Ms- t ) (MPa

HYDRAUI,IC
coNDUCIANCE, C

ms-rH

14.9
14. 3

I
r0.

Jv

7"t
7.4

5.6
6.1

0

7
3

4. r
9.7

5.9
7.8

0

7.5
7.9

5.r
4.8

7.3
6.8

2
2

I
I

I
5

0

o .25
0. 50

o .25
0.50

0 .25
0.50

0. 25
0.50

o .25
0.50

o .25
0.50

0 .25
0.50

rsD (P 0"05)

interactions

X AP

c

6.2 2.9
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The rate of flow (Jv) of exudate frorn the cut stump of

infested SuaI was not increased at the higher hydrostatic

pressure (0.5 MPa) flow rates and aIl other infested and

uninfested cultivars were significantly enhanced by the

increase in pressure. Infestation reduced the flow rate

of Sual and Swan at root pressures of O.25 and 0.5 MPa,

respectively. The flow rate of NZC and West were unaffected

by infestation.

Root hydraulic conductances (C) of NZC and SuaI were

significantly increased by infestation whereas infestation

had no effect on the K values of t.he other 2 cultivars. The

K value of infested NZC râtas alnost three tines that of

uninfested plants, averaged over the two root pressures,

whereas that of SuaI Í{as only just significant" Values of C

did not differ significantly between the two root pressures.

4.5 .4 D iscuss ion

In using three aproaches to study the hydraulic

properties of infested root systems the experiments provided

an opportunity to look at nematode effects on net shoot plus

root resistance to water movement as well as on root

resistances alone. The results demonstrated clear

differences between cultivars in their hydraulic properties

and depending upon the conditions of the experiment, in their

pattern of responÉ¡e.

In the first study in which PEG was used as an osmoticum

root conductance of two cultivars Sual and Swan declined or

remained constant depending upon the measurement date with

while those of NZC and West increased with increasing Ys.
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Reports in the literature of varietal differences in root

describingconductances are rare (Syvertsen l9B2) but studies

interspecies differences in both nagnitude of root

permeability as well as the pattern of response to variable

A p are common (HaiIey et al. I973; Newman 1976) and lend

at Ieast some credence to the observation of varietal

differences noted in the present work.

The second study in

to induce different rates

which relative humidity was varied

of water flow gave results in

general agreement with a number of studies using similar

methods which reported constant Vr over a wide range of

transpiration rates. These findings are wideJ-y interpreted

as indicating that resistance to water flow through plants

varies with rate of flow (TinkIin and Weatherly 1966; Lawlor

and Milford f975). In the final study, while K values of

alI cultivars rose with increasing hydrostat-ic pressure, there

were again significant differences between cultivars, rnost

inportant of which was a significant increase in root

conductivity of infested roots of NZC.

D i fferences

were compat ib I e

measurements r,Jere taken , Fl ow rates

conditions under which

of PEG treated plants

tested plants, reflecting

in rates of water fIow En between studies

with differences in

r^rere nore than

a component of

double those of soil

resistance to water fLow in the soil. None--

theless K values for both ¡nethods were within similar
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ranges" It is al.so significant to note that the magnitude of

K did not differ substantialì"y between cultivars ancl that

rnajor differences were observed only in their responses to

infestat ion.

Measurements of hydraulic conductivity using PEG and

pressure chanber techniques indicated that infestation

increased the permeability to water of NZC as.Iv increased

but had the opposite or no effect on the remaining

cultivars. On the other hernd results of the humidity

experiment showed that, while the root perneability of aII

cultivars increased with increasing Jv, that of NZC and l{est

were Ieast responsive. In addition infestation had no effect

on K of NZC and West but enhanced K of Sual and Swan"

Several

the observed

and between

chamber data suggests some

the humidi ty

expì-anations are possible to account for both

differences between cultivars within each study

studies. The concurrence of the PEG and pressure

error either in methodology or

s t udy. One poss ib I e source ofassumption in

error is the assumption that the soil water potential at the

root surface hras 0. With large overlap in root absorption

zones likely in the confined root containers used in this

study the probability may be high that the actual root/soil

interface soil water polent,ia.[ was considerably Iess than

zero for a ì-arge part c¡f the root system, particul-arly for

large rooted control plants. I f so r predicted A p values

woul-d be over est i¡nated anc-l actual conductances would be
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underestimated. The PEG and the pr-essule chamber studies are

not susceptible to this criticísm. However, since v,rater

movement toward the root is ProPel led by water potentiaL

gradi.ent, it is likely that on average the more rapidly water

was depleted the faster was.its movement- to the root.

Theref ore the argument proposed above may not be relevar1t.

A second potential weakness in the interpretation of the

hunidity experiment is that it does not t-ake into account

possible differeuc--es in guard cell sensitivity to vapour

pressure deficit. Large vaPor pressur-e deficits can induce

stomatal c:lost¡re (Sheriff 1979), In a previous study

(section 4,4), infestation was observed to increase stomatal

conductance of Sual. If this is one manifestation of a

generally reduced sensitivity to low YL or Iow RH, then the

apparently higher root conductances of infested Sual may be a

reflect ion of higher leaf concluctances . fn effect, whole

plant measurements of the type carried out.in this study may

r.ef l-ect the res i I ience of the root sys tem in responding to

increased water loss from the tops, If the results of the

PEG and pressure chamber studies are accepted, then the

trigher K of infested Sual at- Iow RH may be evidence f,or

a signal sent from the shoot to the root causing increased

root permeabi.l ity, an ef f ect- that would not. be observable in

excised plants or where demand for water was low.

A further possible explanation for the differences.in

cul-tivar response noted between methodologies

water availat¡iIity in the R.H. study. Recluced

cont-act witli l-he soil may oc(jLll' as a result of

(FIur:k t--t al. .l970), particuL¿rrlv a1. high,Iv,

relates to soil"

hydraulic

root shrinkage
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Polysacchacharidesr collectively cal.led mucigelr eXuded near

t-he root tip may improve root contact with the soil (Greaves

and Darbyshire I972, Foster I9Bl). fn the present study, it

r^/as found that infested roots of the cultivar Swan were

consistently more stubbornly coated with soil particles than

were other cultivars. It is possibLe that the higher

conductivities recorded for Swan were an indication of

increased hydraulic contact with the soil and not of a higher

interval- root conduct iv ity.

Several hypotheses may be put forward to account for

variability between cultivars in the effects of

infestation on root permeability. Treatment of root systems

with hot water, 0z free air or metabolic inhibitors (Ginzburg

and Ginzburg 1970, Stoker and Weatherly 197I, Parsons and

Kramer 1974) has led to the conclusion that the pathway of

water movement through the root cortex and up to the

endodermis into the xylem is synplastic. On the other hand ä

body of evidence associating reduced hydraulic conductance

with endodermaL suberization (Clarkson and Robards 1975) has

Ied others to suggest that the pathway of water movement

through the root cortex is apoplastic, that is, along the

outside cell walls and that the endodermis is the major

barrier to entry of water (Newman 1976b, Weatherì-y f9B2).
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Despite this controversy over the origin of root resistance

itself, three tentative hypotheses will be tendered to

account for the variability bet-ween cultivars in the

effect of infestation on root permeability. If infestation

leads to endodermal disruption, and if the endodermis

constitutes a barrier to water entry, it is easy to see how

infestation could induce a rise in condrtctance of the root

system. Differences between cultivar-s could derive from

differences in either susceptibility to endodermal

penetration or to endodermal repair' (say by further

suberization). Alternatively if cortical cell prot.oplasts

and associated plasmodesmata constitute the major obstacle to

passage of water, and if syncitial fornation following

nematode invasion reduces the number of cells separating the

rhizosphere from the periderm and xylem trachea, the net

effect would be an elevated conductance following

infestation. ,{gain intra-varietal differences could be

associated with effects of infestation on cortical thickness,

syncitial size, or number and efficiency of plasmodesmata.

The possibitity that changes in root per-meability

following infestation have a hormonal h.¡as,is cannot be ruled

out either. Work described earl ier ( Sect io¡r 3 ) showed that

nematode invaded roots trad elevated levels of ÂBA. ABA has

been reported to stimulate water flow and increase root

hydraulic r:onductance (Tal and Inber 1971, Glinka 1977

fgB0). However, given an absence of cultivar variation in

nematode i.nduced changes in ABA levels i¡r the stucly report-ed

in section

ir¡lestation

3 the likelihood that the relationship l-¡etwen K and

,i s hor'¡nona11y ¡nediatecl nay t-'e snraII
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If results of the PEG and the pressure bomb studies are

accepted as reliable, the findings may in part account for

the higher level of tolerance of NZC and possibly also Ì{est

to Hetç¡oderq avenae compared to Sual. and Swan. Hig,her'

conductance to water fLow would be an asset under well

watered conditions. Section 4.2 showed that. because of a

smaller effect of i.nfestation on root growth NZC was able to

penetrate the water table earLier than the remaining

cult ivars .

fnterestingly the transpiration rate (En) of SuaI was

generally less responsive ( i " e. did not decline) to

increasing solution PEG concentrations than the other

cultivarsr pâFticularly NZC. It $ras already suggested that

stomatal operation of Sual may be less sensitive to Iow (30U)

R.H., and to soil water deficit stress (Chapter 4, Section

4. 3 ) , though the resul ts of Chapter 4, Sect i on 4 .4 fai led to

confirm this. If it is assumed that En largely reflects

sto¡nataf aperture, 
-"-"0 

that changes in root hydrauL ic

conductance are consequent to changes in plant water status

arising f rom the sensi t.ívì.ty of stomata to the environment,

then the stable En values under conditions of reduced water

availabi lity observed in Sual are suggestive of an

insensitivity of stomata to water stress compensated for by

increased root hydraulic (ior)ductance. Given the: sensitivity

of the root system of SuaI to stunting by nenatode

infestation such a compensatory rnechanism woul d be

ineffective unrìer coÌìditions of soi.1 water deficiency.
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The association between nematode tolerance and drought

resistance has been observed before: e.g" Fatemy et aI.

(I985) reported that infested nematode tolerant potato plants

used water more efficientl-y than intolerant plants because

stomata were nore sensitive to apparent changes in plant

water status. The findings of the present study provide an

explanation for the Iower water use efficiency of infest-ed

SuaI observed in Chapter 4, Section l.I.

To conclude, the higher root conductance of infested NZC

particularly under high shoot-root pressure potential

gradients, coupled with vigorous root growth nay contribute

significantly to a high IeveI of tolerance to Heterodera

avenae.
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SECTTON 5 ASSIMILATE SUPPLY, COZ ASSIMITATION RATE AND

Hetergdera avenae INEESTATION

5 1 Effect of COz Supply on Early Root Growth of
Infested Oat Cultivars

5.I.1 Introduction

Previous studies in this thesis have shown that minimal

disruption of root growth foIl-owing nematode invasion may be

a characteristic of tolerant cultivars (Chapter 4, section

2). Àn investigation into the potential ¡rediatory role of 2

pLant growth substances, ABÂ and Ethylene, failed to detect

any strong cultivar variation that could account for the more

vigorous root growth of tolerant conpared to intolerant

cultivars (Section 3). It was observed however that the

differential root response to infestation could be

neutralized by removal of the shoot (Section 3'I) Possibly

irnplicating a requirement for a shoot-derived component

necessary for expression of a characteristic associated with

tolerance. one such comPonent may be carbohydrate. Reduced

concentration of carbohydrate in the root has been associated

with a decline in the initiation and growth of root meristems

(Davidson 1968, Brouwer l9??) as well as a reduced capacity

for. uptake and transport of minerals, especially nitrogen, to

the shoot (Koster 1973).

the following study was carried out to find out if the

root growth response to infestation could be manipulated by

varying the supply of carbohydrate comingf from the shoot.
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5 " I.2 Methods

Seedlings of four oat cultivars (NZC, Sual, Swan and

West) were grown in 26 x 2,7 cm tubes containing John Innes

soil capped at the botton with Clipsal caps as prdviously

outlined (Section 4.3.2). Plants were inoculated with

Heterodera ey-e4g-e Larvae at Iarvae/plant densities of 500'

1400, 2800 and 4200 between 3 and 10 days after planting and

maintained until ten days after planting in standard growth

cabinet conditions (Chapter 3, 2.3. f) " On the tenth day

plants lrere selected for unifornity and transferred to growth

chambers having reduced (I50 ¡bar)' ambient (310 ¡bar) or

enriched (900 ¡bar) COe partiaL pressure (p(COz))' other

environmental variables being held constant at pre-C0z

treatrnent Ievels (Chapter 3, 2.3.2)" The COz treatment was

for 8 hours during the tight cycle every day for L4 days

following commencenent of the treatment.

