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SUMMARY

1. The effects of the availability of water during grain filling on the accumulation of

dry matter (DM) and nitrogen (N) in the grain and also on the remobilization of these

components from the shoot to the grain has been exemined in trvo $rheat (Triticum

acstivun L.) and three ba¡ley (Hordumvulgare L.) genot¡pcs.

2, Tlte information available on the effects of water stress grain yield and the

remobilization of both N and DM from the shoot of wheat and barley plants has becn

reviewed.

3. The assumption made in this investigation is that the effects of srater stress on

remobilization of N and DM a¡e mediated through the severity of urater stress and also the

behaviour of the genotypes. Accordingly, remobilization of soluble carbohydrates and

soluble protein from different parts of the shoot in well-watered (control) conditions and

water stress conditions has been determined. It seems that the remobilization of N and DM

from the shoot to the grain is limited by the availability of water during grain filling.

4. In both species leaves $,er€ the most important part of the shoot in relation to thc

contribution of N to the gain, while the stem (internodes + peduncle) was the most

imporunt part in relation to contribution of DM to the grain.

5. Imposing water stress to the shoot during the grain frlling phase reduced grain

yield in both species at maturity and the response increased with the severity of the water

st¡ess which was mainly due to an effect of water st¡ess on individual grain weight.

6. Grain ninogen concentration was significantly higher under severe \ilater stress

than under conditions of adequate srater in the grain of both species at maturity, because

DM accumulation in the grain was more sensitive than N accumulation in the grain under

urater stress conditions.

7. Depriving the upper section of the root system of lvater resulted in different

responses for the two species in ærms of the remobilization of DM and N from the shoot.
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t. It is concluded that:

(a) Remobilization of N and DM from the shoot of both wheat and barley plants are

affected by water stress during the grain filling phase. The amount of N and DM

rcmobilized is reduced under $rater strcss.

(b) The remobilization of N and DM from differcnt parts of the shoot to the grain in

both wheat and ba¡ley respond differently under water stress and well watered conditions

during grain ñlling.

(c) Differential responses to the treatments berween cultiva¡s and also in different

parts of the shoot suggest that the remobilization of DM and N are controlled through

different mechanisms.

(d) Reduction in final grain weight and grain protein concentration under u,ater stress

could possibly be mediated either through effects on the size of the grain or through effects

of $rater stress on the availability of reserves ¿¡d ¿ssimilates for grain growth.

(e) Water stress during the grain filling phase not only reduced DM and N

accumulation in the grain, but also generally increased the grain N concentration in both

wheat and barley grain.
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Chapter 1. General introduction

In Australia wheat production rcpresents l37o of the total farm production and over

the last decade 11.4 Mha have been sown annually to wheat with production averaging 15.3

Mt each year. Barley occupies about 2.8 Mha and production has averageÃ 2.8 Mt (Bolt

1e8e).

V[ater is a fundamental component of plant life. It comprises approximately 85 to

X)Vo of the total fresh weight in physiologlcatly active herbaceous plants. \Vhen the amount

of $'ater is unfavourable for optimum plant growth the plant is said to be under lvater

defrcit. Water deficit has long been recognised as one of the major factors reducing crop

yields in drought-prone a¡eas of the world. The periodic droughts that a¡e a feature of the

climate in many parts of the world must be factored into any strategy fe¡ improving food

security. For example, over the last 100 years in Australia there have been at least eight

major, widespread droughts and numerous sevefe regional droughts (Fig. 1.1).

1 894 1 902 1 940 1 965 1 982

V v v

1

Drought

Below-average rainf all

Average rainlall and above

E v

Fig. 1.1. Areas of Australia affected during a series of major droughts

during the last 100 years (from McVt¡illiam 1986).

I
Ø
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Fig. 1.2. Effect of drought on average yields of wheat in Australia from

|:940l4f- to 1984/85 Major drough years are indicated (from McWilliam

r986).

A comparable analysis of the impact of drought on the average yield of Australian wheat is

given in Fig. 1.2. This shows the yield of wheat in Australia over the period from 1940 to

1985 and the impact of 10 droughts made up of six major drought years (1940, 1944., 1957,

1967,1972,1982) and four less serious drought years (1946,1956, L977,1980). The

absolute reduction in average yield during a particular drought year is confounded with the

steady increase in average wheat yield over the period, as indicated by the trend line. The

figure clearly indicates the frequency of drought in the Australian cereal belt, and the

significant effect it has on national wheat yields.

The cereal zone in southern Australia lies bnoadly in an a¡ea receiving benreen 250

and 500 millimetres of annual rainfall (Frg. 1.3). Most of this rain (approx. 75 Wr cent )

falls during the growing perid for winær cercals (April to October) but it is unreliable. It

has been calculated (Cornish 1950) ttrat 65 per cent of the annual yield variation can be

attributed to the rainfall duing the growing season.

Yield trend
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Figure 1: Cereal zone of souülern Australia

Fig. 1.4. Cereal zone of southern Australia From Rathjen and Krause

(1e80).

In southern Australia the top soil is frequently $,et after sowing $,hen there is little

crop cover. Exposure of the soil surface to sunshine and wind results in a large loss of

\ilater from the soil surface by evaporation and often half of the rainfall received during the

growth of the crop is lost in this way (Richards L994). The benefrts of early leaf canopy

gforr,ttr (vigour) of wheat or barley result from covering the soil surface morc quicHy which

roduces loss of water, and from additionat grolvth during the winter at almost no cost in

tenns of water because of the low evaporative demand at this time.

According to Milbonow (19S1) the effects of water and thermal stress on different

developmental (1), metabolic (2) and regulatory (3) processes are the same (Table 1.1).

rùVhen post-anthesis stress is low, most of the grain carbohydr¿te is derived from CO2 fixed

during the grain frlling porid @vans et al.1975). This period is considerably influenced

by the environment and can be resolved into fwo components, rate and duration; both

components are va¡iable and display genetic and cnvironmental influence (Sofield er ø/.

L977). Drought during grain filling reduces the duration of grain filling and reduces the

mean u,eight of the gr¿in.
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Table 1.1. Effects of water and thermal stress on different processes

4

Process Water stress Heat stress

(1)

(1)

(2)

(2)

(2)

(2)

(2)

(3)

(3)

(3)

Senescence

Growttr

Chlorophyll de gradation

Cellulose synthesis

Respiration

Amylolytic activity

CO2Fixation

Cfokinin metabolism

Cytokinin activity

Abscisic acid

acæletate

reduccd

enhanced

reduced

enhanced

enhanced

reduced

enhanced

reduced

increase

accele,rate

reduced

enhanced

roducod

enhanced

enhanced

reduced

enhanced

rrduced

increase

(From Milborrow 1981).

Empirically the responses in the grain to developing lr,ater stress are simil¿¡'to the response

to elevated temperature (Milborrow 1981; Jenner et a|.1991).

Reserves in the vegetative parts of the shoot can be mobilized to sustain grain growth

during limitation of photosynthetic supply induced by environmental factors such as

drought. Investigations into the contribution of plant parts to grain protein show that the

increase in grain N after heading can exceed losses from the leaves and stems throughout the

grain development period The remaining g¡ain N content therefore is being supplied by soil

N absorbed by the roots after anthesis and to a lesser extent remobilization of N from the

roots.

The importance of shoot reserves in ttre last (reproductive) stage of cereal crops $'as

described by Beaven (1920) more than 70 years ago as follows: " Some timc ... bcfore the

grain is ripe the plant ceases to gain in weight of solid matter. Its last effort is to transfer is

accumulated reserves into the grain. But all the dry matter of the grain is first storcd up in

the leaves and stems of the plant... It is mainly ... on the extent to which this "uplift" takes
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place that plenty or scarcity of the staple food of man depends". On this view of clop

development several factors, such as differences in stem height and in the extent of N

remobilization from different parts of the shoot , could possibly deærmine inter va¡ietal and

inær specific differences in the contribution of shoot reserves to grain filling.

Different cereal species arc grown using similar management practices in a large range

of envi¡onments in southern Australia. 'When grown under the same levels of management,

barley yields are about 257o morc than wheat @ichards 1994). In addition Bidinger et al..

(1977) concluded that pre-anthesis reserves contributed 27Vo and lTVo respectively for

wheat and barley under drought conditions but under irrigated conditions there was less

remobilization and little difference between the two cereals. The situation common to most

of Australia's wheat and barley-growing a¡eas is an environment where the post-anthesis

supply of soil N and moisture is low and root activity is reduced. This results in little uptake

of N from the soil and increasing levels of plant water deficits. Since there is a lack of

information in the liæratr¡re in relation to remobilization of nitrogen (N) and dry matær (DM)

of the shoot of wheat and barley under post anthesis \ñ,ater stress it is very important to

improve the knowledge related to this a¡ea. Accordingly, a number of questions can be

raised:

(i) Are there any differences between accumulation of N and dry matter in the grain of

wheat and barley under water stress during grain filling?

(ü) fue there any differences between remobilization of N and dry rnatter from the shoot of

wheat and barley under water deficit druing grain filling?

(üi) Do different cultiva¡s show similar responses in terms of the remobilization of N and

drymatterfromthe shoot?

(iv) Do wheat and badey show different responses under simila¡ levels of water stress

related to remobilization of N and carbohydrate from the shoot ?

(v) Do different parts of the shoot make similar contributions to remobilization of N and

carbohydrate under normal and water deficit conditions ?

(vÐ A¡e there differences in response of grain filling to lvater stress and non-water stress

conditions between wheat and barley ?

5
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The study reported in this thesis was therefore undertaken to investigate the rcsponses

of wheat and barley cultivars under urater deficit ùring grain filling. The objective Ìvas to

gain a betær understanding of the effects of water deficit on the accumulation of N and DM

in the grain and also remobilization of reserves from vegetative parts of the shoot and its

contribution to the accumulation of dry matter and N in the gtrain of wheat and barley

cultivars. To achieve these goals firstly, the influence of water deficit on the accumulation

of N and dry matter in ttre grain and remobilization of these components ftom the vegetative

parts of the shoot to the grain of two wheat cultiva¡s were investigated. Secondly, a similar

experiment uras ca¡ried out for barley cultiva¡s differing in protein content. Thirdly, the

remobilization of soluble sugars and soluble protein in wheat cultiva¡s under $rater def,tcit

was studied. Finally the influence of $'ater stress on the accumulation of N and dry matter

in the grain and the remobilization of these comFonents from the vegetative parts of the

shoot of wheat and barley was examined. The related points mentioned in this chapter will

be described in more detail in Chapær 2.

6
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2. Literature review

2.1 Introduction

This review considers ¡[¡s importance of grain development andremobilization of DM

and N frrom the shoot and genetic variation related to the mobilization of N. The influence of

urater deficit on some aspects of the physiology and metabolism of cereals (wheat and

barley) is then discussed.

Cereal growth is generally divided into pre-anthesis and post anthesis stages. Pre-

anthesis gowth refers to the phases of seedling establishment, tillering and sæm elongation

up to flowering, while post-anthesis growth refers to the period from flowering to manrrity

which includes grain development and growth. Grain growth (rccurs when vegetative

growth is essentially complete and occurs under conditions of increasing $rater and heat

stress.

Wheat and barley crops in the Mediærranean envircnment are not gcnerally subjected

to severp $'ater stress before anthesis. However, grain growth, which (rccurs post-anthesis,

is generally completed under conditions of increasing water and heat stress. In this

environment the major abiotic factors limiting grain growth a¡e low soil moisture and N

availability which can influence growth duration of the plant and also grain growth.

Therefore, improvement in agrcnomy and early crop growth have favoured a rend for the

date of anthesis to be ea¡lier in more recently b'red va¡ieties (Siddique et al. 1989b; Richards

1991). The shorter time from sowing to ear emergence has been coupled with a longer

interval from ea¡ emergence to maturity, and therefore for grain filling. An understanding of

morphology and anatomy of a plant is important because these characteristics may be

associated with agricultural productivity in many \ilays. For example, straw length and

strength, components of yield, response to va¡ious diseases, photosynthesis, time and

ariount of Ìvater requirements, fertilizer and pcsticides applied" and effects of environmental

stresses such as drought and so on are all related in pa¡t to plant morphology and anatomy,

and all affect productivity. In the following part the morpholory, yield and composition of

wheat and barly plant will be briefly explained"
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2.2 Morphology of wheat and barley plsnt

2.2.1 V9heat

V/heat has received considerable morphological and anatomical sntdy because of its

economic importance. The summary of the accumulated knowledge of both vegetative and

reproductive parts of wheat plant were by Musick and Porter (1990). The shoot of wheat is

a short rhizome bearing several axillary lea$ cnlms (tillen) that may each grow to about a

meter in height. The number of culms varies with cultivar, planting depth, density, and

external conditions. Each culm has fivc to seyen nodes. The number of leavcs that dcveþs

depends on the rate and pattern of the development of the apex, and may vary from 3-4 to

morc than 8 leaves per culm. The uppermost, or flag leaf, subtends the inflorescence.

2.2.2 Barley

The barley plant has been described in detail by Nilan and Ullrich (1993). The stem

or culm of the barley plant, is cylindrical, consisting of hollow inærnodes s€paratcd by solid

nodes (oints) with transverse septa. Tlpically there a¡e five to seven intcrnodes, of which

the basal internode is the shortesL They increase in length and are progressively smaller in

diameter tou/ard the top. Length of the culm depends on genetic and environmental factors

andranges from 70 cm in dwarf types to more than 150 cm. Likewise, strength of the stem

is dependent upon genes as well as environmental facton. The distance from the flag leaf to

the base of the spike varies greatly between tillers on the same plant and is influenced by

cnvironmental conditions. Barley cultivars differ in the size and shape of their leavcs and in

the position in which they are held on the planr The uppermost blade, called the flag leaf, is

ofæn the smaltssf, other than the seedling leaf (Nilan and Ull¡ich (1993) and references cited

therein.)

2.3 Grain development of the cereal grain

Grain growth after anthesis can be divided into two stages: grain enlargement and

grain filling. Grain cnlargement commcnces at fertilisation and under nonnal conditions of

growth is completed within 20 days. Grain filling cornrnences 10-15 days after anthesis and
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continues for 20-30 days until the g¡ain ripens. However the duration of grain growth

depends on environmental conditions, particularly rclated to temperatur€ and u,ater. Cnowth

of the grain, from initiation to maturity, follows a complex course of several phases. These

phases are described in more detail.

In wheat cellularization occurs at about 3 days post anttresis (p.a.) by which tirne the

endosperm mother cell consists of about 1000 nuclei. The process of cellularization which

takes 1-2 days has been studied extensively (Morrison 1975). After cellula¡ization is

complete nuclea¡ division is no longer synchronous. The majority of cells divide by both

radial and ungential divisions. V/ithin the endosperm the rate of cell division decreases frrom

about day 13 p.a. and would have stopped completely by day 2Op.a. (Bria¡ry et al.1979).

Fresh weight growth of the endosperm from day L4 p.a. to day 35 p.a. is due

primarily to cell expansion. Commonly, cell size doubles from day 13 p.a. to day 2O p.a.

and doubles again by day 35 p.a. (Briarty et al. 1979). During the final stages which

cornmences at about 35 days p.a., the fresh weight of the kernel declines as water is lost. At

about the same time deposition of DM stops, and there appears to be a loss of DM prior to

maturity. Although difFrcult to quantify, the loss of DM seems to amount to about 3Vo of the

grain dry weight @onovan et al. t977). By the end of this stage the grain would now havc

reached han est-ripeness.

In general, at elevated temperatures the rate of DM accumulation is inq€ased but the

duration of grain filling is reduced" and mature grain weights rnay bc less than those at lower

temperatures. For example, Ellis and Kirby (1930) have compared yield and components in

barley gro\iln in Scotland and Eastern England. Yield, as well as weight per grain, was

grcater in Scotland over ttvo seasons. It was considered that the cooler æmperatures in

Scotland may have contributed to increased dry weight per grain because at lower

temperatures matrrration \ilas delayed and a longer p€riod was available for grain ñlling. In

one experiment, barley plants (cv. Triumph) were grown in a glasshouse (approximately 20"

/ 15oC dayl nighÐ and transferred to controlled growth rooms at either 3O"l25oC or 2fl15oC

at two to three days pre anthesis. The results of this experiment confirm the observations
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above, i.e., that the duration of grain filling $,as reduced and final grain starch content lvas

significantly less at the higher t€mperatures.

2.4 Accumulation of DM and protein in the grain

2.4.1 DM accumulation and harvest index

When post-anthesis stress is low, most of the grain carbohydrate is derived from

CO2 fixed during grain filling @vans et al.1975). Therefore ttre limit to yield could be

either source-limited or sink limit€d. Since most of the wheat and barley gro$'n in Australia

is grown in arid or semi arid zones, the major limi¡ing factor in these zones is water. Final

yield depends on the effect of environmental stress on the balance between sink size (kernel

numbers) and source (the amount of photosynthesis andremobilisation).

In detailed studies encompassing a wide range of locations, environmental

conditions and cultural practices, Shanahan et al.. (1984, 1985) found that therc was a close

cor¡elation between grain yield and kernel number per unit area. Phoosynthetic activity of

the ear and the blade of the flag leaf alone can provide all the photoassimilate rc4uired by the

plant @vans and Rawson 1978) and the rate of photosynthesis of the flag leaf va¡ies

throughout the season in response to assimilate demand by the developing ear @vans and

Rawson 1978). Since at harvest about half of the above ground DM of modern wheat and

barley cultivars is located in the grain, the total dry weight of the non-grain parts is usually

less than their weight at anthesis (Austin et al.l98O ). These relationships indicate that most

of the photosynthate produced during the post-anthesis period, and probably some

phoosynthate produced before anthesis also is used for grain filling.

There is evidence ttrat not all the DM remobilized during grain frlling makes a direct

contribution to grain growth. In a series of experiments examining responses to N fertilizer,

McDonald (1992) found that kernel weight in small plot experinrents was generally lower at

high rates of N despite greater apparent remobilization and there was no consistent

relationship between the amount of DM remobilized and grain yield. This suggests that in

this experiment the increase in remobilized DM at the higher rates of N made little direct

contribution to kernel growth and consequently to grain yield. Increased remobilization of
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DM may not contribute proportionately to kernel growth and grain yield because part of the

remobilized DM could be utilised in da¡k respiration (Bell and Incoll 1990).

Notwithstanding this, Siddique et al. (1989b) have argued that the high proportion of grain

yield derived from remobilized DM is one rìeason why DM production at anthesis should be

mærimised. The direct contribution of remobilisation to kernel weight will vary according to

environmental strress, but its exact importance perhaps needs furtlrer examination.

Potential yield in wheat is established early in the life cycle at the stage when the

terminal spikelet has been initiated (Siddique et al. L989a). Physiological sildies suggest

that stem and ea¡s grow rapidly at this stage and as a result these two organs compete with

each other for a limited supply of assimilate (Siddique et al. L989a; Slafer and Andrade

1993). DM accumulation during head development preceeding anthesis influences grain

number (Fischer 1985); the more pre-anthesis DM produced, the more grain therc is to be

filled and the more critical the post-anthesis water supply and DM accumulation becomes in

preventing grain shrivelling and a low harvest index (HI).

Like grain yield and biological yield, HI is the end product of the interaction of

genetic, environmental and agronomic factors. It is highly influenced by environment

(Siddique et al.l989a), generally being higher under favourable conditions and lower under

terminal drought. Provision of water usually raises the HI, whereas provision of N fcrtilizer

tends to lower it. The lowering of the HI at higher N levels can be morc pronounced when

water is in short supply and when varieties are tall or later maturing @onald and Hamblin,

te76).

Gifford and Evans (1981) indicated the best wheats now have a hanest index around

SOVo. The highest HI found in the literatr¡re was 6OVo for early planted spring wheat cultivar

"T\ilin" in Utah (Hanks and Sorensen 1984), while the lowest values of slightly less than

20Vo were found for wheat growing under severe l\,ater deficit in southern kan (Poosæhi er

al.1972), and for wheat growing after anthesis under severe stress in Australia (Passioura

1977). A linea¡ relationship between HI and the percent of the soasonal $,ater use after

anthesis was found by Passioura OW). The results demonstrate grain filling as a critical
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Fig. 2.1 Rise in the harvest index of wheat, barley and rice varieties with

year of their release (from Evans 1993).

stage for rilater deficit effects on HI, generally being higher under favor¡rable conditions and

lower under terminat drought. British winter varieties released at various times arc illusrated

in Fig. 2.1, along with data for barley and rice which indicate a pronounced rise in the HI,

particularly among va¡ieties released since 1950. Many comparisons of old and new wheat

va¡ieties in other environments indicate a simila¡ rise in HI in recent varieties, such as those

of Hucl and Baker (1937) and Siddique et al. (1989b). Barley lincs with high shoot weight

have been identifred (Hanson et ø1.1985), but all a¡e tall and it remains to be seen how

readily high HI and high shoot weight can be combined.

2.4.2 P¡otein accumulation in the grain and NHI

Wheat proteins are classified into various groups depending on their solubility. The

major storage protein grroup in the endosperm of wheat is gluten protein. The gluten protein
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is su6ivided into rwo distinct groups, gliadin and glutenin. Glutenin is quiæ different from

gliadin, occurring as large disulphide-linked molecules or aggregates. These aggregates

dissociate into approximately 15 subunits classified as HMW or LMW (Payne et aI- l98O).

The glutenin proteins a¡e rich in hydrophobic amino acid residues capable of promoting

associations between subunits, such as leucine (hydrophobic interactions) and glutamine

(hydrogen bonding) (Bushuk et al. l98O).

Storage protein first appears in wheat endosperm at about l0 days p.a. and is located

u'ithin spherical membnane-bound bodies. At about 20 days p.a. only about 5OVo of thc final

amount of s¡grage protein has been synthesised @onovan et al. L977; Jennings and Morton

1963). Synthesis of storage proteins stops approximately 35 days after anthesis and

evidence suggests this may be due to low grain water contont (Wrigley and Bieø 198E).

Given that synthesis of most wheat storage protein occurs between 10 to 35 days after

anthesis, environmental stresses during grain development are likely to have some effect on

final storage protein content and on protein composition.

In barþ grain protein is also the major nitrogenous rescrve. There is a number of

proteins in the endosperm at maturity which have a range of physiological roles druing

gemrination. V/ith such a variety of complex macromolecules, studying the deposition of

individual proteins is difficult, and in practice it has proved preferablc to study thc deposition

of proteins more generally.

Grain protein concentration is determined by the amount of both protein and starch

within the grain and sta¡ch makes up between 7O-8OVo of the total dry weight of g¡ain

(Jenner et al.I99l;Gleadow et al.1982). The amount of non-protein N (mostly free amino

acids) per grain is almost constant during development (Jennings and Morton 1963).

The soluble cytoplasmic proteins, the lvater-soluble albumins and salt-soluble

globulins, make up most of the protein present during the cell division phase in the

endospemr (Jennings and Morton 1963).

The quantity of protein deposited in the grain, and is concentration are influenced by

several factors during grain filling. For instance percentage of N (protein) in grains va¡ies

greatly depending on grain position in the ear. Grains from the upper- and lower- most
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spikelets and from the more distal florets tend to be lower in N than grains f¡om the central

region of the spike (Bremner L972). Results of these experiments suggest that the process

of protein synthesis is not 1þç limili¡g step in distal grains and that differences in N (protein)

content befween grains reflect regional differences in N supply within the ear.

There is well documented evidence of a positive relationship benveen the rate of N

fertilizer application and grain protein percentage (Hucklesby et al. L97l; Hunter and

Stanford 1973; Benzian and Lane 1981). A possible mechanism behind this relationship is

suggested by Dalling (1985). High N nutrition late in development increases N imported by

the gfain relative to carbohydrate so that gfain N concentration inqreases over time. Undcr

low N nutrition, however, N imported to the grain parallels carbohydrate import throughout

deveþment and g¡ain N concentration remains fairly constant over the grain filling perid

Inverse relationships bet\ñ/een grain yield and proæin percentage have been widely

reported (McNeal et al. 1968. Loffler et al. 1985). These were found when all the N

fertilizer was applied at seeding. Enhanced vegetative growth in the favourable high N

environment early in the deveþmental period may lead to grcater yields being obtained, but

the same aÍrount of N is distributed amongst a larger number of grains during grain filling,

leading to a lower protein percentage overall. McNeal et al. (1968) suggested that the

negative correlation coeff,rcients between grain N percentage and grain weight they obtained

in their experiments indicate that grain N percentages decrease as grain weight makes up a

larger proportion of the above ground plant weight (i.e. as HI increases). Therefore as the

grain to stra\il ratio narrows the grain N percentage decreases because there is

proportionately less top growth, and therefore less N is available for translocation to the

grain.

N Hanest Index (NHI; which is amount of N in the grain at manuity divided by the

a¡riount of N in above ground parts of plant at the same time) in bread wheats rarely exceeds

807o. According to McNeal et aI. (1966) N in the roots appears to have little influencc on the

efficiency of N partitioning, so it is usually acceptable for NHI values to refer only to thc

above ground parts. Spiertz and deVos (1983) measured NHI values in healthy crops and

reported that ttrey lie betweenT4-787o. Loffler and Busch (1982) also reported values
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between about 55 and 74Vo. Durum $rheats possibly can return higher NHI values,

exceeding 807o @esai and Bhatia 1976). Ilowever, the NHI values in wheat decrease with

increasing N nutrition (Halloran 1981; Whitfreld et al. 1989). In the experiments of

Withfietd et al. (1989) NHI values decreased from a mean of O.77 in treamenß \ilithout

added N fertilizer to 0.70 in treaments with 150 kg N per hecta¡e applied at sowing.

Restricting available lvater and increased fertilization reduced NHI to 0.64. The decline in

NHI seen with increasing N nutrition is a physiological response to an increased supply of N

within the plant and appears to be mitigated by water stross.

2.5 Hormonal changes and grain growth

During grain development the level of the plant hormone abscisic acid (ABA)

increases until muimum grain fresh weight is reached and then decreases rapidly as the

grain begins to desiccate. ABA changes in the embryo during grain development are

essentially the same as for the whole grain, thougtr ttre ABA levels we2-3 times higher in the

embryo than in the remaining part of grain. Ober et al. (1991) hlpothesized that u/ater deficit

during early endosperm development might inhibit kernel growth by decreasing endosperm

cell division, and this rcsponse might be mediated by changes in endosperm ABA levels. To

test rhis hypothesis they subjectdmuze (cultivar Pioneer 3925) to \ilater deñcit frrom I to 15

days after pollination. Water deficit increased ABA concentration in the endospenn of

kernels taken from the apical region of the cob by four-fold compared to controls. ABA

concentrations lvere also increased in the middle and basal regions of the ear, but to a lesser

extent. Based on correlative changes in ABA concentration and cell division they suggest

that ABA may play a role in inhibiting endosperm cell division during water limitation.

The content of ABA in wheat gains has been shown to changc during development

(King 1976; Radley 1976; Goldbach and Michael 1976). King (1976) reported that

application of ABA to wheat ears had no effect on the rate of grain growth but, instead, led

to an ea¡lier cessation of grain fowth and hastened the drying of the grain. Goldbach and

Goldbach (1977) observed that exposing the leaves of barley to a stream of warm air

increased the concentr¿tion of ABA in alt plant parts including the grains. It was found that
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because plant organs differed in their inænsity of ABA metabolism, the final ABA content in

the various organs differed. To explain the observations that ABA applied to young barley

plants had almost no effect on grain growth whereas application to older plants hastened

grain maturation, these authors suggested that the ability of grains to metabolize ABA

decreases as the grain ages. More recently, studies related to ABA in plants and drought

resistance have been summa¡ised by Kirkham (1990). It is suggested that "since plants cope

with drought in va¡ious way, it is unlikely that particula¡ ABA response witl be the same for

all drought-resistant plants "

Wheeler (1972) found that the content of c¡okinins, gibberellins and auxins in wheat

grains changed greatly during grain growth. Cytokinin activity was highest early in

development, gibberc[ins reached a peak at about three weeks after anthesis and auxins ]tet€

at a morimum later. It was suggested that cytokinins have a role in regulating endosperm

cell division. Wardlaw (1971) made the suggestion that reduced cytokinin production may

be an important factor in ttre prematwe senescence of grains from \ilater stressed plants, and

Michael et al. (1972) found that the cytokinin content of barley grains was reduced by low

soil moisture.

Cytokinins may also influence N partitioning in plants. Cytokinins are produced in

root tips and the amount exported from roots is responsive to N nutrition (Salma and

Wareing t979; Sanelmacher and Marschner 1978). They are translocated to the shoot in the

transpiration stream and are presumed to influence protein synthesis in leaves. It has been

hypothesized therefore that cytokinins may affect partitioning of N within the plant by

influencing accumulation of N in leaves; more cytokinin pnrduced in root tips may inc¡ease

N accumulation in leaves. Control of N partitioning by translocation of cytokinins to the

shoot would consequently be responsive to the supply of N to the plant. N, which has been

demonstrated to increase cytokinin synthesis and the export from root to shoot, and

cytokinins, both applied to plant at anthesis, increased grain set in disadvantageous positions

on the ear (llerzog 1986). Increases of final grain weight due to cytokinin applications also

have been obtained with wheat (Michael et al. L972>.
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2.6 Source of assimilate for grain growth

2.6.1 Sources of carbon assimilates

The rnain sogrces of carbon assimilates for the developing wheat grain are the flag leaf,

the ear and the penultimate steminternode (peduncle) (Carr andlVa¡dlaw 1965; Rawson and

Hofstra 1969). Several other foliage leaves may concurrently contributc photosynthate to

grain filling. Due to their greater distance from the ear, cutrent photosynthate firom these

leaves may go prcferentially to closer competing sinks rather than to the developing grains

which are a majø sink for phoosynthate from the ea¡.

Considerable amounts of soluble ca¡bohydrates, such as sucrose and fructans,

accumulate in the peduncle and the internodes below it, shortly afær anthesis, at a time when

leaf a¡ea is ma¡rimal and the active phase of gnin g¡owth has not commenced (Lopaæcki er

al. 1962; Stoy 1965). The estimated amount of sugars stored in the peduncle and

confibuting to grain growth under non-stessed conditions is about 7% of frnal grain weight

(Wardlaw andPorter 1967). Assimilaæs formed before anthesis contribute no rno¡c than 1G

l27o of the final grain weight under non stressful conditions (Wardlaw and Porter 196l;

Rawson andEvans 1970; Austinet al.1977).

Reserves accumulated immediaæty afær anthesis are more readily remobilizable and

are usually involved in yield formation to a larger extent than pre-anthesis reseryes, which

are considered to compensate for insufficient cuïent photosynthesis only in the case of

severe environmental stress, and to be rclevant for yietd stability (Herzog 1986). Normally

relocation is confined to short periods during the linea¡ grourth or manuation phase in

response o deficits berween the actual source capacity and the (sink) demand of grains. To

some degree, relocation from leaves depends on senescence,.on the genotypic source/sink

relation at anthesis, and on the effects of environmental conditions during the reproductive

period (Ilerzog 1986).

Under conditions of stress, post-anthesis stored res€nes contribute significantly to

grain yield @heloung and Siddique 1990). The mobilization of stem reserves occurs late in

ttre grain filling p€rid and the cost of assimilaæ transfer to the grains appears to be covered

by products from curent photosynthesis (Stoy 1979; Bell and Incoll 1990) . In well-
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rr,atored plants photosynthaæs from the penultimaæ leaf and those beneath are utilized largely

in the basal parts of the plant, while most of the carbon fixed in the flag leaf is supplied to the

ear (Evans et at.1975). Varietal differences exist in the extent of the contribution to grain

growth of ear photosynthesis (Carr and Wa¡dlaw 1965; Birecka et al. 1968). The pr€sence

of awns can double the rate of net photosynthesis by ears (Evans and Rawson 1978; Teate et

al.1972).

Jenner and Rattrje n (1972) who measured the concentration of sucrose in the flag leaf

blade of wheat grown in the field, found that the concentration increased greatly during the

moming and middle of the day, and then decreased through the laner part of the afternoon

and the following darkperiod. The findings of Jenner and Rathjen(1972) are in accordance

withmorerecentdetailedinvestigationsonleaf bladesof anumber of Poa spp. andbarley

during vegetarive growth (Schnyder 1993). Results are consistent in showing that the

diurnal stomge of carbohydrates occurs mainly in the form of sucn)so.

The frr¡ctan content of mature leaf blades is usually low except when photosynthatc

export is inhibited, e.g., at low temperature, and does not exhibit a clear diumal va¡iation.

Throughout grain filling a relatively low a¡nount of ca¡bohydrate is found in leaf blades of

wheat; thus leaf blades do not usually contain other (long term) carbohydrate storage pools

(Schnyder 1993).

Fructans constitute most of the mass of water soluble carbohydrate stored in the

sæm. There a¡e a numberof rema¡kable differences in fn¡ctan rnetabolism between the sæm

and the leaves and other organs of the wheat and barley plant, such as the timing of fructan

synthesis and bneakdown , the mass of fructan accumulated and the turn-ovcr time of the

pool. Under adequate moisture conditions the storage of this carbohydrate in ttre stem is at

its morimum during the lag phase perid of grain filling @lacklow et al.lg$4-B,orrell, et al.

1989; Pheloung and Siddique 1991).

