
WAITE INSTITUTE
I '.l-85
LIBRARY

Physiological and Biochemical Responses to Elevated

Temperatures trnfla¡encing Grain }ieight in lJheat

by

SUKHDEV SINGH BHULLAR

M. Sc. ( B'iochem. )

Department of Plant Physiology,

lrlaite Agricultura1 Research Institute,
The University of Adelaide,

South Austral ia.

Thesis submitted for the degree of
Doctor of Philosophy.

October. 1984.



7o mg pa.,zzttt-,s tho¿e. ¿llonl-,:,
)n a ¿un¿Írn-t)ct!. ung, nndp.

fl¿i¿ monettf po's'si-4-Le,



TABLE OF CONTENTS

SUMlvlARY

STATEMENT

ACKN0t^JLEDGEMENTS

ABBREV IATIONS

SECTION 1. GENERAL INTRODUCTION

1.1 Introduction
"1.2 Yjeld Components

1.2.1 Grai n Number

1.2.2 Individual Grain bJeight

1.3 Anthesis, PolIination and FertiIization
1.4 Grain Growth

1.4.1 Early Development

1.4.2 Linear Phase

1.4.2.1 Accumulation of Starch

1.4.2.1.1 Storage Form

1.4.2.1.2 Starch Granule Initiation and

Devel opment

1 .4. 2. 1 . 3 Growth of the Starch Granul e

1.4.2.2 Protein Accumulat'ion

1.4.3 Term'ination of Grain Growth

1.5 Mature Grain Composit'ion

1.6 Changes in Some 0ther Growth Characteristics
1.6. 1 I'later Content and Water Rel ations
1.6.2 Cell Number and Cell Volume

1.6.3 Soluble Sugars and Amino Acids

1.6.4 Hormones

1.7 The Sources of Grain Carbon and Nitrogen

1.7 .1 Carbon

1 .7 .2 Ni trogen

1.8 Transport of Carbon and Nitrogen into and within the
grai n

1.9 Carbohydrate metabolisrn in the Pericarp

1.10 Temperature, Development and Metabolic Processes

1.11 Summary and this Investigat,ion

Page

i
iv

V

vi
1

1

4

4

5

7

7

B

I
9

9

9

11

11

12

13

14

14

15

16

i6
1B

18

19

19

20

21

23



SECTION 2.

2.1

2.2

2.3

2.2

2.2

Tre

2.3

2.3

2.3

2.3

Lìq

MATERIALS AND METHODS

The Sources for Materials

2.1.1 The Seed Source

2.1.2 Chemicals and Reagents

Plant Culture Conditions

.1 Piant Culture

.2 Growth Conditions

atments

.1 Arrangement of Plants

.2 Imposition of Treatments

. 3 Ear l^larmi ng

.4 Humidification
uid Culture of Wheat Ears

Methods of Determination

2.5.1 Fresh and Dry l^leights

2.5.2 Spìkelets and Graìn Number

2.5.3 Water Potential (V*)

2.5.4 Osmotic Potential (Vn)

2.5.5 Turgor Pressure (P)

2.5.6 Starch Granule Number and Size

2.5.7 Net Flux of l,later Through the Stalk of the

Grai n

2.5.7.1 Basis of the Method

2.5.7.2 Preparation of the Ears

2.5.7.3 Encapsul ation
2.5.7.4 Final l,rleighing

2.5.7 .5 Dry'i ng the Grai ns

2.5.7 .6 Testi ng for Broken Stal ks

2.5.7.7 Estimat'ing Fresh Weìght, Dry t,Jeight and

l,rleight of Water in the b Grain

2.5.7 .7 .1 Sel ecti on of Sp'i keì et Numbers

2.5.7.7.2 Predictìng the hJeight,s of the b

grai n

2.5.7.8 Theoretical
Ana'lytical Techn'iques

2.6.1.1 Extraction of Ëthanol Soluble Sugars

?.6.1.? Estimation of Total Sol uble Sugars,

Sucrose, Glucose and Fructose

2.6.2 Chlorophyl 1 Measurements

26

26

26

26

26

26

27

27

27

28

28

30

30

31

31

32

32

32

32

32

2.4

2.5

33

33

34

35

35

36

36

36

36

37

39

42

42

42

44

2.6



2.7

2.7 .2 Di al ys i s of Pol yethyl ene Gl yco'l and

Preparation of Osmotica'l'ly Adjusted Sucrose

Sol uti ons

2.7.3 Estimates of'Fnee Space Volume

2.8 Isolated Grain Culture

2.8.1 Di ssection of Grai n

2.8.2 Culture of Grain

2.8.2. i Method I
2.8.2.2 Method I I

2.8.2.2.1 Cul ture
2.8.2.2.2 Recovery of 14C02 Di ssol ved ì n

the Solution
2.8.2.2.3 Counting of tOrO1- Entrapped on

Paper

2.8.2.3 Method III
2.9 Determination of Free Space Sugars

2.10 Determination of Radioactivity
2.10.1 Ethanol Sol uble Radioact'iv'ity

2.10.2 Total Ethanol Insoluble Radioactiv'ity

2."11 Starch Determinations

2.1'1.1 Extract'ion of Starch

2.11.2 Determination of Amount of Starch

2.11.3 Determìnation of 14C in Starch and Free

Space Sugars

2. 12 Statistical Analysis

3 RESULTS

Ear Warming and Grain Yield Components

Responses of Grain Growth to Ear Warm'ing

The Effects of Ear hlarmìng on the Storage Capac'ity

of the Grain

Effects of Ear Warming on the Transfer of l^later and

Dry Matter Through the Stalk of the Grain

Effects of High Temperature on Starch and Protein
Accumulation in the Grain

3.4

44

44

44

45

47

4B

48

4B

4B

48

4B

49

49

50

50

50

50

51

51

52

53

2.6.3 Nitrogen Determinations

Determ'ination of Some Endosperm Characteristics
2.7.1 Collection of Endosperm Cavity Sap

53

53

ONISECT 54

54

73

3.1

3.2

3.3
100

130

3.5
143



3.6 Effect of Temperature on Some Metabolic Processes of
Grains Culture in ú-t-no

SECTION 4. GENERAL DISCUSSION

BI BL IOGRAPHY

112

199

216



ì

SUMl{ARY

lph';e'E

1. The hypothesis the rate of grain growth at high

temperature is limited by the availabil'ity of assimilate has been

tested in wheat (Tn-ilicun ap-¿Í)uun L. cv. Sonora), and also an

attempt has been made to examine some of the other factors which

coul d reduce si ngl e grai n we'ight at hi gh tenrperature.