Destructive sanpling was conducted 0' 7 and 14 days

after initiation of the COz treatment. Measurements incLuded

root and shoot mass, root length and larval population in the

root. In addition, estimates of total root soluble

carbohydrate $rere obtained on roots 14 days after

commencement of C|z treatment (Chapter 3, 2.9.8) with final

values being the nean of determinations on three PIants per

treatment. Root. and shoot mass measurements were replicated

6 to 8 times. A nandonízed complete block design, where

chanber position represented a block, was implemented by

rotat ing positions of the chambers.
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5.1"3 Results

Exposure to reduced or

(p(C0z ) ) had no conaistent

Iarval population in roots

increased C0e partial Pressure

on total Heterodera Cv_elqÊ_e

(Table 5.1)"

effect s

during treatment

Table 5.1: Effect of DensitY of He t er ode ra avenae on TotaI
I4Nematode Number (tvtale and Fenale) 0 ' 7 and

Days After Commencement of C0a Treatment

NEMATODE NUMBER

CUTTIVAR DENSITY DAYS AFTER COMMENCEMENT OF QOZ TREATMENT
a714

COz PARTIAT PRESSURE, P(C0z)(p bars)
J

3r0 50 3t0 900 50 3r0 900

NZC 1400 272 372 455 296 319 343 328
4200 60? 692* 1099 680x 827 780 7r9

suA[ l4o0 296 286* 4L4 394 354 263 289
4200 803 829 972 BB9 72r 639 792

st{AN 1400 34t 534 605 524 287* 482 476
4200 737 946 1021 1023 762 786 891

MEAN 610 ?61 634 545 549 582

* Significantly different fron anbient COz treatment at
the relevant density and date (P = 0.05).

significant interactions: cultivar (cv) x Density (P = 0.05)

Density X Days (P = 0.05)

Density X COz (P = 0.05)

CV X Density X COz (P = 0.0I)

CV X Density X COz X DaY (P = 0.01)
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A signi.ficant four-way interaction

Iarval numbers on AAz deprived NZC

Swan on day 24.

was a result of

and SuaI on day

reduced

17 and on

P(C0z) had a significant (P = 0.01) effect on shoot

growth of all three cultivars on both day 14 and 24 (Fig.

5.I). Effects of C0z enrichment were significant by the

fourteenth day of COz treatment. C0z deficiency

significantly slowed growth after 7 days of treatment.

Exposure to enriched and anbient COz nesulted in a

significant decline with tine in relative growth rate (Rw) of

NZC. Infestation had no effect on shoot growth of any

cult ivar.

Both p(C0z) and infestation strongly influenced root

growth, with effects differing between cultivars (Table 5"2,

Fig. 5.2). COz supply had a sinilar effect on root extension

of all three cultivars, reducing growth to between 30-40X and

40-50X that of anbient. controls on week I and week 2

respectively. Effects were sirnilar over all densities. Root

growth of all cultivars was significantly (P = 0.01)

increased at high COa on week I of C0z treatment. A

significant C0z x density x cultivar interaction was observed

by the end of week 2. An enriched Cïz supply had no effect

on root extension of Sual and Swan at the highest inoculum

density compared to a¡nbient COz grown plants, but

significantly (P - 0.00I) improved growth of NZC at the same

density. Infestation had no effect on root Iength of Iow C0z

treated roots on either day 7 or 14.
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on shoot nass and relative shoot growth rate of
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FIG 5.2 The effect of infestation and C0z concentration
on ,6 decline in root length of a) NZC' b) Sual and
c) Swan 7 and 14 days after comnencement of exposure
to I20,3I0 or 900 bars CÙz (I7 and 24 days after
planting)
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TabLe 5 .2:

cuLTrvAR/
DENSITY
NZC

Ef fect. of Density of
Root l,ength of 3 Oat
c¡f COZ Treatment, 10

Heterodera avenae on Total
Cult IVATS over Z Weeks

-24 Days After Plantj-ng

0

ROOT LENGTH (¡n )

DAYS AFTER START OF CO TREATMENT
2

7 I4

) (p bars)

50 310

PARTIAL PRESSURE P(CO2

0
500

14 00
2800
42.00

0.92
0. B3
0.61
0 .52
0"49

0.94
r.24
0. B7
0.58
0.46

0.78
0. 68
0 .47
0.30
0"15

L "22
1.03
o .14
a .46

3.48
3.23
2. L2
1.70
1.28

2 .45
2.02
L.29
a "6'7
0 " 35

4.84
3.79
2.70
L.L4
0"76

900

3.78
3.31
2 "29
L.L7
0 .66

7.03
5.79
3.75
1" 89
1.04

2.56
2 .62
2 .01
1. 83
L .64

1. B0
1.70
1. 15
0. 89
0.59

5.59
4.9r
4.98
3.94
3.24

6.L2
4"98
3.54
2"78
2 .IB

900

6.05
5 .27
4 .4r
3.08
r.24

310 50 310

6 .69
6 .42
4 .14
2.7 4
2 .60

9.38
B. BO

s.93
5.48
6 "96

SUAL 0
500

14 00
2800
4200

SWAN 0 1.31
500 1. 1B

1400 0.6r
2800 0.19
4200 0. 19

Cul-t ivar ( CV )

Dens ity
coz
CV X Density
cv x c02
C0Z X Density
CVXDensityXC0

0.69
0 .62
0.35
0.2r
0.13

4. 85
3.97
3.19
2 .40
1.50

4.24

0

0 " 087*
0 " 0581';*

0.I19t

2.50
2.75
I.82
r.24
0 "97

0.01,**)
7

0. 37 1**
0.329**
0.394**
û " /9ó

NS

O " B3B

NS

T4

0.523**
0 "542**
0.580**

NS

L "24I*
1" 298*

r .7 92*

7 "86
6 .40
6.03
3.26
2 .77

ANALYSIS LSD (P = 0.05,*;p

SOURCE OF VARIATION

2
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TABLE OF MEANS FOR TABLE 5.2

0 500 1400 2800 4200

CV X Density
Day 7

NZC
SUAL
SWAN

MEAN 3.46 3.06 2.Lr 1 " 04

3.70
2.33
4.36

5 .84
4.23
5 .49

50

3"63
2 .00
3.54

5 .44
3.65
4.7r

2 " 58
1" 35
2 .40

4.33
2.92
3. B0

I .44
0.39
0.68

0. B3

MEAN

2 .62
1.36
2 .43

(onnsrrY)

Day L4

NZC
SUAL
SWAN

MEAN
(DENSITY
cvxc0

NZC
SUAL
SV'IAN

50
310
900

Day 1,4

DAY 7

310

r.67
0.71
1.16

900

4.69 2.62
2.28 1.36
5.31 2.43

DAY L4

3L0

4.53
3.19
3.92

1.07
2 "30
3"44

3.75
2. 12
2.43

3.95
1.11_
r.75

4 .66
2.8L
3 .64

5. L9 4.60 3.68 2.71 2.27
)

2

0. 82
0.48
0.74

2.36
1.36
2 .65

50

2 "1,4
L.23
1.86

900

7.31
4.01
5.13

6
I
6

4
2
3

MEAN (C0 ) 0.68 2.L2 4.08 r.74 3.BB 5.48
2

DENSITY X CO
2

Day 7

0 500 1400 2800 4200

0.98
3. s9
5 . B3

0"69
2.04
3.59

0.45
I. L7
1.93

0.28
0.79
1.43

2.29
5.52
7 .16

0.98
3.01
5.17

2.36
4 .62
6.82

1.68
3.90
5 .46

L .32
3.04
3.94

50
310
900
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Root mass was not as affected by infestation as root

length (Table 5.3).

Table 5.3: The Effect of Infestation and (COz) on
Dry Root Mass of 3 Oat Cultivars 14 Days
Commencenent of COz Treatment

the
Aft er

ROOT MASS PER PTANT

COz PARTIAL PRESSURE P(C02 )

t50 3I0CUtT.

NZC 0
500

1400
2800
4200

MEAN

SUAt 0
ö00

14 00
2800
4200

MEAN

ST{AN 0
500

t400
2800
4200

MEAN

ANATYS I S

SOURCE OF VARIATION

CVXDENSITYXCOz

72
6t
66
XB
69

69. 2

18
16
I9
I7
23

18"6

49
22
25
25
30

26"2

l7B
172
160
169
220

I79

9t
rt0
t10
135

92

l0B

t5B
r4t
I5t
r32
146

r56

(ns)

(ubars)

900

24r
207
t89
253
2ra

222

155
L62
t33
L62
103

t43

r7t
2L9
207
t43
r44

176. B

MEAN

t63
r46
r38
t66
169

t57

88
96
B7

r05
72

B9

t 19
r27
r27
t00
t06

It6

36*

tSD(P = 0.05)
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Infestation had no effect ot¡ root masa of any cultivar

exposed to low or anbient p(COa)" At the highest inoculum

density only Sual htas reduced in root mass at high p(C0z).

The root mass of alL cultivars was signifi.cantly reduced at

I50 p(C0z) at all inoculum densities. Exposure to increased

p(COa) increased root nass of NZC at densities of 0 and 25OO

larvae, of SuaI at 0 and 500 larvae, and of Swan at 500 and

1400 larvae per pl-ant.

The effect of p(COz) on the mean root total soluble

carbohydrate concentration (TSC) is shown in TabIe 5.4.

fnfestation had no effect on root TSCr nor were CV or COz

interactions with inoculun density significant, roots of

plants exposed to 150 ubars p(COz) had signíficantly lower

TSC content than on anbient COz control plants" High COz

treatnent significantly increased the TSC content of all

cultivarsn though onì-y narginally in the case of Sual.

The relationship

soluble carbohydrate

mass was

cultivars

directly related to

in s l-opes reJ-at ing

root nass and the % totaL

presented in Fig. 5.3. Root

TSC. Differences between

nasa and TSC did not differ.

b e tween

(TSc) is

5"I.4 Discussion

Photosynthesis is Limited in Cg plants by low p(C0z)

(Gaastra I959) and its enhancement by increased C0a is

understood in terms of competitive interactions between 0z

and COe in the carboxylation of RuPz (Lorimer et el. 1977).



rrc 6.3 Relatlon between root masE and total eoluble
carbohydrates ln a) NZC, b) SuaI and c) Swan after
L4 days exposure to 190, 310 and 900 ¡bars C0¿
(24 dayr after plantlng)

I tSD (P = 0.06)

NECRESSION EQUATIONS:

a) NZC Y=0.623+0.0461x

b) SUAL Y =2.82+0.081x

e) SI{AN Y = 2,82+0.033

COz PARTIAf, PRESSURE ( ¡bar)
I2O l-l

300 ¡_l

900 o_o

r = 0.81

r = 0.79

r = 0.76

f
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ANALYS I S

SOURCE OF VARIATTON

cu[TrvAR rcv)

COe

DENS ITY

CV X COz

CV X DENSITY

C0z X DENSITY

CVXDENSITYXCOz

tSD (P = 0. 05, *)

NS

0. 8*

0. 7*

NS

NS

I.6X

NS



Table 5.42

CULT.