Alttrough fructan concentration in growth zones of leaves and in the ea¡ and grain can

be very high, the actual mass of fructan accumulating in these regions is small, and most of

the fructan is rapidly lost when expansion grcwth ceases. The large concentration of

fructans observed in the internodes of wheat and barley suggests that most, if not all, is
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stored in the vacuoles of the parenchyma cells rather than in other tissues which comprise

only a small fraction of the total volume of the intemodes (Schnyder 1993). There is good

evidence to suggest that temporary storage is very important under stress conditions

(Bidinger et at.1977; Austin et aI. L98O). Respiration in the stem and in the developing

grain is an important factor to take into account when considering the fate of carbohydrate

reseryes. Accorrding to Rawson and Evans (1971) respiratory losses could account fon about

one third of the loss of carbohydrate from the stem of wheat during grain filling. However

estimates of respiratory losses based on l4c-labelling of stem reserves range from 39Vo

(V/ardlaw and Porter 1967) to almost zero (Bell and Incoll 1990) depending on

environmental conditions.

There is a lack of infomtation about reserre carbohydrate metabolism of the glunes.

Glume weight changes little during the grain-filling period (Bonnet and Incoll 1992')

indicating that longer term storage of carbohydraæs is not important. In recent experiments

the total concentration of non-structural carbohydrates was usually less than lOVo of the dry

weight of glumes, with most being in the form of sucrose (Schnyder 1993).

Reports of the composition of, and the changes in, grain carbohydrates during the

development of wheat and barley show that both species have much in common (Jennings

andMorton 1963;Ueyama 1964;MacGregor etal.l97L;BðfterandDuffus I973;Cerning

and Guilbot t973; Donovan et at.1977). These studies indicate the fructans which were

most abundant were non-sucrose ethanol-soluble carbohydrates. Glucosan, galactan,

glucodifructose, raffinose and maltose have been reported to occur in smaller quantities, and

although substantial amounts of glucose and fructose may be present at thc bcginning of

grain growth they fall to very low levels in the later stages of the grain's development. Both

sucrose and total ethanol-soluble ca¡bohydrates (expressed as concentrations or per grain)

increase to a ma¡rimum at about 8-15 days after anthesis, then maintain a relatively constant

level or gradually decline.

The synthesis of fructans appears to occur only after a critical concentration of

sucrose is reached in the tissue (Smouter and Simpson 1991) and involves the transfer of

fructose from one sucrose molecule to another under the action of the enzpe sucrose-
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sucrose-fructosyl transferase with the formation of a trisaccha¡ide (glucose-fructose-

fructose) and glucose. Fr¡rther polymer formation may involve the enzyme fructan-fructan-

fructosyl transferase. The residual glucose is also available as a substrate for fn¡ctan

synthesis (rü/inzeler et al. 1990).

2.6.2 Sources of N assimilates

There are tlvo main sources of N for grain growth : uptake from soil, and

remobilization from vegetative organs. N uptake after anthesis depends on growth

conditions (water and temperature), the nutrient stafts of the soil and the genot¡rpe (Austin

andJones lg75). More thanSOVo of grainproteinmaycomefromNtakenupduringgrain

filling in a well fertilized crop grolvn under ample lvater. However, in semi-arid and

Mediterranean envi¡onments the fertility of the soil and soil urater are usually low and soil N

is greatly depleted by the time of anthesis . In such conditions very little uptake occurs

during grain frlling and nearly all N in the grain is derived through remobilization from

leaves as indicated in Figure 2.2 andstems (Dalling et al.1976; Blacklow andlncoll, 1981).

Although assimilates formed before anthesis conribute no more ttran 10-127o of the final

grain weight under non stress conditions (rü/ardlaw and Porter 1967; Rawson and Evans,

t97O; Austin et al. 1977), according to Dallin g et al. (1976) and Spiertz (1977) about 50-

807o of N prcsent in vegetative organs before anthesis accounts for 70 to lOOTo of the total N

content of ttre grain due to remobilization. Differences in the efficiency of N rrdistribution to

the grain have been shown in wheat (Johnson et al.. L967; Halloran, 1981). Pate (1980)

reported that most of the mineral N (NO3-, NII4+ ) absorbed by the root is assimilated into

a¡nino acids in the leaves and, to a lesser extent, in ttre roots thernselves. The N composition

of the phloem sap differs markedly from the xylem sap. The major amino acid of xylem sap

is glutamine whereas glutamate and aspartate are the main amino acids in phloem sap

(Simpson 1986).

More than 5O7o of the N absorbed by roots is transported to the ear in the xylem

stream. Before entering the grain much of this N is first transferred from xylem to phloem in

the glumes. Thus the glumes play an important role in the transfer of N within the ear
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(Simpson et at.1983) and may also be an active siæ fq the inter-conven¡ion and synthesis of

amino acids suitable forprotein formation @onovan andl-cc 1978 ).

An investigation into the contribution of plant parts to grain protein was carried out by

Neales et at. (1963). They were able to show that the increase in grain N after heading

exceeded losses from the leaves and stems throughout the grain dcvelopment period. The

remaining grain N content therefore was being supplied by soil N absorbed by the roots after

anthesis and to a lesser extent remobilization of N ftom the roos.

--0 5 IOrEN Anthcsis

I I

2 2 2 2 2

3 3 3 3 3

4 1 4 1

-2 I 6o2
WeCrs afler Går rmergence

Fig. 2.2. N remobilization from individual leaves of field grown winter

wheat. The leaves are numbered from the top downwards and their N

contents are represented by the horizontal bars (from Feller 1991)

The signifrcance of these results however depends on the environment (soil water and

N level status) in which the plants are grolvn. Neales et al. (1963) suggested that the role of

green leaves in the supply of N to the wheat plant is twofold. Firstly the leaves provide

carbohydraæ to the roots as a source of energy for the uptake of N, and secondly they act as

a direct N sor¡rce to the grains during the senescence of the leaf. The first role is enhanced if
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the level of soil N in the root environment during grain growth is high. However, if the N

requirement of the grains exceeds the N uptake of the plant, then the N reserves in the

vegetative tissue a¡e utilised as the source. Since most of the N in the green leaves is

contained in the proteins of the photosynthetic system, particularly ribulose 1,6 diphosphate

carboxylase, detrimental effects on the ability of the remaining vegetative tissue to

photosynthesize will shoræn grain filling andreduce yield.

Spiertz and Ellen (1978) reported that 48Vo of the grain N yield was taken up and

assimilated during the grain filling perid in conditions where the soil N was not limited after

flowering. In their experiment a high supply of organic N meant that the N uptake was

maintained. This allowed the continued function of leaves to provide carbohydrates for the

assimilation of N by the roots, thus high yields of high protein wheat were obtained. A

study by Dalling et al. (1976) reported that an average of 797o of the N harvested in the grain

was already present at anthesis for the two varieties studied

Chloroplasts represent the major proteinaceous compaÍûnent in photosynthetic

tissues, containing as much as 50Vo of the total protein (Datling 1986). Because most of the

protein catabolized during leaf senescence is derived from the chloroplasts, much attention

has been given to understanding how proteins are degraded, Originally vacuoles were

thought to degrade chloroplast proteins, mainly because so little of the proteolytic activity

measured (in vitro) uiginated from chloroplasts @alling 1986).

2.7 Genotypic and species differences in contribution of reserves to the
grain

A number of investigations have been concerned with genotypic differences in the

potential contributions of reserves to grain frlling in wheat and barley and its relationship to

yield. In a comparison of wild progenitors and cultivated wheats the loss in dry weight of

the stems berween the attainment of ma:rimum mass and maturity \¡/as larger in the modern

wheats than in the wild progenitors @vans and Dunstone 1970). However, investigations

of genotlpic differences within a species indicate that there is no simple relationship berween
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Table 2.1 Grain yietds of spring barley genotypes, according to heightr and

the calculated contributions to grain yietds from assimitation up to five days

after anthesis

Contribution to grain yield

frrom assimilation during the

period 18 days before anthesis

to five days after anthesis

Year

Height to base of ear

(cm)

Grain yield Contributed amount

G,ttû\ PerpentGlm 2¡

L976 tall 45

single dwarf 36

double dwarf 30

1977 talt 90

single dwarf 68

double dwarf 49

318

286

29r

7t5

654

659

t73

180

178

ro7

89

9T

54

6t

6T

15

t4

L4

From Austin (1980).

grain yield and the a¡ïrount of reserves remobilized during grain filling @vans and Dunstone

1970).

The contributions to grain yield of pre-anthesis reserves in the hot, dry year of 1976

and cool, \ilet year of 1977 of tall, single dwarf and double dwa¡f cultivars in the United

Kingdom a¡e shown in Table 2.1. Grain yields were much lower n 1976 than in 1977. The

contribution to grain yield from assimilation derived from pre-anthesis ¿55imilds5 was less

in tall cultiva¡s than in single dwarf or double dwarf cultiva¡s in 1977 while it was simila¡ in

1976 for all of them (Austin et al. I98O).

For some genotypes of wheat (Halloran and Lee L979) there is no close relationship

between the proportion of total plant N in the grain at hanest and the total amount of N

accumulated in plants. It has been reported that high protoin genotypes of wheat generally
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translocate morc N to the grain from the vegetative plant parts than do normal cultivars (Lal

et al. Lg78). Some high protein genogæes of wheat also require continued assimilation of N

by leaves during grain development (Mikesell and Paulsen 1971). McNeal et al. (1972)

found genotypic differences in N translocation, but there were no differences for high

compared to low grain protein concentration goups.

In a study of two high and two low protein wheat varieties Seth ¿r al. (L9û) reported

that prior to heading, the vegetative N concentration was alike for both high and low protein

lines. After heading the high prot€in lines inc¡eased in gnin N percentage more rapidly than

low protein lines. Seth er al. (196O) also found ttrat by the milk stage and at maturity the

level of root protein was lower in the high protein lines than in the low protein lines. Folia¡

applications of nitrate N and u¡ea'$'ere also tested after heading. The protein content of the

grains in the high protein lines was found to have inc¡eased to a greater extont than that in the

low protein lines. According to these results the difference in grain N content is possibly

due to more efficient translocation of N from the vegetative parts to the grain, and/or a more

efficient mechanism of protein deposition within the grain.

Halloran and Lee (1979) reported differences benveen cultivars in N ha¡rrest indcx

and total grain N as a percentage of total head N. They also noticed that highly signifrcant

differences existed between cultivars in the percentage of dry weight and N in the glumes

and culms at maturity. This would seem to suggest there is genotypic va¡iation for

translocating N from the glumes and culms presumably to the grain. However, Mikesell

and Paulsen (1971) found quite different results. In their investigation of the movement of

N from the culms to the heads of selected high and low protein wheat lines they found that

the effrciency of translocation of l4c-hbelled amino acids from the culm to the grain did not

differ between lines tested. However this may be due to variation in the rate or extent of the

breakdown of protcin in glumes and culms rather than to differences in translocation of the

resulting amino acids. This possibility does not seem to have been investigated"

Given the problems of determining the magnitude of the contribution of pre-anthesis

reserves to grain yield, it is difhcult to say whether they play a greater or smaller role in

modern, high-yielding varieties than in older wheats. Even comparisons between crops are
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uncertain. Thus there is no clear ansl\rer to the question at issue \ilhether or not the rise in HI

of modern varietics derives to some extent from either (1) more complete use of reserves

during grain growth or (2) reduced partitioning to reserves in the early stages of the life

cycle.

2.8 Remobilization of sssimilates

Temporary stofage in the stem (rccurs almost exclusively in ttre form of water-solublc

carbohydrates (Austin et at. t977). Usually the weight of extended internodes increases

until about 2-3 weeks after anthesis and this weight increase is due mostly to the

accumulation of water soluble carbohydrate @onnett and Incoll 1992).Internodes can lose

ap to SOVo of their dry weight @lacklow and Incoll 1981), and water soluble carbohydrate

accounrs for 90-1007o of this weight loss in internodes of barley and wheat (Austin er ø1.

t977).

Fructans can be stored at differ€nt siæs within the plant, and very different patterns of

synthesis and degradation occur under the influence of a range of external and internal

factors. The principat distinction that can be made is between storage in primary

hoterotrophic organs, such as leaf sheaths, shoots, roots, stems, and grains, and in

autotrophic organs such as leaves (Pollock 1986; Pollock and Chatterton 1988). Storage in

leaves is intimately connected with the synthesis and export of sucrose, and consequently

with chloroplast ca¡bon metabolism; in heterotrophic sinks on the other hand, synthesis is

from imported carbon and thus is less affected by short-tenn environmental fluctuations

(Pollock and Chatterton 1988). It is tacitly assumed that, within the leaf, fructans

accumulate predominantly in mesophyll cells. Non-uniformity of distribution of fructans

along the length of the leaf has been observed (Wagner and $fiemken 1989)- Such non-

uniform patterns of distribution have generally been ignored when carbohydrate

deærminations have been made (Pollock et al.1989).

Accumulation of fructan in cereal and grass stems during flower development is the

most readily detected physiological correlate of fructan metabolism. Final fructan

concentration can be as high as 307o of the dry weight (Smith 1973), with a gradient of
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accumulation fïom the apex increasing towards the base of the stem (Pollock and Jones

1979; Smith 1973). ¡çsnmulation continues during stem growth, flowering, and anthesis;

fnrctan contents ttren fall during the later stages of grain filling (Blacklow et ø,1. l98/; Borrell

et at. 1989). Disappearance of frr¡ctan is almost complete in cereal stems (Blacklow er al.

1984) . It is probable that some, at least, can be used to sustain gfain growth during periods

where flag leaf photosynthesis is limited (Blacklow et al.1984; Borrell et al.1989; Hendrix

et al.1986).

It appears that the amount of DM remobilized depends on cultiva¡ and prevailing

growth conditions, and genetic variability in DM translocation has been reported (Austin ¿r

al. 1977). The few studies of the regulation of frr¡ctan metabolism in such tissues have been

concerned principally with fn¡ctan breakdown (Smith 1976). The remobilization of water

soluble carbohydrate from the stem generally starts during the period of nea¡ constant rate of

DM accumulation in grains and coincides with a marked decrease in the net assimilation rate

(Blacklow et at. L984). However, the redistribution of DM and water soluble carbohydrate

from stems can also be induced at an ea¡lier stage. For instance, lvater stress resulted in a

rapid remobilization of water soluble carbohydrate in wheat after anthesis (Pheloung and

Siddique 1991). Bonnett and Incoll (1992) demonstrated that the loss of dry weight from

the individual internodes of the barley stem started at the sa¡ne time in all the internodes

although the duration of reserve storage differed greatly between intemodes. The onset of

reserye mobilization in individual internodes and the maintenance of high rates of DM

accumulation in grains at a time of rapidly decrcasing net assimilation rate all suggest that

fructan remobilization is induced in response to a deficiency in current phoosynthate supply

to grains.

2.9 Remobitization of N and proteolytic activities

Wheat va¡ieties with high seed proæin percentage either absorb more N ftom the soil

or translocate a greater proportion of vegetative N to the grain than is the case with low

protein varieties (Seth et ø1.19ffi). Peterson et al. (1975) observed that two oat (Avena

satival-. ) genotypes with high groat protein concentration remobilizd a greater amount of
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vegetative N to the developing panicle than did four lines with lower goat protein. Seth ¿r

at. (L96O) suggested the presence of genetic variation for N Remobilization Efficiency

(NRE) which is defined as:

tive N - final veN x IOOVo

In wheat, the mean NRE of frve varieties ranged from 49.57o for the spike chaff to

82.7Vo for the leaves (Lal et at. 1978). Va¡ietal differences in the NRE of the culm, flag leaf,

lower leaves and spike chaff were also found among the five va¡ieties.

Although the presence of genetic variability for N remobilization has been esurblished

in a number of crops, its exploitation for plant improvement has yet to be reported. The

nature of genetic control of N remobilization is not known. In part this may be due to

difficulties in the measurement of N remobilization, which requires N deterrrinations at a

number of times during the plant growttr cycle to estimaæ ma¡rimum and final vegetative N.

Prroteases are enzymes responsible for the degradation of polypeptides to a¡nino acids

and high protease activity may be associated with plant genoqpes with a high potential fø N

remobilization from the vegetative tissue to the gain. The relationship befween protease

activity and N remobilization is indicated by the reported higher post-anthesis protease levels

in the leaf blades of high grain proæin wheat as compared to lower grain protein whcat (Rao

and Croy 1972). Estimates of N remobilization from the measruement of protease activity

assume that enzyme activity is the rate limiting step of N movement from the vegetative

tissue. A high correlation between observed N loss from the vegetative tissue and the rate of

protease activity has been reported in two wheat va¡ieties @alling et al. 1976).

Two major classes of enzymes which have been implicated in general protein

bneakdown are endopeptidases and exopeptidases. Exopeptidases include arrinopeptidases,

carboxypeptidases and dipeptidases (Waters et al.1980). In general aminopeptidase and

carbox¡peptidase activities decrease in senescing leaves of cereals and neutral endopeptidase

activity increases or ¡emains unchanged (Feller et al.1977). These results suggcst that the
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loss of activity of aminopeptidase and the increase in endopeptidase activity in the neutral pH

range ar€ related to N remobilization from senescing plant pats (Fig. 2.3.).

Increased productivity of protein per unit area requires enhanced translocation of

vegetative N to the seed, thereby leaving less N in thc unharvested crop residue. Although

the genetic connol of N remobilization is poorly defined, available evidence suggests that

genetic improvement is possible. Protease activity measurement in the vegetative tissue or

estimatcs of amino N or otal N movement to the developing grain could be useful to identify

genot'?es having enhanced remobilization potential.

2.10 Transport of assimilates into and within the grain

All sucrose entering the endosperm is transported in the phloem of the vascular

bundle running u/ithin the crease from the base to the tip of the grain . From an anatomical

point of view it is not possible to tell whether or not there is lumen continuity between the

phloem of the plant and the phloem of the grain. However, from physiological studies

Jenner (1985a, 1985b, 1985c) has proposed that the flow of sucrose into the grain is not

accompanied by mass flow of water, thereby suggesting that the trno phloem systems are not

continuous. In wheat grains sucl'ìose travels down a concentration gradient frrom the phloem

to its destination within the cells of the endosperm (Jenner 1974a).

Nitrogenous compounds of the xylem sap must first be transferred to the phloem

before they enær the grain. Specialized transfer cells in the vascular tissue at the base of each

grain may be involved in this transfer process (7ne and O'Brien l97l). Assimilate moves

from the endosperm cavity across the aleurone layer into the endosperm, taking an apoplastic

route as well as a symplastic route (Niemieø and Jenner 1993). Assimilate is taken up from

the apoplastic space of the endosperm by the endosperm cells where the sucrose is converted

to starch and amino acids to protein during the active phase of sorage in the grain.
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Figure 2.3. Nitrogen and peptide hydrolase activities in wheat ears (from

Feller f991)

2.ll Plant growth and water deficit

2.ll.l Definition of water deficit

Biological stress was defined by Levitt (1972) as "any environmental factor capable

of inducing a potentially injurious strain in living organisms". Since stress due to a

deficiency of water is more common than that due to excess of v/ater , water defrcit stress is

commonly referred to as $rater stress. The definition is recognized in terms of the plant's

reaction to its own \ilater status. 
'Water status can be measured in both the soil and the plant.

In the study of plant reaction to water stress, measurement of plant water status is more

valuable (Slatyer 1967).

Vy'ater potential as a measure of water status in plants has becomc widely accepted

(Boyer 1969;Hsiao 1973 Turner and Jones 1980). It is best understood as the capacity of

the water to do work, i.e. to move from a higher to a lower potential energy (Taylor and

Slatyer 1961; Kramer 1969). The total urater potcntial (Y) under equilibnium conditions at a

particular point in the plant can be partitioned into its components: Ys the osmotic (solute)-

UI
t;
a,
E
c

I
a

.:Glumes
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potential component, Yp is the pressure (turgor)-potential component, Ym is the matric

component and Yg is the component due to gavity (Kirkham 1990). As the gravitational

component of the total water potenúal is low it can be neglected, except in very tall trees

(Turner and Jones 1980).

2.11.2 Water deficit and root hydraulic gnd chemical signals

2.11.2.1 Hydraulic signals

In the past 50 years progress in our understanding of plant water relations has shifted

the emphasis away from the soil to the plant (Kramer, 1988). Most recent evidence

suggests that in doing so some important mechanisms that allow the plant to regulate

development as a function of soil water status may have been overlooked. Current thinking

in this a¡ea is summarized in Fig. 2.4.

It has been generally accepted that as soil dries, \ilater uptake is reduced and leaf

water status declines. Leaf water potential is the most commonly used indicator of shoot

Ìvater status. However va¡iation in shoot physiology can often be linked more closely to

changes in soil \ñ,ater status than to changes in leaf rñ,ater status (Turner et aI.. 1986).

Therefore plants must "sense" the drying of the soil around the root and communicate this

information to the shoot by some means other than a reduction in the flux of water to the

shoots. Although it may seem likely that leaf growttr rate and stomatal functioning are finely

attuned to the water relationship of the plant @oyer, 1989), the literatrue contains many daø

suggesting that leaf u,ater status rvas not always play a central role in the regulation of

drought responses.

There is no doubt that water loss from leaves precedes \ilater movement from the

roots and uptake from the soil, but the soil moisture profile affects from where the moisture

needs to be exploited to maintain the plans transpirational demands (Passioura 1988).lVhen

the surface soil dries very substantially roots in this soil layer may dehydrate, but the lcaves

can be well supplied with water from other roots g¡o\iling in wet soil and may therefore

show no dehydration relative to leaves of well watered plants. Dehydration of the shallow

roots could influence metabolism in the rcot tips gr€atty and the,rcby provide some chemical
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indication of soil drying under cfucumstances where the supply of water ûo the shoots s'ould

not be a sensitive indicator of changes in the soil. Although therc a¡e other possibilities

which may be involved in the coordination of whole plant responses to other sEesses such as

wounding, pathogens, or cold (Davies 1987; Jones 1990; Picka¡d t973) current evidence

suggests that these signals are chemical in nature.

2.11.2.2 Chemical signals

Abscisic acid

The relationship between root Ì\rater status and root ABA content described by Z'rang

and Davies (1987) suggests that accumulation of ABA by the root may be a sensitive

measurement of water status. Strong evidence ttrat ABA is synthesised in increased

quantities in roots in drying soil is provided by several sftdies. For example (Ð kt split-root

experiments, the half of the root system in drying soil contains substantially increased

concentrations of ABA compared to the other half of the root system in wet soil (Ztang and

Davies 1987). (iÐ A small proportion of the root system separated from the main soil mass

and allowed to dehydraæ partiatly in air contains higher concentrations of ABA within a few

hours (Neales et at.1989). (iü) Comprehensive analysis of ttre ABA content of roots in

different parts of the soil prof,rle shows significant differences in concentration through the

profile. These differences reflect the water status of the soil swrounding the individual roots

(friane and Davies 1989).

If roots a¡e loaded with ABA, increased concentrations of this compound can be

detected in the leaves of transpiring plants soon after the light has been switched on.

Covering leaves with tin foil prevents transpiration, and enhanced ABA concentrations are

not detected, suggesting that this compound moves from roots to shoots prima¡ily through

the xylem stream (fringand Davies 1987). It is well known that ABA fed into the xylem

can substantially affect leaf gas exchange (Kriedemann et al.1972) and this suggests that

xylem ABA may have arole in contnolling stomatal behavior¡r of plant
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Cytokinin

Itai and Vaadia (1965) showed that drought stress reduced the production and

transport of cytokinin from sunflo\iler roots. It seems possible that in drying soil a reduction

in cytokinin supply, perhaps acting in concert with other signals, could reduce stomatal

conductance. High concentrations of cyOkinin can override the effects of ABA on stomata

(Blacknan and Davies 1983; Radin 1984). One could therefore argue that as the soil dries, a

reduction in cytokinin supply would amplify shoot responses to increasing concentrations of

ABA. In this respect there may also be a role for inorganic ions, as the sensivity of stomata

of sunflower to ABA in the xylem sap can vary enonnously, largely as a function of a

reduced supply of nitrate and calcium through the xylem of plants in drying soil. The

influence of the ionic status of the soil on somatal sensivity to ABA has also emphasized by

Radin(1984). It thus seems possible that positive and negative signals may combine and

interact in their effects on shoot processes, perhaps with positive signals dominating in

plants in moist soil and negative signals increasing in importance as the soil dries .

2.11.3 \ilater deficit and grain growth

Grain set may be reduced if plants experience water stress during ear-eurergence and

flowering (Wardlaw lgTl). If grain set is not reduced, $'ater def,rcit during the early stages

of grain development usually results in a reduction of gain dry weight at maturity (Asana

and Saini 1958; Y/a¡dlaw l97I; Brocklehurst et at. 1978; Brooks et ø1. t982). The

reduction in grain dry weight at maturity is related to a reduction in endosperm cell numbers

(Brocklehurst et al. L978) or to a reduction in the number and size of starch glanules

(Brooks et at.1982). During early (up to 26 days after anthesis) development the DM of

wheat grains was unaffected by \ilater stress. From 36 days after anthesis, however, grain

from non-stress plants was significantly heavier than that from stressed plants. Afær 29

days the DM of stressed gfains remained constant, whereas control gfains continued to

accumulate DM up to 44 days after anthesis (Brooks et øl . 1982) .
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2.11.4 Vgater deficit and carbon supply

Net photosynthesis of leaves is reduced by water deficit. This can result from a

decrease in leaf area and/or a decrease in rate of net phoosynthcsis per unit a¡ea. The

reduction in leaf a¡ea is due ûo either a slowerrate of leaf expansion (Boyer lnB Turner and

Begg l97B) or an increased rate of leaf senescence (Fischer and Kohn 1966l. Ludlow 1975)

in droughted plants. Lcaf expansion is more sensitivc to $'ater deficit than leaf senesccncc

(Ludlow lg75). However, cereal leaves are fully expanded at anthesis and the reduction of

leaf a¡ea by post-anthesis drought is entirely due to accelerated leaf senescence. Fischer and

Kohn (1966) showed that the yield of wheat under dry land conditions was positively rclatcd

to the leaf area duration after anthesis.

Photosynthesis of the ear seems to be less affected by urater stress than that of the

leaves. rilardlaw (1971) found that the rate of ear photosynthesis in wheat plants was not

reduced by stress until after leaf photosynthesis declined, and subsequently showed that a

temporary lvater deficit during the fint seven days after anthesis reduced photosynthesis of

the flag leaf and stem more than that of the ear structures. Under conditions of water stress,

the relative contribution of the ear to grain frlling was therefore increased. Evidently in the

absence of leaves, ear photosynthesis and mobilization of pre-anthesis assimilates u'ene

adequate to maintain a supply of assimilate to the grain equal to that in unstressed plants

which still had green leaves.

'When drought was allowed to develop from the beginning of the grain frlling perid'

post-anthesis water soluble carbohydrate accumulation in stems \¡/as suPprossed, whereas

\\rater soluble carbohydrates \ilere accumulating in the stems of irrigated plants (Pheloung

and Siddþe 1991). Again, the initial rate of DM accumulation in grains differed linle

berween droughted and irrigated plants . Imposition of water str€ss on wheat (Virgona and

Ba¡low 1991) at the time of maximum stem water soluble carbohydrate content failed to

accelerate the loss of waær soluble carbohydrate frrom the sten6.

The contribution to grain growth of assimilates from glumes and awns increases

relative to that of leaf assimilates in droughted wheat plants @vans et ø1. 1972). The better
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osmotic adjustment of glumes than of leaves may be one reason for maintained

photosynthesis in wheat spikes (Morgan 1980). Rapid and severe \nater deficit may affect

the non stomatal component particularly if high light intensity coincides with severe u'ator

deficit, resulting in phooinhibition (Powles and Osmond 1978). However, when water

deficit develops slowly, both somatal and non stomatal components decline together so that

the intercellular CÛ2 concentration remains constant (Osmond et aI.l98O).

previous studies have shown that confibutions of stem water soluble carbohydrates

(V/SC) to grain yield are greater when plants are under drought stress than when under

irrigation (Bidinger et al. 1977; Wardlaw t967), while others havc reported that lvater

deficits do not enhance the translocation of stem sugars to the grain (Davidson and Chevalier

lgg¿). Plants in irrigated trreatments had more stem V/SC, on a perplant basis than plants in

non-irrigated treatrnents both at the time of peak V/SC content and æ physiological manuity.

In both cases WSC from the stems was depleted, either by remobilization or respiraúon .

The absolute amounts of V/SC that were stored and lost from the stems were grcater in the

irrigated than non-irrigat€d plants (Davidson and Chevalier 1992). The stem may thcn have

served as an imFortant carbohydrate storage site for both the irrigated and non-irrigated

wheat plants.

2.11.5 Water deficit and leaf senescence

A common plant response to water stress is leaf senescence (Radin 1981). Prìotein

and chlorophyll loss also accompany senescence of leaves on well-watered plants, which is

called natural senescence (Thimann 1980). In the leaves of Gramincac it starts at thc tip,

progrcssqs towards the base and finally reaches the leaf sheath (Feller and Keist 1986).

N deficiencies cause protein deficiencies in leaves, which reduce photosynthesis, leaf

area expansion and DM accumulation and accelerate senescence. It has been shown that N

application increases the N content of leaves and delays senescence which, in the absence of

water deficit and high temperatures, extends the gnin filling perid (Spiertz and Ellen lnÐ.

After anthesis, N compounds are relocated from vegetative parts to the filling grains

(Gregory et al. l98l).
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Although water deficit and senescence result in simila¡ visual symptoms of loss of

chlorophyll, catabolic aspects of water stress-induced senescence and natural senescence

may differ. Naturally-senescing leavcs display a falling chlo'rophyll a/b ratio (Sestak L977)

but the ratio rises in maize leaves under water deficit (Alberæ et al. 1977).

Metabolism of protein appears simila¡ in water stressed and naturally senescing

leaves. Large proteins and long-lived proteins @ungey and Davics 1982) arc nrorc scnsitivc

to stress than others which suggests that RubPcase is one of the first proteins lost in

response to water str€ss as it is in senescence. Protein synthesis is dramatically reduced in

both senescing and $,ater stressed leaves (Dungey and Davies 1982). Protein hydrolysis is

accelerated in water stressed leaves @ungey and Davies 1982) and probably also in naturally

senescing leaves.

2.12 Yltster deficit and remobilization of assimilate

The mobilization of stem reserves occurs during the grain filling perid (Soy 1979)-

In non-suessed plants, photosynthesis frrom the penultimate leaf and those below are utilized

mainly in the basal parts of the plant @vans et al. 1975). Va¡ietal differences exist in the

extent of the contribution of ear photosynthesis @irecka. et a|.1968) and of stem reserves

(Asana and Mani 1950; Bidinger et at.1977) to grain growth. It has long becn known that

the stems of species of cereal grains contain considerable amounts of soluble carbohydrates

at anthesis, but that at manuity, these substances have disappea¡ed The contribution of pre-

anthesis assimilate to grain yield depends on gfowing conditions. 'lVhen stress is not a

factor, this contribution is around l07o and consists of mobilized N compounds (Austin er

øt. 1980).

\Vhen stress occuls, particularly during grain frlling, curent photosynthaæ supply is

reduced and grain growttr depends nro¡e on mobilized assimilates, both carbohydrates and N

compounds,fromthestemandothervegetativeorgans.Underscvefìodroughtconditions,a

conribution as high as 5O7o may be possible (Austin et aI.l98O).

It is commonly supposed that environmental factors influence the amount of labile

materials which accumulate in stems , and the extent to which they are lost, giving the plants
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some ability to compensate for the effects of unfavourable ureather during grain frlling

(Austin et al. t977).

Recently chemical desiccation has been used to stimulate the effects of post-anthesis

stress. Hossain et al. (l9XJ) conducted an experiment to assess the feasibility of chemical

desiccation to identify post-anthesis stress resistance among genotyltes of hard red winter

wheat and to determine the relationship berween tolerance to chemical desiccation and

carbohydrate and N partitioning in wheat. They reported that a groater proportion of the

soluble carbohydrates than of the total DM in the stem, sheath, and blade was translocated to

the kernel. Soluble carbohydrate translocation from the stem was signiflcantly reduced by

desiccation. Loss of DM and soluble carbohydrate from the stem and sheath under

desiccation was generally associated with genoqpe tolerance to kernel weight i"jury.

2.13 Vt/ater deficit and remobilization of N

The growing wheat seedling absorbs N from the soil in thc form of nitratc, most of

which is transported to the leaves where it is finally reduced to glutarnate in the chloroplast

(Dalling 1985). In order for the plant to utilise the stored N held \Ãrithin various vegetative

organs for grain filling these organs must first senesce. There are signifrcant differcnces

between individual organs with regard to translocation efficiency of their stored N. lVhile

leaves a¡e able to rernobili ze narly 80 percent, and stems up to 65 percent of their N present

at anthesis, the roots may only remobilize 20-30 percent by the time of mattuity (Dalling

198s).

Progressive development of the wheat plant regulates the nrnover of stored protein

within the tissue. As old plant parts senesce, protein is remobilised and utilised in the

groÌ\rth of younger material. This movement of N occurs continuously throughout the

development of the plant. The a¡nount of protein in a plant organ at any time is a reflection

of the balance between its synthesis and degradation. All proteins within the wheat plant arc

in a state of continual turnover. This gives the plant a flexible mechanism whereby a cell or

organ can quickly adjust to the changing environmental or seasonal circumstances around it

(Dalling 1985).
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Ultimaæly the bulk of the protein is deposited in the ma$ring ear, s'ith the leaves and

stcms acting as temporary storage sitos. The leaves and sæms may in fact each contribute as

much as 30 perccnt of the protein deposited in the grain while an additional 10 percent is

obtained frrom the roots (Dallin g et al. 1976). The glumes are capable of supplying a firther

15 percent of the protein but more imponantly seem to be involved in temporary deposition

of N early in grain filling, and as a site for transfer of N from the xylem to the phloem

(Jenner et al. l99L).

V/ater deficit reduces the concentr¿tion of N in maitp leaves due to reduced nitrate

flux to the leaves under drought stress (Shaner and Boyer 1976). When developing kernels

are deprived of N, both ca¡bohydrate and protein deposition in the kernels are reduced

(Singletary and Below 1989).