2. The information perta'in'ing to the effects of temperature (and of

other environmental factors) on grain yield and ìnd'ividual grain

we'ight, on the pattern of starch and protein accumulation, on some

of the characterjstics of grain growth, and on the sources and

transpont of carbon and nitrogen into and within the graìn has been

rev i ewed.

3. The above hypothesis has been tested by warmjng on'ly the ears so

that, the effects of tempenature on other parts of the pìant are

I i kely to be m'i nimal, and hence el imi nati ng the poss'ibi l ity that
high temperature may have affected grain growth indÍrectìy through

its effects on other parts of the pìant. The assumption made 'in

this investigation is that the effects of temperature on the rate

of grain growth are mediated through the levels of assimilate
(sucnose) wjthin the grain. AccordinBly, the concentrations of
sucrose and of other soluble sugars (excìuding sucrose) in the

grains developi ng in the control and warmed ears have been

determ'ined, and the hypothesis has also been tested by culturing
detached ears at various levels of sucrose both during and after a

brief ep'isode of high temperature. It appears. that the rate of
grain growth at high temperature is possibìy not l'imited by the

availability of substrate for grain grorvth rather it is more likeìy
due to the factors operating within, or close to the gra'in.

4. lrlarmìng the ears alone or the whole plant for brief periods during

the graìn filling phase reduced total ear graìn rveight which was

mainly due to an effect of temperature on the 'individual grain

wei ght.

5. Warming the ears at either high or low humidity (or the whole

pìant) sign'ificantly reduced the water content of the graìns, but,

this reduction in water content of the grain is not simply related

to the changes in water - or osmotic potentìal of the grain, or of
the bracts. l,larming the ears at high humidity in two out of three

experiments had less effect on the rate of grain growth as compared
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to warming the ears at low hum'idity. Also the reductions in total
ear grain weight and individual gra'in weight at nraturity were

smaller in the ears warmed at hìgh cornpared to low hum'idity.

Therefore, hi gh huml dl ty i n t,he warm ai r seems to amel .iorate the

deleterious effects of high temperature on gra'in grourth'

6. Four cultivars of wheat have been compared to see if there were any

differences among them in thejr response to elevated temperature in

terms of grain yield or ìn the patterns of starch and protein

accumulation in the grain. High temperature sìgn'ifìcantly reduced

both total ear grain rve'ight and individual rain weight, and these

reductions were relatively greater for cv. RC-81-429 as compared to

cvv. Kite, Sonora, and lllt¡I15. High temperature sign'if icantly r educed

the amount of starch per gra'in, but had little or no effect on the

amount of protein per gra'in. The number of B-type starch granuìes

was significant'ly recJuced in the grains fronr the warmed pìants

whereas the number of A-type starch granules was hardly affected.
7. The effect of temperature on the sucrose-to-starch conversion

process in the endosperms cultured in uiþ¿o has been examined by

culturing isolated endosperms on osmot'ically adjusted solutions of
sucrose at various temperatures between 15 to 35oC. The experiments

indicate that the process(es) invo'lved in the conversion of sucrose

to st,arch has a broad optìmum around 25oC, whereas respìration in

these endosperms increased with a rìse in temperature within the

range 15 to 35oC.

8. It is concluded:
(a) Both the rate and the duration of grain growth are affected by

elevation'in temperature during the grain fill'ing phase. Final

grain weight at high temperature is reduced because there is no

compensatory increase in the rate of grain growth at high

temperature to balance the reductìon in the durat'ion of grain

growth.

(b) Reduction in final grain weìght at high temperature seems not

to be mediated either through it,s effects on the water

relations of the grain or the other parts of the ear, or

through the effect, of temperature on the availabi'lity of
assimilates for grain growth. It is more likely due to the

effects of temperature on t,he processes operating within' or

close to the graÍn.
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(c) The accumulation of starch and protein in the grain respond

differently to a bnief period of h'igh temperature during grain

f i I I'i ng, Protei n depos'iti on seems to have a hi gher temperature

opt,imum than the accumulation of starch.
(d) Different proceses operating in the grain seem to have

different temperature optima. For example, the uptake of

sucrose by the endosperm cells and respiration have hìgher

optima than the processes related to the conversion of sucrose

'into starch.
(e) High temperature during the grain fi1 I ing phase not only

reduced grain y.ield, but also affects the composition of the

gra'in which determines the qualìty of the flcur.
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1.1 INTRODUCTION

The distribut'ion and y'ield of crop p'lants in the different parts of

the world is determined largely by temperature and the availabilìty of

water ( Buntì ng et al . 198'l ). Temperature i n add i t'ion to havi ng a di rect

effect on the growth and development of the crop may interact wìth

numerous other factors like water availabilÍty, day 'length (photo-

period), nutrit'ion and light intensity, thus making it diffjcult to

evaluate the effect of temperature P24 '5e on crop yield. In spite of the

interactive nature of environmental factors, Monteith (1981 ) has

evaluated separately the effects of lìght, temperature, and rainfall on

year to year variation in yie'ld for major arable crops in the east

Midlands of Engìand (Table 1.1). Summarizing the essentials (of Table

1.1), l'ight makes small contribution. Temperature is responsible for a

varìation of x77. to +107.* ma'inly through its influence on the length of

growth period. The effect of rainfall ranges from negligible fìgures for

cereals in heavy soils to over t107" for more drought sensìtive crops on

lieht soils.
Wheat yield is highly sensitive to temperature, and a 1oC increase

in temperature during the months of May, June, and July in the east

Midlands of England reduces the gra'in yield by 6Z (Flg. 1.1).

Similar'ly, a loC increase ìn temperature for each month of the wheat

growing season in the United States of America could mean a loss of

US$ 136m per year (Bryson 1975). High temperature has been reported to

reduce the yield of almost every crop used as food by human beings

(Bunting et al. 1981). Reduction iñ the yie'ld of wheat due to high

temperature during grain-filling is common in Australiä (cf. Nix 1975;

Davidson and Birch 1978), and can also be a prob'lem in many of the

established wheat growìng areas (McDonaìd et al. 1983).

Temperature not on'ly reduces the quantity of seed produced, but may

affect the quality of the seed during its formation. High temperatures

and water stress during gra'in-fi'l'ling'in wheat result in an increase in

grain protein per cent (cf. Nix 1975). It has been reported (Sosulski et

al. 1963) that high temperature during graìn development may resu'lt in a

change in amino acid compos'ition of the protein, which could be due to a

or in the proportion of different



TABLE 1.1
#Estimates of yield and variation for major arable.crops in the east Midlands of Eng'land.

Crop Type
Effecti ve

growth period
( days )

Total dry
matter

(üra-1¡
Yi el d*

(tlra-t ¡
Soi l
Tvpe

Components of variation
(x7.)