NAC 0
500

1400
280 0
4200

MEAN

S UA,I, 0
500

1400
2800
4200

MEAN

SI{AN 0
500

1400
2800
4200

MEAN

MEAN

( DENS ITY X C0z )

)-) -Ì

The Effect of Infestation and p(COz) on the
Total Soluble Carbohydrate Concentration in Roots
of 3 Oat Cultivars t4 Days ,{fter Conmencement of
COz Treatnent

DENSITY TOTAL SOLUBLE CÅRBOHYDRATE CONCENTRATION
(% DRY ROOT MASS)

COz PARTIAL PRESSURE, p(c0z) (¡-u-ars)

150 3 I0 900 MEAN

7.4
7.5
7"9
8.6
6.6

6. r
5.4
5.5
5.1
5.3

7
8
4
0
t

6
4

t0
I
6

6"9
8.8
3.8
4"0
6"4

4.8
3.01
2.L
2.9
3.5

7.0
7"3
5.7
o. t
6.3

.6
I
t

.2

.6

9
L2
I
6
B

9"2
,"Þ
3.7

10. 6
6.4

2.3
2.L
4.2
3.4
4.4

2"7
3. 98
2"60
5.4
2.30

3.4

3.3

3.2

3.3

3.0

2.9

3"9

3.3

tL.6
5. t

t0.0
7.60
8.9

8"6

6.0

7.5

9.2

7 "2

5.9

7.3

7.2

B. t
i.3.6
lr.t
12 .8
8.6

I0. 8

7 "2

9" t

8" I

9"9

r0 .2

9"2

7.B

7.6

5"5

6.6

MEAN (DENSITY)

6.8

6.7

6.4

6.8

6.I

MEAN (c0a ) 3.3 7.6 9"4
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COa enrichment has been shown to enhance relative growth rate

(Rw) of monocots (cifford e_!_ qL" 1973, Gifford L977 ) though

the response has been founcl to vary with plant age and COz

concentration (MacDoweIl L972, Neales and Nicholls f978).

The effects of P(COz) on plant growth in the present

study were in general aglreement with these studies. The

absence of a sustained effect of COz enrichment on Rw found
A-

in this and other studies (AttwelI I97I, N7y'1es and Nicholls

I978, Kramer t98l) may have been due to a growth limiting

deficiency acting elsewhere as well as a reduction in the

intrinsic efficiency with which CAz is incorporated wi th time

(Bjorknan et al. 1980, Kriedenann I984).

While nematode infestation had no effect on growth of

shoots at any level of COz supply, root growth r,{as strongly

influenced. The effect of infestation on root length at

densities of 1400 or greater were more pronounced at high

p(C0z) than at anbient conditions. In contrast not only

did COz enrichment increase root growth of NZC more

than that of Swan and Suaì, but in addition, the length of

the nost heavily infested roots of NZC at high COz was

greater than that at the same density grown at anbient CDz

concentrations. The close correlation between total soluble

carbohydrates and total root mass observed in plants in this

study supports the proposition that a faster rate of root

extension of plants grown in an enriched Ç02 environment was

a direct result of an improved assinilate supply.
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However, the absence of an effect of infestation on root
TSC indicated that the differences in infested root growth

between cultivars was not because the roots that hrere most

reduced by infestation had less carbohydrate in then.

one explanation for the independence of infested root
growth of SuaI and Swan on carbohydrate supply is that
effects of localized cellurar disruption due to nematode

invasion prevaiLed over that of carbohydrate supply in
infruencing root extension. The fact that infestation did
not significantly reduce the root nass of swan at any density
and that that of sual was reduced significantly onry at the

highest density when plants rdere exposed to high p(COe)

indicated that the prinary effect of infestation hras on root
extensionr Dot on root mass.

Another possible explanation that night account for the
F

$. independence of infested root growth on CTz sun¡lV and

carbobydrate content is that infestation reduced the

efficiency by which solubre carbohydrate was used for root
growth. rf carbohydrate utirization efficiency of Nzc was

unaffected by nenatode infestation while that of sual- and

Swan were, then when supplied with an equivalent amount of
carbohydrate growth of infested Nzc roots would surpass that
of Sual and Swan.

As root growth encompasses the dimensions

and length, and considering that root mass was

by infestation than root length, differences in

of both mass

less affected

carbohydrat e
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utilization efficiency night be more accuratery described in

terms of root length. The manner by which carbohydrate use

effi.ciency night be influenced by infestation is open to

speculation, but is unlikely to be due to loss of

carbohydrates through, for example, nematode feeding or root

exudation, since the lSC content of roots was unaffected by

infestation.

To conclude,

growth of heavily

and had no effect

plants. Differences were

carbohydrates to the root

either less local ized cel I

an enriched COz environment increased the

infested NZC but reduced root mass of Sual

relative to infested anbient Coz

not due to a reduced supply of

of the latter cultivars. fnstead

disruption in roots of NZC by

on Swan

nematode invasion or a higher carbohydrate utilization

efficiency of infested NZC might explain the snaller

of infestation on root growth of this cultivar than

and Swan.

effect s

on SuaI
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Section 5 "Z The Influence of Infestation on COz
Àssimil-ation Rate

5"2.1 Introduction

The cultivar NZC has consistently been found to develop

a Iarger root system following nematode invasion than the other

oat cultivars studied (eg. Section 2.3, Section 5. I). The

previous experiment ( Sect ion 5 " I ) indicated that the supply

of carbohydrate to the root r^¡as not an inportant factor

Iimiting the length of infested roots of Sual and Swan, but

rather that an inability to utilize carbohydrates for root

extension may be inportant. If assinilate supply is not a

significant factor in Iiniting growth of infested roots, then

reports of reduced rates of photosynthesis on plants having

nematode infested roots (eg. Melakberhan and l{ebster 1985)

may be relevant to root growth only if the effects on COz

assimilation are large. An inabilit.y to uti Iize

carbohydrates efficiently coupled with reduced capacity to

supply carbohydrates could make the roots of Sual tJå subject

to growth impairment by infestation. This experiment was

carried out to determine the effects of infestation of

He t erode ra q!Êllae on photosynthesis of Sual and NZC

5.2.2 Methods

Seedl ings of NZC and SuaL were grown :in 4 " 5 x 27 cm

plastic tubes in a growth cabinet under conditions previously

described (Section 4.3,2) . Twelve days after planting

nematodes 14,ere applied to one half the plants of each
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cultivar at a density of 4800 larvae Per plant. Measurements

of water vapour and COz exchange were carried out on the

fully expanded penultinate leaf 0, 5, I0, 20 and 40 days

after inoculation (Chapter 3.2. ff) " On the evening prior to

measurement plants Idere watered with one-quarter strength

Hoaglands solution (Hoagland and Arnon f950). Measurenents

!{ere started usually at 900 hours the following day and

continued until 1700 hours. The response of COz assimilation

rate (A) to the intercellular p(C0z) (Â;pr curves) were

r¡easured on four plants per treatment.

thlorophyll was deternined on leaf discs from each leaf

following gas exchange measurements (Chapter 3, 2.L2).

5.2 "2 Results

Infestation had no effect on the mean COz uptake rate of

either cultivar at aurbient COz partial pressure (Fig. 5.4).

The maxinal rate of photosynthesis was eå high p(COz ) (COz
aú

saturated rate of photosynthesis)¡ reduced by infestation
À

within 10 days of nematode inoculation (Fig. 5.5). Both

cultivars had virtually recovered from this effect wi-thin 40

days after treatment, NZC recovering sooner than Sual.

Stonatal conductance of Sual was consistently Iower than that

of NZC both in the presence and absence of infestation (Fig.

5.6) . As a result water use efficiency of NZC was lower than

that of Sual ( fig. 5. 7 ) . Infestat ion resulted in

significantly lower water use efficiency of Sual l0-20 days

after infestation owing to the combined effect of somewhat

higher conductances and lower assimilation rates of infested

plants.



FIc 5"4 (a,b) The effect of infestation on nean COz
assinilation rate of a) NZC and b) Sual
10, 20 and 40 days after inoculation (Iz
days after planting)

INITIAL LÂRVAI, DENSITY

0tr
4800 r- - I

0, 5,
52

I rsD (P 0.05)
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FIG 5.5 a,b The effect of Heterodera avenae infestation
on the relation between intercellular C0z
partial pressure and COz assimllation rate of
a) NZC and b) Sual 5, 10, 20 and 40 days after
inoculation (17 62 days after planting)
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FIG 5"6

FIG 5.7

I

The effect of
conductance o
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Chlorophyl I

not differ ( data

z-1_1 -

contents of infested and control plants did

not shown ) .

5.2.4 Discussion

Nematode infestation reduced the C0z saturated rate of

photosynthesis but had no effect on the COz-linited rate of

photosynthesis. Nematode effects were most pronounced on

nematode intolerant plants recently inoculated.

Declines in rates of photosynthesis following invasion

of tomato plants with MeloidoÉyne .iavg¡lce (Loveys and Bird

1973, Wallace 1973, Melakberhan and Webster 1984) as well as

on potato plants infested with Globodera rostochiensis

(Franco I9B0) have been reported. Because no measurement of

stomatal conductance was obtained in those studies how much

of the decline in photosynthesis h/as due to a nematode effect

on stomatal closure is unknown.

fn the present study the COz assimilation rate (A) could

be measured directly against the internal C0e partial

pressure P(C0z ). This facilitated discrimination between

effects of stomatal and of mesophyll resistances on

photosynthetic rates. However, as has been pointed out,

(Sharkey l985) a precise value cannot be assigned to the

relatj.ve contribution of stomatal and mesophyll resistances

to treatment effects on photosynthesis. At the inoculum

density applied in this stucly infestat.ion had no influence on

COz assimilation rate under ambient atmosphere C0e
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conditions. The COz-Li¡niting, Iinear region of the A/Ci

curve is considered to reflect the activity of ribulose-"1,5-

bisphosphate carboxylase (Farquhar and Von Caemmerer f982).

The lower COz assimilation rates of inoculated plants under

saturated COz conditions indicated that infestation

interfered either with the capacity of the Ieaves to

regenerate ribulose-1,5-bisphosphate (Farquhar and Von

Caemmerer I9B2) or to utilize triose phosphate (Badger et cl.

re84).