N uptake is reduced under drought conditions (Rehatta et al.1979; Van Keulen

1981). This reduction of uptake is the result of reduced growttr and/or reduced N transport

in the soil (Van Keulen l9S1). W'ater deficit during grain filling accelerates leaf senescence,

and relocation of N contributes to grain protein deposition at the time when wheat sta¡ch

accumulation has slowed. Thus low yields from water dcficits during grain filling are

generally accompanied by high protein contents, which are mostly in the range of 12 to

16%o.

The proportion of N translocated from the shoot to the roots is influenced by the

physiological status of the plant. Plant leaves begin to senesce soon after they have fully

expanded. N exported from senescing lower leaves will partly be imported by the roots

(Fig. 2.5) from where it may be remobilised to the shoot. Low soil N increases the

proportion of N cycled through the shoot to the roots, very likely reflecting increased

senescence of lower leaves (Nicolas et al. 1985). Resuls of this experiment showed that the

uptake of N was markedly reduced under drought conditíons. Possibly soil N was less

available to the droughted plants because a smaller surface of the soil was available for

diffusion and the soil solution eventually beca¡ne discontinuous when soil moisn¡re content

decreased (Van Keulen 1981). However, two va¡ieties, Vfarigal and Condor differed

markedly in their capacity to take up N from the soil under drought. The uptake of N was
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reduced under drought by 50 andg4 percent, urheroas transpiration rate was reduced by 33

and 36 percent for V/arigal and Condor, respectively. The difference in uptake of N between

cultivars and treaments during early grain growttr did not result in marked differences in

gfain N yield per ear at manrrity because it was compensated by a greater remobiliz¿tion of N

from vegetative organs. However the remobilization of N from the culm (stem + leaves)

was increased by less than 7 percentrelative to control during the drought t¡eatment and most

of the redistribution of N occurred after rewatering.

2.14 V|ster deficit and yield components

In wheat and barley, ear initiation occurs during the tillering phase and the

deveþment of spikelets and florets takes place during the time that stem clongation and the

death of tillers is occurring. The number of grains per ear is thus subject to environmenal

influences, including drought, during this time and is often the yield component which

varies most in response to season-to-season va¡iation in water supply.

Yield component analysis regards yield as the product of plants per unit area, heads

per plant, spikelets per head, grains per spikelet, and weight per grain. The number of

grains per head can be influenced by water deficit just before, and until a few days after,

anthesis. Thereafter, only grain size is affected by water deflrcit. Grain yield can bc

considered to consist of ¡¡,o basic components: grain number per unit area and single grain

weight. The grain number component establishes the yield potential that is realized if

conditions after anthesis arc favourable for grain frlling. Conceptually, water deflrcit after

anthesis could limit yield by reducing the photosynthetic rate and duration. As

photosynthesis continues to decline during the later phase of grain filling, relocation of pre-

anthesis DM could contribuæ to the grain filling process. Grain weight often excceds Post-

anthesis DM insrease, sometimes by as much as SOVo under water deficits (Gallagher and

Biscoe 1978).

The results of total aboveground biomass and grain yield of barþ, duntm and b'read

wheat across frve Mediteranean environments in northern Syria showed that barley

produces more than wheat where the average ¡ainfall is less than 300 mm (Acevdo 1992).
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TRANSLOCATION AND IÚETABOLISM OII NITROGEN

Orougûrtcd

t70 289

Uptrkc Upt¡kc

Fig. 2.5. Model of translocation and partitioning of N in Trítícum øestívam

(cv. Condor) on the seventh day after anthesis. The open srrow represents

translocation of N in the xylem whilst the black arrow represents

translocation of N in phloem and the shaded arrow represents the net flux of

N to the ear. Values of ÂN represent increments or decrements of N in plant

parts. Units are lrg N day-lplant-1. The droughted plants did not receive

water from one day after anthes¡s until nine days after snthesis (from

Nicolas et ø1. 1985).
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Table 2.2 Phenological development, yield and yield components for barley

and wheat as means from five environments in northern Syria (adapted from

Acevedo 1992')

Vuiable Barley lvheat

Phenological development (daYs)

From emergence to heading

F'rom emergence to manrity

Crain fillingperiod

Yield (t/ha)

Biological

Grain

Straw

Harvest Index

Yield component

SpikeVm2

Crrairy'spike

CirainVm2

Mean grainmass (mg)

90

126

36

4.92

1.91

3.01

0.39

285

17.5

4996

38.2

to2

IM

42

4.69

1.65

3.04

0.3s

2M

25.5

5215

3r.6

(From Acevedo 1992).

At2ry)mm rainfall, borh cereals had a biological yield of about 5.5 t lha. The phenological

trait s,hich enabled barley to yield better than wheat in the stressful environment $'ar¡

earliness in flowering associated with shorter grain filling (Iable 2.2). The increase grain

yield of ba¡ley comes essentially from an increased mean grain mass, as the grain number

per unit a¡ca is similar to, or slightly lower than, that of wheat.
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2.15 Vtrater deficit and N metabolism of the grain

The decreases in N content of different parts of the wheat plant can be directly

atributed to the gain of N in the caryopses (Herzog 1986). Tfater deficit at the time of grain

filling is often associated with premature cessation of starch deposition. Increased

percentage of grain N is thus usually the result of reduction in carbohydrate content of the

grain. There is no evidence that stress causes more protein to accumulate because stress has

no significant or consistent effect on the absolute amount of protein in wheat or barley

grains, but proæin as a percentage of DM is often higher in stressed than in watered plans.

The storage capacity of the grains might be less affected for N than for carbon. Grain

amino acid concentration was increased by stress in wheat, but in barley this occurred only

37 days afær anthesis and was due solely to the lower water content of stresscd grains at this

time (Brooks1980). Grain protein synthesis, however, lt'as apparently not influenced by

these changes in amino acid concentration. The available evidence suggests that water deficit

does not rcduce the supply of sucrose to the grain as the concentration of sucrose within the

endosperm is not reduced by drought (Brooks et al.1982; Nicolas et al. 1985).

2.16 Concluding remarks

Concepts of DM and N remobilization in plants have been expanded in recent years

by the development of techniques for the construction of whole-plant models of N

remobilization. The combination of these models and 15N studies of N movemcnt has

provided a more dynarnic understanding of N transport and partitioning in plants and is

providing a nel\, base frrom which the factors that contol N partitioning may be investigated.

Howcver, there a¡e a number of areas in which our knowledge is limited and which would

benefit from furtherresearch. Amongst these arc the control of remobilization of DM and N

from different parts of the shoot of wheat and barley plant particularly under conditions of

lr,ater dcficit . A better understanding of these areas would scem important if Ìve wish to be

able to manipulate the partitioning of reseryes and increase the yield and quality of
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economically important plants. This study is therefore undertaken to improve our

understanding of the control of re,rnobilization of DM and N in wheat and barley planß.



Chqtcr 3 Illatcrbl aú Illdhús 4

Chaoter 3. Materials and methods

3.1 Choice of genotype

Two genotypes of wheat (Triticnm aestivurn L.) and three genotypes of barley

(Hordeum vulgare L.) wcre used for the experimcnts in this investigation (Table 3.1).

Wheat genotypes (Sun 924 and Vasco) were chosen because they had been used in the

studies of Stodda¡d and Ma¡shall (1990) and barley genotylres (Forrest, V/.I. 280E and

W.I.2692 ) because they had been used in a study of genot¡po response to agronomic

manipulation by South Australia Resea¡ch Development Institute (SARDI) progrâms

(Jeffries 1991).

Table 3.1. Wheat and barley genotypes r¡sed in this investigation

Species Genotype Prrotein percentage Marurity Height

'lVheat

Wheat

Barley

Barley

Barley

Sun 92A'

Vasco

Forrest

w.r.2692

w.r.2808

high (187o)* Early - Medium

moderate (12.57o)* Early Medium

moderate (13.27o)** Medium

moderate (L2.8Vo)** Medium

moderate-low (L2.L7o\* *Medium

Short- Medium

Medium-Tall

Medium - Tall

Medium- Tall

Medium - Tall

* : Glass house conditions

**' Field conditions

3.2 Environment

Plants $,erc groÌ\rn in pots in a glasshouse (except for the last experiment which was

conducted in a growth cabinet). The experiments urere conducted under natural light and

conuolled temperature (25!2 "C during the day and 16È2'C at nigh$ conditions. A layer

(2cm)of woodchipstoassistdrainagewasplacedinthebottom of a2O cmdeeppot,and

the pot frlled to within 2 cm of the rim with sterilized, recycled soil (approx. 3.5 kg dry

weight). All pots ll,ere Ìl,atered to maintained approximately field capacity until 10 days
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after anthesis by weighing the pots t$ro times per week and adding \tater to mako up for

the loss in weight. The pots lvcre re-randomised weekly throughout each experiment.

Tillers l\rere removed as they emerged in all of the experiments. All the measurements

were made therefore on plants with a single shoot.

3.3 Plant water status

A pressure bomb was used ¡s sstimate the pre-dawn $rater potential of the plant.

The flag leaf to be measured was excised from the plant at the junction of the lamina and

sheath with a sharp blade and was enclosed in a plastic bag and immcdiately inserted

through a slit in a rubber stopper and placed in the pressure bomb which was sited close to

the plants. The leaf blade extended about 2 cm through the rubber stopp€r. Prressure was

then applied ar a rate of less than 0.1 MPa s -t (Isiao 1990) from a compressed-air cylinder

until the xylem sap lvas just visible on the cut sr¡rface of the leaf. Thc saP on the cut cnd

was observed with a 10 x magnification hand lens. The pressure reading was recorded at

predawn and expressed as the flag leaf water potential.

3.4 Establishment of water treatments

Ten seeds per por \pere sown and seedlings thinned to 6 plants per pot after

emergence and plants were restricted to a single culm by rcmoving all tillers as they

emerged. Plants $rere watered daily by hand to maintain a soil $,ater content close to f,reld

capacity until day 10 after anthesis to minimise the possibility of pre-anthesis moisn¡re

stress and were supplied with 200 mr. of soluble fertiliser containing 2.6 g Hortico

'Aquasol' (23Vo N) every second week until anthesis. All pots $rere ÌYatered under the

same water regime (around field capacity) until the sta¡t of grain frlling (10 days after

anthesis). Tl/ater treatments were imposed from 10 days after anthesis by withholding

lvater and monitoring the water potential of the flag leaf of the plants (in the first and

second experiments) or based on soil water content in other experiments. In the first and

second experiments the following treatments u,ere established:
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1) Not watered: Vy'ater u,as \vithheld completely .

2) Medium stress: V/ater was withheld at day l0 after anthesis and pots were rewatered

when the water potential of the flag leaf fell to -2 MPa (-2.5 MPa for barley). This cycle

uras r€poated until manuity.

3) Mild stress:V/ater \vas withheld from day 10 after anthesis but pots were rewatered

when the water potential of the flag leaf fell to -1 MPa C1.5.MPa for barley), and this

cycle was r€peated until maturity.

4) Divided root: Plants \rere gro$rn in pots with a ba¡rier consisting of 2-3 cm gravel (sec

Fig. 3.1) which divided the root system horizontally; the lower section was watered but

the upper part was not watered from day 10 after anthesis. This treament was used to

stimulate the top soil drying which occurs commonly in Meditenian environments.

5) Control : Pots r¡rere lvatered throughout the experiment.

ãl cm

8cmVt¡et

Fig. 3.1. Diagramatic representation of divided root treatment in this study.
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In the third and fourth experiments, which had only t\nlo \ilatering treatments (well-

\ñratered and \ilater-stressed) the water stress treatment was based on the water holding

capacity of the soil as follows: six pots containing the same soil in the previous

experiments (recycled soil RS) were saturated with water, covered with black plastic and

allowed to drain to a constant weight. The pots were then weighed and the moisture

content of the soil measured. The moisture content of thc soil at this stage (257o) (Vw)

was assumed to represent the field capacity of the soil in the pots. All pots lvere $'atered

to field capacity 3 tirnes per week until day 10 after anthesis and the water stress E€atment

imposed at day 10 after anthesis. Pots in the well watered treatnent were maintained

a¡ound field capacity by frequent weighing and the addition of water to return them to field

capacity, while pots in the \ilater stress treaûnent were allowed to dry and then were

maintained at approximately 50Vo field capacity until maturity.

3.5 Measurement of dry weight and related attributes

In all experiments the plants were ha¡vested at day 24 after anthesis and at maturity.

The measurements were based on these two hanests bcause the major purpose of the

experiments \ilas to examine the effects of post-anthesis stress on the p¡ocesses associated

with grain filling, protein deposition in the grain and remobilisation of dry matter and N.

Some remobilisation is likely to occur prior to day 24, especially when stress is imposed,

but the main purpose of the measurements \ilas to examine the physiological responses to

stress rather than provide an accurate quantification of the amount of DM and N

remobilised and its contribution to yield. Consequently, the values of remobilized dry

matter and N estimaæd frrom these experiments are likely to underestimate the true values.

Plants were separated into grain, chaff, peduncle, lower internodes, flag leaf and

other leaves, dried in an oven at 85 'C for 48 hours, then put in desiccator and allowed to

cool to room temperatue. The dry weights of the different parts of the shoot were

recorded. The va¡ious attributes relating to DM and N movement in the shoot that a¡e

discussed in this study were evaluated as follows:
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(Ð DM remobilization (mg per shoot)

= (DM at day ?lL zfter anthesis in the organ) - (DM at maturity in the same organ).

(ä) DM remobilization efficiency (7o)

=ffix1oo.
(üi) Appartnt contribution of reserves sf ¿ssimilate to gratn (7o)

DM remobilized= x100

(iv) Harrrest index (III; Vo

shoot x 100.
content of

(v) N remobilization (mg per shoot)

= (N content at day 24 aftæt anthesis)-( N content at maturity).

(vi) N remobilization efFrciency (Vo)

N remobilization

(vüi) Apparent contribution of vegetative N to grain N (7o)
N remobilized x 100.

grain N accumulation between day 24 and maturity

(ix)

x 100

(x) Percentage senescence ofthe leaves

N content at day 24 after anthesis
x 100.

(vü) N and DM decrement O or increment (+) in the grain (mg per shoot)

- (N or DM conænt in the grain at manuity) - (N or DM content atday 24)

_ dry weigþt_of sgnesgqd leaves x 100.
dry weight of total leaves

3.6 Plant biochemical measurements

3.6.l Measurenrent of total N concentration using the Kjetdahl method with the Auto

l03() Analyzer.

A sample (0.5g dry weight) was digested v/ith 7.5 ml of concentrated sulphuric acid

at 390 oC which converted the N in the sample into ammonium sulphate ((NH¿)ZSO¿). A

catalyst tablet was added to promote the oxidation of the organic matter. The catalyst

tablet also contained potassium sulphate which raised the temperature of the digest and
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thereby increased the rate of the reaction. After digestion, 25 nr H2O was added and the

ammonium was released from the digest by steam distillation with alkali (NaOH).

Ammonium was collected in a2Vo bonc acid solution which was titrated u'ith 0.1 M HCI

with l%o of methyl red/ bromocresol green as indicator (Bremner 1965).

3.6.2 Determination of total ethanol soluble carbohydrate.

Ethanol soluble carbohydrates were extracted by boiling the samples in 807o

ethanol lwater (v/v) based on the method of Dubois et al . (1956). To cxtract the tissue,

500 mg of fresh tissue \r,as cut into small pieces, then dropped into 10 ml of 807o ethanol

which was boiling. After boiling for 15 minutes the tissue was ground to a fine pulp, using

a mortar and pestle. The slurry was decanted into a 50 ml centrifuge tube and the mortar

and pestle were washed with a further 5 ml of SOVo ethanol, and the washings were added

to the same centrifuge tuþg which was centrifuged for 10 minutes at 2000 r.p.m. The

pellet was extracted another t$,o times and all the extracts lvere pooled into a 50 ml

volumetric flask and made to volume. To remove the chlorophyll, 10 ml of the extract u'as

decanted into a 50 ml centrifuge tube and 10.7 ml distilled water and 3.3 ml chloroform

were added and after vigorous shaking the suspension was centrifuged at 2000 r.p.m for 5

minutes. The supernatant Ìvas transferred using a Pastcur pip€tte into a 25 ml volumetric

flask and made up to volume with 807o ethanol. The chloroforrr layer was disca¡ded.

A portion (0.1m1) of the 807o ethanol extract was added to 0.9 ml of lvater followed

by 1 ml of 57o aqueous phenol. A jet of concentrated sulphuric acid (5 ml ) was pumped

into the centre of the sarrrple and the optical density l\ras measured at 490 nm when the

tubes had cooled. The assay was calibrated with a standard curve of sucrose (5 to 70 ttg

per tube ) and the data were expressed as equivalent to sucrose.

3.6.3 Determination of fructan

The final pellet of ethanol insoluble material was driei at 50'C. The pellet was

suspended in 5 ml of water, boiled for 15 minutes and centrifuged at 2000 r.p.m. The
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supernatant 1\,as poured into a volumetric flask and the pellet \ilas re extracted twice more

with boiling water. Finally the pooled supernants were made to volume and centrifuged as

above. Fructans urere measured using the phenol test as described above, and the data

u/erc expressed as sucrose equivalents.

3.6.4 Soluble protein

Soluble protein content was estimatcd by the dye-binding method of Bradford

(1g76). One volume of dye-reagent conccntrate $,as diluted with fourvolumcs of distillcd

v/ater. The diluted dye-Bradford reagent was filtered through Whaman no. 1 filter paper

and the filtrate used for analysis. An aliquot of the tissue extracts containing 0-100

microgram protein was mixed with 5.0 ml of diluted dye-reagent. After about five minutes

the absorbance of the mixtrue at 595 nm $ras deterrrined. The assay was calibraæd using a

standard solution of bovine serum albumin (fraction II' Sigma).

3.6.5 Determination of chlorophyll

Chlorophyll content of the tissues was determined based on the method of Bruinsma

(1963). The tissue Qeaf) was cut it into pieces (1 cm) with a pair of scissors and mixed. A

subsample of 0.5 g fresh weight of mixed pieces was transferred to a pestle and ground

with about 0,5 g of sand (acid washed) and a small amount of magnesium ca¡bonate in 10

ml of cooled 807o aßetone. The slurry was poured onto a sintered glass filter and the

extract was filtered by suction into a flask covered with foil to exclude light. The residue

on the filter was washed with another 5 ml cooled acetone. The combined extracts wer€

made up to volume in a 25 ml stoppered flask. If necessary the concentration of the

chlorophyll extract was diluted with known amounts of cool 807o acetone. The optical

density at 663 and 645 nm Ìvas read, and the chlorophyll content calculated using the

following formula:

Chl a (mg/L) =(12.7 x 4663) - Q.l x 4645)

Chlb(mg/L) =(22.9 x4645) -(4.7 x4663)

Chl a+b (ne/L) =(20.2x 4645) + (8.0 x A 663)
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3.6.6. Endopeptidase activity

Endopeptidase activity rilas extracted from the flag leaf and the other leaves. Leaf

material $,as cut into I cm pieces and mixed, and a subsample of 0.5 gram fresh weight

was ground in a morta¡ with a pestle on ice with 3 - 5 ml (depending on the moistr¡re

content of the leaf) of sodium acetate buffer (0.1M pH 5) and some acid-washed sand. The

suspension was centrifuged for 10 minutes at 10, 000 r.p.m. at 4"C, and the supernatant

was decanted and kept on ice. Endopeptidase activity was assayed by the azocasein

method (Guerin 1993). Enzyme extract (150 pl) was incubated with 0.3 ml of azocasein

(10 mg/ ml of distilled water) and 0.5 ml citrate - phosphate buffer pH 5.5 and 0.05 ml2-

mercaptoethanol (0.1M) for two hours at 37"C. The reaction vvas stopped with the

addition of 1 ml Hagihari reagent l(acetic acid (0.3M), trichloroacetic acid (0.1M) and

sodium acetate (0.2M)1. The tubes were centrifuged for 10 minutes at 10,000 g. For each

sample one zero time reference \ilas included using the same procedure at the same time

except that 1 ml Hagihari reagent was added before adding the enzyme extract. The

supemaumt lvas decanted into a fresh tube and the absorbance was read ît340 nm (43¿l())

against the zero time reference for each sample, and the units of activity are given as A34O

nm / minute / g fresh weight of leaf. Specific activity, (A34f,lmg soluble protein / minute)

was also calculated.

3.7 Statistical analyses

In all the experiments a minimum of 3 replicates were used. Standa¡d analysis of

va¡iance was used for the analysis of all data. All experiments rve¡e set up as a factorial in

a randomised complete block design. Treabnent means urere compared using the LSD

(Steel and Torrie 1960) procedure at the 5Vo and lVo level of significance or using the

standard crrors.
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Chapter 4. Effects of water stress on remobilization of DM and N from vegetetive

Darts ofthe shoot

4.l lntroduction

Resenes accumulated before anthesis play an imFortant role in grain growth, but the

extent of their contribution depends on prevailing environmental conditions such as

nutrient level @aigEet et aI.l976),temperature, and water stress (Campbell and Davidson

lgTg) and is also under genetic control (Van Sanford and Mackown 1987; Halloran 1981).

This is particularly imFortant for wheat growing under a Mediterranean-type environment

because the weather after anthesis is usually hot and dry and photosynthesis is low. Water

stress during grain filling is one of the important factors that may result in an increase in

the contribution of stored resewes to grain filling relative to crurent assimilate. Yield,

therefore, depends partly on the translocation of ¡eserves to the grain.

The calculated proportion of yield provided by translocation of pre-anthesis

assimilates for wheat is estrmated at between 7 and577o (Austin et al. L977;B.idrnger et aI.

1977; Gallagher et at. 1975, L976). Genetic variability in DM remobilization has been

reported @avidson and Birch 1978) and the extent of this remobilization is subject to

genotype x year interaction (Wych et al.1982). Several studies have indicated that grain N

in wheat primarily originates as a result of translocation frrom vegetative parts after anthesis

@oatwright and Haas 1961; Simmons and Moss 1973). McNeal et ø1. (1966) and Bhatia

and Rabson (1976) have reported that grain protein concentration might be improved by

selecting genotypes that translocate a higher percentage of N from vegetative organs to the

grain. Others have shown, however, that the relationship between grain protein

concentration and N translocation or N translocation efficiency is not consistent (Mikesell

andPaulsen t97l).

Field evaluation of growth and yield during or following stress is diffrcult because the

stress can not be conmolled. This is particularly true where different genotlpes are being

compared, because they are usually at different stages of development at any one time and

therefore comparisons at the later stages are not meaningful. It is also difficult to ensure

similar stresses for genotypes with different growth habits. Although environmental
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conditions in the glasshouse and gro\ilth room are unlike those in the field in some

respects, at least the level of water stress can be controlled, and the other difficulties

avoided. The purpose of this experiment was four fold:

(Ð To determine the effects of different levels of lvater stress on the accumulation of

DM and N and also DM han¡est index (DMHI) and N han¡est index (l'IHÐ in the grain

during grain filling.

(ii) To identify the effects of different levels of water stress on the remobilization of DM

and N from the shoot and also to examine the responses to drought in the upp€r section

of the root while the lower section $,as u,atered.

(iii) To investigate the importance of different parts of the shoot as sources of

remobilized N and DM available for contribution to the grain under $'ater strcss and

well watered conditions.

(iv) To improve knowledge related to the differential effects of $,ater deficit on the

remobilization of DM and N during grain filling in two different wheat cultiva¡s.

4.2 Materials and methods

The experiment lvas conducted in pots in ttre glasshouse using two wheat genot)?es

differing in yield and protein content. The plants lvere stressed at similar stages of

development (10 days after anthesis) and trearments consisted of Non watered, Medium

stress, Mild stress, Divided root and Control (see Chapter 3 ). Soil water potential lvas

maintained around field capacity in all pots until 10 days after anthesis, when treatments

were imposed. At day 24 and at maturity three pots from each treatment were ha¡vested

and the above ground parts separated into chaff, flag leaf, other leaves, internodes,

peduncle and grain. These were dried at 85' C for 48 hours and weighed. N concentration

was deterrrined by the standa¡d macro-Kjeldatrl procedure. Calculated parameters werc as

described in Chapter 3 and standa¡d statistical procedures l\'ere used for analysis of

va¡iance.
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4.3. Results

4.3.1F'lag leaf water relations

Total lvater potential of the flag leaf of Sun 924 (Fig. 4.1) declined from day 12 in

s,ater stressed plants, then decreased rapidly from day 18 in severe stress (non-watered)

conditions. On day 2l water potential in the medium stress treatnent increased because

the plants were re!\ratered. Under non watered conditions, water potential declined

throughout the experiment until day 31 after anthesis when the flag leaf under this

üeament completely senesced. After rewatering in the medium stress treatment flag leaf

water potential recovered, and then declined again. Under medium stress the flag leaf had

completely senesced by day 41, and in the other t¡eaments the flag leaf had senesed by day

55. The response of Vasco was similar'.

0

-05

-1.0

-1.5

-2.0

-2.5

-3.0

-35

-4.0

O Non watered

I Medium stness

A Mild stress

a Contrrol

15 18 2l

Days after anthesis

24 27 31

54

RIÀ
è
ct

EI
(l)
oÀ
6)
d
F

t2

Fig. 4.1. The total water potential of the flag leaf of Sun 924 under different levels of

water stress between days 10 and 31after anthesis. Error bars are standard errons of

the means.
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4.3.2 Chlorophylt content

The total chlorophyll content of the flag leaf of both cultiva¡s was measured at day

2a Fig.a.Ð. Severe srress reduced total chlorophyll content in Sun 92A and Vasco by

about 277o and líVo, respectively. In Vasco the chlorophyll content lvas similar under

medium and mild strress and under the divided root system, but all treatments significantly

reduced chlorophyll content in Sun 924.

tr Sun92A

E Vasco

55

0.80

0.70I
ct)
k
c)Ê
ào
Ê

Ê{)
Éoo

B
b
()

0.60

0.s0

0.40

0.30

0.20

0.r0

0.0
Notwatered Medium

stress
Mild
stress

Dividd
root

Fig.4.2. The chlorophytl content of the flag leaf in both wheat cultivars at day A.

Error bars are standard errors.

4.33 Senescence of the leaves

The assessment of senescence of the leaves was measured based on the procedure of

Nicolas (1985) (see Chapter 3). The proportion of the leaves which were scnescent in Sun

g2[inqeased with time and was related to the severity of the treatments @g. a.3a). For

instance, under non-stressed conditions it slowly increased with time, but under severe

stress senescence was rapid and 21 days after imposition of this treatment the leaves had

completely senesced. When watering ceased 10d after anthesis, the senescence of the flag
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120
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(a)

27 31 33
Days afær anthesis

(b)

2t 24 27 31 33 36 39

Days after anthesis
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É860
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40
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I medium stress
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0

t20

100
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t¡)o
g60
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t¡)(t)'40
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A mild stress
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480
18

Fig. 4.3. The senescence of the leaves in Sun 92A (a) and Vasco (b) between days lE

and 4E after anthesis. Error bars are standard errors.

'-
-



Chapur 4. DM and N ¡cnublllzúon In vhcot

leaf of Vasco was slower than Sun 924 and this also occurcd in the control and mild-

stress treatments (Frg. 3b ). No data were gathered for the dividedroot treatment.

4.3.4 Grain DM accumulation

The effects of water stress treatments on the gfain of wheat cultivars arc presented in

Table 4.1. There were significant interactions (P< 0.05) bet\ñ'een lvater stress treaments,

cultiva¡s and harrrests. Both cultiva¡s had signifrcantly more DM at maturity than at day

24. Grain yield was significantly higher in Vasco than in Sun 924 under all conditions

except the non watered treatment at day 24 (Table 4.1). V/ater stress reduced gfain DM

increment in both cultiva¡s between day 24 and manrity and in general the extent of the

reduction was related to the level of stress (Frg. 4.4) although the effect was greater in Sun

92Á^.

Table 4.1. Grain DM accumulation as affected by different treatments of water stress

in two cultivars of wheat during grain ftlling

Dav 24 Manuiw

Treatment Sun 924 Vasco Sun 924 Vasco

57

Not watered

Medium stress

Mild stress

Dividedroot

Control

404

4t2

620

471

415

mg per shoot

312

577

76t

935

7M

480

715

to62

tt24

1130

636

IM
1555

t&8

1827

LSD SVo of interactions of Treatments x Han¡ests x Cultivars: 156; Treaments x Hanests :

110 ; Ha¡rrests x Cultiva¡s : 67
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Fig. 4.4. Grain I)M accumulation between My 24 and maturity under weter deficit

treatments. Error bars are standard errons.

Since yield varicd between the two cultivars for the unstressed control, the

significant u,ater stress interaction with cultivars $,as evaluated by calculating the

percentage reduction in yield. Percent reductions in gain yield at maturity for Sun 924

under not watered, medium stress, mild stress and divided root tr€atments werc 58Vo ,557o,

TVo and 17o respectively compared with 667o,297o, t5 Vo and t47o for Vasco. The results

of this experiment showed that final grain dry weight in Sun 924 under the divided root

system did not differ from controls. In addition DM accumulation between the two

hanrests under divided root conditions was reduced in Vasco but not in Sun 924. This

response in Vasco however was due to a significant increase in grain dry weight at day ÙL

associated with a decrease at maturity relative to the control treatment. In general under all

situations the DM increment berween day 24 and maturity lvas signifrcantly greater for

Vasco than Sun 92A (Fig. a.Ð. At maturity Sun 92,A. showed a significantly higher HI

than Vasco under all conditions except the medium stress condition (Fig. a.Ð.
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35

E30

ä2s
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!t)

Þß
z
.E 10
çt
()

5

Non
watered

Medium
sEess

tr Sun92A
ts Vasco

Divided
foot

Control
0

Mird
stress

Fig. 4.6. Grain N accumulation between day A and maturity in two wheat cultivars

growth under different water stress treatments. Error bars are standard erron¡.

Table 4.2. Grain N accumulation as affected by different treatments of water stress
in two cultivars of wheat during grain filling

Day 24

Treatments

Maturity

Sun 924 Vasco Sun 924 Vasco

mg per shoot

Not watered

Medium stress

Mild stress

Divided root

Control

16

t3

T9

t4

t4

10

15

17

22

15

2l

29

37

37

35

22

39

43

43

4
LSD SVo for interactions of Treatments x Han ests x Cultiva¡s : 3.8; Treaünents x Han'ests
: 2.7;Hantests x Cultiva¡s : 1.7



Chapbt 1. DM atd N rcnøbilizúíon h whcat

Since cultivars varied for grain yield and N, the effects of urater stress on yield and N

in the grain, expressed as a percentage of controls are shown in Table 4.3. Crain yield per

shoot was more sensitive than gfain N in response to $rater stress. Under non-\r/atered

conditions grain yield reductions in Sun 92A and Vasco werc 58Vo and667o, respectively,

while the corresponding values of N were 4OVo and50%o,resp*tively.

At maturity, grain from plants exposed to urater stress had a significantly higher

percentage of N than that from plants grown under conditions of adequate water in both

cultivars. Imposition of the most severe lvater deficit treaünent resulrcd in a significant

increase of the N concentration in both cultivars at day 24. Also at manrrity $'ater stress

treaments resulted g¡eater in grain N concentrations . It was notable ttrat N concentration

under all conditions Ìrras greater in Sun 924 ttran Vasco at both han¡ests @g. 4.7). Also

medium stress had a gleater effect on raising gain N in Sun 924 ttran in Vasco. The NHI

was significantly higher at maturity than at day 24 under all trea¡nents in both cultivars

(Frg.4.8).

Table 4.3. Grain N content and yield as¡ a percentage of control at maturity

Treaünents Grain N Grain Yield

Sun 924 Vasco Sun 92,4' Vasco

61

percent

Contrrol

Dividedroot

Mild stess

Medium stress

Not watered

100

106

105

83

60

100

99

93

45

42

100

90

85

7t

34

100

96

96

89

50
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tr DaYVt
E Maurity

Fig. 4.7. The effects of water stress on the grain N percentage of two wheat cultivars

at day ?A snd at maturity. Error bars are standard errons.

It was noticeable that the NHI at maturity signifrcantly decreased with increasing severity

of water stress, and there \vas a highly significant difference betrveen the two cultivars

under the water stress treatnents.

4.3.6 DM, N content and their remobilization from the shoot

4.3.6.1DM and N content in the whole shoot (vegetative parts + grain)

In general, u/ater stress reduced the accumulation of DM in the whole plant and the

interaction of hanrest and treaunents and cultivars was significant (P< 0.05; Fig. 4.9).
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Fig. 4.11. Total shoot N content of two wheat cultivars over all water stress

treatments and harvests. Error bans are standard errons.
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Fig.4.l2. Total shoot N content at day 24 anù maturity over all treatments and
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4.3.6.2DM and N content and remobilizstion from the shoot (vegetative parts)

4.3.6.2.1 DM content and remobilization

Average DM contents of the vegetative parts in the two wheat cultivars was

significantly g¡eater at day ?/t ¡han at maturity except for the non-$ratered üeament. DM

content was significantly (P < 0.001) greater in Vasco than Sun 92A at both harvests and

also under u'ater st¡ess treamenß. \Yater stress treaments rpduced thc remobilization of

DM from the shoot of both cultiva¡s between day 24 and manuity: ¡emobilization of DM

was highest under the connol Eeament and lowest in the medium stress treaEnent. The

divided root treaunent remobilized more DM than medium stress and less than control. In

non $,atered plants however an increase in shoot DM between the two ha¡vests $'as

obsened. Although the interactions between treatments x cultivars on remobilization of

DM was not significant (Fig. 4.13) over both cultiva¡s, differences in DM remobilization

from the shoot among lvater stress treaünents were highly signifrcantly different @ig.