ì ight temperature rai nfal l

Spring cereals

t¡Ji nter cereal s

Potatoes

Sugar beet

heavy
ìight

heavy
ììght

heavy
lieht

heavy
lieht

59 t5
55 t7

89 tB
85 t9

83 t6
80 r11

1 1 .8t1.2
1 1 .0t1. 5

1 7.8t1 . 9
17.0¡2.1

1 1.0r1.5
10.4t2.0

16.6t1.5
16.0t2.5

gra'in
6.1t0.6
5.7t0.8

grar n

9.3t1.0
B. Btl .1

tubers
37 t5
35 t7

roots
30 t3
29 t5

8
9

9
9

4
4

2
2

2
2

2
2

2
2

2
9

1

6

55 t7
52 x9

9
'10

9
15

8
13

o yield estimated from total dry weight using these factors: gra'in 0.52; tubers 3.4; beet roots 1.8
# Adapted from Monteith (1981)

1\)
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Fie. 1.1

Soyabean seeds that develop at temperatures above 33oC have a low

germ'ination percentage (Green et al. 1965: Siddique and Goodwin 1980).

Physiological disorders such as, "hollow heart" in the Pêâ, may be

induced and enhanced by high temperature during the seed growth and

development (Perry and Harrison 1973).

Much of Austral i ars wheat is grotvn in a Mediterranean-type

cìimate. It is sown at the beginnìng of rains in the Autumn, grows

through the mÍld winter and spring, a perìod of moderate'ly reliable
rainfall, and is harvested in ìate spring or early summer under rapid'ly

rising temperature and drought stress. Some frost damage jn the ear may

occur in the ear'ly maturing cultivars (in the northern wheat belt), if
sown too earìy. Nevertheless, the major limitation to wheat grain yieìd

is due to hot and dry post-flowering conditions (Davidson and Birch

1978), As the main objective of this study is to determine the factors

ìimiting grain weight at high temperture(s), gra'in growth under normal

and above optimum temperature cond'itions only have been reviewed in the

following sections.



4

1.2 YIELD COMPONENTS

Grain yield in cereals is a product of grain number and individual

graìn weight. Grain number is determ'ined during the reproductive phase

ìasting from the formatìon of double ridges until several days after

anthesis, while indivìdual graìn we'ight is affected most by prevailìng

environmental conditions after anthesìs and throughout the grain fil'lìng
phase.

1.2.1 GRAIN NUMBER

Grain number in wheat is determìned by the number of spikelets Per

spike, the number of florets pen sp'ikelet and proportion of florets that

actual'ly set grains (Evans and Wardlaw 1976).

A greater number of spikelets is formed under high than under low

'light intensity (Friend i965; Fischer 19752 Rahman et al. 1977). High

levels of nitrogen (Beveridge et al. 1965; Holmes 1973; Langer and Liew

1973) and phosphorous (Rahman and l'l'ilson ,l977a) result 'in greater

numbers than do low levels of these nutrients. Cond'itions, such as'long

days and high temperature, that accelerate floral development usua'l'ly

reduce spikeìet number (Rawson 1970; All'ison and Daynard 1976: Rahman

and Wilson 1g77b, 1978; Warrington et al. 1977; Kolderup 1979)' In
wheat, once the termi nal sp'i kel et has been formed, envi ronmental

conditions have no further influence on the spike]et number, although

the number of florets within a spikelet may still be affected by

envi ronment.

Water stress during the reproductive phase causes a serious

reduction in grain set and, hence, the y'ield of wheat (Salter and Goode

1967t Dubetz and Bole 1973; Saini and Aspinaìì 1981). The number of

gra'ins per spike of wheat 'is reduced when the plants are grown at

temperatures above 20oC during the reproduct'ive phase, mainìy due to a

reduction in grain set (Fischer and Maurer 1976; Warrington et al.

1977; Koìderup 1979t .Rawson and Bagga 1979t Saini and Aspina'ì1 1982).

Wheat plants grown at ztoc during the day, and 22oC at night immediate'ly

fol'lowing anthesis had a lower grain set than those grown at 15oC day

and 1goC night temperature (l^lardlaw 1970). High temperature coincìding

wit,h anthesis has adverse effects on po]'len viabiìity and st'igma

receptivity (Imrìe 1966; Goss 1968; Saini et al. 1983).



5

1.2.2 IND IVIDUAL GRAIN blEIGHT

Final we'ight per grain is a functjon of the rate and the duration

of gra.in growth (Brocklehurst 19ll). Genotypic variation in grain weìght

has been attributed to differences in the duration of grain-filling
(Asana and Bagga 1966; Syme 1961), or to variation in the rate of grain

growth (Asana and l^li I I 'i ams 1 965; Bi ngham 1 967; Brockl ehurst 1971 ;

Pinthus and Sar-Shalom 1978; S'immons and Crookston 1979)' or to both

sources (Sofield et al. 1977a - see Fig. 1.21 Stamp and Geisler 1976,

Gebeyehou et al. 1982; Gleadow et al. 1982).

The growth rates and final weight per graìn at different posìtìons

in a spike and within a spikelet differ (Rawson and Evans 1970). Grains

in the m.iddìe spikelets of the ear grow faster than those in apicaì or

basal spi keì ets, and gra'i ns devel opì ng 'in the second f I oret grow f aster

than those in positions dìstal or proximaì to the second (Bremner 1912;

Rawson and Ruwal ¡ 1912; Pinthus and Millet 1978; Simmons and Crookston

1979; Thornìey et al. 1981; Singh and Jenner 1982a).
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Fie. 1.2 Dependence of final dry weight per grain on (a) growth rate

(mg per grain per day), and (b) growth duration (days) for all
floret posit.ions in the central spikelets of the six

cul ti vars.
(Adapted from Sofield et al. 1977a)
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Envi ronmental conditions durì ng grain growth have pnonounced

effects on the rate and the duration of grain fìlììng. The rate of

growth per kernel increases with a rise in temperature in rice (Nagato

and Ebata 1966; Sato and Inaba 1973), and in wheat (Thorne 1970; Sofield

et al. 1974, 1977a; Sp'iertz 1914, 1977; Chowdhury and wardlaw .l978;

lrlardlaw et al. 1980). In wheat, between temperatures 15/1OoC (day/nìght)

to 21/16oC the rate of dry matter accumulation increases sharply, but

there is little or no ìncrease in rate with further increase in

temperature. The duration of gra'in growth on the other hand decreases

with increase in temperature (Fig. 1.3) throughout the whole range.