It is difficult to conceive how nematode infestation

could affect RuBP regleneration since it is a process chiefly

li¡rited by the rate of photoaynthetic electron transport,

itself dependent upon light (Farquhar and Von Caennerer

1982). It is easier to envisage how triose phosphate

utilization (TPU) could Iimit photosynthesis of infested

plants. TPU involves the conversion of triose phosphates,

products of phosphorylation of 3-phospho gl"ycerate, into

starch and sucrose, with the resultant release of inorganic

phosphate (Pi). If TPU proceeds at a rate less than one-

third the rate of COz fixation the Pi released will be

insufficient to maintain photophosphorylation (l{aIker and

HeroId 1977) and C0z assimilation would decline. Other

factors may also be involved (Sharkey and Badger 1984). In

the case of the nenatode infested plant, demand for

assimilate, and therefore triose phosphates could be reduced

as a consequence of the slowing of the rate of root extension

arising from nematode infestation. If nematode feeding
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inposed an insignificant carbon drain as reported by Wallace

(t974) then an accumulation of chloroplast starch could

inhibit COz incorporation. Unfortunately no leaf starch

analysis was performed in the present study. Such a scenario

is in conflict with findings attributing reduced C0z

assimilation rates of nenatode infested plants (Loveys and

Bird I973, Wallace I974) to an increased demand on the plant

for carbon skeletons (Bird and Loveys 1975, McCIure 1977).

The apparent discrepancy in results of the present study

and that of others which reported photosynthesis of infested

plants was reduced at anbient P(COz) may have been reconciled

if higher Het_e¡g_dç¡_a avenae inoculum densities had been

applied. However, previous studies (Section 1) have shown

ínfestation to have significant effects on growth of the Iess

tolerant cultivar Sual at the inoculum density used in this

study. The evidence suggests that there is no reason to

attribute affects on growth observed in Section I foIJ-owing

inoculatíon of up to 4000 Heterodera avenae larvae to direct

ef'fects on photosynthesis. On the other hand infestation

resulted in Sual having a greater water requirement per unit

dry matter accumulation compared to NZC. This indicated that

drought stress may have a stronger impact on C0z assimilation

of Sual than NZC through the direct effects of water stress

on photosynthesis. Both photosystem I and I I are sens itive

to water stress (Jones 1973, Govindjee et q_l-. LgBI, B jorkman

and Powles I9B4).
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. fn conclusion the difference between rates of extension

of infested roots of Nzc and sual found in previoue studies

is not because C0z assinilation rate of NZC is less

influenced by infestation than that of Sual.
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SECTION 6 EFFECT OF PHOSPHORUS SUPPLY ON TOLERANCE
OF OATS TO Heterodera avenae

6.I EF'I'ECTS OE' INFESTATION ON GROWTH AND YIELD OF OAT PTANTS
SIIPPLTED TIITH DIFFERENT AMOUNTS OF PHOSPHORUS

6" I. I Introduction

Nematode tolerance has been associated with vigorous

root growth (Evans e! aI 1977) and reduced sensitivity to

root stunting induced by nenatode infestation (Chapter 4, 3.2).

Morphological factors which increase the absorptive surface

area of a root system are of undisputed inportance in

facilitating acquisition of ninerals, particularly phosphorus

which is relatively immobile in the soil (Baldwin et aI.

L972; Nye and Inker 1977; Schenk and Barber 1979) specific

absorption rates and efficiency of nineral utilization are

equally important (Lough¡rann 1966, GerIof 1976, Nielsen f979).

The potential benefit of these Iatter properties to the

ability of a plant to withstand nematode infestation has

received little attention. Price e! aI. (1982) reported that

infested plants absorbed phosphorus and potassium at a faster

rate than uninfested plants but no cultivar comparisons !{ere

made. Evans et al (1977 ) found that the nineral

concentrations of nematode infested potato cultivars could be

related directly to their relative level of nematode

tolerance" Yield increase has followed the supply of

fertilizer to nematode infested potato (Evans et

aI. 1977) and wheat (Sinon and Rovira 1985) grown in the

fieId. It is therefore possible that adaptations rendering
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a plant

enhance

more tolerant to linited nutrient supply may also

nematode tolerance.

Phosphorus deficiency can seriously reduce crop yield

(niefeski and Ferguson f983). The rate of release of P fron a

bound into a soluble form is slow and it is only slowly

diffusible in solution (Reisenauer I966, Lewis and Quirk

I967). Phosphorus supply could be an inportant factor

Iimiting growth for nematode infested plants suffering root

growth impairment. The ability to take up and/or use

phosphorus efficiently would be advantageous in these circun-

s tances .

Cultivars were compared for their tolerance

presence of nematodes over a range of phosphorus

centrations to ascertain whether growth resPonse

infestation could be influenced by P nutrition.

to the

con-

to nematode

6. I. 2 Methods

Prelininary experinents were carried out to ascertain

the sui l:ability of the sand grain size with respect to

root growth and inoculation efficiency. Results are

presented in Appendix I. The results showed that if Plants

were grown in sand with particle dimensions of 250-750 /t'
inoculum densities of 1000 or more Iarvae would significantly

reduce the root Iength of Swan.
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In the next study four oat cultivars, NZC, SuaI, Swan

and l{est, were prepared for planting as previously

described (Chapter 3.2. f ) . Prior to sowing, approximately

2/3 of the endospern was excised fron each grain using a

sterile scaIpeI, and seedlings were rinsed three tines in

deionized water. Seedlings were sown into I3.0 x 2.7cm tubes

closed at one end with nylon mesh (50¡n) filted with acid-

washed pre-sieved sand (250-750,¡r) and stood upright in

IScm dianeter plastic water-tight pots, eight tubes per

pot. Nematodes were applied in aliquots of 1000 second

stage Iarvae per plant between three and eight days

after sowing, with a total density of 4000 larvae per plant.

Larvae were prepared for inoculation in this study as out-

Iined in Chapter 3.2.3 to miniuize P added during

inoculation. Uninoculated control plants received 3 mIs

of diluent used for nematode inoculun dilution, rendered

nematode-free by passing once through a fritted glass buchner

funnel. Nutrient solution was added to the botton of the

plastic pots and maintained at a Ievel of about 3.Ocm" The

composition of the nutrient solution for the first 18 days

was as follows (1tU¡t Ca(NOg)e, 150; KNOg, 500; KHzpO¿, 1.0;

MgSOo, 150; KzSOc,50 with 0.5 ng l-1 Fe as FeNaEDTA and

micro nutrients. Solutions in pots were changed every two

days. Pots were washed weekly to linit algal growth.

Eighteen days after sowing, plants h,ere

unifornity in deveÌopnent and solutions rdere

new solut ion ident ical in compos it ion to the

but differing in phosphorus concentration:

selected for

replaced with

prev ious
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(I.0, 10.0 or 100.0/M P in the forn of KHzPO¡). The low

phosphorus (l and I0l¡M P) treatments received KzSOe at

concentrations sufficient to balance potassium levels between

P treatnents. Solutions were renewed every two days during

early growth until harvest, a total of 72 days after

sowing.

The experinent was carried out under standard growth

cabinet conditions. Measurements of nain-sten and tiller

height during developnent, and final shoot mass, root Iength

and nainstem and total grain yield were obtained. The

experiment hras designed as a randomízed complete bIock, and

an analysis of variance was performed on aII variables

measured.

6.I.3 Results

Nenatode Infestation

Subsanpling of

out on days 18, 45

nematode popuI. at i on

(Fig. 6.I). By day

the root nematode

and at harvest. P

the lowestonly at

45 the

population was carried

nutrition influenced

P concentration

number of fenales infesting the

root systems had declined to about 3716 of that of the higher

P plants. Differences between cultivars were not

significant.

Growth cabinet nalfunction resulted in day/night

tenperatures rising fron 20/LAoC to 38/260C and



FIG 6.1 The effect of
on the number
oat cultivars

initial Heterodera avenae density
of nematode Iarvae in roots of four
16, 45 and 72 days after planting

I Standard Error of Mean
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37/24oC on two consecutive weekends. NZC and Swan Í{ere 46

and 34 days oId, respectively, and suffered severe wilting.

Sual rdaa in another growth cab inet , and l{est had almost fuI Iy

natured, and therefore neither were affected. Results will

be presented for only Sual and ltlest.

Growth of Main Stem

The effect of phosphorus supply and nenatode

on growth of the main shoot at maturity are shown

infestation

in Table 6. I

Tab le 6. I Effect of P Supply
Height of SuaI and

and Infestation on Main Stem
Itlest After 72 Days

STEM HEIGHT
TO FLAG IEAF (cn)

P suPPtY (7uu)

CULTIVAR DENSITY

SUAL 0

4000

MEAN

WEST 0

4000 23

24

I

27

28

IO

49

49

49

33

35

I00

47

4B

MEAN

4t

42

MEAN

Significant interaction:

Cultivar x Phosphorus

Cultivar differences in

lowest P concentration,

culns than West.

34

LSD (P

6.8

0.05)

stem height were not

but at I0 and 100 /M

48 42

34 30

33 30

34 30

expressed at the

SuaI had Ionger

28

24
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Treatment effects¡ on main sten grain mass are presented

in Table 6.2. The grain mass of West was significantly

greater than that of SuaI with and without nematode

infestation. Infestation had no effect on nain sten grain

mass of SuaI and l{est at the lowest P concentration. Grain

mass of SuaI and West were significantly reduced (P = 0.05)

at l0 and I00¡M P by infestation.

Table 6.2 The Effect
Sten YieId
Planting

P Supply
Sual and

of
of

and Infestation on Main
West 72 Days after

CUTTIVAR DENSITY

SUAt 0

400 0

MEAN

WESl 0

4000

MEAN

MEAN

(P X DENSTTY)

MEAN (P)

ANA tYS T S

Significant Effects
cv
Density X PhosphoruE¡

cRAIN MASS (ng)

P SUPPIY (ltu)

l0 t00

I25 I87

9t t4B

IOB 167

I

49

46

4B

226

I8t

203

206

r64

t85

MEAN

L2L

95

t0B

r49

t22

r36

I35

t08

34

34

34

42

40

4L

t87

I5T

169

156

t2r

I39

rsD (P
t6
27

0.05)
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The effects of infestation and P supply on the main sten

grain number of Sual and ltlest are presented in Table 6.3 The

effects were very sinilar to those on grain mass. The mean

grain number of Sual and West did not differ, indicating that

the difference between Sual and Vlest in grain mass was due in

part to a smaller single grain mass of SuaI.

TabIe 6. 3:

curT r vAR/
DENS Ï TY

t

SUAI

0 2.6

4000 2.7

MEAN 2.7

WEST

I.B

4000 1.9

MEAN t.9

MEAN o.)

(DENSTTY X

PHoS. )
2.3

ANATYS IS

Significant Interactions :

DENSITY X PHOSPHORUS

The Effect of P

on Grain Number
Supply and Nematode fnfestation
of Sual and West Áfter 72 Days

GRAIN NO.
P SUPPLY ( ).ru)

IO r00 MEAN

5.2 7.2 5. r

4. r 5.9 4.2

4.7 6.6 4.7

6.7 7.8 5.4

5.4 6.4 4.6

6.2 7.r 5.0

5.9 7.5

4.8 6.2

5"4 6.9

rsD (P

0

32

5

4

3

4

0.7

0.05,*)
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Tiller Developurent

Fig 6"2 presents the effect of phosphorus suPply on

til-Ier number and mean totat tiLler length. TiIIer number

and total tiller height of Sual and West were significantly

higher (P = 0.001) at a solution P concentration of l0

than at l/¿M P. A further increase in P supply to 100¡M

P increased the tiller height of uninfested Sual after 72

days but had no effect on uninfested West. Sinilarly the

number of tiLlers on uninfested Sual was significantly

greater than on inf ested plants at both 10 and I00 ¡ l't P,

whereas on West, tiller number was not influenced by

infestation at either l0 or IOO pM' On the other hand,

after 7O days growth, tiller number of uninfested Sual and

west was enhanced by an increase in P supply from I0 to 100

/ l4 but had no ef f ect on inf ested plants.