4.14). Remobilization efficiency and the apparent contribution of DM to the grain was

greater in Sun 924 than Vasco under almost all conditions Cfable 4.4).

T¡bte 4.4. DM content and remobÍlization efrrciency of vegetative parts under

different levels of water stress at day 24 andmaturity

66

Day 24 Manrity Remobilization

efficiency

Apparent
contribution

to gr¿in

Treatments Vl v2 V1 Y2 Vl Y2 V1 V2

mg per shoot

793

percent

00
319
428
722
11 26

Not watered

Medium stress

Mild stress

Dividcdroot

Control

696

9t7

1031

tM2

1054

1337

r582

1710

1820

2026

857

909

896

867

1399

1531

til1
1700

1799

0

7

t2

L4

18

0

6

I
t7

20

Vl: Sun 92AY2: Vasco, LSD 57o for Treatments x Hanrests: 71; Harvests x Cultiva¡s: 45;
Treaünents xHan¡ests x Cultiva¡s : N.S.
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Fig.4.13. The remobilization of DM from the vegetative parts of the shoot under

water stress treatments between ùay 24 and maturity. Error bars ¡re standard
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Fig. 4.14. The remobilization of DM from the shoot under water stress over both

cultivars during grain fitling. Error bars are standard errors.
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4.3.6.2.2 N content and remobilization

N contents of the vegetative parts of the shoot in the two urheat cultivars under water

stress treatments and at both harvests afe presented in Table 4.5. N content was

significantly greater at day 24 than at maturity. N content was also significantly (P <

0.001) greator in Vasco than Sun 92A at both harvests and also under \ilater stress

conditions.

N was remobilized from the shoot berween day ?/l and maturity in both cultivars.

Remobilization of N was significantly greater under the control conditions than under all

Ì\,ater stress trearmenrs (Fig. a.15). Although only part of the root system in the divided

root trearment was stressed, it appeared to reduce the remobilization of N from the shoot of

Vasco. Although severe stress appeared to have abolished the loss of N from the shoot

@9.4.15), it did not result in increased N content of the shoot berween the rwo han/ests,

unlike DM (Fig. 4.14). In the following sections the responses of each part of the shoot to

different levels of water stress will be presented separately. DM and N a¡e also considered

separately.

4.3.6.3 Lower stem Internodes

4.3.6.3.1 DM content and remobilization

Lower stem internode DM was significantly greater at day 24 than at maturity

under cont¡ol and divided root conditions (Fig. 4.16),but in the other three treaûnents there

was no significant difference between the two han'ests. Internodes in Vasco were longer

and heavier than Sun 92A at day V4 and at maturity; therefore DM content of internodes of

Vasco over both hafvests was signifrcantly greater than Sun 924 @g' 4'I7)' DM was

remobilized from the internodes of both cultivars between day 24 and manuity ( Fig. 4.18)-

More DM was remobilized in control plants than in plants under stress (Fig. a.19). Sun

924 appeared to remobilize more DM than Vasco under the medium and mild strcss

treatments but the differences lvere not significant (Fig.a.lg). It was of interest, however,
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Table 4.5. N content and remobilization effrciency of N from the vegetative parts of

the shoot in two wheat cultivans under different levels of water stress at day A and

maturity

l)ay 24 Maturity
cfficiency *

to gztn%o

Treatments v1 v2 vl v2 vl v2 V1 v2

Not watered

Medium stress

Mild stress

Dividedroot

Control

mg per shoot

22.3 t5.2

29.2 15.0

32.4 13.5

32.4 11.8

35.8 LO.1

t4.4

22.9

26.6

24.4

26.O

22.6

16.9

18.3

16.2

14.2

0

51

54

77

74

0

percent

00
42 49

43 72

50 55

60 73

34

49

52

59

Vl: Sun 92AY2: Vasco, LSD SVo for Treaunents x Hanrests: 2.01; Hanrests x Cultiva¡s:

1..2; Treaments x Ha¡rests x Cultiva¡s : N.S. *(N difference berween day Vl and manEity

/ N at day 7+\ x 100

25

tr Sun92A
E Va^sco!20

tâ

!)

ñß
çi

.9 10
F

ãs
É
[)

z0

-5
Not watered Medfum Mild Divided Control

Fig. 4.15. N remobitization from the shoot under different levels of water stress

between day A and rnaturity. Error bars are standard erron¡.
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content over both harvests during grain filling. Error bars are standard erron¡.
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labte 4.6 DM content and remobilization efüciency of lower internodes in two wheat

cultivans under different levels of water stress at dav 24 nùmaturity

72

Day ?/l

Treabnents vl Y2 Vl V2 vl Y2 Vl V2

Manuity Remobilization APParent
contribution

efficiency to grun%o

Not watered

Medium stress

Mild stress

Dividedroot

Control

mg per

300 124

369 136

394 tN
429 151

549 163

pefcent

2

3

5

t2

19

r30

168

20r

224

245

293

359

372

378

M3

4

l6

30

32

33

7

10

t4

11

11

2

1

3

7

9

V1: Sun 92A Y2: Vasco Interactions of treatments x cultiva¡s x harvests: N.S.

LSD SVo for Treatments x Harvests : 33; Harvests x Cultiva¡s : 21

that all stress treatments generally reduced the remobilization of DM from the internodes

of Vasco, but only the most severe stress did in Sun 924 (Fig.a.19). Remobilization

efficiency of the internodes (Table 4.6) was greater in Sun 924 than in Vasco;

remobilization efficiency \ilas reduced signifrcantly under conditions of \ñrater stress in the

internodes of both cultivars .

In ttre well watered plants DM remobilization efficiency was 33Vo and l97o for Sun

924 and Vasco respectively, whereas the corresponding values were 47o and2Vo under the

most severe \ilater deficit treatment . Remobilization from the inærnodes could have made

a contribution to grain DM in Sun 924. Vasco however appeared to contribute little of its

internode DM to the grain under any condition.

4.3.6.3.2 N content, percentage and remobilization

Compared to their effects on total DM, the $rater stress treatrnents had reduced the N

content in the internodes by day ?Ato alesser extent. Internodes in Vasco were longer and
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Table 4.7. Internode N remobilization as affected by different treatments of water

stress in Sun 924 and Vasco

Day 24 Manuity
Apparent

contribution

þ crainN

Remobilization

efficiency

Treatments vl v2 vl Y2 vl Y2 vr v2
mg pef shoot pefcent

Not watered 1.5 3.2 1.2 2.9

Medium str€ss 1.8 3.7 0.9 1.8

Mild stess 2.0 4.0 0.6 l-4

Dividedroot 2.8 4.0 0.6 1.3

2.1 4.3 0.6 1.6

2096
50516
70657
78 67 10

71627

3

9

10

t3

9Contrrol

Vl: Sun 92A Y2:Vasco Interactions of Cultiva¡s x Treatments x Han¡ests : N.S

LSD 57o for Treatments x Harvests : 0.38; Harvests x Cultiva¡s : N.S.
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Fig. 4.20. Remobilization of N from internodes of two wheat cultivars over all

treatments between day 24 and maturity. Error bars are standard erron¡.
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heavier, and contained more N than those of Sun 924 (Table 4.7). There were no

significant differences in response befween the two cultiva¡s to watcr stress Eeatments at

day 24 or at maturity. Internodes of Vasco generally remobilized more N than Sun 924

Gig.a.2o) and more N was remobilized from the internode in control, divided root and

mild strress treaments benveen day 24 and manuity than under more severo stresses (Fig.

4.2t).

It appeared that the amount of N remobilized from the internodes was not simply

related to the amount of DM rcmobilized from the internodes @ig. a.19). Comparatively

more N than DM was rcmobilized, and the remobilization efficiency of N in Vasco $'as as

great as that for Sun 924 under most conditions. Internodes appeared to contribute

comparatively little N (< 137o) for grain frlling under any conditions in either cultivar

(Table 4.7). N as a percentage of dry weight fell by about SOVo in the internodes of

watered plants between day 24 and manrrity (FiS. 4.22). The inæractions benx,een harvests

and water treatments over both cultivars were highly significant (P< 0.001). At day 24

except under control conditions ttre N percentage of other treaments was simila¡, but at

maturity, N percentage differed between tvater stress treatments (Fig. a.22). The N

concentration of the internodes increased with the severity of the stress, which is consistent

with the reduction in N remobilization that occurred (Fig. 4.21).

4.3.6.4 Flag leaf

4.3.6.4.1 DM content and remobilization

The interaction of water stress treaûnents and hanests on the flag leaf DM content

was significant (P < 0.001). At day 24DMcontent was greatest in the mild stress and the

divided root treatments in Sun 924, and in the divided root and control treatments in

Vasco. At manuity DM content of the flag leaf was generally greater under non \Ãratered

than conrol conditions in both cultiva¡s (Iable 4.8).

Thc amounts of DM remobilized from the flag leaf betwcen day 24 and maturity ovcr

both cultivars are presented in Fig. 4.23. Ihte amounts remobilized werc not significantly

different berwecn control, divided root, and mild stress, but significantly lower in medium

74
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Table. 4.8. Flag leef DM as effected by different treatments of water stress in two

cultivars of wheat during grain filline

Day Vl Manrity Remobilization Apparent
efficiency contribution to

grain

Treaments Vl V2 Vl V2 v1 v2 vl v2
mg per shoot pefcent

Not watered 115 163 156 191 - 36 - L7 0

Medium stress 188 174 170 167 10 4 6

Mild str,ess 219 L95 L66 188 24 3 L2

Dividedroot 2L8 216 152 188 30 13 10

Control 188 225 149 175 20 22 5

0

I

I

4

4

Vl: Sun 924 V2: Vaschrteraction of Harvests x Treatments x Cultiva¡s: N.S.;

Treaünents x Ha¡rrests :3t.4; Treaments x Cultivars : N.S.
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Fig. 4.23. Remobitization of DM from the flag leaf over both cultivars during graÍn

filling. Error bars are standard errorr¡.
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and severe str€ss. Remobilization of DM was gcnerally higher in Sun 924 than in Vasco

under water stress conditions except for the non water€d treaEnent where the leaves of both

cultivars increased in weight. Even though severe stress reduced flag leaf DM by My 24

(Table 4.8), there lvas more DM in these leaves at matu¡ity than there was at day 24. As a

result the calculated values for remobilization efficiency of DM from the flag leaf were

negative in this treament. Little contribution of DM from the flag leaf to the grain was

apparently made under all conditions.

4.3.6.4.2F1ag leaf N content, remobilization and concentration

Except in the non watered treament (Table 4.9) N content of the flag leaf of both

cultiva¡s was significantly gfeater at day 24 than at manrity. At both harvests N content of

the flag leaf was similu: under mild sgpss, divided root and control conditions. However

under sovetÞ stress N content of both cultivars increased berween day 24 and maturity and

the N content \ilas grcater under severe stress at maturity than in the other treatnrents. The

remobilization of N was significantly higher in the control, divided root and mild stress

treatrnents than under medium stress conditions (Fig. a.2Ð. Under non water€d conditions

there was no N remobilization from the flag leaf in either cultivar and the flag lcaf

contained more N at maturity than at day 24. The contribution of flag leaf N for grain

filling could have been greater in Sun 924 than Vasco under $,ater stress conditions (Table

4.9). The decrease in the N concentration of the flag leaf @ig. 4.25) &wteen day 24 and

manuity in both cultivars was significant (P< 0.05) in all except the non watered plants.

4.3.6.5 Other leaves (all leaves except the flag leaf)

4.3.6.5.1 DM content and remobilization

Withholding water completely reduced the DM content of the other leaves atday ?/l

(Table 4.10). Even so, there was an increase in weight of the other leaves in the non-

77
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Table 4.9. Flag le¿f N content of wheat cultivars as afrected by four levels of water

stress durins srain filling

78

Day 24 Maturity Remobilization

effrciencv

Apparent
contribution

to garn

Trea¡nents v1 Y2 vl v2 vl v2 vl v2

3.1

6.3

7.8

6.3

6.6

3.7

2.4

2.1

1.8

t.7

4.2

2.L

1.8

1.4

r.3

mg per shoot

3.8

5.2

6.1

6.9

7.1

percent

-19 -10

62 60

73 70

7t 80

74 81

0 0

13

t7

26

20

Not watered

Medium str€ss

Mild s¡ess

Divided root

Control

24

32

20

23

Vl: Sun 92A Y2: Vasco Interactions of Cultivars x Treaünents x Harvests: N.S.

Harvests x Treaments : 0.86; Hanests x Cultivars : 0.54
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Fig. 4.24. The remobilization of N from the flag leaf over all cuttiva¡s under different

levels of water stress during grain filling. Error bans are standard errors.
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Fig. 4.25. Ftag leaf N percentage of two wheat cult¡vars under water treatments at

dty 24 and at maturity. Error bars are standard errons.

watered plants during grain filling, unlike the leaves in all other treatments where dry

weight decreased.

Up to 33Vo of the DM from the other leaves u'as remobilized under watered

conditions. Medium stress reduced remobilization, especially in Sun 924. These

responses were similar to those which appeared in the flag leaves (Iable 4.8). As in the

case of the flag leaf @g. 4.24) sness reduced the anount remobilized, and under the most

severe stress (Not watered) the other leaves gained weight between day 24 and manuity
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Table 4.10. DM content of all leaves except the ftag leaf as affected by different

treatments of water stress

effrciency contribution to
gr¿in

Treaturents vl v2 vl v2 Vl v2 Vl v2

Not watered

Medium stress

Mild stress

Dividedroot

Control

161 352

t93 426

175 q9

180 420

t4 42

Percent

-11

E

4

t4

L7

mgper

138

2M

238

232

2L7

315

468

430

492

535

0

4

t4

8

10

0

5

3

10

I

-16

5

26

22

33

Vl: Sun 92A; Y2: Vascolnteractions of Treatments x Cultivars x Ha¡vests: N.S.;

Treatnents x Harvests : 40 ; Han¡ests x Cultiva¡s : N.S.
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Fig. 4.26. Remobilization of DM from other leaves under water stress treatments

over two wheat cultivars between day 24 and maturity. Error bars are standard

errors.
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4.3.6.5.2 N content and remobilization

More N was found in other leaves of both cultiva¡s under non stressed conditions

than under stress of conditions at day 24 (Table 4.ll). Generally N content of other leaves

in both cultivars \ilas greater at day 24 ¡han manuity in all treatments except for the severe

water stress tfeatment. The fact that there was substantially more N in the other leaves of

Vasco than Sun 92A atday ?A accounts for the findings that more N was remobilized from

Vasco than Sun 924 (Fig. 4.27). More N was remobilized also in well watered plants than

under stress conditions @g. a.2S). However N increased, rather than decreased, in the

other leaves of plants under non watered conditions between day 24 and maturity.

Remobilization efficiency of N from the other leaves (Iable 4.11), and the effects of stress

were simila¡ in both cultiva¡s.

Mild stress and divided root treatments reduced the remobilization of N from the

other leaves of Vasco, but had no effects on Sun 92A (Fig. 4.29). Under medium water

stress the remobilization of N in both cultivars utas affected to a similar extent. Under

severe water stress the other leaves of both cultivars continued to gain N between day ?/l

and maturity .

Wittrholding $,ater decreased N concentration in the other leaves at day 2a FiS.asO)

while less severe water stress had no effect. The N concentration in the leaves fell bctween

day 24 and manrity. However at manrity the concentration of N in the leaves u,as greater

than the control, and in the most severe treaünent the concentration of N was about double

that of watered plants.

4.3.6.6 Peduncle

4.3.6.6.1 DM content and remobiliz¡tion

The two cultivars responded differentially under water stress treaments at day ?A and

maturity. For instance at day 24, DÚcontent of both cultivars significantly decreased under

non u/atered treabnents, while at maturity the responses wefe different. At mattrrity DM

content of Sun 924 under the non watered treaünent decreased, in confast in Vasco under the
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same conditions it increased (Iable 4.12). The amount of DM remobilized from the peduncle

of Vasco decreascd with increasing severity of water stress (Fig. a.3l). However in Sun 924

similar amounts , or more DM was remobilized under sæss as in watercd plants.

Table 4.11. N content of all leaves except the flag leaf as affected by different

treatments of water stress of two varieties of wheat
pparent

efFrciency contribution
to ftrain

Treatments vl v2 vl v2 vl v2 vl v2
mg per shoot p€rcent

-8-1800
38 45 17 20

68 63 32 28

70 61 26 32

73 73 30 35

Not watered

Medium stress

Mild stress

Dividedroot

Control

3.6 5.6

7.r 10.8

8.7 LL.2

8.4 10.9

8.4 13.7

3.9 6.8

4.4 5.9

2.9 3.9

2.5 4.2

2.2 3.6

Vl: Sun 92A Y2: Vasco N: N Interactions of Treabnents x Cultivars x Han¡ests : N.S.

Harvests x Treaments : 1.3; Treaments x Cultivars : N.S.

Sun 924 Vasco

Fig. 4.27. Remobilization of N from other leaves in two wheat cultivars over all

treatments during grain filling. Error bars are standard errors.
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Fig. 4.2,E. Remobilization of N from other leaves under water stress treatments over

both cultivars during grain frlling. Error barc are standsrd ernons.
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Fig.4.29. The remobilization of N from other leavcs in different levels of water stress

during grain filling. Errur bals are standard erron¡.
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E Medium srËss

a Mild stness
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DayA lvlaturitY

Fig.430. Interactions of harvest time and water treatments overall cultivars on other

leaves N percentage during grain filting. Error bars are standard errors.

Table 4.12. DM content and remobilization efficiency of the peduncle in two wheat

cultivars as affec{ed by different levels of water stress durine grain filling
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Day 24 Maturity Remobilization Apparent
contribution
to sain

Treatments Vl Y2 Vl Y2 vl v2 vl v2

Not watered

Medium st¡ess

Mild stress

Dividedroot

Control

mg per shoot

101

90

L24

t25

percent

u542
36 12 17

13r34
10232
20224

t33

t42

143

140

224

243

239

253

2r3

214

207

195

199L57 256 r25

3

4

4

8

6

Vl: Sun 92A Y2: Vasco l-SD 57o for Treatmcnts x Cultivars x Han¡ests: 18

Treatments x Hanests : 13; Harvests x Cultivars : N.S.
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Fig. 4.31. Peduncle DM remobitization in two wheat cultivans between day 24 and

maturity under water stress treatments. Error barc are standard errorìs.

There was a tendency therefore for a higher remobilization under stress in Sun 92,{ than in

the absence of stress. Thus only in Sun 924, and under severe stress, was there a

substantial apparent contribution of DM from the peduncle to the g¡ain (Table4.L2).

4.3.6.6.2 N content, concentration and remobilization

There was more Ñ in ,fr" peduncle of Vasco than Sun 92A at day /4 and at maturity

(Table 4.13) but simila¡ amounts were remobilized in both cultiva¡s except under non

watered conditions (Fig. a.32). Withholding water completely almost abolished the

remobilization of N from the peduncle of Vasco but had only a small effect on Sun 924.

The concentration of N in the peduncle fell berween day 24 and,manrrity, and at mamrity it

was significantly higher under stress conditions (Fig. a.33). Sun 924 showed a

significantly higher (P< 0.01) N concentration than Vasco at day 24butnot at manuity.
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Table. 4.13. Peduncle N content of two wheat cult¡yarc as affected by different levels

of water stress during srain filline

86

Day 24 Maturity Rernobilization

efficiency

Apparent
contribution

to grain

Treatments vl v2 vl v2 vl Y2 vl V2

Not $ratered

Medium stress

Mild strress

Dividedroot

Control

mgper shoot

2.7 1.1

3.0 0.9

2.9 1.1

3.0 1.1

2.3 1.0

1.9

2.2

2.2

2.2

2.0

2.6

2.0

2.O

1.8

1.3

42

59

50

50

50

P€rcent

3

33

3l

n
43

l6 1

4

3

6

I
6

5

53
Vl: Sun 92AY2: Vasco LSD SVo for Treatments x Cr¡ltiva¡s x Han'ests: N.S. TreaEnents

x Hanests:0.26; Treaments x Ha¡vests : 0.25

tr Sun92A
E Vasco

1.6

^ 1.4
o
âL2
bÈ 1.0
èo
Á

; o.E
o

'E

.ñ 0.6

.èg 0.4
c)

z 0.2

0
Non

watered
Medium
stress

Ivlild
stress

Dividd
foot

Control

Fig. 4.32. N remobilization from the peduncle between day 24 anil maturity in two

wheat cultivarc under water stress treatments. Error bars are standard errons.
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Fig. 4.33. N concentration of the peduncle at day 24 and maturity over both cultivas

under water stress during grain frlling. Error barc are standard errors.

Table 4.14. Chaff DM content in wheat cultivans under water stress at day 24 and at

maturity

Day 24 Man¡riw

Tfeaünents Sun 924 Vasco Sun 92,{ Vasco

Not $ratered

Medium st¡ess

Mild stress

Divided root

Control

180

2t5

231

228

247

mg per shoot

335

329

453

430

454

25L

284

303

305

286

350

395

511

517

527

LSD SVo for Treatrnents x Cultivar x Hanest: N.S. ; Treatments x Cultiva¡s:

Han¡ests x Treatments : N.S.
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4.3.6.7 Cheff
4.3.6.7.1 DM content and remobiliz¡tion

Chaff DM was greater at maturity than at day Vl but the difference $ras not

significant ( Table 4.14). Vasco (over both hanrests) containcd more DM in the chaff than

Sun 924 under most trearments and severe stress reduced the net insrease in DM betrveen

day 24 and maturity in Vasco. The results of this experiment indicated ttrat chaff did not

appeü to remobilize DM between day Vl and manriry and therefore appeared to make no

contribution to the grain DM.

4.3.6.7.2 N content and remobilization

N content of the chaff in Vasco was significantly greater than in Sun 924 under all

conditions except medium stress ( Table 4.15). Remobilization of N from the chaff was

not observed between day 24 and maturity. Therefore the chaff of both cultiva¡s did not

appear to contribute to grain N in any stress condition. However under control conditions

both cultivars appeared to contribute a small amount of N from the chaff to the gran (87o

and, 67o for Sun 924 and Vasco respectively). fn terrns of N concentration, it was

significantly (P< 0.05) decreased between day 24 and maturity and the decrease in N

concentration over both cultiva¡s va¡ied between 77o and 347o (Fig. 4.34). The decline

appeared to be due mainly to an increase in DM rather than substantial losses in N.

4.4 Discr¡ssion

The main aims of this experiment u/ere to exarnine the effects of water stress on

grain yield, grain N content, DMHI and NHI, and also to determine the effects of water

str€ss on DM and N remobilization from different parts of the shoot of rwo different wheat

cultiva¡s during grain frlling. 'Waær stress imposed on the plants clearly affecæd the

accumulation of N and DM in the grain of both cultivars as well as the DMHI and NHI

(summarized in Table 4.15). Several studies have found that protein, as a percentage of

grain DM, increases with drought (Salter and Goode 1967; Brooks et ø1.1982). Results
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Table 4.15 Chafr N content in wheat cultivans under water stress 8t day ?A and at

maturity

Day 24 Manrity

Treatments Sun 924 Vasco Sun 924 Vasco

Not watered

Medium sæss

Mild stress

Divided root

Cont¡ol

4.3

5.4

5.9

4.7

6.9

7.0

6.4

8.1

7.5

8.3

mg per shoot

5-2

6.1

6.7

5.9

5.2

6.0

6.6

9.3

7.5

6.4

Interactions of treatments x cultivar x harvest: N.S.

3.0

2.5

s
8 2.0

.E'
RI
lJ
Égls
o()
zLo

0.5

0.0
Non
watered

Medir¡m
stress

tr Day?ll
E lvfatr¡rity

Dividd
root

ControlMild
stress

Fig. 4.34. Interaction of water treatments and harvests on N concentration of the

chaffover both cultivars at My A and at rnaturity. Error bars are standard errors.
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from this study also showed a signifrcant increase of grain N percentage (GNP) under

water stress conditions during grain filing (fable 4.16).

The grain DM and N yield per shoot were lower under llrater stress than in non-

stressed conditions, while GNP was higher , indicating that the higher percentage N of

grains was due to the small size of the grain under stress. Grain protein concentration is

deterrrined by the amount of both protein and sta¡ch u¡ithin the grain, and starch makes up

bcrween 7ç¡8O7o of the total dry weight of grain (Jenner et ø1. t99l; Gleadow et al.1982).

Table. 4.16. Summary of grain parameters under well watered' divided root end

waterstress conditions (meansof 3 in two wheat cultivars at maturitY

90

Cont¡ol Divided root Stess

Sun 924 Vasco Sun 924 Vasco Sun 924 VascoParameter

DM(mgper shoot)

N (mg per shoot)

N (7o)

DMHI(7o)

NHI (7o)

1130

35

3.1

56

77

LLn

4
2.4

51

76

tt24

37

3.4

55

76

r&8

43

2.6

49

73

1198

34

3.0

4l

63

752

29

4.O

45

6

Comparatively, stress decreased DM accumulation more than N accumulation in the

grain under $,ater stress, indicating differences in the relative sensitivity of the two

processes to warcr stross. Biochemical processes concerned with protein accumulation

have been observcd to be more heat tolcrant than the process of sta¡ch deposition (Bhullar

and Jenner, 1985; Tashiro and Wardlaw, 1991). Nicolas (1985) also found GNP was

significantly higher under drought than under well-watered conditions. Grain dry weight is

an expression of the rate of DM accumulation and grain growth duration (Brocklehtrst

lg77). V/ater stress in this experiment may have reduced grain dry weight in both cultivars

by reducing the duration of DM accumulation in the grain.
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HI is the end prduct of the interaction of genetic, environmental and agronomic

factors, and is highly influenced by environment (Siddiqve et al.1989a). Results of the

present study showed that HI reached the highest value under non u/ater stressed conditions

and was lowest under water stress Cfable 4.16). The highest DMHI in this experiment was

found in the control trearment in Sun 92A (about 56Vo) and the lowest value arcund30%o

under the severe stress treament in Vasco (see Fig.4.5). The highest HI found in the

literature was 6O7o for early planted spring wheat cultiva¡ "Tlvin" in Utah (Hanks and

Sorensen 1984), while the lowest values of slightly less than 2O7o wete found for wheat

growing under major \r/ater def,rcit in southern Iran (Poostchi et al. 1972), and for wheat

growing under severe stress after anthesis in Australia (Passioura 1977). HI generally is

higher under favourable conditions and lower under terminal drought.

NHI also reached its highest value (about 8O7o n Sun 924) under control condiúons

and its lowest value (around 507o) in Vasco under the non watered treatment (Fig. 4.6).

According to Spiertz and Devos (1933) NHI values in healthy crops lie beween 74'78Vo,

and Loffler and Busch (1982) reported values between about 55 and74Vo. Therefore it

seems that at least for the grain filling attributes observed, the results of this study in the

glasshouse and other experiments in the field are comparable-

The potential contribution to grain yield from material stored in different vegetative

parts calculated by differences in dry mass between day Vt and maturity gives no direct

meas¡re of the amount of stored material actually reaching the grains. Respiration has

been measured in the stems of cereals and it has been proposed that this respiration would

reduce the contribution to grain yield of material stored in the stem by up to L4-49Vo

(Rawson and Evans lgTl). These figures were calculated on the assumption that all of the

respiratory substrate was stored carbohydrate. Some respiratory substrate could, of

course, have been provided by current assimilation. In this cxperiment remobilization was

calculated from the loss of DM and N between day 24 and maturity, however,

remobilization may occur before day Ztt. Also, leaves and other organs could still be

producers or importers of DM between day 24 and maturity, so the estimation of the

amount remobilized or contributed to the grain during this time may be an under estimate
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of the actual amount. Thus the terms 'apparent remobilization' and'apparent contribution'

to the grain are used in this experiment. Even though the estimates may not be accurate in

absolute terms, it is reasoned that the measured responses to the treatments do reflect the

effects of st¡ess on remobilization, at least in relative terins. It has been suggested that the

ability to remobilize large amounts of assimilate and translocate it to the grain is a

desirable trend for cereals in dryland environments (Gale and Youssefian 1985).

Grain yield per shoot of Vasco was considerably greater than that of Sun 924 (Table

4.16). However, for the shoot as a whole, DM remobilization efficiency u,as lower in

Vasco than Sun 924 (Tables 4.4 and 4.17). Therefore it can be concluded that heavier

grain yield per shoot in Vasco is not due to a gf€at€r remobilization efFrciency of DM from

the shoot but in absolute tenns more DM was remobilized from the shoot of Vasco than

Sun 924.

There were differences between cultivars in the remobilization of N from different

pafrs of the shoot (Table 4.18). The loss of N from other leaves between day 24 and

maturity in Vasco was a¡ound 4O7o geater than Sun 924 under \ilater stress and about 607o

greater under non stress conditions. In the case of the flag leaf the corresponding

differences berween the two cultivars were smaller and under stress Sun 924 flag leaves

lost more N than did those of Vasco. In both cultiva¡s leaves remobilized fa¡ more N than

any other organ, and N trras apparently not remobilized from the chaff in either cultiva¡

under stress. It appears therefore that the amount of N remobilized depends on cultivar and

prevailing growth conditions, and upon the part of the shoot under consideration. Under

non stress conditions and stress conditions alike, the gain in grain N from day 24 to

manrity exceeded the loss from the rest of the plant.

Somewhat surprisingly, the whole shoot (vegetative parts + gain) gained as much

N between day 24 and maturity under stress as in well watered conditions @g. 4.15)

even though drought reduced uptake of N into the above ground portions of the plant

prior to day 24. How much of this N taken up after day 24 might have bcen rcmobilized

from the roots was not estimated.
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Table. 4.17. DM increment (+) and apparent remobilization G) from Yegetative parts

in two wheat cultivars under divided root, water stress (mean of 3 treatments) and

well watered conditions between ?A anù
+ per

93

rootvl v2 vl v2
root

vl v2 Vl V2 Vl V2

Divided Stress

vl v2

Grain +715 +1123 +653

Low. internodesS2 -106 '73

Peduncle -32 -67 -15

Flag leaf -39 -50 -6
Other leaves -73 -93 -52

Chaff +39 +73 +77

+7t3

-51

-58

-28

-72

+87

+273

-33

-34

-10

-t7

+70

+&9

-13

-u
+5

-9

+46

163
36 12

104
50
-34 -12

33

20

20

33

-16

t9
.ra

22

t7

-t6

32

10

30

22

-33

12

23

13

l4

-20

Vl: Sun 924 Y2: Vasco

Table. 4.18. Grain N increment (+) and vegetative parts remobilization (') in two

wheat cultivars under divided root, water stress (mean of 3 treatments) and non

stress control between 24 anù
Increment + and remobilization per shoot) arent remo zatlon

Control Stress
root

vl Y2 V1 V2 vl v2 Vl V2 Vl v2 vl Y2
root

Grain +21

Low. internodesl.S

Peduncle -1.0

Flag leaf -4.9

Other leaves -6.2

Chaff -L.7

+29

-2.7

-1.0

-5.8

-10.1

-1.9

+24

-2.2

- 1.1

-4.5

-5.9

t.2

+20

-2.7

-t.2

-5.5

-6.2

0

+13

-0.9

-1.0

-3.0

-2.7

{-0.8

+2L

-1.6

-o.7

-2.3

-3.7

+O.2

7l

50

74

73

u

62

43

81

73

23

78

50

7t

70

-25

67

N
80

6T

0

47 42

50 22

3940
32 30

-15 -11

Vl: Sun 924 Y2: Vasco
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By maturity, the N content in vegetative parts had declined considerably more, in

relative tems, than did DM. Non stressed plants remobilized morc N than stressed plants.

This result conf,ums that water stress is an important factor affecting the accumulation of

DM and N in the grain and also remobilization of DM and N from the shoot during grain

filling. The apparent contribution of assimilates from different parts of the shoot to the

gtain was estimated by calculating the percentage contribution of remobilized material to

the mass of grain accumulated by the grain berween day 24 and maturity rather than to

total grain mass. If all the mass lost from the vegetative organs was remobílizßd' to the

grains it is clea¡ that after day 24 the vegetative organs are the major source of assimilate

for grain fîlling under both water stress and non water stress conditions. In ttris experiment

the proportion of DM apparently contributed from all vegetative Parts of the shoot to the

gtain was 3O7o and277o for Sun 924 and Vasco under control conditions,3lVo and297o

under divided root conditions and 6O7o and 107o under stress conditions, respectively

(Table 4.lg). 'Water stress appeared to increase the contribution of DM, especially from

the internodes and peduncle of Sun 924 but to rtiminish it from all parts of the shoot of

Vasco.

chaff did not appear to contribute DM to the grain possibly because chaff senescence

was later than other parts of the shoot.

Gallagher et al. (1975) and Daniels et al. (1982) observed that high yielding crops

had both a greater increase in total crop dry mass after anthesis and a smallcr loss of mass

from the vegetative organs and hence a lower pre-anthesis contribution to grain growth

than lower yielding crops. In this experiment, Vasco with a higher total grain mass than

Sun 924 also accumulated more DM in vegetative parts and lost proportionately less under

drought.