Hence, the optimum temperature for maximum grain weight is about 1B/13oC

(Fre. 1.3).
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I A100
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80 80

40
10/5 15/10 18/f3 21t16 24t19 27t22 30t25 33t28

Temperature ("C day/night)

Fig, 1.3 Relationship between temperature, maximum grain weight (   )'
and duration of grain growth ( O ) for wheat.

(Adapted from Chowdhury and ['lardlaw 1978)

Lower radiation reduces the accumulation of dry matter in wheat

grains (Asana et al. 1969: Wilìey and Hol'liday 1971a, 1971b: Spiertz

1974, 1977; Fischer 1975; Ford and Thorne 1975: Sofield et al. 1977at

Jenner 1979: Martinez-Carrasco and Thorne 1979a). l'Jater deficit durÍng

A

A

0
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the ear'ly st,ages of grain development or during grain filling depresses

the final weight per grain (Asana et al. 1958; Robins and Dom'ingo 1962;

Aspi nal 1 1 965; Wardl aw 1 971 ; Brockl ehurst et al . 1 978; Brooks et al.

1982). Mild water defic'it has no effect on the accumulation of dry

matter in wheat grain, but a severe water defjcit reduces the rate of

starch accumulation (Brocklehurst et al. 1978) and hastens the

term'ination of grain filling in wheat (l^lardlaw 1971; Brooks et ql.

1eB2).

1.3 ANTHES I S POLLINATION AND FERTILIZATION

Development of the stamens and gynoecium Ín the wheat flower is
synchronous (Percival 1921). At the tìme of flowering the lodicules

swell, forcing apart the lemma and palea (Peterson 1965; Goss 1968;

De Vrìes 1971). Stamen fjlaments elongate, reach'ing three times their
initial ìength, and extrude the anthers which spìit and shed theìr
pol len. Concurrently, the st'igmas qu'ickly separate from each other and

appear more feathery. The appearance of the first anther(s) from the

spikelet(s) situated mostly about two-thirds of the way up from the base

of the ear is often denoted the stage of anll¿e¿i¿ and subsequent

development of the gra'in'is mostly related to this event. Pollination

occurs just before or at the time of anthesis.

The fertility of the pollen and the ovary depends on the conditions

during their development, both high temperature and water stress be'ing

unfavourable (Bingham 1966; l,Jardlaw 1970, 1971; Saini and Aspina'll 1981,

1982). Optìmum temperature for pollen germinat'ion and po'llen tube growth

is around 20oC (Hoshikawa 1960), A pol1en tube containing the male

gametes penetrates the embryo sac, one haploid male nucelus fuses with

the egg nucleus to form the diploid zygote, while the second male

nucleus fuses with the two poìar nuclei forming a toLp!.oid, pn)natzg

enclo,tpenm nuc-lz.u¿ from which the endosperm 'is derived. The tirne from

polìination to fert'ilization in wheat varies from 3.5 hours at 30oC to

as long as 8.5 hours at 10oC (Hoshikawa i959).

1.4 GRAIN GROWTH

The course of grain growth in wheat may be divided into three ma'in

phases of growth.
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(u)
(b)
(c)

Earìy development with little accumulation of dry matter.

The period of linear intensive growth'

The maturation with small increases followed (possib'ly) by

smal I decrease of dry matter.

EARLY DEVELOPMENT1.4. 1

Following fertilisation, initial growth is mainly in the pericarp

(Ri¡ven and Banbury 1960), wh'ile the endosperm nuclei undergo rapid

d.ivi s.ions wjthout cel I wal I formation. The sequence of the events for

the transformation of acellular to cellular tissue of the endosperm are

poor]y understood, and there is disagreement on some details of the

process. Accord'ing to Brenchley (1909) the entire endosperm t'issue

arises by cellularisation of a syncytial mass, formed as a result of

muì tiple free nucl ear divi sions of the primary endosperm nucleus

(Section 1.3). Gordon (1922), on the other hand, showed that starchy

endosperm tissue arises by seriaì tangential cell divìsions of a cambial
'layer ìin'ing the embryo sac, this layer having been derived by muìtip'le

divisions of the first endosperm nucleus and persisting at maturìty as

the aleurone 'layer. Some workers (Sandstedt 1946; Butt,rose 1963a; Evers

1970) have combined the two theories suggesting that the inner endosperm

arises as described by Brenchley and the outer layers as described by

Gordon.

Development of the embryo 'lags behind that of the endosperm and

there is no appreciable increase'in its we'ight unt,il 10-12 days after

anthesis (Jennings and Morton 1963a), but subsequently growth continues

throughout the remaining period of grain development.

1.4.2 THE LINEAR PHASE

Together, starch and protein make up about 902 of the dry matter of

the mature wheat graìn (Sectìon i.5). Both starch and protein start

accumulating about 6 to I days after anthesis and build up at a steady

rate thereafter (Jennings and Morton 1963a; Bremner 1972; Sofield et aì.

1977b).
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1.4.2.1
1 .4.2.1 .1

ACCUMULATION OF STARCH

STORAGE FORM

Starch ìn the cereal grains is deposited in the form of organised

structures called starch granu'les (Badenhuìzen 1958). At maturìty in the

endosperm of wheat (tvleredith 1981), barley (Buttrose 1960) and rye

(Dronzek et al. 1974) there are two types of starch granules: the large

lenticular or A-type and smal'l spherica'l or B-type ranging from less

than 1 to 10 m'icrons. Small starch granules may account for up to 962 of

total starch granule number (Duffus and Murdoch 1979; Gleadow et al'

1982) but because of the'ir smaller size they may on'ly make up as little
as 102 (Buttrose 1958), but sometimes as much as 30 ro 407", of the total

weight of starch (Hughes and Briarty 1976; Evers and Lìndley 1977).

Variation in final gra'in we'ight and the appearance of the grain

(e.e. large plump, small plump and shrivelled, Brocklehurst and Evers

1977), is associated with variation in the number of B-type granules' A

reduction in final we'ight per grain due to water stress during grain

filling is mainly due to a reduction in the number of B-type granu'les

(Brockiehurst et al. 1978) and part'ly also due to a reduction in the

size of the A-type starch granules (Brooks et al. 1982).

"I .4.2.1.2 STARCH GRAN ULE INITIATION AND DEVELOPMENT

Minute starch granuìes are present in the wall of the unfertilized

ovary. After fertilization starch granu'les present in the outer ìayer of

the developing pericarp 'increase in size rapidly for 4 to 5 days. The

enzymatic hydro'lysis of these starch granules begins even before they

have reached maximum size, and starch disappears from the out,er pericarp

just after the caryopsis has reached maximum'length (Sandstedt 1946; May

and Buttrose 1959).