The effects of P supply and infestation on final shoot

mass of Sual and West are shown in TabIe 6.4. Statistical

analysis followed a log e transornation of the data. The

shoot mass of uninfested and infested Sual and West increaser

with an increase in P from I to LO yM. The shoot mass

of infested and uninfested SuaI and West increased further

with an increase in P from l0 to 100 ¡U"



FIG 6.2 a,b The effect of solution P concentration and
Heterodera avenae infestation on tiller

å:lil: ilt.:;lt;;"iiio"' or a) suar and b) west

Solution P

coNcENTRATIoN ( pu) INTTIAL IARVAt DENSITY

0 4000

o-o t-.
O-O O--o
tr- tr l-.-I

t0

t00

tSD (P = 0.05)

Solution P

coNcENTRATIoN ( l *) INITIAf, TARVAI DENSITY
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l0 b
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Standard Error of Mean
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The Effects of P SuppJ-y
Mass of Sual and West 72

Table 6.4

cuLT MR/
DENS ITY

S UAI

0

400 0

MEÀN

WEST

0

4000

Infestat ion

at l0 and LOO P 14

The shoot mass of

t0lM solution p.

and Infestation on Shoot
Day After Planting

fn OO t¡

( IM)
100 ME AN

SIIOOT

2.07

I.94

2.Ol

3. 13

2 .99

of Sual

but had

MASS I (

P SUPPLY

t0

reduced shoot

no effect at

4 .52

4.L4

4. 33

5. 68

5.29

5. 48

5.10

4.7L

4. 90

LSD (P 0.05)

0 .32

I

5 .29

4. 60

4. 95

6. 04

5.89

5. 97

5. 66

5 .24

3. 96

3. 56

3. 76

4. 95

4.72

4. 88

4.46

4.14

MEAN 3.2r

\,!EANS 2.60

(DENSTTY X P) 2.47

MEAN (P) 2.6L

ANATYS IS

Significant Interactions

CVXDensityXP

5 .45

mass of plants grown

the Iowest P level 
"

infestation only atWest hras reduced by
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Root Iength of West

SuaI at the two higher P

was considerably larger than that of

concentrations (lable 6" 5)

The root Iength of infested and control

increased with an increase in P supply fron I

Table 6.5 The Effect of P Supply and
Length of SuaI and ltlest 72

Sual

to

and hlest

t0 ¡M.

fnfestation on Root
Days After Planting

cuLT r vAR/
DENS ITY

SUAI

0

400 0

MEAN

WEST

0

400 0

I

TOTAT ROOT tENclH (r4)
P SUPPTY

10 100 MEAN

o .45

0.21

0. 33

0.6r

0.29

t. t3
0. 9r

r.02

3. 39

3.75

3 .57

2.26

2.33

2.30

t. t0
L.22

t. 16

2. 83

r.94

2 .39

1.97

1.58

L .34

l. t7

I .42

3.42

2. 99

3 .2r

2"38

z.oa

MEAN 0. 45

MEAN 0.53

(DENSTTY X P) O.25

0. 39

ANALYS I S

Significant Interaction

CV X Density X Phosphorus

t.78

(tSD P = 0.05)

0. 37
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A further increase in P supply brought no further change

in infested or control root length of SuaI. In contrast the

root length of both infested and uninfested ltlest declined

significantly, infested roots declining the most, when P

supply was increased from I0 to 100¡'tM. Infestation had no

influence on root length of Sual grown at any P

concentration. Infestation significantly reduced (P = 0.0I)

the root length of West gro$rn in IOO )JM P, but had no effect

at I or LO lM.

The effect of P supply and infestation on total grain

mass of Sual and West are presented in Table 6.6.

TabIe 6. 6 The Effect of Solution P Concentration and
Nenatode Infestation on TotaI Grain Mass of
Sual and l{est After 72 Days

curT rv 
^R/DENS I TY

S UAL

0
4000

MEAN

WEST

0
4000

MEAN

MEAN
(P X DENSTTY)

MEAN (P)

ANATYS IS
Significa
Cul,tivar
Cul,tivar

0. 69
0. 69

0. 69

t.6l
1.. 39

t .50

t. t5
1.04

t.09

Interact ions
Density
Phosphorus

4.17

4.33
3. 96

4. 15

4 .37
3. 95

4. t6

LSD (P

0.33
0. 35

00I

GRArN MASS (g)
P SUPPLY

4 .4r
3.93

MEAN

4 .82
4 .54

4. 68

4 .57
4.L7

4 .37

4. 69
4. 35

4 .52

0.05)

3.31.
3.05

3, rB

3. 50
3.L7

2.90

3. t8
3.1t

nt
x
X
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The Effect of Solution P Concentration and
Nematode fnfestation on TotaI Grain Number
of SuaI and ltlest after 72 Days

TabIe 6.7

cu[TrvAR/
DENS ITY

SUAt

0

4000

MEAN

WEST

0

4000

MEAN

I

t.5

r.4

r.8

1.6

GRAIN NUMBER
P SUPPLY ( lt ,l

t0 r00

36. 4 54. 6

2r .5 34. 6

50. 6

34 .7

30.8

19.2

25. O

28.9

20 .8

24.9

ANATYS IS

Significant interactions

Cultivar X Density

34. 3

26. t

rsD (P 0.05)

B. 97
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[n loon
The reaults are presented as transforned data (J-o4c-<-J-.qQn).).

Infestation significantly reduced (P = 0.05) total grain mass

of Sual but had no effect on that of West. Grain mass of

Sual Í{as significantly increased fron I to I0 and fron 10 to

100¡M solution P, whereas the yield of West only increased

from I to t0¡M solution P.

The effects of P supply and infestation on total grain

number are presented in TabIe 6.7. Infestation significantly

reduced grain nunber of Sual at both 10 and f00 4 M solution

P, but had no effect at the lowest P concentration.

Inf estat ion of ltlest reduced grain number at only the LO lt yl P

concent rat i on .

6"1.4 Discussion

In this experi¡nent the effect of phosphorus supply on

growth response of four oat cultivars to infestation t{as

conpared, though due to experi¡nental nishap, only the results

of two cultivars were presented. Optinum plant growth is

obtained for a range of plant species with external P con-

centrations between 3 and L3,uM P (Asher and Edwards f983)

but, these values were derived fron studies using continuous

solut ion flow techniques 
"
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The highest P concentration used in this experinent (f00

,ll!l) was well in excess of the optimun prescribed above, yet

plant growth was significantly increased at this P

concentration relative to f0¡M P. The rapid depletion of P

around the roots of sand cultured plants in this experinent

despite solution changes at short intervala Iikely resulted

in the actual P concentration around the roots being less

than that applied.

Infestation reduced the grain mass and grain number of

the main- stem of both West and SuaI at 10 and 100¡M solution

phosphorus concentrations. In contrast infestation had no

effect on total grain mass (rnain-stem plus tillers) of Ílest

at any P concentration. Total grain mass of Sual was reduced

at both l0 and IOO /JM P. This indicated firstly that tiller

grain mass of infested West compensated for the smaller grain

mass of the main stem, but did not in SuaI.

Secondly it indicated that, in as much as P supply did

not influence the response of either cultivar to nematode

infestation, P supply and tolerance are unrelated, at least

at the nematode density and P concentrations used in this

study. The effect of the two lower P supplies on the

response to infestation of Sual and Iles could be explained as

fol Iows: When P was I init ing the effects of Heterodera

avenae infestation were obscured. The effect of infestation

on yield of the Iess tolerant cultivar, Sual became proninent
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constraint on growth imposed by P linitation was

A higher level of tolerance precluded any declíne

of West in response to infestation, at the density

when the

removed.

in yield

applied.

On the other

indirect relation

hand, there appeared to

between P nutrition and

be a possible

nematode tolerance

The total grain mass of uninfested and infested West

did not increase fron 10 to f00 ¡M P whereas that of Sual

didrsuggesting that the optimum P concentration for growth of

SuaI was higher than that of hlest. Considerlng that

infestation had no effect on the total grain yield of llest at

any phosphorus solution concentration, whereas that of SuaI

was reduced significantly at t0 and 100¡M P. It is possible

that the cultivar with the Iower requirenent for phosphorus

West may also have a higher level of tolerance to Heterodera

avenae.

If Sual had a higher optimum P concentration for growth

than West and if a decline in root surface area reduced P

absorption, then root growth iurpairrnent by nematode

infestation during earì"y developnent may have affected growth

of Sual more than West.

Differences in the effect of phosphorus and nematode

infestation on yield of SuaI and West indicate that a closer

exanination of these two cultivars, with special regard to P

absorption rates and P utilization efficiencies is warranted.
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6.2 EFFECTS OF INFESTATION ON GROWTH AND PITOSPHORUS
ABSORPTION OF OAT PTANTS SUPPTIED WITH DIFFERENT
AMOUNTS OF PHOSPHORUS IN SOLUTION CULTURE

6.2.L fntroduction

fn the previous experiment (section 6.I) the cul-tivar

West l{as Iess responsive in grain yield to an increage in

solution phosphorus (P) concentration above I0 VM than Sual

and was al-so Iess affected by nematode infestation.

These findings hrere indicative of a possible relationship

between P nutrition and nematode tolerance, wherein plants

unresponsive to increased external P supply nay have higher

tissue P concentrations at Iower P supply conditions than

more P responsive plants, thereby conferring a higher

nematode tolerant status.

However the results

evidence that plants with

more tolerant to nenatode

was not analysed for P.

of section 6.1

high internal

provided no firn

P concent rat i one r{ere

status and

status is a

of t issue

uptake, P

also

infestation since the plant tissue

The aim of this experinent rdas to obtain more

infornation on the relationship between tissue P

tolerance to Heterodera avenae. Because tissue P

function of the rate of P absorption and the rate

growth (Williams l94B) the relationship between P

utilization efficiency and nenatode tolerance $ras

examined.
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6.2.2 Methods

Seedl ings r{¡ere germinated and two thirds of the

endosperm excised as described in section 6.I.2. Instead of

PVC tubes, medium guage plastic bags (f0.0 x 4.0 cm when

flat) with drainage slots cut at the base were used to

contain the acid washed pre-sieved (< 850 > 25Ùpn). Coarse

acid washed sand (2 2.Onm) was placed at the botton of the

plastic bags to prevent loss of sand through the drainage

slots. Bags containing plants were supported upright in

l0.0cm pots in groups of four, inside a growth cabinet

maintained at standard conditions. Three to eight days after

sowing, second stage larvae were applied in aliquots of 1000.

PIants received either 0, or 4000 larvae. From the time of

sowing until transfer to nutrient solution, plants received

25mls of complete Iow P nutrient solution every two days as

described in section 6.L"2. This volume was sufficient to

pernit drainage through the bottom of the plastic bags.

Twelve days after sowing, plants were selected for

uniformity then carefully renoved from the bags, rinsed under

deionized water to remove loosely clinging sand and

transferred to I litre black plastic bottles containing a low

P nutrient solution identical to that which they received

previously" Solutions $,ere aerated and stirred vigorously

with a continuous supply of activated charcoal/cotton wool

filtered air del-ivered through pasteur pipettes fitted to
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the bottles. Plants were arranged in groups of five per

bottle. They rlere supported by a 2.0 x 6.0 cm rectangle of

I.0 cm thick foam wrapped around the base of the sten and

inserted into the nouth of the bottle. Each bottle

represented a single replicate within a treatment. Fotlowing

equilibration in sol-ution for 40 hours to ninimize

possible effects of transplanting, plants rdere grown in

solutions with phosphorus concentrations of I, I0 or I0O /ltl
with the remaining nutrient components being held at the pre-

treatment leveI. Solutions were changed daily. Plants were

sanpled 16 days after sowing in consecutive four day

intervals until 36 days after sowing. Treatments consisted

of four cultivars, two inoculum Ievels, and three phosphorus

concentrations. Each treatment was replicated three tines.

lreatments were randonly arranged within the growth cabinet

initially but were rotated daily within the cabinet to

mininize positional effects. Plants started to tiIIer by

about the 20th day. TiIler buds were removed each time

solutions hrere changed.