Vy'ater stress reduced the fraction of the N content of the shoot remobilizcd (Table

4.18) in both cultivars alike, and had the greatest effects on the leaves which made the

largest contribution to grain N. Estimates for the contribution under stress (Table 4.19)

reflect the fact that accumulation of N in the grain under stress is reduced rclatively more

than the loss of N from the vegetative organs.
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Table. 4.19. Apparent contribution of DM and N (as a percentage of the total

amounts in the grain) from different parts of the shoot to the grain in two wheat

cultivars under divided root, water stress (mean of 3 treatments) and non stress

control between A anù

Control Divided Stress Control Stress
root root

vlvl v2 vl v2 vl V2 Vl V2 Vl V2 vl v2

95

Vo

Low. internode

Peduncle

Flag leaf

Other leaves

Chaff

Total

11

4

5

10

11

2

10

8

n
2t

6

6

2

4

1

3

7

10

16

16

7

3

10

t6

9

6

4

8

7

8

4

7910L3
53s6

10

23 20 20 26

30 35 26 32

6I
30 27 31 29 60 10 73 73 61 77 49 36

Vl: Sun 924 Y2: Vasco

It is concluded that water stress during grain flrlling reduced grain yield, N yield,

DMHI and NHI. Water stress also reduced DM and N remobilization from the shoot and

the reduction \ryas related to the severity of the lvater sÍess. Remobilization of DM was

more sensitive than N indicating differences in the relative sensitivity of the two processes

to lvater stress. Depriving the upper section of the root to the water had no major effects on

remobilization of DM and N from the shoot to the grain of both wheat cultivars. Leaves

made the largest contribution to grain N and internodes the largest contribution to grain

DM.
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Chapter 5. Effects of water stress on remobilization of N and other DM from the

shoot of three cultivars of barley durins srain filling

96

5.1 Introduction

Malting barley is an important and high value crop in southern Australia. Many

fa¡men who grow barley do not apply N fertiliser because of the risk of increased grain

protein lcvels. On the other hand, as the intensity of cropping increases and soil

fertility, in general, declines, N deficiency is becoming a major factor limiting both

grain yield and grain protein in winter cereals gro$'n in South Australia (McDonald

1989).

In South Australia, a¡eas where malting barley can be gro\iln successfully year

after year are relatively small. There is also a significant problem with fluctr¡ations in

the malting performance of barley in those a¡eas of South Australia where growing

conditions can vary widely from season to season. The rainfall and tempcrature during

the growing season affect a number of components of malting quality (e.g. Stuart er aI.

1988; Logue et at. 1994) , of which grain protein concentration is one. One of the main

requirements for acceptable malting quality is a low (< tOVo) grain protein

concentration. Water stress during grain filling not only reduces grain yield but also

increases GNP, which is not desirable for malting quality.

In many areas with a Mediterranean-type climate, the fertility of the soil and soil

water after anthesis a¡e usually low, and soil N and \ilater are greatly depleted by the

time of anthesis. Under such conditions very little uptake of N occurs during grain

filting and nearly all N in the grain is derived from remobilization from the vegetative

parts of the shoot. Reserves of C and N accumulated immediately after anthesis are

more readily remobilizable, and a¡e usually involved in yield formation to a larger

extent, than pre-anthesis reserves. Assimilates accumulated before anthesis are

considered to compensate for insuffrcient crurent photosynthcsis only in the case of

severe environmental stress, and to contribute to yield stability (Herzog 1986).

There are significant differences between individual organs with regard to

translocation of their stored N. Leaves a¡e able to remobilizn nearly 80 percent, and
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stems up to 65 percent of their N present at anthesis (Herzog 1936)' The responses of

different species under different l\'ater deficit environments (severc stress and mild

stress) differ markedly and the environmental effects on gas exchange a¡e much less for

barley than for wheat (Herzog 1986). There are also reports that the N ranslocated from

vegetative parts to the developing grain after anthesis is under genetic control (Van

Stanford and Mackown 1987; Halloran 1981).

The development of a more detailed knowledge of the interaction between

genotype and environment (water stress) in relation to remobilization of DM and N

storage in the vegetative parts of the shoot to the grain and also N content and

concentration in the grain wilt aid b,reeders in the improvement of malting varieties.

This study examined the genetic variability in responses to water stress among

three barley cultivars. It also examined remobilization of DM and N from the shoot in

three different cultiva¡s subjected to \vater str€ss during grain filling. The study aimed

at the following:

Ð To determine the effects of post-anthesis water stress on grain DM, DMHI, N

content, GNP and NHI among three barley cultiva¡s differing in protein content.

ii) To evaluare differences in post-anthesis N and DM remobilization among

barley cultivars under different levels of water stress.

iii) To investigate the importance of different parts of the shoot as sources of

remobilized N and DM under Ìvater stress.

iv) To estimate the apparent remobilization of N and DM from different parts of

the shoot and also the apparent contribution of ttrem to the grain during grain

filling.

5.2 Materials and methods

The experiment \ñ,as conducæd in the glasshouse under natural light and controlled

temperanrre (25t2 "C during the day and 16t2"C at night) conditions. Three barley

cultivars, Forrest (moderate proæin), W.1.2692 (moderate protein) and V/.I.2808 (low

protein) \pere glown under 4 levels of water stress and well \ilatered conditions as

control. Ten seeds per pot \ilere sown and seedlings thinned to 6 plants per pot after
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emergence and plants \rere restricted to a single culm by removing all tillers as they

emerged. The plants \üere lvatered regularly until day 10 after anthesis to minimise the

possibility of pre-anthesis moisture stress. Stress was imposed from day 10 after

anthesis as described in Chapter 3. Hanests were made at24 days after anthesis and at

maturity. Different parts of the shoot, including the chaff, peduncle, internodes, flag

leaf, other leaves and grain from each replicate were oven dried at 85oC for 48 h,

weighed and the N concentration determined by Kjeldahl analysis (see Chapter 3 for

details).

5.3 Results

5.3.1 Grain DM content, accumulation and HI

In all three ba¡ley cultivars, grain DM was significantly (P < 0.001) higher at

maturity than at day 24, and gteater under control condition than under all water stress

treatments both at day 24 and at maturity (Table 5.1). On day 24 the divided root

treatment resulted in lower grain DM than withholding !\,ater in two of the three

cultiva¡s. At manrity under withholding \ilater condition, grain yield decreased in all

Table 5.1. Grain DM of barley cultivans at day 24 snù at maturity under different

levels of water stress

Day 24 Maturity

Treatments Vl Y2 V3 vl Y2 V3

98

mg per shoot

Not watered

Medium stress

Mild stress

Divided root

Control

626 537 630

516 565 611

729 725 748

531 532 556

837 819 950

7L2 644 727

866 668 76t

to72 953 968

961 933 1040

1085 LO52 1234

Vl: Forrest Y2:W.1.2692 V3: V/.I.2808 LSD S%o:Cultiva¡ x Ha¡vest : 16;

Treatrnent x Han¡est : 21; Treatment x Ha¡vest x Cultivar : 36
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Table 5.2. Grain yield under water stress as a percentage of control in three barley

cultivans at day A and maturity

Day ?A Maturity

Treatments vl Y2 V3 VI Y2 v3

Not watered

Medium stress

Mild stress

Divided root

Control

63 65

75

73

87

6L

63

91,

89

100

66

69

69

66

g

79

59

100

66

80

99

89

100

59

62

78

84

100100 100

Vl: Forrest Y2:W.1.2692 V3: W.I.2808

three cultiva¡s. Among the three barley cultivars, W.1.2692 had the lowest grain yield

under all conditions. The grain yield under each treatment as a percentage of control is

shown in Table 5.2.

At day 24,percentage reductions in grain yield did not differ greatly berween the

three cultivars. At maturity, Forrest was relatively less sensitive than the other two

cultiva¡s under all water stress treatments. It was also noted that the divided root

treaûnent had no g¡eater effect at maturity than did mild sgpss.

The interaction between cultiva¡s and water stress was significant (P< 0.01) for

grain yield accumulation between day 24 and maturity (Frg. 5.1). The accumulation

\ras greatest in V/.I.2692 and V/.I.2808 under the divided root treatnìent, and sevcre

stress significantly reduced it In Forest however, all treatments except the most severe

stress resulted in greater gain in grain DM between the two harvests than was observed

in well watered plants.
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Fig. 5.1. The effect of water stress in three barley cultivars on grain DM

accumulation between ùay 24 and maturity. Error bars are standard errors.

The Han¡est Index (HI) of the three barley cultivars differed signifrcantly in

response to $rater stress. Under control conditions, HI in all cultiva¡s was signifrcantly

(P< 0.001) greater than under non-watered conditions or medium lvater stress (Ftg. 5.2).

V/.I.2808 had the highest HI at both ha¡r,ests.

5.3.2 Grain N accumulation and NHI

Grain N content differed between cultivars at day 24. W.1.2692 and W.I.2808

accumulated more N in the grain under well-watered conditions than under strìess, while

Forrest accumulated the highest level of N under non-watered conditions (Table 5.3).

Also at day 24, all cultivars accumulated less N in the grain in the divided root

treaûnent. At maturity, the yield of N in the gfain was greater in non-stressed than in

stressed plants, and there was little difference between any of the water stress

treatments. Fonest was less affected by the stress treatments than the other two

cultiva¡s.
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tr Non watered

E Medium stress

ø Mild stress

r Dividedroot
¡ Control

Fig. 5.2. The effecfs of water stress on DM HI of three barley cultivars ú day 24

and at maturity. Error bars are standard errors.

Table 5.3. Grain N yield of three barley cultivars under water stress treatments at

day 24 anll maturitv.

Day ?A Maturity

Treatments vl v2 v3 vl v2 V3
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t4

2l

r6

15

18

11

20

23

2l

25

22

25
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N accumulation botween day 24 andmaturity was generally grcater in Forrest than

in the other two cultiva¡s. It was of interest that signifrcantly more N accumulated in the

grain of the divided root treafinent than in any other treatment (Fig. 5.3). Severe water

stress reduced the increment in all three cultivars. Grain N percentage (GNP) was

significantly (P < 0.001) higher in all three ba¡ley cultivars undcr severe u'ater stress

than under conditions of adequate water at both harvesS. Under the severe water stress

(non-watered) treatment Forrest at day 24had the highest GNP, 3.38Vo (Fig. 5'a)'

Although the well-watered treatments resulted in ttre lowest GNP in the grain (Fig. 5.4)'

NHI @ig.5.5) was greatest under well-watered conditions in all three barley cultivars

except Forrest where NHI was highest under the non-watered treament at day 24. NHI

increased from day 24 to manriry; there did not appear to be a consistent effect of stress

on NHI; there was little difference between cultivars.

tr Non waæred

E Medium stress

rl Mild stress

E Dividedroot
I Control

Forrest w.r.2692 tv.r.2808

Fig. 5.3. The effect of water stress on the accumulation of N in the three barley

cultivas between day 24and maturity. Error bars are standard erron¡.
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5.3.3 DM and N content in the whole shoot (vegetative parts + grain)

5.3.3.1 DM content in the whole shoot

DM content signifrcantly decreased under water stress. Water stress generally

reduced DM content of the shoot at both hal:r'ests but the response of cultivars differed

under the water stress treatments and bctwecn hanests (Fig. 5.6). At day 24, the

divided root treatment significantly reduced DM of the shoot in all cultivars, but at

maturity shoot DM was unaffected by this treatment in W.I.2808. Vfith Forrest and

W.l.26g2,the more severe the stress the greater was the reduction in shoot DM, whereas

with W.I.2808 withholding lvater reduced DM to a lesser extent than did the medium

stress treatment.

4500

4m0

3500

3000

2500

2m0

1500

1m0

500

tr Non watered
E Medium sæss

ø Mild st¡ess

E Dividedroot
I Control

Fig. 5.6. The effect of water stress on total shoot DM at day 24 and at maturity in 3

varieties of barley. Error bars are standard errors.
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5.3.3.3 Dry matter, N content and their remobilization from the vegetative parts of

the shoot.

5.3.3.3.1Dry matter content and remobilization from the vegetative organs

DM contents of the shoot (less the grains) in the three barley cultivars under water

stress treatments and at both han¡ests are presented in Table 5.4. DM content of the

shoot \yas generally greater at day 24 than at manrity. A small proportion of the total

DM (10-l6Vo) appeared to have been remobilized in the watered control, and stress

seemed to have reduced remobilization in all cultivars.

DM was remobilized from the shoot of all three ba¡ley cultivars between day 24

and maturity. Significantly more DM was remobilized from the shoot in the moderate

protein cultivars (Forrest and V/.I. 2692) than in W.I. 2808. Among treaments, DM

remobilization (averaged over all cultiva¡s) was greatest under control and mild stress,

and a smaller and simila¡ amount was remobilized from the divided root, non-u,atered

and medium stress treatments. The interaction between cultiva¡s and treatrnents on

shoot DM remobilization was significant (Fig. 5.8). In Forrest more DM was

remobilized from the shoot under control, mild stress and divided root conditions than

under non watered or medium stress. In Y/.I.2692 however, remobilization of DM was

simila¡ under control, severe stress (non watered) and medium stress, and more DM

was remobilized under mild stress. In W.I.2808 no remobilization of DM was found

under mild stress. Also in Vf.I.2808 and W.I.2692 the divided root treatment appeared

to have stopped remobilization.

5.3.3.3.2 N content and remobilization from the vegetative organs

At day 24, N content of the shoot (less the grain) in the Forrest and V/.I.2692 was

simila¡ under control, mild stress and medium stress conditions (Table 5.5). N content

was simila¡ under divided root and non-watered conditions and was significantly lower

than the cont¡ol. N content of the low protein cultivar (W.I.2808) was significantly

106
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Table 5.4. DM (mg/shoot) content in the vegetative parts of the shoot of three

ro7

cultivans under water stress at ?A and

efftciency Vo

Treatments vl v2 V3 vl Y2 V3 vl v2 v3

Not'Watered

Medium Stress

Mild stress

Divided root

Control

2848 2868 3051

3135 3043 2399

3t25 3170 n36

2982 2590 2996

3270 29s5 3t70

27062627 2816

29962846 230t

no\ 2685 2726

2550254s 3001

2740268t 2816

59E
4 64
13150
t4 2 0

16 10 11

V1: Forrest Y2: W.I.2692 Y3 V/.I.2808 LSD 57o for Cultivar x Harvests x

Treatments:l42; Treatrnents x Harvests : 82; Hanrests x Cultiva¡s : 63

tr Non watered

ts Medium stress

a Mild stress

E Dvidedroot
I Control

Forrest w.r.2692 vr.r.2808

Fig. 5.8. The remobilization of DM from the shoot of three barley cultivars under

water stress treatments between day 24 and maturity. Error bars are standard
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lower than the other 2 cultivars under all water stress conditions at the first harvest. At

maturity also, except in the divided root treatment, N content of the two moderate

protein cultiva¡s was greater than thc low protein one (Table 5.5). The N remobiliza¡on

efficiency also differed between cultiva¡s (Table 5.5). For instance, moderate protein

cultiva¡s (Forrest and W.I.2692) had a higher efficiency than the low protein cultivar

(W.I.2808). The ranking of cultivars in terms of the amount of N remobilized from the

shoot was: W.I.2692 > Forrest >W.I. 2808. The remobilization of N from the shoot of

barley cultiva¡s differed in response to the different levels of water stress (Fig.5.9).

Table 5.5. N content of the shoot in barley cultivars under different levels of water

stress grain fillins

Day 24 Maturity Remobilization

efftcíencv (Vo\

Treabnents vl v2 v3 vl Y2 V3 vl Y2 V3

108

mg per shoot

NotWatered

Medium Stress

Mild stress

Divided root

Control

20.6 22.7

28.1 28.8

25.8 28.8

25.3 25.s

28.0 29.9

l4.t 15.1

20.3 12.2

15.5 13.2

13.8 16.7

37 13

30 10

46 23

46 20

17.3

13.6

t7.l

2r.0

18.0

18.0

t5.2

t5.7

13

36

4l

38

L8.2 15.1 r7.4 14.7 46 42 19

Vl: Forrest Y2:W.1.2692 V3: 1Y.I.2808 LSD 5Vo for Cultivars x Treatments x

Ha¡r¡ests:2.S; Treatments x Harvests : 1.4 ; Hanrests x Cultiva¡s : 1.1
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t6

14

12

t0

I
6

4

2

0
Forrest w.t.2692 v/.r.2808

Fig. 5.9. The remobilization of N from the shoot in barley cultivars under water

stress treatments between day 24 and maturity. Error bars are standard errors¡.

Approximately the same quantities of N (10-14 mg) were remobilized from Forrest and

W.I.26g2 under well watered or mild stress conditions. Severe stress greatly reduced

remobilization in Forrest, but not in W.I.2692. Compared to the other two cultivars,

much less N was remobilízedfrom W.I.2808, and stress had little effect.(Fig. 5.9).

5.3.3.3.3. Lower stem internode DM and remobilization

over all water stress treatments more DM lvas accumulated in thelower internodes

of W.1.2692 than in Forrest and V/.I. 2808 at both harvests (Table 5.6). A greater

amount of DM also accumulated in the internodes under control conditions than under

non watered conditions (Table 5.6). DM content was also greater under divided root

treatment than medium stress and mild stÍìess at both harvests.
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Table 5.6. DM content of the lower internodes in barley cultivans under different

levels of water stress at dav 24 and

Day 24 Maturity Rer¡obilization

efftcíencv Vo

110

Treaunents Vl V2 V3 vl v2 v3 vl v2 v3

Not \ratered 1376

Medium stress 1529

Mild sress 1536

Divided root l4L2

Control 1510

mg per shoot

1500 l2s6

t3& r4g

t4t9 t3l9

1454 1180

1615 1327

1528

1559

1590

r404

1595

1258

t454

t343

t295

t3l4

L3t9

1178

1239

1387

1313

9

5

18

16

t2

18

5

16

8

18

13

L4

8

5

l9

Vl: Forres¡Y2:W.I.2692 V3: ril/.I.2808 LSD 57o for Harvest x Cultiva¡: N.S. i

Han¡est x Treaünent : 55; Treatrnent x Han¡est x Cultivar : 95

In terms of remobilization less than 207o of the DM appeared to have been

remobilized from the lower stem internodes under any conditions. The response of the

different cultiva¡s to water stress was significantly different (Fig. 5.10). In Forrest, DM

remobilization \ras significantly gteater under mild stress than all other treaunents. The

severe and medium stress conditions reduced the remobilization of DM from the lower

internodes of this genotype. However in V/.I.2692,DM remobilization rilas simila¡

under seve¡e and mild stress and control conditions while it was reduced under medium

stress and divided root conditions. In W.I.2808, DM remobilization lvas similar under

water stress treaünents, while it was less under divided root treatment.

5.3.3.3.4 N content and remobilization

N content of the lower internodes, averaged over all water stress treatments, ll,as

grcater at day 24 than at maturity in all cultiva¡s (Table 5.7). At day 24, mild stress

conditions significantly increased the N content of the internde compared to control
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350
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200

150

100

50

tr Non watered

E Medium stress

Zt Mild stress

¡ Dividedroot

I Control

Forrest w.r.2692 w.r.2808

Fig.5.10. The remobilization of DM from lower internodes in three barley cultivars

under different levels of water stress between day 24 and maturity. Error bars are

standard errors.

conditions but no other treatment had any significant effect, either at day 24 or at

maturity. Both Forrest and W.I.2692 (moderate GPC) remobilized more N from the

internodes than W.I.2808, a cultiva¡ with low GPC, especially under water stress

(Table 5.7). Although the responses of the cultivars to the different levels of water

stress \ilere not similar (Fig.S.l1), all cultiva¡s remobilized more N from the internode

under mild stress than under other conditions.
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Table 5.7. N content and remobilization efficiency of N in the internodes of barley

cultiYars under different levels of water stref¡s.

Day 24 Maturity Remobilization

effrciencv Vo

Treatments vl v2 v3 vl v2 v3 vl v2 v3

r12

Not uratcred

Medium strress

Mild stress

Divided root

Control

5.6 4.7

5.4 5.4

5.7 6.6

4.5 5.8

4.3 5.7

mg per shoot

3.8

4.3

3.7

3.4

4.r

3.8

3.6

3.6

4.4

3.9

4.1

5.2

4.1

4.0

4.6

3.9

2.8

2.9

4.0

3.7

13

4

38

3r

t9

-3

22

t9

9

5

32

20

35

24

5

Vl: Forrest V2: W.I.2692 V3: \ñ/.I.2808 L.S.D 57o fot Cultiva¡ x Treatments x

Hanests: NS; Han'ests x Trcatments:0.52; Han'ests x Cultiva¡s: 0.15

3.5

3.0

2.5

2.0

1.5

r.0

0.s

0.0

-0.s

-1 .0

tr Non watered

Et Medium suess

Zt Mild strress

E Dividedroot
I Cont¡ol

Ë
u,
trq)
Ê
bo
É

Éo
'El
ñ
.ooa
P
z

Forrest w.r.2692 w.r.2808

Fig. 5.11. The remobilization of N from lower internodes in three barley cultivars

under water stress between day 24 and maturity. Error bars are standard errons.

,a,-.4.a,_,t.-.

a- ¡_':¡:-..:
'.¡,-.r.
',¡.-,r,
a,_.4,-,'a_ a
''r' ¡'
:r:..:

a -.4._.
'.¡._,4.l- a-
':r:-..:

-r'a
t'¡'-:.:' ¡
a,'.4 _

-,4.- a
t.'.4 _
_,4,_ a
¡- r--..:- r
r.-,r _
_ a_ a

a- a_
a_ t



Choptct S. N aú DLI ¡cnobllizttíon Ín furby

5.33.35. Peduncle DM content and remobilization

Peduncle DM content at day 24 was significantly greater (about 2 times) than at

maftrity in all cultivars and ovcr all water stress treatments (Table 5.8). However the

interaction between cultiva¡ and water stress treannents was significant at the two

ha¡rrests. For example at day 24,W.1.2808 under medium stress showed a lower

amount of DM than the control but at maturity medium stress had no effecf

About SOVo of the DM was remobilized in the peduncle between day 24 and

manuity and except for mild and medium stress in W.I.2808, stress had little effect on

the amount of DM remobilized (Fig.S.12).

Table 5.8. DM content and remobilization efficiency of the peduncle in three

barley cultivars under different levels of water stress at dav 24 and maturitY

113

Day 24 Maturity Remobilization

efftciencv (Vo\

Treatments Vl Y2 V3 vl Y2 V3 vl v2 V3

Not V/atered

Medium Stress

Mild sness

Divided root

Control

263

263

277

247

324

246

272

249

182

196

2M

138

t23

24t

248

156

99

L12

113

107

36

50

51

32

35

mg per shoot

163 156

135 137

t4l 122

113 lr7

185 115

36

28

20

53

57

38

49

57

50

43

Vl: ForrestY2:W.I.2692 V3: W.I.2808 LSD 57o lot Harvest x Treament: N.S.;

Han¡est x Cultiva¡ 14.1; Ha¡vest x Cultiva¡ x Treatnent : 32
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tr Non watered

E Medium stress

A Mild stress

I Dividedroot
t Control

Forrest W.I.2692 W.I.2808

Fig. 5.12. The remobitization of DM from the peduncle between day 24 anù

maturity in three barley cultivars under water stress treatments. Error bars are

standard errors.

5.3.3.3.6. Peduncle N content, remobilization, and concentration

N contenr in the peduncle of the high protein barley cultivars (averaged over all

\ilater stress trreatments) was significantly greater than in the low protein cultivar at day

24 and at maturity (Table 5.9). At day 24, the N content was lower under all water

s¡ess t¡eatments than the control value. At maturity, however, stress had no signifrcant

effect on the N content of the peduncle except for medium stress which increased the

amount of N. There was substantial remobilisation of N from the peduncle in the well-

watered control, but much less N was mobilised in the other treatments. The

remobilization of N from the peduncle of the moderate protein cultivars, Forrest and

W.I.2692 was greater than from W.I.2808 (low protein). Indeed, severe and medium

stress resulted in a net accumulation of N between the two harvests in fwo moderate

barley cultivars, while in V/.I.2808 a simila¡ response was found under all stress

conditions (Fig.s. 1 3).
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T¡ble 5.9. N content and remobilizaúion efficiency of the peduncle in barley

cultivans under different levels of water stress at two harvests

Day 24 Maturity Rembilization

effrciency (7o)

115

Treatments Vl Y2 V3 vl v2 v3 vl v2 v3
mg per shoot

Not watered O.4l

Medium stness 0.54

Mild strcss 0.45

Dividedroot 0-37

Conrol 2.10

0.51

0.96

0.79

0.65

2.00

0.27

0.17

0.17

0.28

1.40

o.M

0.62

0.36

0.35

0.49

0.65

t.25

o.47

0.63

0.37

0.40

0.38

o.26

0.35

0.33

-10

-15

20

5

76

-30

-35

4t

3

82

-48

-L2

-32

-25

76

Vl: Forrest Y2: W.1.2692 V3: 1V.I.2808 LSD SVo for Hanests x Cultiva¡s x

Treatments: NS ; Treaments x Ha¡vests : 0.13; Cultivars x Han¡ests : 0.10

tr Non watered

E Medium sErcss

a Mild st¡ess

E Dividedroot

I Control

I
tt
Lt)Â
àoá

I'É
s
3o
E
P
z

2.t0

1.75

0.7s

1.s0

1.25

1.00

0.50

0.25

0.00

- 0.25

-0s0
Forrest w.r.2692 w.I.2808

Fig. 5.13. The remobilization of N from the peduncle in three barley cultivarc

under water stress between òay ?A and maturity. Error bans are standard errons.
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In terms of the N concentration of the peduncle, there were significant (P< 0.001)

inæractions þgtween cultiva¡s and water stress treaments. For instance at day 24 it was

significantly greater in the control than in all watcr stress treatments (Fig. 5.14).

However, at maturity the peduncle in plants grown under stress had a higher

concentration of N than those grou/n under v/ell uratered conditions, and in a number of

treatments the N concentration increased befween day 24 and manrrity.

tr Non waæred

E Medium str€ss

a Mild stress

E Dividedrmt
I Contol

Fig. 5.14. N concentration of the peduncle in three barley cultivans under water

stress at day 24 sndmaturity. Error bars are standard errors.
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5.3.33.7. Flag leaf DM content and remobilization

DM content of thc flag leaf (averaged over all treatments) in Forrest a¡dW.L2692

lvas greater than in V/.I.2808 at both harvests (Table 5.10). At day V4, the average of

DM content of the flaf leaf was greater in control condition than in severe stress

condition but at manuity the average \ilas greatest under sevef€ stross than under connol

condition.

The remobilization of DM from the flag leaf differed signifrcantly (P< 0.01)

between cultivars . Forrest did not remobilize DM except when $,ell watered, (Table

5. 10) whil e W .I.2692 remobilize d 27 Vo of the DM content of the flag leaf under mild

stress. Less DM was remobilized from the flag leaf under water stress treaûnents than

under watered conditions. (P< 0.001). The cultivars responded differentially to lvater

stress treaments (Fig. 5.15). All cultivars remobilized DM from the flag leaf under well

watered conditions while in the divided root trcamenq remobilization occurred only in

W.\2692 and V/.I.2808, and in mild st¡ess only V/.I.2692 remobilized DM from the flag

leaf. In other water stress conditions, there uras a net increase in DM in the flag leaf

benreen day 24 and manuity .

Table 5.10. DM content of the flag leaf in barley cultivars under different levels of

water stress at daY 24 andmaturity

Day 24 Maturity Remobilization

efficiency (7o)

rt7

Treatments Vl VZ V3 v1 Y2 V3 v1 Y2 V3

Not uratered

Medium st¡css

Mild sness

Dividedroot

Connol

24t 308

283 t52

339 207

n3 290

277 311

mgper shoot

278 259

347 33r

297 Aß

3r9 226

266 243

247

306

29L

292

3t7

320

186

238

232

238

-13

-13

_)

-9

16

-7

-L7

n
17

L2

-4

_)',

-15

20

23

Vl: ForrestY2:W.I.2692 V3: W.I.2808 LSD 5Vo for Harvest x Treament:21.8;

Harrrest x Cultivar : 16.8; Hanest x Cultiva¡ x Trcatment:.37.7
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140
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40

20

0

-20

-40

-60

-80

tr Non watered

E Medium st¡ess

ø Mild sress
I Dividedroot
I Contol

Forrest w.r.2692 w.r.2808

Fig. 5.15. The interaction of cultivars and treatments on DM remobilization from

the flag leaf between dsy 24 and maturity. Error bars are standard errons.

5.3.3.3.8. Flag leaf N content, remobilization and concentration

N content in the flag leaf (over all water stress treatÍrents) was signifrcantly (P<

0.001) greater at day A thanmaturity in all three barley cultiva¡s (Table 5.11). 'lVater

stress reduced N content at day 24 but not at maturity. Sixty nine to 727o of the N

present at day 24 was apparently remobilized by the time of maturity when the plants

were kept well-watered.
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Table 5.11. N content and remobilization efficiency of the flag leaf in barley

cultivars under different levels of water stress at two harvests

Day 24 Maftrity Remobilization

efficiencv (7o\

Treatments Vl V2 V3 vl v2 v3 v3

30

50

63

62

69

v2

65

58

64

79

70

t6

63

68

60

72

I
mg per

Not V[atered

Medium Stress

Mild st¡ess

Divided root

Control

2.5

6.3

6.2

5.5

6.1

5.1

7.1

6.2

7.0

7.1

3.0

2.2

3.0

3.9

3.6

2.I

2.3

2.O

2.2

L.7

1.8

3.0

2.2

1.5

2.1

2.1

1.1

1.1

1.5

1.1

Vl: Forrest V2: W.I.2692 Y3: W.I.2808 LSD 5Vo for Cultivars x Hanrests x

Treaûnents : O.76; Hantests x Cultiva¡s : 0.34 ; Harvests x Treatnents : 0.44

tr Non watered

E Medium stess

zt Mild stress

E Dividedroot

r Control

Forrest W.1.2692 V/.I-2808

Fig.5.16. The interaction of cultivars and treatments on remobilization of

N from the flag leaf between day ?A anùmaturity. Error bars are standard errors.
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Only the most severe stress reduced the apparent remobilization effrciency, and

then in rwo of the three cultiva¡s. W.l.2692remobilized significantly more N from the

flag leaf than did Forrest. Cultiva¡s showed significantly different responses under the

different Ìr,ater sress trcamenß (Fig. 5.16). For instance only W.I.2692 remobilizeÅ a

grcater amount of N under the divided foot treatment than all water stressed plants while

in Forrest, the only treatments which significantly reduced remobilization were severe

\ilater stress and the divided root treatment. Compared to W.1.2692, Vf.I.2808

remobilized signifrcantly less N in all treatments.

N concentration (Vo) of the moderate protein cultiva¡s in the flag leaf was

significantly (P< 0.001) greater than in the low protein cultivar at both hanests @ig.

5.17). At day 24,W.1.2692 (over all water stress treaments) showed the highest N

concentration in the flag leaf, and W.I.2808 the lowest. N concentration at maturity was

significantly lower under all water stress treaünents in all three barley cultivars.

tr day24
E matu¡ity

Forrest W.1.2692 W.I.2808

Fig. 5.17. The concentration of N in the flag leaf of barley cultivars at day 24 and

maturity. Error bans are standard erron¡.
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5.3.3.3.9 Other leaves (all leaves except the flag leaÐ DM content and

remob¡lization

At day V|, the DM content of the othcr leaves uras grcater in Forrest than in

W1.2692 and V/.I.2808 (Table 5.12), but at maturity it was signifrcantly less than the

other two cultivars. DM in the other leaves did not decrease between day 24 and

maturity, thus there did not appear to be any remobilization of DM over all treaments

berwcen the two hanests . In fact, in Y/.I.2692 andw.L2808 thcre was a nct incrcasc in

DM berween the two haryests, under all conditions (Fig. 5. 18).

T¡ble 5.12. DM content and remobilization efficiency of other leaves in barley

cultivans under different levels of water stress in both haruests

Day 24 Maturity Remobilization

efficiencv (Vo)

t2l

Treatments Vl V2 V3 vl v2 v3 vr v2 v3

Not watered 629

Medium strless 691

Mild sucss 692

Dividedroot 72O

Control 792

616 685

617 553

720 792

453 723

657 657

6t9

739

617

700

723

728

63t

73t

67r

828

76t

686

923

1028

890

-18

-2

-1

-48

-26

-11

-24

-17

42

-35

-7

-7

2

3

9

Vl: Forrest Y2: W.1.2692 V3: \Y.I.280E SD 57o for Treatments x Cultivars x

Hanests :82; Treatnents x Harvests : 48; Treatments x Cultiva¡s : 37

It was however of interest that the responses of Forrest in the three least stressful

treatments differed from those W.1.2692 and V/.I.2808 (Fig. 5. 18). While W.1.2692

and V/.I.2808 continued to gain DM berween day ?.,4 a¡dmaturity, Forest remobilized a

small proportion of its DM (about IOVo) under mild stress, divided root and control

conditions.
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5.33.3.10 Other leeves N content, remobilizetion and concentration

At day 24, N content in the other leaves of the moderate protein cultivars

(averaged over all Ìvater stress) $ras significantly greater than in the low protein

genoryp€ (Table 5.13). At maturity howevetr, it was similar in all three barley cultivars.

N content at day ?A andat maturity was lower under non-watered conditions than in the

other tr€aments (Table 5.13). At maturity, it was not significantly diffcrcnt to medium

and mild su€ss treaments.

tr Non uratered
E Medium stress

ø Mild st¡ess

E Dividedroot
I Conrol

t22

Ë
-é.tt

B.
à0g
Êo

'El
GI
N

¡
Êg

â

1s0

100

50

0
,50

-r00

-1s0

-200

-250

-300

-350

400
Forrest W.I.2692 W.I.2808

Fig. 5.18. The remobilization of DM from the other leaves in barley cultivans

under different levels of water stress. Error bars are standard errors.

The two moderate protein cultiva¡s remobilised signifrcant amounts of N from the

lower leaves (Fig.s.19). Forrest and W.I.2692 rcmobilized similar amounts of N (about

2.5 mgper shoot), but rñ/.I.2808 (low protein) did not remobilize any N from the other

leaves be¡neen day 24 and maturity. The interaction between cultivars and t¡eaments

on N remobilization was significant (P< 0.01) (Fig. 5.19). Forrest andW.l.2692

- a_ a
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remobilized a considerable proportion of the N from the other leaves but V/.I.2808 did

not remobilize rny amount of N under any condition.