In the endosperm, starch granules (A-type) first appear between

days 4 to l4 after anthesis dependìng on the temperature (Brenchìey

1909; Percival 1921: Sandstedt 1946; Hoshikawa 1962)z the higher" the

temperature the earl ier the'ir appearance. The number of A-type

amyìoplasts per cell reaches a maximum around 6 days after anthesis,

then drops, while the number per endosperm reaches a max'imum around 8

days after anthesis, thereafter remaining constant (Fig. 1.4).
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per endosperm ( ¡ ) dur.ing wheat endosperm development.

(Adapted from Briarty et a'|. 1979).

The division of A-type amyìoplasts ceases around 6 to I days before

the cessation of endosperm ce'l'l divis'ion (Briarty et al. 1979)' and so

the cells of the outer 'layers (later formed) of the endosperm contain

fewer A-type granuìes.

Smaller granules (B-type) begin to appear between days 12 to 20

after anthesis (Hoshikawa 1962). Small granules appear withÍn A-type

amy'lop'lasts, the membrane of which then extrudes and constricts,

releasing the small granuìes into the cytoplasm (Buttrose 1960)

Amyìose content relative to the total amount of starch ìncreases

during graìn development (Matheson 1971), and is due to an increase in

the amylose content of the starch granuìes in all the size classes

(Duffus and Murdoch 1979).
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1.4.2.1.3 GROI^ÍTH OF THE STARCH GRANULE

Evidence from )n uiuo carbon-l4 incorporation into granules of

maize endosperm (Gafin and Badenhuizen 1959) and evidence from scanning

electron microscopy on the development of the starch granuìe in wheat

endosperm (Evers 1971) supports the postulate that the starch granu'le

grows by apposit'ion of material onto its surface. l^Jithin the pìastid the

st,arch granu'le occupies a fairìy constant proportion (about 80 per cent)

of the volume unt'il 16 days after anthesis, and then the partial granuìe

volume rises to 93 per cent at, maturity. Gnanule growth rate appears to

vary in different cell 'layers and at different stages of endosperm

development,, thus, resu'lting in a range of starch granule sizes 'in

different parts of the endosperm (Briarty et al. 1979).

The composìtion within a starch granule varies from its core to its
periphery, and presumabìy arises from the dìffering mechanisms for the

initiation of the granuìe and its subsequent growth (cf. Jenner 1982a).

In starch granules from wheat and barley, r'ing formation 'is controlled

by environmental conditions (of 'light and temperature), whereas ring

formation in the granuìes from potato tubers is not affected by

environmental conditions (Buttrose 1963b).

1.4.2.2 PROTEIN ACCUMULATION

Proteins in the mature wheat grain can be divided into four groups

(on a solubility basis; 0sborne 1907) - albumins, gìobuìins, 91ìadins
(or pro'lamins) and gìutenins. Albumins and g'lobu1ìns, which together

comprise about 157, of grain protein, are chiefly found jn the embryo and

aleurone layer of the grain. The albumins may be ch'iefly metabolic

prote'ins, whiìe most of the globulins appear to be storage proteins that

occur in proteìn bodies located ìn the cells of aleurone layer and in
some of the cells of embryo (Buttrose 1963a). The albumins and g'lobulins

accumulate mainly durìng the first two weeks of grain growth and may

continue to accumulate slowly for a further two weeks (Rijven and Cohen

1961; Jennings and Morton 1963a). The storage proteins (gliadins and

glutenins) which are stored in protein bodies'in the endosperm appear 6

to 12 days after anthesis and continue to accumulate until maturity
(Graham and Morton 1963; Evers 1970; Campbell et al. 1981; Mecham et al.
1981; Bechtel et al. 1982). The synthesis of gìiadins may beg'in later
than glutenins (Bilinski and McConnel 1958).
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There are considenable differences in the protein content (as a

percentage of the dry weight,) between cultivars .(Haunold et al. 1962;

McNeal et al. 1966; Johnson et al. 1967:.Orth and Bushuk 1972; l.lu and

McDonald 1976; Donovan et al. 1977a,1911b; Sofield et al. 1971b; Pearman

et al. 1978; McDonald et al. 1983). Also, a single cultivar grown under

different conditions may vary in protein content (Swanson 1938; Rennie

1956; Hutcheon and Rennìe 1960; Sosulski et al. 1963; Dubet,z 1977), and

there is variation in this attribute among different florets within a

spike]et (McNeal and Davis 1954; Ali et al. 1969; Bremner 1972; Simmons

and Moss 1978).

The rate of protein synthesis is enhanced more relatìve to starch

at high temperatures (Crmpbell and Read 1968; Spiertz 1971) durìng graìn

development. Sosulsk'i and co-workers (1963) have reported that high

temeprature during grain development may change the composition of amino

acids in the grain protein.

1.4.3 TER]vlINATION 0F GRAIN GR0l^lTH

The final stages of grain growth fol low a curved course of

graduaìly diminish'ing rate. Several changes occur in the p'lant, and the

gra'in more or less s'imultaneously, hence, making it difficult to

ascertain whether term'ination of gra'in growth is a result of processes

operating in the pìant or in the grain itself, or to a combination of

both. Green parts of the pìant become senescent and there is a

progressive loss of photosynthetic function. There is a rap'id loss of

water from the gra'in, during the final stages of gra'in growth (Mened'ith

and Jenkins 1975). Whether the rapid fal1 in the water content is the

cause or consequence of the cessation of grain growth'is not clear. Work

by Cerning and Guilbot (1973) indicates that water loss may precede the

comp'letion of dry matter, but this report is not supported by earlier
workers (Hartan and Pope 1923: Jennings and Morton 1963a; Aspinaìl 1965)

where it has been shown that the decrease in water content began oniy

when maximum dry weight was attained. Rad'ley (1976) suggested that t,he

initiation of water loss from the grain at maturation might result from

an increase in the permeability of the pericarp and might, also involve

the hormone ABA. King (1976) and Sofìeld et al. (1977b) did not find any

evidence for Radley's suggestions, however.
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The cessation of accumu'lation of starch is not attributable to a

lack of availability of sucrose, but is rather due to a loss of capacìty

of endosperm to convert sucrose to starch (Jenner 1982a). The suggestion

has been made that disintegration of the endosperm nucìei may initiate
grain maturat'ion (Alexandrov and Aleandrova i954 cited'in Frazier and

Appaìan'idu 1965). However, such a suggestion is at variance with other

reports in the literature. For example, there is no fall in DNA or RNA

content in t,he endosperm during ripening (Jenn'ings and Morton 1963b) and

the number of nuclei appears to decrease after reaching a max'imum value

around 18 days after anthesis, which is much earlierin development than

ripening (Hosh'ikawa i962; Rijven and l,lardlaw 1966; Singh and Jenner

r 982b).