At each of 6 saurpling dateslroots were rinsed under

running deionizeò, water to remove residual culture solution

for about I ninute. Shoots and roots were separated, placed

in airtight glass bottles and refrigerated for a maximum of

four hours at 20C. Root lengths of individual root
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systems were meas¡ured by laying the whole root systen on a

15.0 cm dianeter glass petri plate laid atop a one-half inch

grid. l0 mls of deionized water wetted the surface of the

plate to facilitate manipulation of the roots. After root

intersections were counted, requiring about I minute, the

root was returned to the gì,ass vial capped, and refrigerated.

The water was rinsed from the petri dish and repì-aced with

fresh deionized water. Root and shoot tissues riere then snap

frozen in liquid Ne and freeze dried. Dry weights of

energed Ieaves, stems and roots were obtained.

Shoot and root components were ground and duplicate

subsamples were used to deteru¡ine tissue phosphorus con-

centrations as described in Chapter 3.2. B.

Treatment s rdere arranged in a randonized completely

Analysis of variance was performed on aIIblock design

variab Ies.

6.2.3 Results

Relative Growth Rate (Rw)

Data for shoot growth over the treatment intervaf ( f6 to

36 days after sowing) is presented in Fig. 6.3. Following an

initial lag in growth between days t6 and 20 shoot growth was

logarithnic up until day 32 when growth rate started to

decline, particularly in those plants gro$rn in P solutions of

l0 and I00 lt4.
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Mean rerative growth rates (Rw) were calculated for
each cuLtivar frorn the slopes of the linear regressions of
the data in Fig. 6.3" Data are presented in Fig. 6.4. Each

increment in solution phosphate concentration increased the

Rw of alI cultivars fron a base levet of about 0.4 gg-r at 1

)JM phosphorus. rnfestation depressed Rw of arr cultivars
except Nzc. rncreasing the solution p concentration to 100

4M erininated the effect of nenatode infestation on swan,

reduced their effect on sual, and had no effect on west and

NZC.

Final Sh Mas s Root M d oot Sur
I 6. r0

.{f ter 20 days of P treatment ( 36 days af ter planting,

arl curtivars sho¡red significant (p I 0.01) increases in
shoot mass, root mass and total root surface area (.{) with an

increase in sorution P fron r to l0 yt[, irrespective of
infestation status. An increase in solution p fron I0 to 100

¡ u significantry enhanced shoot mass of all uninfested and

infested cultivars (Table 6.8) and the root mass and root
surface area of alI infested and uninfested cultivars except

west (Tables 6.9 and 6.10 respectively). rn the ratter case

there was no increase root mass or A of infested west, while
that of uninfested West increased.

rnfestation had no effect on the shoot mass, root mass

or A of any curtivar grown in I IJM solution p. At r0 lli
solution P, while infestation signifícantly reduced (p = 0.01)

the shoot mass of sual, swan and I{est, infestation onry



FIG 6.4 (a-d) The effect of Heterodera avenae infestation
and solution P concentration on the nean
relative growth rate of a) NZC, b) Sual,
c) Swan and d) hlest during 20 days of P supply
t reatment
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Table 6. B:

257 .

The Effects of
Dry Shoot Mase
Planting

fnfestation and P Supply on the
of 4 Oat Cultivars 36 Days After

CUTTIVAR DENSITY

NZC 0
4000

SUAI 0
4000

ST{AN 0
4000

WEST 0
4000

ANALYS IS

Significant interaction

CVXDensityXP

sHooT DRY MÂSS (g)

PHOSPHoRUS Sof,UTIoN coNcENTRATTON (/tu)
I t0 I00

0. 145 0. 390 0. 538
0. 137 0. 3Bl 0 .52t
0.091 0 .247 0.440
0.084 0. r53 0 .352

0.lll 0.385 0.622
0. 106 0 "252 0.494

0 . L24 0. 288 0.449
0. 12t 0 .2I9 0.324

LsD (P 0.05)

0. 066



Table 6.9
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The Effect of
Dry Root Mass
Planting

Infestation and P Supply on
of 4 Oat Cultivars 36 Daye

the
After

CUTTI VAR DENS ITY

NZC 0
4000

SUAL 0
4000

ST{AN 0
40 00

WEST 0
400 0

ROOT DRY MASS (s)

PHOSPHORUS SOIUTION OONCENTRATION ( /tr)
I I0 r00

0.097
0. 096

0.069
0. 06I

0.079
0. 068

0. 088
0. 089

0. 209
0.189

0. t6r
0. I09

0.234
o .122

0. I79
0"138

o.05)

0.302
o.276

0.243
0. 162

0.321
0. 250

o .229
0.171

aNATYSTS rsD (P

Significant interactions
CV X Density X Phosphorus 0.052
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While cultivars did not differ in root maas at the

lowest P concentration the i-nfested root mass of both sual

and swan was significantly lower than that of Nzc et Lo yM.

At roW þl the root mass of swan no longer differed from that
of NZC but the root masses of Sual and West were

significantly smalrer than Nzc's in the presence and absence

of infestation.

Table 6. l0: Effect of Infestation and P Supply on Total
Root Surface Area of 4 Oat Cultivars After
36 Days

CUTTIVAR DENSITY

NZC

SUAt

SWAN

WES T

0
40 00

0
40 00

0
4000

0
40 00

I

39. 7
38. I

32 .3
27 .8

39. 4
38. I

37. I
32.4

TOTAL ROOT SURFACE
SOLUTION P

IO

86. 6
75 "7

74.9
47.t

LT6.2
66. 3

72.8
59. 4

rsD (P 0.05)

l4

AREA ( cnz )
CONCENTRAT ION

r00

I29.4
I09.4

r06. 3
7r.2

14I.5
103.7

96. I
6t. r

ANALYS I S

Significant interaction

CV X Density X P
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reduced the root mass of swan and the root surface area of

suar and Swan. when plants were grordn in l-0o yM solution p,

the shoot mass, root mass and root area were alt reduced by

infestation. rnfestation reduced only the root surface area

of NZC.

Phosphorus Concentrations of Shoot and Root 36 Days after
PIant inr

As with plant growth variables, root and shoot p con-

centrations Í{ere significantly enhanced with an increase in

solution P from r to LoyM (Table 6.lr). A further increase

in sorution P fron l0 to LooiuV increased the root p con-

centrations of all curtivars irrespective of infestation

status. At f 00 ¡M only uninf ested NZC did not show a

significant increase in shoot P concentration.

rnfestation had no effect on the shoot p concentration

of Sual, Swan and llest at I0 and 100 ,¡r M solution p.
øhoof

Infestation increased the e'€l-H#€å P concentration of NZC at

rooyU (Table 6.rr). The root P concentration of infested

swan and Nzc did not differ fron that of uninfested control
prants at either l0 or Loo/JM. rnfestation increased the

root P concentration of SuaI at both l0 and 100,uM p, but

reduced that of l{est at lo yM, with no effect on t{est at 100

¡-t M solut ion P.
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Effect of P Supply and Infestation on Root
and Shoot P Concentrations of 4 Oat Cultivars
36 Days After Planting

TISSUE P CONCENTRATION (X DRy MASS)

ROOT SHOOT

lable 6.II:

curTr v AR/
DENS ITY

NZC

0

4000

SUAL

0

400 0

ST{AN

0

40 00

I{EST

0

4000

o.252

o.240

0. 396

0. 582

0.279 0.429

0. 370 0 .478

SUPPLY (/ u)

I

0.08t

0.076

0. 048

0.037

0.058

0.052

Roots

0.059

0.08r

0.097

0.081

0"075

0. r00

0.1t3

0. 087

0"092

t0

0.301

0.315

0. 295

0. 206

P

I00

0. 468

0.50t

0.536

0.629

I t00

0.491

0. 650

0. 033 0. 154 0.503

0.040 0. l6t 0.48r

t0

0 .425

0. 368

0.17r

0. I62

o .232

0.288

0.33r

0. 349

0.58t

0.545

ANALYS I S

Significant

CV X Density

LSD (e =o.os)
interaction

XP

Shoot s

0.068
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Tissue P vs Shoot Drv Matter Yield

The relationship between shoot P concentration and shoot

dry natter yield (day 32) is presented in Figure 6.5. Swan

produced the greatest shoot dry matter at atl tissue p con-

centrations, followed by Sual, NZC and West. The shoot p

concentrations of infested and control sual and Swan did not

differ despite significantly lower shoot masses of infested

plants, whereas shoot concentrations of infested NZC were

significantly increased by infestation but shoot mass was

unchanged.

In t'igure 6.6, values for shoot and root dry

natter yield per total P uptake on day 32 of the experiment

are presented. Increases in total P uptake were reflected in
greater yields of arr cultivars. rf the relationship between

total P uptake and dry rnass is used as a criterion of

efficiency of utirization of P (Btair and cordero l97B) then

because Nzc took up the most P but produced no more mass than

the other 3 cultivars, it could be classified as Ieast

eff icient in utilizing P, followed by trlest, Sual and Swan,

ranked in increasing order of efficiency. Infestation

reduced the P utilization efficiency of sual, swan and lrlest,

though this effect hras marginal, and had no effect on NZC.



FIc 6.5 ( a-d) The effect of Heterodera avenae infestation
on the relation between shoot P concentration
and shoot dry matter yield of a) NZC, b) Swan
and d) West 16 days after commencement of P

supply treatment (32 days after planting).
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FIc 6.6 (a-d) The effect of Heterodera avenae infestation
on the relation between P uptake and shoot and
root dry matter yield of a) NZC, b) SuaI,
c) Swan and d) West 16 days after commencenent
P treatment (32 days after planting)
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Rates of Phosphorus Absorption

The rate of phosphorus absorbed per unit root mass was

derived from the equation (t{ilIiams I94B)

Ip O) Or X Lx $lnr Lx Wnz EQ. 6.I
tz tr Wnr lilnz

Where O is the quantity of P absorbed, W t.he root mass, and

t, the tine. Over short time intervals (tz tr = Q, days)

O and R nay be assumed to be linearly related. Data Í{as

transforned (Loge (X l0 original values)) before perforning

statistical analysis. Transforned data are presented in

Table 6.72.

Infestation had no significant effect on the rate of P

uptake (Ip) of any cultivar at any date and at any P level.

Atl cultivars had increased Ip with increasing external P

concentration, with no differences observed in this effect at

any of the three measurement intervals.

Ip of NZC at

Sual between days

was greater than that of Swan and

24, and greater than that

IO /,tM

20 to

throughout the experiment at LO ytrl. At I00 ¡M, Ip

was less than that of the other cultivars between

but afterwards Ip of alI cultivars did not differ.

of SuaI

of Swan

day 2-24,



TabIe 6. I2:

264.