N concentration of the other leaves in ttre moderate protein barley cultivars (the

average) $ras greater than in the low protein cultiva¡ at day 24 (fable 5.14) and at

maturity. Although there were no significant Cultivar x Treatment x Hanrest

interactions, it was of interest that at day ?-4, N concentration was greatest under the

divided root condition in all three barley cultivars (Table 5.14).

Table 5.13. N content and remobilization efficiency of other leaves in three barley

cultivars under different levels of water stress in both harvests

Day 24 Manrity Remobilization

efficiency (7o)

Treatments Vl V2 V3 vl Y2 V3 vl Y2 V3
mg per shoot

Not watered

Medium st¡ess

Mild stress

Divided root

Control

7.8

9.5

10.8

9.5

10.0

7.9

10.1

r0.3

6.7

10.0

6.2

4.9

6.9

7.9

5.4

6.2

5.1

7.6

8.8

7.8

11

t7

3L

19

31

n
25

36

10

19

0

4
-10

-11

4

6.95 5.8

7.9 7.6

7.4 6.6

7.7 6.0

6.9 8.1

Vl: Forrest Y2: W.1.2692 Y3 W.I.2808 LSD 57o for Treatments x

Harrrests: 0.92; Cultivars x Hanrests : 0.71; Treatments x Hanrests x Cultivars: 1.6
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5

4

3

2

I
0

.l
-2

-3

4
Forrest W.1.2692 W.I.2808

Fig. 5.19. The effects of water stress on remobilization of N from other leaves in

barley cultivars between day 24 and maturity. Error bars are standard errors.

Table 5.14. N concentration of the other leaves in barley cultivars under different

levels of water stress at dav ?Aandmaturitv

Day 24 Maturity

Treatments Vl Y2 V3 v1 v2 v3

Ëtv)

ts
ão

c
6

'E
c!
N

-c¡o
E
c)

z

tr Non watered

E Medium stress

gt Mild stess

¡ Dividedroot
I Control

Not watered

Medium sü€ss

Mild stress

Dividedroot

Cont¡ol

t.24

t.37

t.27

1.31

LN

r.28

t.27

t.26

1.48

o.97

t.02

r.o7

1.09

1.10

0.96

0.80

t.20

0.90

0.89

0.97

o.82

0.74

0.82

0.86

0.88

mg per shoot

0.90

0.88

0.85

1.10

0.81

Vl: Forrest Y2-.W.1.2692 V3: V/.I.2808 LSD 57o for Cultiva¡ x Harvest x

Treatûrent: N.S.; Cultivar x Harvest :0.8; Treatment x Ha¡vest : N.S.
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5.33.3.11. ChaffDM content and remobilization

DM content of the chaff was significantly greater at day 24 than at maturity (Table

5.15). It was greater in Forrest than than in W.I.2692 and, U/.I.2808 at both han'ests.

Under $,ater stress (averaged over all cultivars) at day 24,DM under all conditions u,as

similù, but at maturity it was grcater under scvere stress (rron-watered) ttran in all other

treaünent

The average remobilization of DM from the chaffin the three barþ cultiva¡s was

similar. Only the non-lvatered treatment in Forrest resulted in signifrcantly less DM

than the control (Fie.5.20).

Table 5.15. DM content and remobilization efficiency of chaff in barley cultivars

under different levels of water stress at two harvests

Day ?A Manrity Remobilization

efftciency (%)

r25

Trcatments Vl V2 V3 vl v2 v3 vl v2 v3
mg per shoot

Not watered 343

Medium st€ss 346

Mild supss 330

Dividedroot 295

Control 320

253

3LT

287

282

25t

301

183

228

283

319

no
151

2t4

24r

268

4

11

l4

10

19

11

t6

L3

16

8

10

t7

6

15

16

327 226

3W 26r

285 25t

265 236

259 232

Vl: Forrest Y22W.1.2692 V3: 1V.I.2808 l-SD 57o for Han¡est x Treahents :

N.S.; Hanests x Cultiva¡s : N.S.; Ha¡rrests x Cultiva¡s x Treatnents : 17.8
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tr Non watered
E Medium st¡ess

a Mild s¡ess
E Dividedroot
t Control

Forrest W.1.2692 V/.I.2808

Fig. 5.20. The remobilization of DM from chaff in barley cultivars under wster

stress treatments between day 24 and maturity. Error bars are standard errors.

Table 5. f6. N content and remobilization efficiency of chaff in barley cultivans

under different levels of water stress at two harvests

Day 24 Maturity Remobilization

effrciencv Vo

126

. 7o

Iãó0
L
ts
;o 50g
.E 40
s
Ë30o
Eg20
ã410

0

- a- a

r- ¡

r- ¡_
| -.r.-
r- ¡'

¡'¡
- a_ a
- a.-,t

a- t-
t _.4._
_ t- a
a- a'

Treatments Vl Y2 V3 vl v2 v3 vl v2 V3

Not lvatered 4.3

Medium st¡ess 6.4

Mild suess 5.8

Dividedroot 5.5

Cont¡ol 5.4

mg per shoot

3.6

2.9

2.0

1.8

4.6

5.2

4.9

5.3

4.3

4.1

2.8

3.5

4.0

4.0

1.8

3.2

2.1

1.8

2.3

2.4

t.4

t.3
2.L

L.7

16

55

7L

&
6

60

38

57

ffi
t.7

4l
50

63

4E

5847

Vl: Forrest Y2:W.I.2692 V3: W.I.2808 LSD 5Vo for Han¡ests x Cultiva¡s :

0.20; Ha¡r¡ests x Treatments :0.26; Cultivars x Harvests x Treatments : 0.46
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5.33.3.12 Chaff N content' remobilization and soncentration

N content of the chaff in the mderate protein cultivars (over all water str€ss) was

greater than in the low protein genot)?e at both han¡ests (Table 5.16). At day 24, except

for the severe stness, N content in the chaff was similar under all water stress conditions.

At maturity, g¡€ater amounts of N were found in the chaff under mild and severe water

stress than in other conditions. In Forrest, N rcmobilization was ¡educcd only under the

5.0
tr Non water€d

E Medium strress

ø Mild strress

¡ Dividedroot
I Control

Forrest W.1.2692 1V.I.2808

Fig. 5.21. The remobilization of N from chaff in barley cultivars between day 24

and m¡turity. Error barc are standard errorsl.

non-Ì\,atered treatment. In V/.I.2692 however, N remobilization undcr this treatnent

was greater than in control conditions. In Vf.I.2808 N remobilization was simila¡ under

all conditions. (Fig. 5.21).

N concentration of the chaff at day 24 was greater, on average, in Forrest than in

W.1.2692 and rü.I.2808 (Table 5.17) but at maturity it was similar in all three barlcy

cultiva¡s. The responses of chaff N 7o to urater stress were different at the two han¡ests.

At day 24, it 1¡16 simiþr under all treatnrents except the non watered treatment, but at

maturity N7o of the chaff was increased under severe stress (non watered) or medium

t27
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stress conditions. There Ìvas also highly (P < 0.001) significant Treament x Cultivars x

Harvests interaction in N7o . At day 24,the lowest N7o among \ilater stress treatîents

\ilas found in Forrest under severe $,ater stross , while in \V.I.2692 andw.I.2808 it was

simila¡ for all treatments. At maturity,NTo in the chaff of Forrest was significantly

greatÊr under non $ratered conditions than in all other treatments Cfable 5.L7).

Table 5.17. N ooncentration of the chaff in three barley cultivars under different

levels of water stress between dav 24 and maturitY

Day 24 Maturiw

Treatments vl v2 V3 Vl V2 V3 Mean

t28

Not watered

Medium st¡ess

Mild s¡ess

Divided root

Control

1.26

1.86

1.76

1.87

1.69

1.80

1.68

t.7l

1.89

1.74

1.36

1.56

r.45

t.42

L.26

1.09

0.94

0.60

o.76

0.71

0.80

1.22

0.85

0.75

o.97

0.91

0.95

o.62

0.86

0.65

Vl: Forrest Y2: W.1.2692 V3: \V.I.2808 LSD SVo for Cultiva¡ x Hanrest x

Treatment :0.2; Cultivar x Hanest : 0.1; Treatment x harvesu 0-1

5.4. Discussion

The major aim of this experiment $,as to examine whether there were any genetic

differences in remobilization of DM and N from vegetative parts of the shoot among

three barley cultivars. It was also of intcrest to determine the effects of water stress on

grain yield, grain N content, DMHI and NHI in the th¡ee barley cultivars.

'Water stress imposed on the planS affected the accumulation of N and DM in the

grain of three barley cultiva¡s as well as the DMHI (Table 5.1S). Vfater stress rcduced

the accumulation of DM and N in the grain and also DMHI (but not NHI) of all three

barley cultivars, however, it increased substantially N concennation in the grain.
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Grain yield in this experiment decreased under stress (divided root and Ìl'ater

stress treatments combined) in all three cultivars to approximately the same cxtcnt. It is

necessary to note that the level of \rrater stress and the rate of its development may not

be "tylrical" of those encountered in the field. The pattern of responses of the barley

cultivars used in this study in terms of yield and N7o under well watered conditions werc

consistent with the results of the freld experiments in South Australia (South Australia

Resea¡ch and Development Industry Annual Review 1991 and 1992; Table 5.19)

indicating that in each year Forrest and \Y.I.2692 produced lower yield than \V-I.2808

and greater N7o than W.I.2808.

Table 5.18. Grain DM and N content, HI under divided root, stress (mean of three

treatments) and non stress control in three barley cultivars at rnaturity

t29

Control Divided root Stress

Pa¡ameter

DM(mg)

N (mg)

N (7o)

DMHI (7o)

NHI (7o)

v1

1085

25

2.3

28

63

v2

LO52

23

2.3

28

59

v3

t234

29

2.2

31

65

v1

96t

22

2.3

n
59

Y2

933

2t

2.3

n
60

v3

1040

24

2.3

26

59

v3

761

20

2.4

25

63

vl v2

866 668

2L L6

2.4 2.6

22 19

6659

Vl = Forrest Y2 =W.1.2692 V3 = W.I.2808

Table 5.19. Grain yield and protein concentration (mean of about 20 sites in South

Australia) of three barley cultivars under field conditions.

Pa¡ameter Forrest w.r.2692 w.I. 2808

Yield (kglïa)

Protein yield

1990

2243

296

1991

3089

376

1990

2248

287

t99L

3067

355

1990

2414

292

1991

3267

346

)Protein(7o

fts/ha)

t3.2 12.2 12.8 11.6 L2.r 10.9
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The increased grain N concentration may possibly be explained by two other

mechanisms. The grain under \ilater stress may have a limited numbr of sites for

carbohydrate accumulation, and once these sites are saturated no more carbohydrate is

accumulatcd, or the synthesis of starch may be more sensitive to stress ttran is the

synthesis of protein.

Remobilization of stored assimilate from the shoot contributes to g¡ain glowth,

especially undcr stressed conditions when photosynthesis is greatly reduccd (Bidinger er

al.1977; Gallagher et al. 1975: Pheloung and Siddique 1991). It has been suggested

that the ability to remobilizelarge amounts of assimilate and translocate it to the grain is

a dcsirable trait for cereals in dryland environments (Gale and Youssefian 1985).

Herzog (1986) reported that to some deg¡ee, relocation from leaves depends on

senescence, on the genotypic source/sink relation at anthesis, and on the effects of

environmental conditions during the reproductive period.

Substantial amounts of DM \Ãrere remobilized from internodes and peduncle

(Table 5.20), the total quantity from these organs exceeding the grain DM increase

during the second half of grain fîlling. The difference may reflect respiratory loss - sce

Chaptcr 4. V/ater stress reduced remobilization only in the peduncle of V/.I.2808. Littlc

or no DM was lost from the flag leaf and the other leaves of W.I.2692 and U/.I. 2808

actually gained significant amounts of DM. Clearly, remobilization of DM occurred in

barley on a substantial scale from some organs but not from others, and cultiva¡s

differed in their patterns of DM remobilization. Under stress, the net gains in DM in the

other leaves of V/.I.2808 numerically almost matched remobilization from the

internodes and peduncle, possibly accounting for the reduced DMHI (Table 5.18) under

stress in this cultivar.

The divided root treabnents resulted in substantial responses in tenns of grain

filling and some aqpects of remobilization. Less DM had accumulated by day A inthe

grain under this t¡'eannent than in watered or süessod plants, but at maturity there was
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Table. 5.20. DM increment (+) and apparent remobilisstion from Yegetative parts

(.) in three barley cultiyars under control, divided root and stress (mean of three

treatments cpnditions between ?A and,
foot

Pa¡ameter v1 v2 v3 vl v2 v3 vl Y2 V3

131

Grain

Internode

Peduncle

Flag leaf

Other leaves

Chaff

+248

-183

-r39

-51

-56

-62

+233

-28r

-81

-47

+153

-18

+402

-109

-64

-28

+2M

-47

+484

-67

-128

-Q

+282

-43

+293

-139

-t22

+30

+27

-33

+146

-208

-118

+49

+50

-41

+14

-r86

-6
+6

+l2O

-25

+284 +43O

-302 -232

-t42 -134

-39 +27

+178 -63

-51 -30

Vl =Forrest Y2=W.I.2692 V3 =W.I.2808

little difference between divided root and mild stress (Table 5.1); there were similar

effects on N deposition in the grain (Table 5.3). Some parts of the plants however

responded in other u'ays to the effects of exposing parts of thc root system to dry soil.

DM accumulation in the internodes for example (Table 5.6) was reduced by this

treaûnent at day 24 to a greater extent than in plants suffering mild or medium $,ater

süess, and this effect was observed in two of the cultiva¡s but not in Vf.I.2808. N

accumulation in the internode on the other hand (Table 5.7) was not affected by the

divided root treaünent. The divided root treatment had no effect on the rcmobilization

of DM from the peduncle (Fig. 5.11) but abolished the remobilization of N from the

peduncle (Fig. 5.13).

Besides indicating that DM and N remobilization a¡e controlled by different

mechanisms, it is also clea¡ that the roots of ba¡ley plants growing (in pots) in dry soil

a¡e affecting the metabolism of the shoot Which may occur independently of the water

status of the plant. However, without measurements of the water status of the plants, this

can not be confirmed, although the reductions in grain yield that occurred in the
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experiment strongly suggest significant increases in water stress above the control in all

treatnrents.

In nvo of the three cultivars (Forrest and W.1.2692), more than enough N was

remobilized from the vegetative organs to account for accumulation in ttre grain, under

stress as well as in well watered conditions (Table 5.21). Remobilization of N did not

appear to account for all of the gain of N in the grain of the low protein genotype V/.I.

2808 under well \ñ¡atered conditions, but did under stress. V/arcr stress increased grain

N% in W.I.2692 more than in either of the other rwo cultiva¡s (Table 5.18).

In southern Australia, crops commonly grow under stress during the last stages of

g¡ain frlling. However, these results do not suggest that selection for reduced N

remobilization under lvater stress would bc a useful selection criterion for high malting

quality barley (lower grain NZo) in crops growing under stress. More N was remobilized

from the chaff than from the internodes, peduncle or other leaves individually, and the

chaff appearcd to match remobilization of N from the flag leaves (Table 5.21). Clearly

in barley the chaff is an important source of N for grain frlling (Table 5.21). As a

potential source of DM however the chaff is much less important than the peduncles or

internodes (Table 5.2O).

The remobilization of DM and N from the various parts of the plant appears to be

under different types of control. Support for this view comes from comparison of the

apparent remobilization efficiency of N and DM from the individual parts of the shoot.

For example, in the peduncle, stress had little effect on the remobilization of DM (Table

5.8) but appeared to abolish remobilization of N (fable 5.10). In the flag leaf on the other

hand the responses to $,ater stress treatments $rere leversed Cfable 5.10 and 5.11).

Estimates of apparent contribution to grain filling were calculated on the

assumption that all of the remobilized material was available for grain frlling. Therefore

the term of "apparent contribution" u¡as used in ttris study. The apparent contribution of

DM Clable 5.22) from the shoot was gr€ater in Forrost under control and divided root
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Table. 5.21. Grain N increment (+) and yegetative parts remobilization (') in three

barley cultivarc under control, divided root and stress conditions between dry 24

and maturity

N increment (+) orremobilization (-) mg per shoot

Control Divided root

Pa¡ameter Vl V2 V3 Vl V2 V3 vl Y2 V3

t33

Stress

Grain

Internode

Peduncle

Flag leaf

Other leaf

Chaff

+8.6

-0.2

-1.6

-4.4

-2.9

-3.6

+3.5

-1.2

-1.6

-5.2

-2.7

-2.O

+6.0

-1.5

+0.1

-2.8

-2.0

-2.8

+4.3

-t.2

{O.1

-4.3

-2.7

-2.5

+4.0

-1.5

1{..2

-1.3

{{.4

-1.8

mg per shoot

+7.I +11.0 +11.0 +10.0

-0.1 -1.1 -1.8 -0.4

-1.1 -0.1 -0.1 -0.1

-2.3 -3.3 -5.1 -2.2

+2.0 -2.3 -0.9 -$.7

-2.3 -3.5 -3.6 -1.9

Vl =Forrest Y2=W.1.2692 V3 =W.I.2808

conditions while it was greater in V/.I.2692 under stress conditions. In all three barley

cultiva¡s the stem (internodes + peduncle) appeared to contribute DM, but leaves of wo

of three barley cultiva¡s did not contribute DM to the grain. On the other hand leaves

(other leaves + flag leaÐ demonstrated the greatest apparent contribution of N to the

grain in all three barley cultiva¡s (Table 5.23). In both cases, apparent contribution Ìvas

greater under control than stress conditions. However the chaff of all three barley

cultivars apparently contributed N to the gfain and its contribution was greater under

stress than conool or divided root conditions particularly in moderate protein cultiva¡s.

Since the apparent contribution of vegetative stored DM (Table 5.22) and N

(Table 5.23) to the grain is calculated from changes in dry mass, the value obtained may

not indicate the amount of material actually reaching the grains because of the

respiration of the stem in barley plant.
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Table. 5.22. Apparent contribution(%) of DM from different parts of the shoot to

the grain in three barley cultivars under control , divided root and stress (mesn of

three conditions between ?A anù
root

t34

Parameter V1 v2 v3 Vl Y2 V3 v1 v2 v3

Internode

Peduncle

Flag leaf

Other leaves

Chaff

74

56

2l

23

25

t20

35

107

50

t4

0

18

54

3l

0

15

7

27

16

7

0

t2

t4 47

42

0

0

11

142 r29

32

0

0

t7

26 80

20 8

0

9

0

0

28

0

8

Vl =Fonest Y2=W.I.2692 V3 =V/.I.2808

Respiration has been measured in the stems of cereals and it has been proposed that the

substrate for this respiration would reduce the contribution of grain yield of material

stored in the stem by 617o (Austin et al.I977) and 837o (Austin et al l98O). There is no

reason to suppose, however, that carbohydrate substrate provided from remobilized

material is preferentially utilized in respiration. Thus, remobilized DM is no less

available for grain filling than is currently assimilated ca¡bon. The N lost from the

vegetative parts (intcrnodcs, peduncle,leaves and chafÐ was quite substantial (between

9.0 and t2.7 mglpot) and was often greater than the N increase in the grain. A positive

cause of this discrepancy is the gaseous loss of N from the leaves and other gleen

tissues. Recently, Pafta et aI. (1994) found that significant amounts of N may be lost

from the shoots of wheat during grain filling, a¡¿ this loss was greater when plants grew

in well-watered conditions. They suggested that the loss of N occurred as NH3

volatilized from the shoots.

Table. 5.23. Apparent contribution (%) of N from different parts of the shoot to

the grain in three barley cultivars under control, divided root and stress (me¡n of

three treatments) conditions between day 24 and maturity
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Control Divided root Stress

Parameter

Internode

Peduncle

Flag leaf

Other leaf

Chaff

V1

2

19

51

34

42

V3

1

15

32

0

32

v1

10

0

30

2l

32

Y2

r6

0

46

9

33

v3

4

1

22

0

t9

v1

25

0

47

33

47

v3v2v2

34

46

149

77

57

28 38

00
100 33

630
58 45

Vl = Forrest Y2=W.I.2692 V3 = V/.I.2808

In summary, \ilater stress during the post-anthesis period was unfavourable for the

assimilation of CO2. Thus yield was determined to a, great extent by the availability of

other sources of assimilate including remobilized material. Differences between

cultivars and also between DM and N remobilization from different parts of the shoot

support the idea that the remobilization of N and other DM a¡e controlled through

different mechanisms. These findings have prompted further investigation of the

process of remobilization of non structural carbohydrates and soluble protein within

vegetative parts of the shoot in the next chapter (Chapter 6).
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Chapter 6. The remob¡l¡zation of carbohydrates and proteins from the shoot of two

wheat cultivars in resDonse to water stress durins srain filling

6.1 Introduction

The importance of non-structurat carbohydrates stored in the stem and leaves of

cereals prior to kernel development has been under discussion for many years. Early views

suggested that storage significantly contributed to DM deposition in the grain (Archbold

1945). Recent studies suggest that under well-watered conditions this storage continues

well into the period of grain filling (Pheloung and Siddique 1991; Bonnett and Incoll

1992a: Borrell et aI. 1993). Therefore the subsequent decline in stored carbohydrates

during the later stages of grain growth could indicate that they were supplytng a high

proportion of grain's requirements for carbohydrate (Bell and Incoll 1990; Bonnett and

Incoll 1992). On the other hand, the overall contribution of stored carbohydrates to final

kemel dry weight under near optimal conditions appears to be only a¡ound 5-l5Vo (Austin

et al. 1977; Bell and Incoll 1990). There is good evidence to suggest, however, that

temporary storage is very important under stress conditions (Bidinger et aI.1977; Austin ¿f

al. 1930). Knowledge of these carbohydrates is important not only for their potential to

contribute directly to grain DM, but also because whcat cultiva¡s that produce better

quality under drought conditions by utilizing these carbohydrates could be developed.

Young leaves which become the major site of N assimilation prior to grain filling,

depend on N imported from other parts of ttre plant and protein content of the leaves Peaks

when the leaves are fully expanded. As senescence sets in, assimilation of N as well as

other inorganic nutrients declines. During this period, leaf metabolism changes from N

assimilation to remobilization, and in addition nitrate reductase activity declines (Kar and

Feierabend 1934). One of the obvious characteristics of senescence is the loss of proteins.

This allows the remobilization of N reserves from leaves or other a¡eas and translocation

into the reproductive parts (seeds). In the field under a Mediterranean climate where both

N and $,ater during grain filling are the main growth-limiting factors, the processes

occurring during senescence allow the plants to complete their life-cycles and produce seed
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by remobilization of stored N to reproductive parts (Huffaker 1990). Since the major

protein in the leaves is RuBP carboxylase (Winenbach 1979; Dalling and Nettleton 1986)'

this is the major source of N for redistribution. During senescence, this protein is rapidly

degraded (Peoples et at.1980: V/ittenbach 1982). Endoproteolytic activities of leaf cells

from many plants species are located mainly in vacuoles (Huffaker 1990 and references

cited in this review). The proteolytic enzymes a¡e mainly found in the vacuoles of the

wheat leaf (Wagner et a\.1981; Wittenbach et al.1982). The two main endoproteases

@P) of barley leaves were predominantly localized in vacuoles isolated from barley leaves.

Evidence for the localization of EP activity in chloroplasts and subparticles of chloroplasts

is presented in Huffaker (1990). A sequential degradation of chloroplast in thc vacuole has

been proposed for wheat (V/ittenbach 1979). Some investigators found increased

proteolytic activity correlated with protein loss, while others found no correlation or a

negative one (Feller and Keist 1986). Species differences are important in determining

hydrolysis of specific proteins during stress-induced senescence. Under conditions of total

nutrient deprivation, RuBPCase was degraded but not as rapidly as other soluble protein

(SP) in Lemna fronds. In the cereal leaves, RuBPCase behaves similarly to a storage

protcin during N deprivation, whereas in Lcrnna, it apparently does not. The difference in

proteolysis between cereal leaves and Lcmna raises intriguing questions about regulation

(Huffaker 1990).

Differential effects of environmental conditions (water strress) on remobilization of

DM and N from different parts of the shoot have been noted in both wheat and badey

(Chapten 4 and 5). These effects were quantified as a change in the amounts of DM or N

in the shoot between day 24 and maturity. It is possible that the amounts of remobfüz'able

DM or N might differ from one part of the shoot to another, or between different varieties.

Also, the actual proportion remobilized of the potential amounts remobilizable may be

affected by stress, or differ in response to stress in the different parts of the shoot.

The objectives of this experiment urere to examine how post-anthesis lvater stress

influences the amount of total soluble carbohydrates (TSC) and SP in different parts of the

shoot duing grain filling. Thus the aims of this experiment were as follows:

t37
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(i) To examine the effects of \rater stress on TSC, and also on the remobilization of two

fractions of TSC, ethanol soluble sugars (ESS) and water soluble sugars (V/SS) from

different parts of the shoot during grain filling.

(iÐ To estimate the changes of SP and total N as the result of stress frrom different parts of

the shoot during grain frlling.

(üÐ To compare the responses of two cultiva¡s differing in protein content.

6.2 Materials and methods

The experiment \¡ras conducted in a glasshouse. Plants were lìratered regularly until

day 10 after anthesis to minimise the possibility of pre-anthesis moisture stress. Two

cultiva¡s of wheat u/ere grown in pots 20 cm deep containing recycled soil. Ten seeds per

pot \tere sown and seedlings thinned to 6 plants per pot after emergence and plants were

restricted to a single culm by removing all tillers as they emerged. Plants werc grown with

the natural photoperiod for Adelaide in the months of January - May and controlled

temperature (25"!2"C during the day and 16'* 2"C at night) and were regularly $,atered

with a commercial liquid plant food (Aquasol). Aphids when present were controlled

using a pyrethrum spray. Only one level of stress which was 5O7o of f,reld capacity

(assuming that mean of moisture content of the soil in three stress treatments in previous

experiments lvas a¡ound SOVo of. field capacity) was imposed at 10 days after anthesis.

This level of water stress, which was assumed to corespond with the medium water stress

treatment in previous experiments, lvas maintained by rewatering ttre pots nrice per week

until maturity. Harvesting was done at 24 days after anthesis and at maturity. Different

parts of the shoot (chaffl peduncle, lower internodes, flag leaves and other leaves) were

extracted for the assay of ESS, V/SS, TSC and SP as described in Chapter 3. The N

concentration lvas deterrnined by Kjeldatrl analysis. Standard statistical procedures were

used for analysis of va¡iance.
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6.3 Results

6.3.1Grain

6.3.1.1Grain DM and HI

Grain DM content lvas gteater at maturity than at day 24 in both cultiva¡s under both

rreaunents (Fig. 6.1) It was also significantly (P < 0.05) greater in Vasco than Sun 92Alll^

both treatments and both harvests. Thus grain DM accumulation berween day ?A and

maturity was also significantly (P < 0.001) higher in Vasco than Sun 92A (Fig.6.2). HI

was significantly (P < 0.05) greater at manuity than at day A in both cultivars and in both

treatments (Frg. 6.3). At maturity, u¡ater stress had reduced the HI in bottt conditions.

6.3.1.2 Grain N content, N concentration and NHI

Grain N yield was greater at maturity than at day 24 in both cultivars but N yield of

Vasco in the grain was greater than Sun 924 @g. 6.4). Stress reduced the grain N yield in

Sun 924 but not in Vasco. The accumulation of N between day 24 and manuity was
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Control Stress

Fig.6.2. Grain DM increment between ùay 24 and maturity in two wheat cultivars

under stress and control. Error bars are standard errors.
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tr daY24

E matufity

Fig.6.4. Grain N yield in two wheat cultivars under stress and control conditions at

day 24 and maturity. Error bars are standard errors.
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Fig. 6.5. Grain N accumulation between day ?A and maturity in two wheat cultivars

under stress and control. Error bars are standard errors.
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tr day Vt
E matufity

Fig. 6.6. The N% in the grain of two wheat cultiyars under stress end control

conditions at day A and maturity. Error bars are standard errons.
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E maturity

Fig. 6.7. Grain NHI in two wheat cultivars under stress and control conditions.

Error bars are standard errons.
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also greaterin Vasco than Sun 92Ain both conditions (Fig. 6.5), and stress reduced the

accumulation of N only in Sun 924. On the other hand N7o in the grain of Sun 924 at

maturity \üas greater than Vasco (Fig. 6.6) and stress increased the concentration of N in

the grain of both cultiva¡s at day 24 and at maturity of both cultivars. Despite these

differences, grain NHI at maturity was similar in both treatments and in both cultivars (Fig.

6.7).

6.3.2. Lower internodes

6.3.2.llower internode DM, ESS and TSC content and remobilization

In both wheat cultiva¡s in both treatments, DM content of the lowcr internodes was

significantly (P< 0.001) greater at day 24 than maturity, but DM content of Vasco was

much greater than Sun 92A at both harvests (Fig. 6.8). However remobilization of DM

from the internodes between the two hanrests was simila¡ in both wheat cultiva¡s under

control conditions, while the amount of DM remobilized was grearter in Vasco than in Sun

92A under lvater stress conditions (Fig. 6.9). Postanthesis water stress significantly

reduced the amount of DM remobilized between day 24 and manrity. ESS contcnt of the

internodes was similar in both cultivars in each treatment at day 24 and very little ESS

remained at maturity (Fig. 6.10). More ESS was remobilized under control than under

water stress conditions in both cultivars (Fig. 6.11). In terms of TSC content (Fig.6.12),

the amount \\,as similar to ESS (Fig.6.10) content in the internode under all conditions.

Evidently, all (or most) of the TSS in the internodes was present as ESS (compare Figs.

6.ll and 6.13).

6.3.2.2 Lower internodes N, SP content and remobilization

N content of the lower nternodes was greater in Vasco than Sun 924 at both harvests

and both conditions (Fig. 6.1a). It was also greater at day 24 than at maturity in both

cultivars; however, the response of Sun 92A and Vasco at day 24 to stress was different. In

t43
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tr day24
E maturity

F'ig. 6.8. DM content of lower stem internodes in two wheat cultivars under two

water stress treatments at day 24 and maturity. Error bars are standard errors.
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Contol Stress

Fig. 6.9. The remobilization of DM from the lower internodes in two wheat cultivans

between day 24 and maturity. Error bars are standard errorr¡.
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Cløpbr 6. Solabb caúohyùotcs and proúcla ¡a¡obílizttbn

tr day24
E man¡rity

Fig. 6.10. ESS content of the lower internodes in two wheat cult¡vans at day A snd

maturity under stress and control conditions. Error bars are standard errors.

tr Sun92A

E Vasco

Control Stress

Fig. 6.fL The remobitization of ESS from lower internodes of two wheat cultivans

between day 24 and maturity. Error bars are standard errors¡.
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Chapter 6. Solubb carboh$res and ptotcin rcmobllízalíon

E dayVt
E matufity

Fig. 6.12. TSC content in the lower sinternodes of two wheat cultivars under control

and stress conditions and two harvests. Error bars are standard errols.

tr Sun92A
g Vasco

Conrol St¡ess

Fig. 6.13. The remobilization of TSC from the lower internodes in two wheat

cultivans between day 24 and maturity. Error bars are standard errons.
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Clupter 6. So&,bb carboh$roas and prolcin ¡cmoblllztlbn

sun 924 u'ater stress reduced N content compafed to control conditions while in vasco, N

content u,as similar under both conditions. Despite a greater amount of N in the lower

internodes of Vasco than Sun 92A atday 24,N remobilization was greater in Sun 924 than

in Vasco under control conditions but less under stress (Fig. 6.15).

N concentration of the internodes uras also significantly @< 0.001) greater at day 24

than at maturity in both cultiva¡s (Fig. 6.16) and over both han¡ests it was higher in Sun

924 than in Vasco. The amount of SP in the internodes of Sun 924 under well-watered

and stress conditions \ilas greater at day 24than maturity (Fig. 617). This was also the case

in well-watered Vasco, but under water stress there was no significant difference. At day

24 Sun 924 contained significantly (P < 0.01) g¡eater amounts of SP than Vasco, while at

maturity Vasco contained greater amounts than Sun 924 @g. 6.17). As a result the

remobilization of SP from the internodes in Sun 92A was significantly (P< 0.001) greater

than in Vasco (Fig. 6.18) and it was greater in control than stress conditions (Fig.6.19).

tr daY24

E maturity

Fig. 6.14. The N content of the lower nternodes in two wheat cultivars at day A and

maturity under control and stress conditions. Error bars are standard errors.
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Cluptcr 6. Soúl,bb caúohyihús ond protcin rcmobìIÍzttbn

tr Sun92A
E Vasco

Connol Stress

Fig. 6.15. The remobitization of N from the ilower nternodes in two wheat cultivars

between day 24 and rnaturity. Error bars are standard erron¡.

tr day24

El maturity

Sun 924 Vasco

Fig. 6.16. The concentration of N in the lower nternodes of two wheat cultivars (over

control and water stress) at day 24 anù maturity. Error bars are standard errort.
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Cluptcr 6. Sobbh carbohyhates otd protcln ¡anoblllzntb¡

tr daY24

E maturity

Fig. 6.f7. SP content of internodes in two wheat cultivars under stress and control

conditions at day 24 and, maturity. Error bars are standard erroñs.