1.5 MATURE GRAIN COI'IPOSITION

The contribution of the i nd'ividual parts of the gra'in

towards its mature weight and the compositìon of different
been given by Peterson (1965):

of wheat

parts has

Part of the grain

Embryo

Endosperm

Aleurone cell layer
l,lucellus and seed

coat
Pericarp

Per cent of total
grain weight

2.5
84.0

6.5

2.5

4,5

Per cent of total
anount in the grain:

carbohydrate protein
(N x 5.7)

1.5

87.9

10.6

8.0

72.0

16.0

2.3

1.7

Endosperm is the main contributor towards mature grain weight and

contains a major proport'ion of carbohydrates (mostly starch) and

proteins. Starch in the endosperm is not evenly distributed: a cell in

the centre of the endosperm contains about I times as much starch as a

cell in the sub-aleurone'layer (Jenner 1982a) while the quant'ity of

protein per ce'|1 is about the same (14.7 x l0-5 mg, Evers 1970) in both

reg i on s.
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1.6 CHANGES IN SOMI OTHIR GROWTH CHARACTERISTICS

1.6.1 WATER CONTENT AND WATER RELATIONS

During the first third of the period of grain growth, both water

and dry matter accumulate in the grain, thereafter the water content of

the graìn remains constant untiì the graìn ripens (Fig. 1.5)' Sofield

et al. 1977b; Brooks 1980; Jenner 1982b).
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Fig.1.5 Grain dry weight (O), water content (g), and water potential

of graìn (O), and gìumes (A) during grain filìing.
(Adapted from Barlow et al. 1980)

During most of the grar'n-filìing phase the water potential of the

grain remains constant and decreases sharply as the graÍn matures (Fig.

1.5). The fluctuations in water and osmotic potentials in the grain are

very small in comparison with the other parts of the plant both under

nonmal (Kirkham 1979; Barlow et al. 1980) and water stress conditions

(Barlow et al. 1980; Brooks et a'I. 1982; Aspinaìl et al. 1983; Barlow et

al. 1983). Th'is attenuation of water and osmot'ic potential of the grain,

could possibly be due to its hydraulic isolation from the rest of the

plant (tf¡e continuity of the xylem is interrupted at the base of the

grain, Zee and 0rBrien 1970a).

Little is known about the mechanism(s) of water transport into and

within the grain, or of the resistances to the movement of water into

and within the gra'in. Evidently, the accumulation of dry matter in the

grain is independent of both the direction of flow and the net flux of

water into the grain (Jenner 1982b).

tt

49
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1.6.2 CELL NUMBER AND CELL VOLUME

Ceìl number js the main determinant of final gra'in weight (Sineh

1982), and strong emphasis has been laid on differences 'in cell number

per endosperm to expìa'in differences ìn graìn weight among varieties

(Brockìehurst 1977), between florets w'ithìn a spikelet (Singh and Jenner

1982a) and to factors such as shading (Wardlaw 1970; Brocklehurst et al.

1978), grain removal (Brockìehurst 1971) and water stness ([,Jardlaw 1971;

Brocklehurst et al. 1978). Evers (1970) reported that no cell division

occurred in the endosperm of wheat later than 16 days after anthesìs and

other workers (Jennings and Morton 1963b; Wardlaw 1970; Briarty et al.
.¡979; Sìngh and Jenner 1982b) have come to similar conclusions usìng

cell counts. However, biochemical anaìyses (Donovan 1979) have shown

that t,he maximum DNA content of wheat endosperm is not reached until 25

days after anthesis, but this increase in DNA content per endosperm is

presumably due to endoredup'ìication of nuclear DNA, rather than increase

in cell number per endosperm (Donovan 1983). The rate and the duration

of celì dìvision in wheat endosperm is affected by temperature, the

higher the temperature the earlier the cessation of cell division

(Hoshikawa 1962; Wardlaw 1970; Radley 1976; Stngh 1982). In barìey, the

rate of cell division in both the endosperm and the embryo increases

with increasing temperature (Pope 1943). Once the cell number is

determined, further increase in graìn volume is mainìy due to increase

in cel I volume (F'ig. 1.6)'

6 12

3
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Days after anthesis

50

Fig. 1.6 Changes in the number of cel'ls per endosperm ( O ) and volume

per cell ( f ) during deveìopment of wheat grain.

(From Hughes 1976)
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Cell volume is also affected by temperature; wheat endosperm

developing at high temperature has smaller cell size compared to that

developingat@]owertemperature(Radley1976).Fina]
cell number on the other hand seems to be little affected by temperature

during grain growth (Hoshikawa 1962; Wardlaw 1970).

1.6.3 SOLUBLE SUGARS AND AMINO ACIDS

Considerable informat'ion is available on the quaìitative (Abou-

Guendia and D'Appo'lonia ,l972, 1973; Cerning and Guilbot 1973) and

quantitative (Jennings and Morton 1963a; Cerning and Guilbot 1973;

Jenner and Rathjen 1972a, 1972b; Kapoor and Heiner 1976; Meredith et al.

1980; Kumar and Si ngh 1 981 ; Cheval'i er and L'i ngl e 1983) changes i n the

free sugars of the wheat graÍn during grain growth. The most abundant

sugars in the grain are sucrose, glucose, fructose and fructans, while

gìucosans and maltose occur in small quantities. Raffinose which 'is

uniquely located in the embryo (Duffus 1979) appears on'ly during the

later stages of graìn development. Absolute amounts and proport'ions of

various sugars dìffer considerab'ly among reports. However, most of the

reports agree that sucrose and other soluble sugars (on per grain basis)

peak around 10-15 days after anthesis and decline to steady level

thereafter.
Non-protein nitrogen forms a h'igh proportion (about 487") of total

nitrogen during the ear'ly stages of grain development; the proportion

declines markedly to about 152 during the rapid grain-filling period,

then declines more slowly to 3Z at maturity. The amount of amino ac'ids

per grain is almost constant during grain development (Jennings and

Morton 1963a).