Effect of P Supply, Infestation and Date
Measurement on the Rate of P Absorption
4 Oat Cultivars (Analysis of Loge(Xt0)
Transforned Data)

of
of

RATE OF P ABSORPTTON, rp

INTERVAT

(ng P g- I Root Day- r ¡

( DAYs )

20

0

r.39

7. 06

7. 66

1.61

6.32

7 .62

3. 64

6.44

7 .2I

1"95

6 .62

7.59

24

+

1.09

7. r0

7. 66

t.6I

6. 78

7.79

3.7I

6.71

7 .29

r.95

6"89

7. 88

24 2A

0

4. 69

6. 76

7 .27

4. 0B

6. 28

7. 39

4.30

6. 68

? .53

4 .25

6.26

7.17

+

4.72

6. 70

7.3I

4.t1

6.5r

7. 66

4"4L

6. 75

7.6I

4.43

6. 67

7 .49

0

5.2

6. 48

7 .57

3.17

6.lr

7 "L4

2.40

6.55

7 .25

4. 68

6"27

7.74

32

+

6 .44

6. 57

7.88

3. 29

6. 18

7 .49

2 .48

6. 70

7 .45

4. 3B

6. 19

7. 66

2A
CV. DENS

NZC I

l0

100

SUAL T

IO

r00

ST{AN I

IO

t00

WEST I

IO

100

Initial

0,+i 0

Dens ity:

and 4000 Iarvae per plant
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Rate of Phosphorus Flux

Nutrient uptake has been related to the surface area of

the root system and the external concentration. FIux of

phosphorus into the root r^ras calculated using the equation

(Christie and Moorby 1975) I

F = o.Cr Eq. 6 .2

where F is the flux of phosphorus ions across the root

surface (Kg M-2 sec-l), Cr the concentration of ions at the

root surface (Kg n-3) and the mean root uptake coefficient,

a value expressing the proportionality of flux to con-

centration (n sec- r ),The proportionaility coefficient o

was derived from determinations of root surface arærr{ (n2 ),

relative growth rate of the plant (mg g-r day-r¡, and mean

plant phosphorus concentration (ng g-1 ). (See Appendix I[ for

derivation of O, value). Mean phosphate flux hras calcuLated

for the interval between days 20 and 32, an interval during

which there was Ieast data variab i I ity. Results are

presented in Fig. 6.7. Results over the entire experimental

period are presented in the Appendi.x (TableAl). Statistical

analysis of the results was considered inappropriate because

of the highty derived nature of the final values. In

general, P flux decreased as external P concentration

increased. FIux of P into the uninfested roots of Swan and

West greatly exceeded that of NZC and Sual at the Iowest

external P concentrat ion but were r:omparab Ie at l0 and f 00¡M

external P.



FIc 6.7 a,b The effect of
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Infestation had the strongest influence on phosphate

flux into the root at I and l0¡lM solution P concentrations.

The nost not icab le except ion r^¡as Swan which had a con-

sistently low phosphate flux at aIl P levels. Rate of

phosphate flux of infested roots exceeded that of controls at

all P concentrations for NZC and West.

6.2.4 Discussion

The relationship between phosphorus nutritional status

and tolerance to Heterodera avenae r^ras examined in this

experiment. The four cultivars used in the study displayed

differences in root and shoot growth in response to nematode

infestation only at the two higher P concentrations. At the

l-owest P solution concentration the effects of F deficiency

on shoot and root growth prevailed over that of nematode

infestation, a finding also reported in section 6.1 This rdas

not entirely expected since the solution culture method of

supplying P in this study probabLy supplied ¡¡ore P

at a given solution concentration than the sand culture

nethod used in section 6. l. The significantly lower

centrations in the roots and shoots of plants grown

P compared to that of plants grown in the two higher

P concentrations indicated that low tissue P status

adequately accounted for slower growth of the former

P con-

in l.0yM

solution

plants.
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When the solut ion P concentrat ion r4ras increased the

shoot mass, root rnass, root length and tissue P concentration

of all cultivars increased considerably but the effect of

nenatode infestation was not the same on aIl cultivars.

Infestation had a larger effect on shoot and root

variables of SuaI, Swan and West than on NZC. The shoot mass

of the three former cultivars was significantly reduced by

nematode infestation, at t0 and 100¡rM P while shoot P

concentration was not affected by infestation. The

naintenance of a constant shoot P concentration in spite of a

significant decline in shoot mass in infested plants was

either due to more phosphorus being held within the roots

ana g*f{ thereby inhibiting transportation to the shoot in

infested plants ¡ or because Iess phosphorus was absorbed

by the root system of infested plants.

t{ith

reduced in

the root P

at I0 lM
rate of

infested plants.

concentration of

Infestat ion also

any cultivar nor did

Infestation had no

significantly

effect on

Swan and reduced that of SuaI

had no effect on P absorption

it reduce the phosphorus flux on

findings of Price et aI. (I982).

Sual and Swan, root surface area was

these cultivars, supporting

therefore,

occurred in

that the decline rn

The observat ions out I ined above strongly indicated

P uptake that must have

Swan hras attributable to aandinfested Sual

root surfacereduction in area.
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On the other hand the root surface area of West at I0A M

Í{as not reduced by infestation, but the root P concentration

increased. This increase may have accounted for the decline

in shoot growth of infested West as welI as the maintenance

of a constant shoot P concentration in infested and

uninfested West at LO ¡tM P.

Identical shoot P concentration3of infested and

uninfested NZC at IO llM solution P can be understood in terms

of the absence of any affect of infestation on root surface

area and shoot mass.

At the highest external P concentration, there was a

significant increase in root P concentration of SuaI and

Swan, along with a decline in total root surface area. The

sequestration of P within infested roots of Sual and Swan at

this solution P concentration may partly explain the

difference between these two cultivars and NZC. In the case

of NZC root P concentration did not increase but shoot con-

centration in infested plants did, even though root surface

area was slightly reduced. A decline in total P uptake in

infested West at LOÙ//LM P Iikely arose fron reduced root

area, since there was no change in root P concentration.

Although a decline in root length

could be Iargely held

and the corresponding

and West it cannot be

responsible for

decline in total upt ake

t hat

of

the

P

infested

reduced

of

plants

shoot mass

Sual, Swan

concluded from this phosphorus



deficiency was

plants " In no

plants decl ine

the external P

269 "

the reaaon for

did the Pcas e

below that of

concentrat ion

the poorer growth of infested

concentration of infested

uninfested plants. Increasing

from l0 to I00 did not

significantly alter the effect of infestation on shoot nass

of NZC, SuaI and West and at least with respect to these

cultivars, nematode tolerance and phosphorus nutrition do not

seem to be related. fn the case of Swan, a higher phosphorus

status in infested Swan at I00 conpared to I01l14 solution P

resulted in the relative growth rate of this cultivar

increasing to a Ievel similar to that of uninfested plants.

The possibility that P deficiency was at least partly

responsible for infested Swan's weaker growth cannot be ruled

out.

Studies on factors relating to plant performance under

conditions where phosphorus is Iiniting have shown that the

ability to tolerate phosphorus deficiency (low-P tolerant)

is often correlated with an unresponsiveness to increased P

(Clarkson 1967, White 1972). Low-P tolerant plants also have

higher tissue P concentrations and require more phosphorus to

produce the same amount of dry natter than Iow-P intolerant

plants (Christie and Moorby I975, Chaplin et aI. f982). Such

plants are therefore less efficient in utilízing internal P

and also less responsive to increases in external P supply.
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rt was suggested at the outset that by virtue of their slower
growth and higher internal p concentrations, such prants
would be more nematode tolerant than low-p tolerant prants if
phosphorus nutrit ion h,as related to nematode tolerance.
However, the results of this experiment do not support
this Iatter proviso.

There was nonetheress an indication that p utilization
efficiency was associated with nematode tolerance of Nzc and

Swan. Shoot mass of uninfested Nzc and Swan were equal at
l0Al4 even though the shoot p concentration of Nzc was sig-
nificantly greater than that of swan, indicating that swan

may have been more efficient than Nzc in utilízing p" At the
same sorution P concentration infested swan had a snalrer
root mass than Nzc. This was because infestation nay have

had no effect on the rate of ninerar upake, incruding p, of
Nzc, since root surface area was unaffected whereas the root
surface area of Swan was considerably reduced, with
consequent effects on minerar uptake. when the sorution p

concentration was increased, p absorption rates of both
cultivars increased similarly but there was less shoot
growth, derived from this increase in tissue p concentration,
in NZC than in Swan. Uninfested shoot mass of
Swan h,as larger than that of Nzc, and shoot nass of infested
NZC and Swan rdere equal., even though the shoot p

concentration of Nzc exceeded that of swan. rt could be

concluded that two factors may have differentiated the
response of NZC and Swan to Heterodera avenae infestation;



the response

with which P
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of root growth to infestation and the efficiency

was utilized.

An increase in P supply may have had no effect on the

tolerance of SuaI to Heterodera avenae because the nenatode

density nay have been too high to allow expression of P

effects. This cultivar hras found to be more efficient than

NZC in utilizing P, and the relative growth rate of infested

SuaI increased at the highest P concentration. However a

higher P utilization efficiency than NZC may not have been

sufficient to conpensate for a drastically reduced root

surface area accompanying root infestation.

In the case of West it could be argued that at a lower P

solution concentration the effects of infestation may have

been nore severe. Equally probable however is that

infestation had effects on plant growth independent of P

nutrition, the severity of which would not have altered at

lower solution P concentrations. The experiments reported

here do not aIlow a Iogical choice between these two

possibitities.

While the treatment response of Sual in section 6.1 and

6.2 were the sane, West was found to be less tolerant to

inf estation in section 6.2 than 6.1, at both 10 and IO0/M.

This nay sinply have been a refl-ection of differences in

sampling tinesr so that with further growth t{est nay have

been unaffected by infestation in section 6.2,
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ÀIternatively, while it was assumed that the growth cabinet

malfunction had no significant effect on the already nearly

matured West, effects may have been sufficient to confound

the differences between infested and uninfested plants.

In conclusion there is evidence from this experiment

that phosphorus limitation was a factor contributing to

reduced growth of Heterodera avenae of infested pLants. P

deficiency of infested plants arose from a reduced root

surface area and not from a decline in rate of

P absorption. P deficiency was partly alleviated in at least

one cultivar by increasing the solution P concentration from

10 to f00¡,tM . Tolerance to Heterodera avenae infestation was

greatest on the cultivar least efficient in utilizing P, and

frtolerance was increased the most the cultivar with the

highest P utilization efficiency. Other factors, which nay

include the supply of other minerals, are also important

since the tolerance levell of two cultivars was unaffected by

'P nutrition.
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21 3"

CHAPTER 5: GENERAL DISCUSSION

Tolerance has been defined as the ability of plants to

endure disease without severe Ioss in yield (CaldweIl et_ al.

I958). Such a definition does not include mechanisms that

result in the host's escape or exclusion of the pathogen.

Yet it is difficult to conceive of any nechanism ultinrately

conferring disease tolerance that does not act through

exclusion or escape. Whether the avoidance occurs at the

macro leveI, through mechanisms that deter development of the

parasite on the host or at the microscopic leveI, wherein,

e.g. substances released by the pathogen alter the netabolisn

of an intolerant, but not a tolerant host, the underlying

nechanis¡¡ is one of escape, not tolerance in the strict

sense. In the Iatter case failure to respond to the parasite

could be viewed as having arisen from an incornpatibility

between the host and pathogen, enabling the plant to escape,

not toferate the invader.