Sun 924 Vasco

Fig. 6.1t. The remobilization of SP from the lower stem internodes between day ?A

and rnaturity. Error bars are standard errors.
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0.25

0.20

0.ls

0.10

0.05

0.00

Control Sness

Fig. 6.19. The remobitization of SP from the lower stem nternodes of two wheat

cultivars under stress and non stress conditions. Error bars are standard errors.
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Fig. 6.20. The remobilization of SP from the lower stem internodes in two wheat

cultivars between day 24 and maturity. Error barc are standard errors.
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Cløpbr 6. Sobbb carbohfirutes urd protcín ¡cnoblllzttbn

Although the interaction of cultiva¡s and treatments statistically was not signifrcant, the

remobilization of SP from the internodes of Vasco appeared to differ from Sun 924 under

\ilater stress (Fig. 6.20).

6.3.3. Peduncle

6.3.3.1DM, ESS and TSC content and remobilization

DM content of the peduncle in Vasco was signif,rcantly grcater than in Sun 924 in all

conditions (Fig. 6.21) but the remobilization of DM between day 24 and manuity was not

significantly different for both cultivars in the t$,o treatments @ig. 6.22). Although the

DM content of Vasco was significantly greater than Sun 924, ESS content of the peduncle

in Sun 92A at day 24 was significantly (P< 0.001) greater than Vasco (Fig. 6.23). At day

24, stress had reduced the amount of ESS in the peduncle of Sun 924 but not in Vasco, but

at maturity, the amount of ESS was lower in the stress treaünent of both cultiva¡s. The

remobilization of ESS from the peduncle between the n¡¡o han¡ests (Fig. 6.2Ð was also

grcater in Sun 92A than in Vasco under connol conditions while it was similar for the two

cultiva¡s under stress conditions. However, by maturity there lvas very little ESS in the

peduncle.Thus stress reduced the amount of ESS remobilized between day 24 and maturity

and DM in Sun 92A but not in Vasco, but in both cultiva¡s there was mor€ complete use of

ESS under st¡ess.

The pattern of TSC content of the peduncle was simila¡ to the pattern of ESS

(compare Fig. 6.23 and Fig. 6.25) and the remobilization of TSC from the peduncle also

was similar to the remobilization of ESS in both cultivars and both treatments (FLg.6.26).

6.3.3.2 Peduncle N and SP content and remobilization

The N content of the peduncle in Vasco was greater than Sun 924 under stress or

non-stress and at both harvests (Fig. 6.27), and in both cultivars N content was greater

under control conditions than stress conditions. Water stress reduced N remobilization

from the peduncle, and under stress the remobilization of N was greater in Vasco than Sun

e2A (Fie.6.28).
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Control Stress

Fig. 6.22. The remobilization of DM from the peduncle in two wheat cultivars

between day 24 and mâturity. Error bars are standard errors.
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Chtpbr 6. Sobbb carbohydr&s and prolcín rcmobilÍzttbn

tr day 74

E maturity

Fig. 6.23. ESS content of peduncle in two wheat cultivars under control tnd stress

conditions at day 24 and maturity. Error bars are standard errolt.

tr Sun92A

E Vasco

Control Stress

Fig. 6.24. The remobitization of ESS from the peduncle in two wheat cultivars

between òay 24 and maturity. Error bars are standard errors.
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Cfupter 6. Solubb caùohydraus and prulcin ¡cmobilÍzøtbn 154

tr day Vl
E maturity

Fig. 6.25. The TSC content in two wheat cultivarc under control and stress conditions

at day 24 and maturity. Error bars are standard errorsi.

tr Sun92A

E! Vasco

Control Stress

Fig. 6.26. The remobilization of TSC from the peduncle in two wheat cultivars under

stress and non stress cond¡tions. Error bars are standard errors.
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Chopbr 6. Sobbb ca¡bohydres and protcín ¡cmobílizttbn

tr day24
B matufity

Fig.6.27. N content in the peduncle of two wheat cultivars under control and stress

at day 24 snd rnaturity. Error bars are standard errors.

tr Sun92A

E Vasco

Control Stress

Fig. 6.28. The remobilization of N from the peduncle in two wheat cultivars under

stress and non stress conditions. Error bars are standard errors.
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Cløplcr 6. So/ø,b&- corbohSrotes and protcia ¡cmobilízotbn

tr daY24

E maturity

Fig.6.29. SP content of peduncle in two wheat cultivars under control and stress

conditions at day 24 andmaturity. Error bars are standard errors.

tr Sun92A
E Vasco

Control Stress

Fig. 6.30. The remobilization of SP from the pcduncle between òay 24 and maturity

in two wheat cultivars under stress and control conditions. Error bars are standard
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Clupbr 6. Sobbh carbohydrotes uù protcln ¡cnobilizatbn

SP content in the peduncle was not significantly different in both cultivars at day 24 under

cont¡ol and stress conditions (Fig. 6.29). The amount of SP remobilized from the peduncle

\vas g¡eater in Sun 924 than Vasco and in both cultiva¡s remobilization was reduced by

stress (Fig. 6.30).

6.3.4 Flag leaf

6.3.4.1. Flag leaf DM, ESS and TSC content and remobilization

DM content of the flag leaf in both cultiva¡s decreased between day 24 and maturity

under both conditions (Fig. 6.31). DM content of the flag leaf in Vasco was greater than

Sun 924 at both ha¡vests under control conditions and also it was greater than Sun 924 a¡

manuity in the stress treatment.

Water stress increased the remobilization of DM from the flag leaf of Sun 924, but

decreased it in Vasco, and significantly more DM (P < 0.01) was remobilized from the flag

leaf of Sun 924 than Vasco under water stress (Fig. 6.32). On the other hand at day 24

ESS content in the flag leaf of Vasco was significantly greater than Sun 924 under both

\vater stress and control conditions, while at maturity it was simila¡ in both cultiva¡s and in

the two treatrnents (Fig. 6.33).

Remobilization of ESS from the flag leaf of Vasco was significantly (P < 0.001)

greater than in Sun 92A and \ilater stress stress reduced remobilizaúon of ESS only in

Vasco (Fig. 6.3a). A simila¡ pattern was found for remobilization of TSCs from the flag

leaf (Fig. 6.35).
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Chqbr 6. Sobbb carboh¡drús ond protcìa ¡cn¡obìIizfibn 158

tr day24
E maturity

Fig. 6.31. DM content in the flag leaf in two wheat cultivars under control and stres¡s

conditions at day 24 and matur¡ty. Error bars are standard errors.

Control Stress

Fig. 6.32. The remobilization of DM from the flag leaf in two wheat cultivars under

stress and non stress conditions between day 24 and maturity. Error bars are

standard errors.
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Chapter 6. Soltblc ca¡úohylrates and prolcin ¡cmobilízorbn

tr dayVl
E maturity

Fig. 6.33. ESS content in the flag leaf of two wheat cultivars under control and stress

conditions at day 24 andmaturity. Error bars are standard errors.

tr Sun92A
E Vasco

Control Stress

Fig. 6.34. The remobilization of ESS from the flag leaf in two wheat cultivars under

stress and control conditions. Error bars are standard errons.
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Chopter 6. Solabb catÚohyilres and prolcín ¡cmobílízatbn

tr Sun92A

E Vasco

Control Stress

Fig. 6.35. The remobilization of TSC from the flag leaf in two wheat cultivars under

stress and non stress conditions. Error bars are standard errors.

6.3.4.2 Flag leaf N content, N concentration and SP content and remobilization

Despite a grcater aÍiount of DM (Fig. 6.31) in the flag leaf of Vasco than Sun 924,

N content in the flag leaf of Sun 924 was greater than in Vasco in both treatments at day

24, whi[e N content of both cultivars was similar at maturity (Fig. 6.36). As a result N

remobilization from the flag leaf was significantly (P < 0.01) greater in Sun 924 than in

Vasco in both water stess and control conditions, and stress reduced remobilizaúon of N

from the flag leaf (Fig. 6.37). The pattern for N7o in the flag leaf (Fig. 6.38) was similar to

N content in the flag leaf.

At day 24 SP content of the flag leaf was greater in Sun 92A than in Vasco under

both conditions (Fig. 6.39). Sun 924 remobilized similar amounts of SP from the flag leaf

in both watering treatments, while Vasco remobilized greater amounts of SP under control

conditions than st¡ess conditions (Fig. 6.a0). Sun 92A remobiLizeÀ considerably more SP

than Vasco.

160

l6

Bto

i,,
ëto
ã8

'El
ñl

È6.og4
tt)

U2
U)F

0



Cluptcr 6. Sofuble caùohydrates ud prolcin ¡emobíIizatbn 161

tr daY24

E maturity

Fig. 6.36. N content in the flag leaf of two wheat cultivars under control and stress

conditions at day 24 and maturity. Error bars are standard errors.

tr Sun92A

E Vasco

Control Stress

Fig. 6.37. N remobilization from the flag teaf in two wheat cultivars under stress and

control conditions. Error bars are standard errors.
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Cluptcr 6. Solr,bb catbohydr&s ond prolcia ¡cnobìlízøtbn 162

u daY24

E maturity

Fig. 6.3E. The N Vo in thre flag leaf of two wheat cultivars at day 24 and at maturity

under stress and control conditions. Error bans are standard errofl¡.

E daY24

E maturity

Fig. 6.39. Soluble prote¡n content of the flag leaf in two wheat cultivarc in two wheat

cultivars at day 24 and maturity. Error bars are standard errors.
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Clupbr 6. Sofubb carbohSrotcs and prolcin ¡cmobìlÍzttbn

tr Sun92A

E Vasco

ConEol Stress

Fig. 6.40. SP remobilization from the flag teaf in two wheat cultivans under stress and

control conditions. Error bans are standard errors.

6.3.5. Other leaves

6.3.5.1 Other leaves DM, ethanol-soluble and total soluble sugars content and

remobilization

DM content of the other leaves in Vasco was significantly (P<0.001) greater than in

Sun 924 in both harvests and both conditions (Fig. 6.41). The remobilization of DM was

similar in both cultiva¡s under control and stress conditions separately (Fig. 6.aÐ. The

pattern of ESS content of the other leaves (Fig, 6.43) was similar to DM content (Fig.

6.41); therefore, ESS was signifrcantþ (P<0.01) greater in Vasco than Sun 924 under both

conditions and both harvests (Fig. 6.a3). The remobilization of ESS from other leaves was

also greater in Vasco than Sun 92A under well-watered and stress conditions (Fig. 6.44),

and the pattern did not reflect DM remobilization.
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Fig. 6.41. DM content of the other leaves in two wheat cultivarc under control and

stress condit¡ons at day 24 and maturity. Error bans are standard errors.
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Control Stress

Fig.6.42. The remobilization of DM from other leaves in two wheat cultivars under

stress and non stress conditions. Error bars are standard errors.
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Cløpbr 6. Sofubb carbohydratcs ond protcín remobilizttbn

tr day24

E maturity

Fig. 6.43. ESS content of the other leaves in two wheat cultivars under control and

stress conditions at day 24 and,maturity. Error bars are standard errors.

tr Sun92A

E Vasco

Control Stress

Fig. 6.44. The remobilization of ESS from the other leaves of two wheat cultivars

under stress and non stress conditions. Error bars are standard errors.
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Chapbr 6. Solabb carboh¡tdrús ud protcìn rcmobílizttÍoa

tr day24
E manriry

Fig. 6.45. TSC of other leaves in two wheat cultivars under control and stress

conditions at day 24 and maturity. Error bars are standard errons.

tr Sun92A
E Vasco

Control Stress

Fig. 6.46. The remobitization of TSC from the other leaves in two wheat cultivars

under two treatments between day 24 and maturity. Error bars are standard errors.
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Cløpter 6. So(ubh carbohylratcs ond protcin rcmobìlizotbn

TSC content of the other leaves (Fig. 6.45) was simila¡ to ESS content (Fig. 6.a3) and a

simila¡ pattern was found for the remobilization of TSC from the other leaves (Fig. 6.46).

6.3.5.2 Other leaves N concentration, content and SP content and remobilization.

At day 24 N content of the other leaves in the \ilell-watered treatment was

significantly (P<0.001) greater than at maturity @g. 6.47). N remobilization from other

leaves in Sun 924 was highly significantly (P < 0.001) more than in Vasco in control

conditions, but it was similar under water stress conditions where little N was remobilized

(Fig.6.a8). A simila¡ response was found for the N7o of the other leaves. The N7o of the

other leaves under well watered conditions was significantly (P < 0.001) gleater at day 24

than at maturity in both cultivars, but under stress conditions N concentration of the other

leaves was similar at day 24 and maturity @ig. 6.a9). The amount of SP was significantly

(P< 0.001) gxeater at day 24 than at maturity in both cultivars (Fig. 6.50). Although at day

24 the SP content of other leaves under control

conditions was grcater than in stress conditions, at maturity the corresponding values were

all much lower and not affected by stress. The remobilization of SP was similar in Sun

924 and Vasco under control conditions, while Vasco remobilized greater amounts than

Sun 924 under stress conditions (Fig. 6.51).

6.3.6 Chaff

6.3.5. 1 ChaffDM, ethanol soluble and TSCs content and remobilization.

DM content of the chaff increased between day 24 and maturity under well-watered

and stress conditions, and there was greater DM in the chaff in Vasco than in Sun 924

(Fig. 6.52). Thus chaff did not appear to remobiltze any amount of DM. In contrast to

DM, ESS content of the chaff was significantly (P< 0.001) decreased between the two

ha¡vests in both cultiva¡s and both conditions (Fig. 6.53). At day 24, the amount of ESS in

the chaff of Vasco was significantly greater under stress conditions than under control

conditions. Remobilization of ESS from the chaff of Vasco was greater than in Sun 924
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tr day24
E maturity

Fig.6.47. N content of other leaves in two wheat cultivars under control and stress

conditions at day A and, maturity. Error bans are standard errons.

tr Sun92A

E Vasco

Control Stress

Fig. 6.48. The remobilization of N from the other leaves in two wheat cultivars under

control and stress conditions. Error bars are standard errors.
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Chapr 6. Sofubic catúohydntcs and prulcln ¡cnobllþfun

tr Sun92A
E Vasco

Control Stress

Fig. 6.51. The remobilization of SP from the other leaves in two wheat cultivars

between day A and maturity. Error bars are standard erront.
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tr day24

E matufity

Fig. 6.53. ESS in two wheat cultivans under two treatments at day A anll maturity.

Error bars are standard erron¡.

tr Sun92A

E Vasco

Control Stess

Fig. 6.54. The remobitization of ESS from the chaff in two wheat cultivars under

stress and control conditions. Error bans are standard errors.
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tr day24
E matufity

Fig. 6.55. TSC content in the chaff of two wheat cultivars under control and stress

condit¡ons at day 24 anil maturity. Error bars are standard errors.

tr Sun92A
E Vasco

Control St¡ess

Fig. 6.56. The remobilization of TSCs in two wheat cultivars under stress and non

stress conditions. Error bans are standard errors.
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tr daYll
E matufity

Fig. 6.57. N crntent of the chaff in two wheat cultivañ under control and stress

conditions at day 24 and, maturity. Error bars are standsrd errorr¡.

tr Sun92A

E Vasco

Control Stress

Fig. 6.58. The remobilization of N from the chaff of two wheat cultivars under

control and stress conditions. Error barc are standard errons.
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Clupø 6. Sobbh caùohydrús and proúcln rcnobíllzøtbn

and stress increased rcmobilization of ESS in both cultivars (Fig. 6.54). The pattern of

TSC content of the chaff (Fig. 6.55) was similar to the pattern of ESS. Since the TSC

content of the chaff u,as equal to the amount of ESS, the remobilization of TSC (Fig. 6.56)

was also similar to the remobilization of ESS (Fig. 6.54).

6.35. 2 Chaff N content and ooncentration (%) anù SP cnntent and remobilization

N content of the chaff was significantly (P < 0.001) greater at day 24 than at maturity in

both cultiva¡s and both conditions @ig. 6.60). Remobilization of N from the chaff of each

cultivar was similar in control and stress conditions (Fig. 6.58).

N concentraúon of the chaff was significantly greater in Sun 924 than Vasco at both

harvests and both conditions (Fig. 6.59) and st¡ess had little effect. SP content of the chaff

was significantly (P <0.001) higher in Vasco under stress than in any other treatment at day

24 (Fig.6.60), while at marurity it was greatest in Sun 924 under control conditions. As a

result, SP remobilization from the chaff of bottr cultiva¡s lvas greater undcr stress than

under control conditions, and Vasco remobiliznd greater amounts than Sun 924 (Ftg.

6.61).

tr daY ?A

E maturity

Fig. 6.59. N concentration of two wheat cultivarc under control and stress conditions

at day 24 anil maturity. Error bars are standard errors.
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tr daY ?A

E matufity

Fig. 6.60. SP content in two wheat cultivars under control and stress ctnditions at

day 2A and maturity. Error bans are standard errons.

E Sun92A

E Vasco

Control Stress

Fig. 6.61. The remobilization of SP from the chaffin two wheat cultivars under water

stress and non stress conditions. Error bans are standard errors.
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Cløfir 6. So&,blo catÚohydrús and pt*eln ¡øtobllþttbn

6.4 Discussion

The major aim of this experiment was to improve knowledge related to the

accumulation and remobilization of DM, N, soluble carbohydrates and proteins from

different parts of thc shoot under water-stress and non-stress conditions. Resuls of this

experiment agreed with previous experiments which showed that grain DM increased

ben*,een day 24 and maturity, and the increment was gleater under control than stress

conditions. Also, Vasco accumulated greater DM in the grain than Sun 924 under botlt

conditions. However in ttris experiment, in absolute tenns DM and DM HI were different

compared to the results of the ea¡lier experiment (Chap. 4). Results from the present

experiment showed that in Sun 924 DMHI was N%o and377o and in Vasco 397o and357o

under control and water stress respectivcly. The corresponding values in the prcvious

experiment (Chapter 4) were 56Vo and 457o in Sun 924 and 5l7o and 4LVo in Vasco.

Differences in grain DM and DM HI, in pa¡t, perhaps were due to differences in anthesis

date in the two experiments. Anthesis occurred 74 days after sowing and 80 days after

sowing respectively for Sun 92A and Vasco n 1992. The corresponding frgures were 63

days after sowing and72 days after sowing in 1993.

Table 6.1. The remobilization of DM, ESS and TSC from different parts of the shoot

under water stress and non stress conditions between day 24 and maturity (negative

values indicate net sains)

Sun 924 conml Vasco control Sun 924 stress Vasco stress

t76

DM ESS TSC DM ESS TSC DM ESS TSC DM ESS TSC

I
Flag leaf

Other leaves

Chaff

Peduncle

Lower

Internode

Total

mg per

33 15

45 11

-16 2l

24 10

s9 54

10

27 30

34

67

-67

25

60

5

5

6

t4

54

4

5

6

t9

51

13

11

20

9

50

42

35

-59

t9

35

5

3

11

12

3l

5

3

11

19

34

t7

50

20

23

45

8

9

23

32

26

t2

119 84 85 145 111 103 72 62 72 115 84 LOz
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In all of the vegetative organs, almost all of the soluble ca¡bhydrate fraction was

soluble in ethanol indicating ttrat little carbohydrate Ìvas deposited as starch, and that most

of it consisted of compounds of low molecular weight, probably disaccha¡ides and

oligosaccharides. In some tissues, e.g. leaves and chaff, more DM appeared to have been

remobilized than can be accounted for by the net loss of solublc carbohydrates (Table 6.1).

This could indicate that remobilization of the bulk of the DM from these organs depends

first upon the conversion of insoluble DM to soluble and translocatable forms of material

i.e. sugars. In the peduncle, and lower internodes, the net losses between the two han'ests

of DM and soluble carbohydrate are more nearly equal to each other indicating that most

carbohydrate may be accumulated in these organs in readily mobilizable forms.

The remobilization of DM from the lower internodes l\,as as g¡€at as from the flag

leaf or the other leaves (Table 6.1), so the stem may act as a temporary storage organ to

corect partially the apparent imbalance between source and sink during grain ñlling.

Readily available stem carbhydrate reservc could contribute to grain filling or energy

requiring processes within the plant. Evidence for this concept has previously been

presented and discussed by Stoy (1979). This function would be especially important

when plants are subjected to water stress during grain filling. However, the a^mount of

soluble sugar remobilized from the lower internodes bctween day 24 and manrrity

appeared to have been reduced by stress, while remobilization from the chaff (and from the

peduncle in Vasco) appeared to have increased slightly under stress (Table 6.1). The

amount of TSC in the lower internodes was also lower at day 24 n the stress treaÍnents,

which may be due to earlier remobilisation (before day 2Ð or to less production. Although

the total aÍiount remobilized between the two han¡ests was reduced by stress, there was in

fact less TSC at maturity, suggesting remobilization may have been morc complete.

Blacklow et al. (1984) and Borrell et ø1. (1989) reported that accumulation of frr¡ctan

continues during stem growth, flowering, and anthesis; fructan contents then fall during the

laær stages of gnin filling. Disappearance of fü¡cun is almost complete in cereal stems by

the time the grains have man¡red (Blacklow et ø1.1984). It is probable that some, at least,

t77
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Table 6.2. Grain totat DM and N accumulation in two cultivars¡ of wheat under

water stress and non stress ctnditions during grain filline

Grain DM (mg per shoot) Grain N (mg per shoot)

178

Treatments

Sun.92A, Control

Sun.92A, Stress

Vasco, Connol

Vasco. Stress

Mean SE
3

2

4

4

SE
89

42

145

1æ

Mean
2l
18

26

26

687

528

tt33
886

can be used to sustain grain growth during periods where flag leaf photosynthesis is limited

(Blacklow et aI. 1984; Borrell et al. 1989; Hendrix et al. 1986). More information is

needed on the role of soluble carbohydrates remobilized from different parts of the shoot

from different genotlpes of wheat to understand the complex interrelationship among the

mechanisms controlling remobilization of soluble carbohydrates from different parts of the

shoot under favourable and $'ater stress conditions. This kind of information would be

useful to improve management practices and to select for increased economic yield of

wheat plants.

According to Penning de Vries et al. (1974), 1.0 g of glucose produced by

photosynthesis can be used by the crop to produce 0.83 g of carbohydrate or 0.40 g of

protein (assuming nitaæ to be the N source). This implies that increases in protein content

would uso more photosynthate thus ultimately leading to decreases in DM yield. This

interpretation however does not explain why Vasco produced more DM per shoot in the

grain than Sun 924 in both \ilater stress and control conditions in addition to a higher

amount of grain N per shoot (Table 6.2). Sun 924 showed greater DMHI and NHI than

Vasco imFlying that remobilization cfficiency of DM and N from the shoot to the g¡ain in

Sun 924 was grcater than Vasco under both conditions.
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Table 63 The remobilization of N and SP (SP expressed as N) from different parts of

the shmt under water stress and non stress cnnditions between öav A and maturity

179

Sun 92Acontrol Vascocontrol Sun 924 stress Vasco stress

NSPNSP NSPNSP
mg

L.7

1.6

t.2

t.2

0.5

6.2

per

Flag leaf

Other leaves

Chaff

Peduncle

Internode

Total

2.6

4.0

0.9

t.2

0.6

9.3

0.50

1.15

0.14

0.10

0.0s

1.86

0.00

0.75

o.M

0.08

o.o2

1.59

2.3

o.7

0.9

0.6

0.4

4.9

0.50

0.70

0.40

0.07

0.04

t.7r

0.9

1.0

t.7

1.0

0.5

5.1

0.(X

0.50

0.93

0.05

0.00

1.52

Net loss of N fr,om an organ between day 24 and maturity is perhaps more closely

related to remobilization of N than is the net change in SP. SP is an estimatc of the level of

RuBP carboxylase which is being turned over in the organ from anino acids derived

internally or imported. Imports of amino acids after dry 24 will result in an underestimate

of the actual arxrount remobilized.

Although parts of the shoot of Vasco were heavier than Sun 924, total

remobilization of N from of the shoot was about fwo times gleater in Sun 924 than Vasco

when plants 11rere not stressed, but about the same as Vasco under $ratcr strcss (Table 6.3).

In the present experiment among the different parts of the shoot, the flag leaf and other

leaves were the most important parß as sources of N and remobilized a high proportion of

their N and their SP in well watered conditions (Table 6.3). Previous investigation

suggested that the a¡rival of N in the developing grains of wheat is closely related to the

export of N from senescent leaves (Nair et al. 1978; Simpson et al. 1983). A few

investigators have tried to identify the attributes in the developing grains that are

associated with high and low N concentration. Some studies with whcat (Nair et al. 1978)
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show that differences in grain N concentration may be due to the distribution of the same

amount of N to differing amounts of DM, and other investigations point out that "high

protein" can be attributed partly to a higher amount of N per kernel and partly to lower

weight per kernel @onovan et at. 1977). This may be a causative factor for higher grain

protein concentration in Sun 924 than in Vasco. Leaf proteases are responsible for

breakdown and translocation of the N to the developing grains. A comparison of the

activities of these enzymes in the flag leaf of Sun 924 than Vasco is conducted in Chapter

7.

In summary, among different parts of the shoot the remobilization of TSC was

greater from the internode than other parts of the shoot (Table 6.3) and there were

comparatively small amounts of these comlronents remobilized from thc leaves. On the

other hand, leaves were the most important parts of the shoot in terms of remobilizalon

of N. Although the majority of the grain N and carbohydrates may come from N

accumulated and CO2 assimilated before anthesis, these results demonstrate the

importance of the stem and leaves in relation to remobilization of C and N from them in

wheat plants. Further studies on the environrnental and genetic determinants of C and N

assimilation and remobilization a¡e needed to provide a more rational basis for the

prediction of grain protein concentration, for altering it to desired levels by crop

rnanagement practices, and also for breeding high-prrotein wheat cultivars.
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Chapter 7. DM and N remobilization from dÍfferent paÍs of the shoot: A

compar¡son between wheat and barley in response to water stress¡ during graiÚlllqg

181

7.1Introduction

V/hen gro$,n side by side using identical management practices, barley yields about

257o more than wheat in a large range of environments in southern Australia (Lopez'

Castaneda and Richards 1994). In another study the results of total aboveground biomass

and grain yield of barley, dunrm and bnead wheat across five Mediterr¿nean environments

in northern Syria showed that barley produces more than wheat whcre the average rainfall

is less than 300 mm (Acevedo 1992). The phenotogical uait which enabled barley to yield

betær than wheat in the sûessful environments was ea¡liness in flowering associated with a

shorter porid of grain filling . The increased gfain yicld of barley comes essentially from

an increased mean grain mass, as the grain number per unit area is similar to, or slightly

lower, than that for wheat.

Several authors (Richards 1987; Turner and Nicolas 1987) have suggested that wheat

yield can be increased by increasing biomass production. Certainly, therc is potential for

increased biomass production in Mediterranean environments in some circumstances. For

instance, barley is capable of producing morc biomass and grain than wheat using the same

aÍrount of water (Gregory et al.1992). Early growth is particularly important for wheat

and barley grown under dryland conditions in Mediærranean-type regions such as south-

$/estem Australia, where light-textured surface soils predominate. lVater deficits develop

after flowering when rainfall decreases and evaporation increases (Turner and Nicolas

1987). Under these conditions, early DM production, which is associated with higher leaf

a¡ea and higher DM at anthesis, will maximise the water use by the crop through a

reduction in soil evaporation. However, as with increased biomass caused by agronomic

manipulation, genetically-increased biomass is not always translated into increased grain

yield. Also, increased vegetative growth in cereals may not always be beneficial since it

has been linked with premature depletion of soil moisture and the "haying off' of crops in

some environments and years @sher and Kohn 1966).

A comparison of bread wheat and barley showed that barley had a lTVo higher gran
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yield than the other sp€cies when averaged over five rainfed environments in south-eastern

Australia (Lopcz-Castaneda 19912). A yield difference of 39Vo $'as found whcn thc highest

yielding barlcy u,as contrasted with the highest yielding wheat.

It has been shown in previous experimens (Chapters 4, 5 and 6) that remobilization

of C and N from vegetative parts of the shoot depends on envi¡onmcntal conditions and is

also un¿ç¡ genetic control (Chaptcr 6). It was suggcstcd that thc different parts of thc

shoot from different species (wheat and barley) did not show similar r€sponses to st¡ess.

However, wheat and barley urere not grown under identical conditions. Therefore to

improve knowledge about assimilation and remobilization of C and N from different parts

of the shoot in wheat and badcy it is necessary to compare wheat and barley under the

same conditions. This experiment was conducted to compare the effect of water sE€ss on

grain N content, HI and NHI of wheat and barley during g¡ain filling. A secondary

objcctivc \ilas to compare the cxtent of rcmobilization of DM and N frrom vcgctativc parts

of the shoot of wheat and barley under water stress and non sæss conditions during grain

filling.

7 2 Mlsterials and methods

The experiment uras conducted in the growth cabinet with a l4h,2l"C day and a 8h

16'C night. Light was provided by high-prcssure sodium lamps supplemcnted with

fluorescent tubes providing 560pmol m -2 s-l PAR at car levcl. Two cultivars of whcat

(Sun 924 and Vasco) and one barley cultiva¡ (Forrest) $,ere gro\vn in pots 20 cm deep

containing recycled soil (3.5 kg oven dry). Ten seeds per pot rvere sown and seedlings

thinned to 6 plants per pot aftcr emergcncc and plants wcrc restrictcd to a singlc culm by

removing all tillers as they emerged. Plants we,¡c watered daily by hand to maintain a soil

water content close to field capacity until day l0 after anthesis to minimise the possibility

of pre-anthesis moisture stress and were supplied with 200 mr. of soluble fertiliser

containing 2.6 g Hortico 'AquasoL' (237o N) every second wcek until anthcsis. Only onc

level of sratef, stress, which was approximatly SOVo of field capacity, was imposed at l0

days after anthesis. This level of water stross was kept by rewatering the pots twice per
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week until maturity. Pots were weighed regularly two times per \ileek and after each

weighing the pots were re-randomised to reduce any possible effects related to position

within the growth cabinet. Hanesting was done at24 days after anthesis and at manrity.

Differcnt parts of the shoot (chaff, peduncle, lower internodes, flag leaf and other leaves )

and grain were separated and were dried at 85'C for 48 hours and wcighed. N

conccntration was determined by Kjeltcc Auto analyzer 1030. Attribuæs calculatcd werc

as described in Chapter 3 and standård statistical procedures were used for analysis of

vanance.

7.3 Results

7.3.1 Grain DM content and H.I.

In both species (wheat and barley) grain DM was signifrcantly (P< 0.05) greater at

maturity than at day 24. In bottr species yield at maturity was also g¡eater under control

than u,ater stress conditions (Fig.7.1). The accumulation of grain DM per shoot at

maturity was greater in both wheat cultiva¡s than ba¡ley under both conditions. The

accumulation of DM between the fwo han ests under control conditions $,as greater in

Vasco than in Sun 92A and Forrest (Fig. 7.2). lJnder stress conditions, howevetr, it was

simila¡ in Sun 924 and Vasco and greater than Forrest . In tenns of HI, at manrity, Sun

924 was greater (50Vo) than Vasco ( OVo) andForrest(45Vo) (Ftg.7.3).

Grain number per shoot was significantly greater in Vasco than Sun 921' nd'Forrest

(Fig. 7. 4) in both treatments. It was also greater in control than stress conditions in

Vasco, whereas grain number in Sun 92A and Forrest was similar under water stress and

control conditions.

The barley cultivar Forrest had signif,rcantly (P<0.001) greater grain weight than

both wheat cultiva¡s in both the non-stress and stress treatments and there Ìvas no

significant difference between the two cultiva¡s of wheat (Fig. 7.5).
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Fig.7.2. Grain DM accumulation between ùay 24 and maturity in wheat and barley
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tr daY24
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0
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Fig. 7.3. HI of wheat and barley at day 24 and maturity (over both treatments).

Error bars are standard erroñs.
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Fig. 7.4. Grain number of wheat and barley under control and water stress

conditions. Error bars on selected points are standard errors.
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tr Sun92A

B Vasco

t Forrest

Connol Sress

Fig. 75. Individual grain weight in wheat and barley under weter stress end control

conditions (averaged over both harvests). Error bart are standard errorc.

7.3.2 Grain N content, concentration and NHI

Both species accumulated significantly greater amounts of N at maturity than at day

24, but N accumulation was significantly (P< 0.001) greater in wheat than barley

particularly ar maturity (Frg. 7. 6). N concentration (Vo) in the grain of both species $'as

greater under \ilater stress than control conditions (Frg.7.7). A similar rcsponse was found

for NHI of both species at day 2a (Fig.7.8). At maturity NHI of Forrest was greater in

control than stress but stress had no effect on the NHI in either wheat cultiva¡.

7.33 DM and N content in the whole shoot (vegetative parts + grain)

7.3.3.1DM content

DM content of the whole shoot increased between day 24 and maturity in all

treatments (Fig.7.9). In all three genotypes, DM content in the whole shoot $'as greater

under control conditions than under water stress conditions and the DM of Vasco was

Feater than Sun 924 and Forrest under both stress and non-stress conditions.
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u DaY 24

E Matufity

Fig. 7.E. NHI in wheat and barley under water stress and control conditions at day

24 and maturity. Error bars are standard errons.

7.3.3.2 Whole shoot N content

The whole shoot N content was significantly greater in Vasco under both conditions

and both han¡ests than in Sun 924 andForrest (Fig. 7.10). But in each genot¡pe the whole

shoot N content was generally similar at day 24 and, at maturity. This indicates little post

anthesis N uptake, remobilization from the roots, or gaseous loss of N.

7.3.4 Shoot (vegetative parts only) DM and N cuntent and remobilization

7.3.4.lShoot DM content and remobilization

Shoot DM content was significantly greater in Vasco than Sun 92A and Forrest in

both treatments and at both han/ests. Sun 924 and Forrest had similar shoot DM in the

individual treatments (Fig. 7. 1 1).