'l . 6.4 HORl4ONES

The role of phytohormones in yie'ld formation has been reviewed by

Michael and Beringer (1980). Developing graìns of wheat contain several

growth substances the levels of which change substant,ially during t'he

course of development (l,Jheel er 1972). Cytokinin activity short,'ly after
fertilization is particu'lar'ly high (Fig. 1.7), and its maximum level

seems to coincide with the maximum rate of mitosis. Large graìned

varieties of barìey (Michaeì and Sei ìer-Kelbitsch 1972) and wheat

(Herzog and Geisler ,l977) show a significantly higher level of cytokinìn
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activìty than small grained ones, indicating that cytok'inin may affect

grain weight through an effect on cell div'ision. Soon after the maximum

level of cytok'inin is observed, g'ibbereìl'in content increases and this

peak coincides with the celì expansion phase (Radìey 1976). Auxin

content increases somewhat ìaterthan do the g'ibberelì'ins and it is

present in maxìmum quant'ity just before maximum fresh weight, when

starch and protein is accumulatìng rapidly'in the endosperm. A fair'ly
close relationship has been reported between graìn growth rate and the

levels of auxin and gibberellin in wheat (Wheeìer 1972) and barley

(Mounla and Michael 1973). ABA activity in the cereaì grain increases

during grain growth and its activity is at a maximum when grain growth

stops and the decline in water content begins (Wheeler 1972l McWha 1975;

Kì ng 1 976; Rad'l ey 1 976 ) .

400 I 80

100

60ID

.=
6
ct)

ooo
ct)\
.=
(ú
o
N

300

200

100

Ø
.s
(Il
L
o)

ooo
ct

E
.9
q)

È
E
al,
0)

lr
20

v,
.E

Izs
CD

ooo
Iso
o)\

-25

;6
.=(l
o,
o
3q
o)c
c,(^
o¿

40

o o o oo1 2

t
,
o
o
TI

3 4 5 6 7 I I 10

Weekly samples

Fig. 1.7 'Hormona'l ' ìevels in ears and developing grain of wheat (cv

Kloka). Cytokinin ---{}-; auxin 
-l-; 

gibberellin --À-,
and fresh weight

(After tJheel er. 1972)

The grains in wheat ears grown at 25oC compared to those grown at
'l5oC mature sooner and reach their peak of gibberellin and ABA activity
earlier (Radìey 1976),
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1.7

1.7 .1

THE SOURCES OF GRAIN CAR BON AND NITROGEN

CARBON

Sucrose is generally considered to be the substrate for starch

biosynthesis in the deveìoping cereal grains (Duffus 1979; Jenner

1982a), and is mainly derìved from concurrent photosynthes'is during

grain filling (Archbold 1945; Porter 1962t Rawson and Hofstra 1969). The

flag leaf and the ear itself are the main sources of carbon for the

developing grain (Stoy 1965; Wardlaw 1968; Rawson and Hofstra 1969).

Alt parts of the wheat ear are capable of C02 fixation (Carr and

Wardìaw 1965; Kriedemann 1966; Evans and Rawson 1970), and the

contribution of ear photosynthesis to grain fil'ling has been reported to

vary from 107" (Lupton 1969) to 60% of dry matter (Frey-Wyss'ling and

Butt,rose 1959: Saghir et al. 1968, Rawson and Evans 1970). The awns can

make a significant contribution to graìn weight (Grundbacher 1963; Ape'l

1966; Evans and Dunstone 1970; Evans and Rawson 1970; Evans et al. 1972;

0lugbemi et al. 1976).
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Temperature and other environmental factors have a substantia'l

effect on assimilate production and its djstribution pattern. F'lag leaf

photosynthesis has a broad opt'imum around 25oC, decl ining sharp'ly at

temperatures below 1soC and above 30oC (Fie' 1.8). Increase Ín

temperature of the whole plant, or the ear alone, enhances the movement

of assimilates from the flag leaf to the ear (Wardlaw 1974; Ford et al.
.¡976; Wardlaw et al. 1980). The various processes'involved in transloca-

tion may differ in their degree of temperature dependence, the loading

of assimilate 'into the phloem, and its unloading into the grain are

(possibly) coupìed with cellular metabolism and, therefore, strongly

dependent on temperature (Fig. 1.8). The mass flow of assimilate in the

vessels, on the other hand, is scarce'ly dependent upon temperature (Fig.

1 .8).

1.7.2 NITROGEN

There are two possib'le sources of gra'in nitrogen in wheat: so'il

nitrate absorbed and reduced during gra'in fi I I ing and transported

direct'ly to the grain, and remobilization of nitrogen from the senescìng

leaves and stem. Remobil'ization of n'itrogen from other organs'is hìgh]y

dependent on environmental conditions during grain fi'llìng. Under

conditions of adequate so'iì nitrogen, low temperature and adequate

moisture levels, senescence and remobilization of nitrogen from leaves

is slow, and much of the grain protein may be derived from N taken up

during grain filling (Pavlov 1969). 0n the other hand' under less

favourable condjtions (high temperature, water stress and low soil

nitrogen) almost all grain nitrogen may be derived from remob'ilization

of nitrogen from other sources within the plant (l'lardlaw 1975).

1.8 TRANSPORT OF CARBON AND NITROGEN INTO AND I^JITHIN

THE GRAIN

Dry matter deposited as starch and protein in the developing wheat

graìn is derived from substrates produced elsewhere ìn the plant. Both

carbon (sucrose) and nitrogen (amides and amino acids) are transported

(along the longit,ud'inal axis of the wheat grain) in the vascular bundle

running in the furrow (Frazier and Appalanaidu 1965; Sakri and Shannon

1975; Donovan et, al. 1983). The continuity of the xylem as it enters the

pericarp of wheat caryops'is is interrupted by modified thick-walled
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tracheary elements (Zee and 0'Brien 1970a) hence, the phloem provÍdes

the main conduit for t,he transport of carbon and nitrogen (Donovan e!

al. 1983). There is minimal metabolism of the sucrose during its
transport through the grain phloem (Sakri and Shannon 1975), metabolism

of amino acids may occur (Donovan et al. 1983), however-

From the phloem sucrose is thought to move across the tissues of

chalaza, pigment strand and nucel lular projection (Fraz'ier and

Appa'lanaidu 1965; Jenner 1974a) into the endosperm cavity (Bradbury et

al. 1956). The route of sucrose from the endosperm cavÍty to the cells

of the endosperm is not certa'in. However, the balance of evidence

favours the possib'ility that sucrose takes an apopìastic route (Jenner

1974a; Rijven and Gifford 1983). The movement of suc:-ose from the ph'loem

to the endosperm cel I s 'is not, dependent upon hydrolys'is of sucrose

(Jenner 1974bt Sakri and Shannon 1975).

There 'is a downhi I I sucrose concentration gradient from the ph]oem

to the endosperm cells (Jenner 1974a) and gradients appears to be

steeper at two p'laces. One of these operates between the phloem and the

endosperm cavity, and the other at the boundary of the cel I ular

compartment and extracellular space. The physio'logical nature of these

resist,ances is unknown, but the first mjght be a man'ifestation of

unloading and/or transport across the pigment stnand and nucellar

projection, while the second may reflect trans-membrane resistances to

the flux of sucrose into the cells. Transport of sucrose across the cell

membrane i s ei ther by di ffusi on (Jenner 1 980a) and/or "faci I i tated

diffusion" (Rijven and Gifford 1983).