In the present study cultivars varied in their yield

response to Heterodera avenae. Nematode infested NZC was

consi-stently Iess reduced in yield than Sual and Swan, with

West showing a response somewhere in between. Using the term

loosely, tolerance to l!g_t_e_f._g_dera avenae therefore varied
was'

between cultivars, nZclt,he most tolerant, Sual and Swan, the

Least.
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rn trying to track down what made Nzc a more nematode

tolerant curtivar than the others, sone progress waa made in
determining the critícal stage of the infestation process at
which tolerance (or avoidance) of the parasite occurred.

lolerance did not occur at the stage of nematode

penetration or establishnent, or at least the differences in
larval numbers estabtishing within the roots did not appear

to vary sufficiently to account for differences in growth

response to infestation between cultivar.

Torerance arso did not appear to derive from inhe rfntLy
larger root systems, since cultivars with conparably sized

root systems (Nzc and swan) differed considerabì_y in their
response to infestation.

lolerance to Heterodera gvenae in part 2l a"rivegfron
compenBatory uninfested lateral and nodal root growth, though

under field conditions the efficacy of this form of avoidance

is strongry dependent upon a synchrony of larvar hatch and

seed germination, which is an unconmon occurrence in the

cereal belt of south-east Australia. Differences in cultivar
response to infestation courd rargely be accounted for by a

greater insensitivity of the roots of NZC to growth

inpairment caused by nematode invasion conpared to that of
the other three cultivars (chapter 4.2) " The nechanisn that
conferred the insensitivity to root stunting brought on by

infestation !ùas itself an avoidance mechanisn if considered

in the light of the opening paragraphs of thie chapter.
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It has been recognised for quite a while that root
growth nay be an inportant contributing factor to nematode

tolerance (e.g. Seinhorst 1961, Howard 1965). As far as the

author is aware no reports have been published relating the

more vigorous root growth of tolerant plants (Evans et aI.

1977 ) to greater insensitivity to root stunting caused by

infestation. However, attempts to elucidate the mechanisn

conferring increased root insensitivity to infestation were

unsuccessful. There rdas no association between sensitivity

of root growth to infestation and Ievels of or sensitivity

to, growth regulators in the root (Chapter 4.3).

Considering the dependence of all netabolic processes on

water and mineral-s supplied by the root, and that root growth

is restricted by nematode infestation it is not surprising

that edaphic and cliu¡atic factors have been found to

influence the response of different plant species to nematode

infestation (e.8. Wallace I97I) nor should it be surprising

to find that plant processes which compensate for water and

mineral deficit arising from nematode-induced root stunting

have been associated with higher IeveIs of nematode tolerance

(e.ú. Evans l9BZb, Fatemy et aI. 1985, this thesis). In aII

of the above studies, infested tolerant cultivars had a

greater water use efficiency than infested intolerant

cultivars. The first two studies referred to found a

relation between stonatal sensitivity to water deficit and

nematode toleranc:, though the present study found no

convincing evidence for this. t{hi le there ie no disput ing
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that differences in stonatal regulation between cultivars hras

at the heart of the cultivar differences in water use

efficiency it is not clear whether they arose fron distinct

shoot or root characteristics. The present investigation

indicated that root factors, i.e., root extension (Chapter

4.4.2) and hydraulic conductivity (Chapter 4.4.5) differed

more distinctly between tolerant and intolerant cultivars

than shoot factors (i.e. stonatal sensitivity to water

deficit (Chapters 4.4.3 and 4.4.4), However the two sets of

factors are so interrelated that it is difficult to separate

their individual contribution to tolerance. For example the

infested roots of NZC ¡{ere more perneable to water than those

of the other cultivars when shoots were excised from the

roots, yet under water Iiniting conditions the transpiration

rate of infested NZC decLined further than that of intolerant

Sual, presurnably indicating greater sensitivity of stonata to

water deficit. On the other hand water perneabitity of

inf ested, excieed roots of SuaI r{¡as also higher than

uninfested roots, but this hras not checked by stonatal

sensitivity to water deficit" To the extent that nematode

tolerance is related to maintenance of turgor, such tolerance

derives from both conservatism and opportunism, whereas

intolerance is a consequence of liberal and inopportunistic

water use. These findings indicate that even within the

context of drought resistance-related properties of nematode

tolerant plants, several factors are involved which when

acting singly may even disadvantage the infested plant.
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While failing to convincingly denonstrate that

phosphorus nutrition could influence the levet of tolerance

to Heterodera avenaer the phosphorus study indicated how

inportant uninpeded root extension was in determining nineral

nutrition. rt also showed that unimpeded root growth r{as not

a consequence of faster rates of P uptake or an ability to

utilize P nore efficiently. To the contrary, whereas

nematode tolerance was associated with efficient water use,

it was the less tolerant cultivars which used P nore

efficiently. These findings again support the earlier

observation that the final outcome of the interaction between

host and pathogen that is observed as tolerance is the

consequence of interrelating tolerance conferring character-

istics which in isolation nay be of no significance.

It is inportant that cause and effect of nematode

tolerance be disentangled. The physiological traits

associated with tolerance may be the cause or the consequence

of other more obscurer or perhaps a more generalízed

attribute. To distinguish the two possibilities is

inportant, since the factors leading to expression of a trait

associated with tolerance in one cultivar may not necessarily

result in tolerance in another if they are not causal ly

related. If root growth inhibition was only one

¡nanifestation of a generalízed effect of infestation oDr sayr

photosynthesis, then the tolerant cultivar wourd derive its

tolerance from an insensitivity of its photosystems to
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infestation, and not to unimpaired root growth. Ifhile the

C0z studies described in this thesis indicated that

assinirate suppry was not the cause of root stunting, other,
yet undefined causes, may be. The C0z studies also

demonstrated the difficulties associated with an over

sinplification of events occurring during nematode

infestation. while reduced rates of cÙz assimilation may

derive fron minerar deficiency arising from stunted roots on

infested prants it is equally tikery that a decline in photo-

synthesis occurred as a consequence of feedback inhibition,

an oversuply of reduced sugars inhibiting further C0z

incorporation.

As work proceeds towards a better understanding of the

physiology of nematode tolerance, it is possible that the

single factorr üDimpaired root extension, may be at the heart

of tolerance, independent of all other traits. More rikery

it wirr be found that tolerance derives its character from a

diversity of factors and it is how these factors interrelate

that wirr deternine the rever of tolerance of a nematode

infested plant.
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APPENDIX I

E F'tr'EC T OF' SAND RAIN SIZE O N INOCULATI ON EF'F'IC IENCY ÀND

ROOT GROTITH

Particle size of the rooting medium is inverseLy related

to rate of root extension (tliersum r957). Optimum pore size

for nematode nobitity is in the range of 150 to 25O M

diameter (Illallace 1963). The aim of this study was to

assess the affect on root growth and inoculation efficiency

(nunber of nematode larvae applíed/number of larvae invading

roots) of a sand particle size ranging from 25O to 750 M in

diameter "

Methods at er

Seedl ings of the cult ivar Swan r.dere so$rn af ter the usual

pregermination treatnent into I3 x 2.5 cm plastic tubes

closed at one end with nylon mesh (50 M) and filled to

within 2.0 cn of the top with acid-washed Presieved sand

ranging in dia¡neter from 250 to ?50 M. An identical set of

tubes was fiIIed with John Innes soil used in previous

experiments into which seedlings of swan we¡:e also

sown. After three days, when coleoptiles had fully emerged,

20 plants were uniformly selected fron each planting medium

type and inculated with second stag e Heterodera avenae Iarvae

at a rate of 500, 1000, 2000 ancl 4000.per tube. over a

subssequent 12 day growth period plants in sand cul"ture were

grohrn in a one quarter strength Hoaglands sr:lut ion ( Hoagland

and Arnon Ì950) r'oots bei.ng fed by upward capillary movement

of nutr:ient solut-ion as described in section



Soil grown

access to

tray.

plants hrre groh¡n on

dist i I led water free

plastic lined trays and had

standing at the botton of the

The exPeriment was

prev ai I ing t enPe r at ures

conducted in the g;Iasshouse in which

fluctuated between l6 and 22oC

night/daV. Daylength was I3 hours.

Fifteen days after sowing the oat plant€¡ were assessed

for root length and total nematode Iarvae number on the

roots, using nethods previousì-y described (chapter 3, 2.5.2)

Results and Discussion

The effect on root length and nematode infestion of two

rooting nediun types is presented in Fig. A.l. Roots grown

in sand culture had shorter root systems after l5 days growth

than those groh¡n in conventional soil. Mean inoculation

efficiency over the 3 initial densities was greatly reduced

on plants grown in sand (6.8%) compared to soil grown plants

(16.4X). The specific root Iength decline (X) due to

nematode infestation was 5"6 Per 100 nematodes for plants

grown in soil compared to 7"7 per l-00 nematodes for sand

grown plants, at the highest level of inoculation. Therefore

at this level of inoculation sand culture using sand $rain

dinensions between 250 and 750 M diameter provides a

satisfactory growth ¡nedium for testing nematode affects on

plant growth.
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TìH RI VAT I ON OF' PROP ORTTONALITY COEFFICIENT O"

INTO TIIE ROOT ND EXTERNAL CONCENTRATION

fon flux F (Kgn-z sec-r)

external ion concentration at

by the equation

into the

the root

root is

surface

RELATING ION FLUX

reLated to

Cr (Kgur-s ¡

F = O.Cr

where ot is the mean root uptake coefficient expressing pro-

portionality of flux to solution concentration'

Nutrient uptake (Z) is proportional to the root surface

area (Cnt ) and external ion concentration and related by the

equat i on

dz
d+

dz
dt

where x is the mean

and W is the total

Combining the

2rLo(Cr

where r and L are root radius (cn)

respectively. Uptake also depends

according to the equation

and length (cm),

on plant growth rate

t{dx
dt

in the plant ( g

(Nye and Tinker'

d(xl{) = x dW +

d+ d+

ion concentrat ion

plant dry mass (g)

two equat ions

g-r)

rs69).

+t
t{r

x
c

l,J

2

dt, I dx)
xdt

a
dt



Table Al:

CULlIVAR PHOS.
coNc.
( M)0

PHOSPHORUS FLUX

D AYS

16-20 20-24

+0+

-z s-t) x

SOTIING

24-28

+0

APPEND I X

Effect of Solution Phosphate Concentration and
Nematode Infestation on Phosphorus FIux (Kg n-z
Across the Root Surface Between 16 and 32
Days After Sowing

0

(Kg n

AFTER

10- r 2

s- I

23. r

22. L

8.8

t3.2

4.0

4.6

7.L

12.9

5.4

41.6

4.4

5.6

28-32

+

NZC

SUAL

STIAN

WEST

I

IO

100

I

IO

100

t

IO

r00

I

t0

100

t3 .2

20 .7

3.9

6"7

8.7

2.8

14. 0

I.I
2.3

13.6

1.6

3.7

17.6

4.9

5.2

8.4

L2.6

3"4

27 "2

IB.2

3.6

L2 .3

tt.9
6.2

26. I

t8.3

2.3

14 .2

12.5

4.2

49 .7

II.6
3.4

t9. 4

13.5

2.7

lB.8

t4. L

3.9

28.5

14.9

5.7

5.0

5.0

4.9

45.7

40 .7

22.6

14 .4

12.9

4. r

L3.2

9.1

2.9

58. r

L4.4

2.7

32.4

4.3

4.9

tB.4

22.2

5.5

13. 6

4.2

3.9

4.6

rt.5
4.8

24.6

27 "B

4.7

I4.9

IB. 3

4.2

12.6

II.I

3.3

60. I

T5. I

2.9

37 .3

3.9

5.5

a uninfested control; b
nemat odes )

infested (initial densitY 4000
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