There \¡/ene no signifrcant differences between the two species on remobilization of

DM from the shoot; however, the patterns of DM remobilization under water stress and

non lvater stress conditions were different (Fig. 7.12).
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Fig.].l2 The remobilization of DM from the shoot in wheat and barley between day

24 sndmaturity under water stress and control conditions. Error bans are standard

erron¡.
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tr Day 24

E Mauriry

Fig. 7.13. The shoot N content in wheat and barley under control and stress

conditions at day ?A snù maturity. Error bans are standard errors.

7.3.4.2 Shoot N content and remobilization

The shoot N content was significantly (P<0.001) greater in both wheat and barley at

day Vl than at maturity (Fig. 7.13). Since Vasco contained a greater aÍrount of DM in the

shoot than Sun 924 and Forrest (Fig.7.11), this cultivar had also a greater N content in

the shoot than the other two cultiva¡s. However the pattern of N remobilization (Fig.7.la)

from vegetative parts of the shoot was not comparable to DM remobilization (Fig. 7.L2).

N was remobilized in both species in both the stress and non-stress treatments, and

remobilisation was gtreater in the wheat cultiva¡s than in barley under stress conditions.

Since thc pattern and proportion of DM and N remobilization from the shoots of wheat and

barley differed, in the following sections the remobilization of these two components from

different parts of the shoot will be described in more detail.
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tr Sun92A
E Vasco

I Forrest

Contr,ol Strress

Fig.7.l4. The remobilization of N from the shoot of wheat and barley between day

24 andmaturity under water stress and control conditions. Error bars are standard

erron¡.

7.3.5 DM, N content and their remobilization from different parts of the shoot

between day 24 and maturity.

7.3.5.1 Lower internodes

7.3.5.1.1 DM content and remobilization

DM content of the internode at day 24 was desreased under water stress conditions in

Vasco and Forrest but not in Sun 924 @g. 7.15). At maturity DM content of Vasco and

Forrest was similar in both treatments while it was decreased in Sun 924 under stress

treatment at maturity. Under well watered conditions (Fig. 7.L6), DM was remobilizcd

from the lower internodes of Forrest and Vasco but not apparently from Sun 92A , while

under stress conditions, significant amounts of DM were remobiLized only in Sun 924.

7.3.5.1.2 N concentration, content and remobilization

N concentration of the lower internodes was significantly (P<0.001) greater atday Vl

than maturity in alt conditions, but it was gfeater in the lower internodes of barley than

both wheat cultiva¡s (Fig. 7.17). N content of the internodes was also gleater at day 24

than at maturity in all three genoq?es (Ftg. 7.18).
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Fig. 7.15. DM content of lower internodes in wheat and barley under w¡ter stress

and control conditions at day A and maturity. Error bars are standard error!¡.
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tr Sun92A
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I Forrest

conüol Stress

Fig. 7.19. The remobilization of N from the lower internodes between day 24 anil

maturity under water stress and control conditions. Error bars are standard erroñ¡.

N contents of Forrest and Vasco \ilero apprcximatly the same at day 24, especially in

non-stress treaünent. However greater N remobilization resulted from the internodes of

Vasco than from Sun 924 and Forrest in control conditions (Fig. 7.19), but it was simila¡

in all three genotlryes under stress conditions.

7.35 2 Peduncle

7 .3.5.2.1 DM content and remobilization

DM content in the peduncle of the two wheat cultiva¡s increased between the nvo

hanests under non-stress conditions but decreased under stress conditions (Fig.7.20). In

barley however, DM content of the peduncle was much smaller than in the wheat cultiva¡s,

and it slightly decreased between day 24 and maturity under stress conditions. Although

DM content of the peduncle in wheat cultiva¡s was significantly (P< 0.001) greater than

barley, wheat cultivars did not appear to remobilize any DM from the peduncle in the

control t¡eatnent (Fig. 7 .21).
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Fig.7.2l. The remobilization of DM from the peduncle in wheat and barley under

stress and controt conditions between day 24 and maturity. Error bars are standard

60

40

20

0

-20

-40

-60

-80

8
.â

i)È
ào

o.8,
al
N

-c¡ô
É
P

a

errors.



Clupter 7. N atd DM nttøUl¡?ttbn ítt whcat and furlcy

3 tr day24
E maturity

Fig. 7. 22. The concentration of N in the peduncle of wheat and barley under water

stress and control condit¡ons at day 24 and maturity. Error bars are standard erroN.

7.35.2.2 N concentration, content and remobilization

N concentration of the peduncle (Fig.7.22) decreased in wheat and ba¡ley benreen

day 24 and manriry and the decrement was similar for each cultivar under ll'ater stress and

control conditions. It was notable that at day %1, N7o of the peduncle in barley lvas g¡€ater

than wheat genotypes, whereas the N content (Fig.1.23) in the peduncle was significantly

lower in barley, due to the differences in peduncle DM. Despite significant differences in

the N content of the peduncle, simila¡ aÍiounts of N were remobilized from the peduncle

of both species under well watered conditions. N remobilization $,as greater in the fwo

wheat cultivars than in barley under 1\,ater stress conditions (Fig.7.2Ð.

7.3.5.3 Flag leaf

7.3.5.3.1 DM content and remobilization

DM of the flag leaf of the two wheat cultiva¡s was greater than Forrest (Fig. 7.25). A

small amount of DM lvas remobilized (Fig.7.26) from the flag leaf under control

conditions in Vasco and Forrest while the DM of the flag leaf increased under stress.
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C@br 7. N atd DM ¡cnøbìlizfun ítr whcat and hrlcy

7.35,.3.2 N concentrat¡onr content and remobilization

N concentration of the flag leaf was significantly (P< 0.001) greater at day 24 than

maturity in all conditions (Fig.7.27). Stress did not reduce NVo in either Sun 924 or

Vasco, but in Forrest N7o of the flag leaf was greater under control conditions than under

stress conditions in both han¡ests . N content of the flag leaf (Fig.7.28) in contrast to DM

see Fig. 7.25) was significantly (P< 0.01) greator at day 24 than at manrity under both

water st¡ess and control conditions in wheat and barley. N content in the flag leaf of the

two wheat cultiva¡s were significantly greater than that of barley, and signifrcantly gfeater

amounts of N were remobilized from the flag leaf of the rwo wheat cultivars compared

with barley (Fig. 7.29).

7.35.4 Other leaves

7.35.4.1 DM content and remobilization

DM content of the other leaves lvas greater in Vasco than Sun 924 and Forrest at

both harvests and in both treatnents. In both wheat and barley there were similar changes

of DM content between day 24 and maturity (Fig. 7.30). As a result the apparent

remobilization of DM from the other leaves was similar in all three genogæes under both

conditions (Fie. 7.3 1).

7.35.4.2 N content, concentration, and remobilization

N content of the other leaves was significantly greater at day 24 than at maturity

under both water stress and control conditions (Fig. 7.32). Stress reduced the N content of

the other leaves at day 24,butby maturity there was no difference between stress and non-

stress treatments. N remobilization from the other leaves was reduced by stress. The

amounts remobilized between the two han ests reached between 259o-4OVo of their N

r99



C@tcr 7. N øtd DM ¡ctnobílizntion h whcat and hdcy

tr DaY VI
E Maturity

Fig. 7.25. DM content of the flag leaf in wheat and barley under water stress and

control conditions at day 24 andrnaturity. Error bars are standard errorr.

tr Sun92A
ts Vasco

I Forest

conEol stress

F\g.7.26. Remobilization of DM from the flag leaf between day 24 and maturity in

wheat and barley under stress and non-stress conditions. Error bars are stand¡rd

errors.
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Chqur 7. N ond DIú ¡c¡¡nbllízúon h vhcat and barby

tr Sun92A

tr Vasco

I Forrest

cont¡ol stress

Fig.7.29. N remobilization from the flag leaf in wheat and barley between day 24

and maturity under water stress and control conditions. Error bars are standard

errors.

tr Day Vl
E Matuity

Fig. 7.30. DM content of the other leaves in wheat and barley at day 24 and, maturity

under water stress and control conditions. Error bars are standard errors.
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Cløpter 7. N ønd DM ¡ct¡øbllizatíon h vhcat ønd badcl

tr Sun92A

E Vasco

I Forrest

Control Stress

Fig. 7.31. DM remobilization from the other leaves between ilay 24 and maturity

from wheat and barley under control and stress conditions. Error bans are standard

errors.

tr Day ?A

@ Maturity

Fig. 7.32. N content in the other leaves of wheat and barley under water stress and

control conditions at day 24 and rnaturity. Error bars are standard errom.
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Ctøpar 7. N and DM ¡ctttobíIizttion h vhcat and hdey

content at day 24 (Fig.7.33). It was notable that N remobilization from Vasco and Forrest

was greater than Sun 924. N concentration at day 24 was similar under control and stress

conditions, while at maturity (Fig.7 3Ð in all three genotypes N concentration of the other

leaves was slightly greater under stress conditions.

7.3.5.5 Chaff

7.3.5.5.1 DM content and remobilization

DM content of the chaff of wheat and barley between day 24 and maturity increased

under control conditions, but the responses differed between them under stress conditions

(Fig. 7.35). The chaff was heavier in both wheat cultiva¡s than in barley and, except in

Vasco under \vater stress, no DM appeared to be remobiliz€d between day 24 and maturity.

Sun 924
Vasco

Forrcst

control stress

Fig. 7.33. N remobilization from other leaves between day 24 and rnaturity in wheat

and barley under water stress and control conditions. Error bars are standard

errorï¡.
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Cfuptcr 7. N and DM ¡cnnblllzttbn ìn whcat and furby 20s

tr Day 24

E Maturity

Fig. 7.34. N concentration of wheat and barley under water stress and non stress

condit¡ons at day ?A and maturity. Error bars are standard errors.

7.3.5.5.2 N concentration' content and remobilization

Although the DM of the chaff increased benveen day 24 and maturity, 
^t 

the same

time N concentration decreased in both treaÍnents and both species (Fig. 7.36). Atday 24,

N7o was significantly greater in the chaff of Forrest than in Vasco and Sun 924 under

control conditions but it was similar under süess conditions.The chaff N content (Fig.l -37)

decreased between dzy 24 and maturity except in Sun 92A (under control) and Forrest

(under strress). It was notable that N content in the chaff was significantly greater in wheat

than in barley due to gleater chaffDM.

Despite the greater N content in the chaff of wheat cultiva¡s than ba¡ley, no N

appeared to have been remobilized from the chaff of Sun 92A in well watered conditions,

while under stress Forrest appeared not to remobilize any N (Fig. 7. 38).
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Cfupter 7. N ottd DM ratøbilizatÍon b vhcat and furby

7.3.5.6 Endopeptidase activity of the flag leaf

Species and environmental differences are important in determining hydrolysis of

specific proteins during stress induced senescence. Since some investigators found

increased proteolytic activity correlated with protein loss (see Chapter 6), in this

experiment endopepridase activity of the flag leaf of different genotypes during grain

fïlling were esrimated (Figs 7.39 arrd7.n ). The developmental patterns of endopeptidase

activity was different in different genotypes (Fig. 7.39). In Vasco, little activity was

detectable at anthesis and activity increased progressively with time. In Sun 92A and

Foræst, a high level of activity at anthesis was followed by a decline to minimum values

between days 10 and24, and a rise in activity to day 34.

tr day 24

E matufity

Fig. 7.35. DM content in the chaff of wheat and barley under water stress and

control conditions at day 24 and,maturity. Error bars are standard errons
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Cløpbr 7. N and DM ¡cnobllizttion ín vhcat and Mey

tr Sun92A
E Vasco

t Forrest

1

control stress

Fig. 7.38. N remobilization from the chaff of wheat and barley between day 24 and

maturity under water stress and non water stress conditions. Error bars are standard

errors¡.

Sun 924 Vasco Forrest

Fig. 7.39. Endopeptidase activity (A 340 nm/h/g dry wt) of the flag leaf in different

genotypes under welt watered conditions at different times during grain filling.

Error bars are standard errors.
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Chapbr 7. N ønd DM ¡cnøbìlizúon h vhcat and borby 209

E Control

E St¡ess

Fig. 7.40. Endopeptidase activity (A 3a0 nm/h/g dry wt) of the flag leaf of wheat and

barley under well watered and stress conditions. Error bars are standard errors.

The responses to st¡ess conditions in relation to endopeptidase activity was also different

(Fig. 7.a0). At day 24 after anthesis endopeptidase activity lvas g¡eater under water

stressed than well-watered, whereas at day 34 the activity of this enzyme lvas greatest

under watered conditions.

7.4 Discussion

The main aims of this experiment \ rere to compare the effects of water stress on

grain DM and grain nitrogen content, HI and NHI of wheat and barley under identical

conditions, and also to compare the effects of water stress on DM and N remobilization

from different parts of the shoot of wheat and barley during grain filling. In this
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Clupbr 7. N atd DM ¡cttøbtlizúon in vhcat and børlcy 210

Table. 7.1. Summary of grain parameters under well watered, and stress conditions

in two wheat cult¡vars and in barlev at

Control Stress

Parameter

DM(mg per shoot)

N (mg per shoot)

N (7o)

DMÍil(Vo)

NHI (7o)

Grain number (per shoot)

1000 srain weight

Sun 924 Vasco Forrest Sun 924 Vasco Forrest

experiment, grain yield, N, Hf, NHI, grain number and individual grain weight per shoot

were lower under water stress than in non-stressed conditions in both wheat and barley

plants. However N concentration was greater under stress conditions than control

conditions in both species (Table 7.1). Results of the present study confrrmed previous

results indicating that HI reached greater values under well-watered conditions than in

water stress conditions (Table 7.1).

In the present experiment, comparatively little DM was remobilized from any organ,

and sness did not alter the remobilization very much. Apparent DM remobilization from

different parts of the the shoot differed between the two treatments and two species.

Atthough Vasco had a greater grain DM accumulation between the two harvests than Sun

92A andForrest, it can not be concluded that this was due to a greater remobilization of

DM from the shoot Qable7.2).

The amounts of DM remobilized from the different plant parts, for barley in

particular, are quite different to those measured in the previous glasshouse experiments.

Whereas there was considerable apparent remobilization from the chaff in the glasshouse

(Table 5.20) there was a net accumulation in the current experiment (Table 7.2).
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Cløptu 7. N and DM ¡cmobílizttìon in vhcat ond barlcy

Remobilization from other plant parts \ilas also much lower in current experiment

compared with the remobilization in the glasshouse. Total plant dry matter of Forrest was

much lower in the cuïent experiment than in the previous experiment although final grain

yield was simila¡ and the increase in grain DM between day 24 and maturity was greater

than in the glasshouse. There a¡e a number of possible reasons for the difference, although

none are completely satisfactory.

The lower light intensity of the growth room may have resulted in lower

accumulation of reserves within the plant and lowered the amount of reserves that could tle

remobilized. However, this does not explain why there should be such a big difference in

the change in DM in the chaff between the two experiments or the difference between

wheat and barley. The average daily temperatures in the glasshouse were higher than those

in the gowth room (16"126" cf. 16"1210) which may have resulted in a greater proportion

of the DM being remobilized to meet the respiratory demand of the plant. The total stem

dry matter of Forrest grown in the glasshouse was almost twice than of Forrest grown in

the growth room, so the maintenance requirement for this material would also have been

greater. With lower day temperatures and a smaller amount of DM the need to remobilize

DM to meet this demand may have been considerably lower in the growth room. The

difference in DM between the glasshouse and the growth room was greatest in Forrest

which may help explain the considerable difference between the responses in wheat and

barley.

Gain of N in the grain (Table 7 .3) was approximately matched with loss of N from

the vegetative organs, and the reduction in the grain N increment attributable to stress \ilas

also equivalent to the reduction in remobilization of N under stress. The apparent

remobilization efficiency (Table 7.3) of N from flag leaves and other leaves of Sun 924

\ilas greater than that of Vasco and Forrest in both stress and non-stress conditions and

contributed most to grain N accumulation.

According to Feller et al. (1977) the increase in endopeptidase activity in the neutral

pH range is related to nitrogen remobilization from senescing plant parts during post

anthesis. A test of this proposition is provided by three types of comparisons:

2I].



Chapter 7. N and DM rcmobltiøtìon h *hcat and barlcy 212

Table. 7.2. DM increment (+) and apparent remobilization G) from vegetative parts

in wheat and barley between day 24 and, maturity

Conrol Stress Control Sness

vl Y2 V3 V1 V2 V3 Vl Y2 V3 V1 Y2 V3
)

Grain

Internode

Peduncle

Flag leaf

Ottrer leaves

Chaff

+635

+52

+17

{{.3

-38

+22

+664

-58

+46

-2

-22

+62

+477

-62

-t2

-9

-18

+19

+400

-50

-29

+3

-58

ú.7

+430

-10

-14

+19

-21

-30

+255

+21

-15

+22

-36

+75

L2

1

3

13 15 20

74 16 20

3

6

3

4

6

321 t2

VL: Sun 92A Y2: Vasco V3: Forrest

Tabte. 7.3. Grain nitrogen increment (+) and vegetative parts remobilization (-) of N

from wheat and barlev between day 24 and maturity

Control Stress Control Stress

vl v2 v3 vl Y2 V3 Vl Y2 V3 Vl V2 V3
Increment (+) and remobilization (-) (mg per shoot) Apparent remobilization efficiency (Vo)

Grain

Internode

Peduncle

Flag leaf

Other leaves

Chaff

+2O

-2.t

-1.3

-6.9

-6.1

{{.1

+17

-5.8

-1.1

-4.1

-7.9

-0.6

+12

-3.1

- 1.1

-2.4

-7.6

-1.3

+15

-3.4

-1.8

-5.2

-3.6

-1.5

+15

-3.6

-1.8

-4.4

-4.7

-1.8

+8

-2.3

-1.2

-t.4

-5.4

+O.4

67

M

69

58

75

3L

4
33

L2

40

58

48

40

42

89

58

59

42

33

59 30

47 76

53 45

23 36

34

Vl: Sun 92A Y2: Vasco V3: Forrest



Cløpbr7-N and DM ¡cmobÍlizotìon ín wheatand børley

(i) Prior to day 24, endopeptidase activity in the flag leaf of the three cultivars (Fig. 7.40) is

ranked in order Forrest > Sun 92A> Vasco. Grain N content at day 24 is ranked Forrest

< Sun 92A < Vasco (Fig. 7.6) and in terms of flag leaf N7o (Fig.7.28) the order is Sun

92A > Forrest > Vasco, results which a¡e almost the opposite of what would be

expected.

(ii) There was little difference between the cultiva¡s in flag leaf endopeptidase activity

(Fig. 7.a0) in watered plants, but fa¡ more N was remoblllzeÀ from the flag leaf of Sun

924 than from Vasco or Forrest (Table 7.3).

(iii) Stress appeared to have reduced endopeptidase activity in Vasco to a greater extent

between day 24 and maturity than in the other two cultivars @ig. 7.41) although stress

did not reduce the remobilization of N from the flag leaf of Vasco while sEess appeared

to have reduced remobilization a little in Sun 92A andForrest (Table 7.3).

In both species (Table 7.3) the leaves in total remobilized more N than any other

organ although the internodes also made a significant contribution in this experiment. N

\vas apparently not remobilized from the chaff of Sun 924 under control conditions or

from the chaff of Forrest under stress conditions. However, depending upon the

conditions, the chaff of either species remobilized N to the grain. It appears therefore that

the amount of nitrogen remobilized depends on cultiva¡ and prevailing growth conditions,

and also upon the part of the shoot under consideration.
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f-hqnfer ß Genernl discussion

8.1Introduction

The growth of wheat and barley plants passes through three main developmental

stages. The vegetative stage is the fïrst stage when leaf growth, root growth, and tillering

will be completed. Environmental conditions during this phase determine, among other

things, the number of tillers. The reproductive period, which extends from floral induction

to anthesis and fertilization is the second main stage. During this phase environmental

conditions determine the rate and the duration of floral differentiation which affect the

number of grains per plant. Grain filling is the third stage and the actual grain yield is

determined during this phase. It is pertinent here to make a comment abut the selection of

the timing for the imposition of tvater stress treatments. Grain development after anthesis

can be divided into two stages; grain enlargement and grain filling. Grain filling

conìmences 10-15 days after anthesis and occupies at least 20-30 days until the grain

ripens. So day 10 after anthesis was selected as the time for the imposition of \ilater stress

treatments, the effects of which would became manifest later during grain filling.

Moisture deficits are usually encountered late in the growing season in southern

Australia and this may impact snongly on grain yield and grain protein concentration.

According to Cornish (1950) 70-80Vo of the va¡iation of yield in South Australia was due

to variation in annual rainfall, and similar relationships exist in North Africa and'Western

Asia (Srivastava 1987; Blum and Pnule 1990). In Mediterranean environments, the period

of crop grolvth is usually restricted by lack of rainfall, and \pater stress at the end of the

season reduces gro\ilth and total dry matter yield.

Remobilisation of N from vegetative tissues is the principal source of N in lvater-

limiting environments for the developing grain, although some studies have reported that

where water is in ample supply N uptake during grain filling accounts for as much as 50Vo

of grain N at maturity (Spiertzand Etlen 1978: Gregory et al. 1981). As well, the

remobilization of dry matter formed during the pre-anthesis period makes a significant

contribution to final yield, especially when post-anthesis photosynthesis is reduced by

stress (Pheloung and Siddique 1991).
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In order to explain the variable effects of water on the remobilization of the reserves

from vegetative parts of the shoot in wheat and barley under dry-land conditions,

information on the magnitude of moisture stress and its effect on remobilizaúon of reserves

is needed. Thus the main purposes of this investigation were as follows: (i) To establish

whether or not the remobilization of N and DM from diffeient parts of the shoot of wheat

and barley plants under water stress is affected by the severity of water stress during grain

filling. (ii) To investigate the behaviour of different parts of the shoot under water stress

and non stress conditions in terms of the remobilization of N and DM during grain filling,

and which parts of the shoot make the greatest contribution to grain filling. (iii) To

determine how water stress during grain frlling affects DM and N content, DMHI and NHI

in wheat and barley cultivars differing in protein content . (iv) To enquire whether or not

there a¡e differences between wheat and barley. Results of the previous chapters related to

the above aims have been discussed separately. In the following section the most

important points will be discussed in general terms.

8.2 Responses to water stress

Water stress imposed on the plants decreased accumulation of nitrogen and dry

matter in the grain of both species as well as the DMHI and NHI. The grain N yield per

shoot was lower under \vater stress than in non-stressed conditions, while grain nitrogen

percentage was greater. Water stress decreased dry matter accumulation more than N

accumulation in the grain. As more thanT}Vo of the DM of the grain is provided by starch

(Jenner l99L), DM accumulation under water stress decreased presumably because water

stress decreased starch accumulation in the grain.

Water stress reduced the remobilization of dry matter and nitrogen from the shoot,

and in general the greater severity of the stress the gteater was the inhibitory effect. In

fact, the most severe treatment (total deprivation of water) not only appeared to abolish

remobilization but instead to have resulted in net accumulation of dry matter in the leaves

of wheat (Fß. a.n andFig. 4.26). Intwoof thethreecultivarsof barley(Fig. 5.15)even

mild water defrcit resulted in a net increase in DM in the flag leaves during the second half
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of grain frlling. Thus not only does water deficit reduce carbon assimilation, but it also

renders unavailable potential sources of material for grain filling in the shoot which might

otherwise be remobilized.

HI at maturity under most conditions was greater in the semidwarf cultivar (Sun 924)

than in the medium height cultiva¡ (Vasco) in wheat (Fig.a.s). Remobilization efficiency

(Table 4.4) was also greater, under all conditions, in Sun 924 than in Vasco. This was

consistent with the observations of Pheloung and Siddique (1991) that modern semidwarf

cultivars are morc efficient at remobilizing dry matter assimilated before and after anthesis

compared to old tall cultiva¡s, and that under irrigated conditions the old tall cultiva¡s

retained some of the stored assimilate in the stem at maturity. Several authors (Austin ef

¿/. 1980; Perry and D'Antuomo 1989) have suggested that a high HI is essential for

obtaining high water use eff,rciency in \ñ,ater limited conditions. Selection of wheat for

Vy'estern Australia and south western Iran has favoured cultiva¡s that produce fewer main

stem leaves and fewer tillers than the old cultivars (Siddique et al. L989). Siddique et al.

(19S9b) suggested that additional increases in yield in Mediterranean environments may

result from further decreases in tiller number and increase in tiller survival, particularly in

low rainfall a¡eas where biomass production is low.

Under field conditions as the soil dries the surface layers become depleted of water

while water is still available deeper in the profile. Even though the plant may be amply

supplied with water from roots deep in the soil, roots in the surface layer of dry soil

produce signals which influence the growth and development of the shoot (see review by

Davies andZhang 1991). In barley DM deposition in the grain in the period between day

10 after anthesis and harvest I (Table 5.1) was not only reduced, but reduced to a greater

extent by the divided root treatment than by severe \ilater stress, even though the plants

showed no signs of \ilater deficit. Dry matter accumulation in the shoot (Table 5.4) was

also decreased by the divided root treatment at day 24, but was affected to a lesser extent

than was the grain. By the time the grains had matured (Table 5.2) they had almost

completely recovered from the effects of this treatment, even though it was imposed

throughout the experiment. Thoso responses in the grain of cereals (barley) according to
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the best of our knowledge have not been reported in the literature. rü/hether the root

signals act by altering the delivery of assimilates to the grain, or through more direct

hormone action on grain growth and development cannot be answered with the information

available in this work. As the divided root treatment did not reduce the accumulation of

nitrogen in the grain (even at day 24- see Table 5.3) the effects of the treatments appear to

be confined to the metabolism and,/or movement of ca¡bon assimilates.

One other feature of this response is of interest. Vfithholding water from part of the

root system has greater effects than allowing the whole ¡oot system to become dry (day 24

-Table 5.2). There a¡e basically two alternative explanations: either root signals a¡e

produced in drying soil only when another part of the same root system is in wet soil, or

the action of these root produced signals in the shoot is dependent upon the water status of

the shoot.

8.3 Responses of different parts of the shoot

In wheat as well as barley, leaves (flag leaf and other leaves) remobilized fa¡ more N

than any other organ (Tables 4.L7 and 5.2I). In terms of DM remobilization, the stem

(lower internodes + peduncle) was the most important part of the shoot under almost all

conditions in either species (Table 4.16 and 5.20).

In wheat the remobilization of ESS and TSC was greater from the lower internodes

than from other parts of the shoot under both water stress and well-watered conditions

(Table 6.3). Little remobilizatton of TSC appeared to take place from the leaves, so the

stem was the most important part of the shoot in this respect. A readily available stem

carbohydrate reserve could contribute to grain frlling or energy requiring processes within

the plant. Evidence for this concept has previously been presented and discussed by Stoy

(1979). This function would be especially important when plants are subjected to lvater

stress during grain filling. Jenner et al. (199I) concluded that the rate and duration of both

starch and protein deposiúon in the grain are essentially independent events, controlled and

influenced by different factors. In this study the accumulation of N and DM in the grain

and also the remobilization of these components from different par:ts of the shoot were
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affected by the severity of post-anthesis moisture stress, although the responses in DM and

N remobilization to stress differed and the importance of different plant parts as sites of

DM and N remobilization was aslo different. These differential responses support the idea

that remobilization of nitrogen and other dry matter may be controlled through different

mechanisms. The greater remobilization of DM in barley in the glasshouse experiment

compared with the g¡o\ilth room experiment suggested that perhaps growth conditions,

other than water stress, influence the amount of DM remobilized. It was suggested that

one possibility could be the demand from maintenance respiraation.

In summary the remobilization of total soluble carbohydrates was greater from the

lower internodes than other parts of the shoot while there were comparatively small

amounts of these components remobilized from the leaves. On the other hand leaves lvere

the most important parts of the shoot related to remobilization of N and soluble protein

(Table 6.5).

These results demonstrate the importance of the stem and leaves as sources of

remobilized C and N in both wheat and barley plants under water stress. Further studies on

the environmental and genetic determinants of C and N assimilation and remobilization are

needed to provide a more rational basis for prediction of grain protein concentration, for

controlling it to desired levels by crop management practices, and also for breeding wheat

and barley cultivars.

8.4 High and low protein genotypes and remobilization of DM and N

Previous studies suggested that the arrival of nitrogen in the developing grains of

wheat is closely related to the export of nitrogen from senescent leaves. A few

investigators have tried to identify the attributes of the developing grains that are

associated with different grain N concentrations. Halloran and Lee (1979) reported

differences between cultivars in niuogen harvest index and total grain nitrogen as a

percenrage of total head nitrogen. They also noticed that highly signifrcant differences

existed between cultiva¡s in the percentage of dry weight and nitrogen in the glumes and

culms at maturity. This would seem to suggest there is genotypic va¡iation for
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translocating nitrogen from the glumes and culms presumably to the grain. Although

remobilization of leaf protein, translocation of the resulting substrate, and incorporation of

the substrate into endosperm protein are sequential events, and leaf proteases are

responsible for the breakdown and translocation of the N to the developing grains, there is

little evidence for mechanisms coordinating these processes( Jenner et al. L99L).

The apparent remobilization efficiency of N from both flag leaf and other leaves of

Sun 924 was greater than that of Vasco and Forrest under the same conditions (Table 7.3).

These results possibly suggest that the high protein cultiva¡ of wheat \vas more efficient

than the medium protein cv. of wheat, or than barley, at remobilizing N from the leaves

into the developing grain. This idea is consistent with the work of Johnson et aI . (1967)

and Mikesell and Paulsen (1971) who noted that high protein cultivars have a g¡eater

proportion of their shoot N in the grain at maturity than do low protein cultivars.

8.5 Comparison between wheat and barley

Despite the lower 1000 grain weight in wheat than barley, grain yield of wheat (mg

per shoot) was greater than barley. This was possibty because barley had a signiflrcantly

lower number of grains per shoot (397o lower than Vasco and 58Vo lower than Sun 924).

In terms of comparison between wheat and barley, these results were unexpected as

previously published values for grain yield grown side by side in the field using similar

management practices, barley yield was about 25Vo more than wheat (Lopez-Castaneda

and Richards 1994). The most likely explanation is that the experiments were ca¡ried out

on plants which were reduced to a single shoot rather than on fully tillered plants. Other

studies which have grown wheat and barley under the same conditions reported that in

development and in pre and post - anthesis growth barley was the first to reach double

ridge formation, anthesis and physiological maturity (Lopez-Castaneda 1992). Barley also

produced leaves and tillers faster, leaf a¡ea and crop grolvth rate was greater and grain

gowth was also faster than wheat (I-opez-Castaneda 1992).

In quantitative terms, less N was remobllizeÅ from the flag leaf of barley than from

the two wheat cultivars (Table 7.3). This however is likely to be a reflection of differences
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in the size of the flag leaf as remobilization efficiency was not greatly different between

the two species. What is striking is the similarity between Forrest and the medium protein

wheat genotype Vasco in the values for apparent remobilization efficiency of nitrogen

from the leaves (Table 7.3). Perhaps the same physiological or biochemical traits that

determine grain protein concentration are operative in wheat and barley alike.

8.6 Conclusions

The most important conclusions from all of the above and previous discussion in this

study were as follows:

1. Imposing water stress to the shoot during the grain filling phase reduced grain yield in

both species at maturity and the response increased with the severity of the water stress.

2. Grain nitrogen concentration was significantly higher under severe water stress than

under conditions of adequate water in the grain of both species at maturity, probably

because starch accumulation in the grain was more sensitive than N accumulation in the

grain under water stress conditions.

3. Depriving the upper section of the root system of water resulted in different responses

between the two species in terms of the remobilization of DM and N from the shoot .

4. Remobilizarion of N and DM from the shoot of both wheat and barley plants are

affected by water stress during the grain filling phase. The amount of N and DM

remobilized is reduced depending on genotypes and environmental conditions.

5. The remobilization of N and DM from different parts of the shoot to the grain in both

wheat and barley respond differently under water stress and well watered conditions during

grain filling.

6. Differential responses to the treatments between species and also in different parts of

the shoot suggest that the remobilization of DM and N are controlled through different

mechanisms

220



Cløptcr E Gcncral discussbn

7. Reduction in final grain parameters under water stress could possibly be mediated

either through effects on the size of the grain or through effects of water stress on the

availability of reserves and assimilates for grain growth.

8. Water stress during the grain filling phase not only reduced DM and N accumulation in

the grain, but also affected the the grain N percentage which determines the quality of the

wheat and barley grain.

8.7 Future work and comments

Future research topics that can be suggested include:

1. Further study on the physiology of remobilization of DM and N from the shoot of

different cultivars is needed, to help understand the inter-relationship between DM and N

remobilization in high and low protein and also in tall, semidwarf and short cultiva¡s.

2. In this thesis, plants were reduced to a single shoot without any tillers. It is necessary to

look at the whole plant under controlled conditions and freld conditions to find out if the

presence of tillers influences the results in terms of remobilization of DM and N from the

shoot during grain frlling.

3. Recent studies in wheat (Palta and Fillery 1995) concluded that applied N generated

differences in early growth and dry matter at anthesis mainly through the effects of N on

tiller number and tiller size. It was also concluded that increased grolvth due to high

nitrogen nutrition led to increased severity of \ilater deficit, particularly after flowering.

Recent studies on N applied on barley genotypes (Fathi t994), with and without

postanthesis water stress, found that N remobilization was generally similar in a glasshouse

experiment and in a field experiment. Of the six genotypes compared, the high tiller

genotype (SkifÐ showed the highest effect of N on DM remobilization, while the low tiller

(Weeah) showed low dry matter remobilization and there was no response to N. It would
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be useful to examine the influence of nitrogen nutrition on remobilization of N and DM in

different types of the soil with different genotypes under post anthesis \ilater stress.

Further work over a more extensive set of environments and using other new wheat and

barley cultiva¡s is needed to improve this knowledge.
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