So far, there is no published information on the transport of amino

acids within the endosperm. However, transport by the same route and/or

mechanism as described for sucrose is not un'likely.

1.9 CARBOHY DRATE METABOLISM IN THE PERICARP

Little is known of the contribution to grain filìing of the layers

which surround the endosperm. During most of the grain fil'ling period

the pe¡icarp is a bright emerald green tissue surrounded by a

translucent outer 1ayer. The green chlorophyllous layer of the pericarp

is active in carbon dioxide fixation (Carr and Wardlaw 1965; Evans and

Rawson 1970) and has a number of biochemical characteristics similar to

that found in the leaves of C4 plants (Nutbeam and Duffus 1976). The
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tissue contains a number of enzymes characteristic of C4 photosynthesis

including high activities of phosphoeno'lpyruvate carboxylase and

orthophosphate dikinase (Duffus and Rosie 1973; llljrth et al. 1977).

Sucrose derived from pericarp photosynthesis may be available to

the endosperm for starch synthes'is (Nutbeam and Duffus 1976).

Furthermore, the photosynthetic act'iv'ity of the cross ceìls may suppìy

oxygen for endosperm respiratory processes, and the carbon dioxide

rel eased by endosperm resp'i ration may be refixed duri ng thi s

photosynthesjs (Cochrane and Duffus 1979). Hence, the pericarp may p'lay

a vital role in supplying carbohydrate precursorsr reducing losses and

even controlling overalì endosperm activity by regu'lating the oxygen

supply (Duffus and Cochrane 1982).

1.10 TEMPERATURE, METABOLIC PROCESSES AND MTMBRANE

STRUCTURE

Temperature condjtions encountered by crop plants may broadly be

divided into three ranges: a lower range around zero to 5oC, where there

is little or no growth or development, increasing the temperature from

soÇ up to about 30oC accelerates growth and development, but at

temperatures above this optimum, growth and development decl'ine reaching

zero at an upper limiting temperature. Inhibition of growth and/or

development at both extremes may be due to the effect of temperature on

the membrane structure and biologica'l integrity of the system, and has

been reviewed 'in detaiì by Levitt (1980). The acceleration in rate of

development between 5oC and 30oC is maìnly through the effects of
temperature on the rate of metabolic processes which govern cellular
differentiation (cf. Monteith 1981). Different physiological processes

may differ greatìy in their sensitivity to temperature; even the same

process may differin its sensitivity at d'ifferent physioìogical stages

of development.

The wheat graìn during its growth passes through a sequence of

developmentaì stages (Rogers and Quatrano'i983), and the duration of

each stage is presumably determined by temperature. Although there are

many reports on the effect temperature on the duration of grain growth

(Section 1.2.2), reports on the effects of temperature on the individual

developmenta'l stages are lacking, howeven. Each deve'lopmental stage

possibìy requires a certain number of degree days for its completion,

which Monteith (1981) prefers to call "thermal time", stressing that
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time as perceived by the p'lant, is a functìon of temperature whereas, in

conventional phys'ica'l terms, temperature is a function of time. Plants

appear to gauge the rate of developmental processes by reference to a

biochemical clock which ticks faster as temperature increases. Thus, the

pìant is maintaining a constant rate of development (in reference to the

biochemical clock), but it is developing faster by reference to the

physìca'l clock.
The biological activity of cells is, to greater or lesser extent,

dependent on temperature. Th'is is due to the temperature dependence of

thermodynamic and kinetic constants that determine directions and rates

of chemical reactions, conformational transit,ion of bioìog'icaì macro-

molecules, phase tran:ition of lipids etc. Any temperature shift
invariably results in alteration of a metabolic rate and distorts
existing relationships between reactìon rates of numerous constituents.

The cold-induced shift in the equiìibr ium between starch and sugars

in potatoes, is a c'lassical exampìe of an effect of temperature on

carbohydrate int,erconversion. At temperatures between +1oC and +soC

sugarsr especìal'ly sucroser accumulate 'in potato at the expense of

starch, and the process can be reversed by raising the temperature

(Burton 1972; Isherwood 1973, 1976). The rate of sucrose to starch

conversion in the grain of detached ears of wheat at 30oC (supplied with

sucrose), has been shown to be 4.4 times greater compared to that at

15.5oC (Jenner 1968). The rate of respiration (determined on isolated

grains) is a linear function of temperature (Fig. 1.9)

Many physiological processes of the pìant are inhibited at hieh

temperature. It, is well known that, proteins are denatured at high

temperature (Alexandrov 1977) and there is evidence that hieh

temperature might also disrupt membrane structure. For example, the

irreversible inhibition of photosynthesis at high temperature correlates

with the loss of photosystem II activity (Pearcy et al. 1977), the loss

of photoþhosphorylation (Mukohata et al. 1973) and a change in the

organization of chlorophyìl 'in the membrane (Schreiber and Berry 1977;

Schrieber and Armond 1978). The disruption of all these membrane-

associated processes occurs simultaneously. It seems reasonable,

therefore, to postu'late that alì these high temperature induced effects

are related to a perturbation of membrane structure and function by

heat.
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Fig. 1.9 Effect of temperature on dark respiration of isolated wheat

grains.
(Adapted from Chowdhury and Wardlaw 1978)

In corn mitochondria, coup'ling between oxidation and

phosphory'lation began to decrease at 3O-35o and at 40oC uncoupìing was

complete (Kurkova and Andreeva 1966). Thermal uncoupìing in chlorop'lasts

occurs at temperatures 'lower than that of mitochondria, which in turn is
lower than that leading to heat-inactivation or perturbation of the

plasma membrane. The s'implest exp'lanation for such a difference in

sensitivity to high temperature may be due to differences in membrane

composition, It is generaììy accepted that the chloropìast membrane is

the most sensitive to high temperature, the mitochondria less so, and

plasma membrane least sensitive (Levitt'1980).

1.11 SUMMARY AND OUTLINE OF THIS INVESTIGATION

Yield formation in wheat is a complex process, resulting from the

interaction of many p'lant processes with each other and the environment.

Temperature begins to affect crop yield when the seed from the previous

crop is being formed and continues to have an affect through all the

growth stages of the plant until the day of final harvest. A'lthough, the
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potential grain yie'ld in wheat is determ'ined by the time of anthesis,

the actual yield at harvest is highly dependent, on the environmental

conditions during the period of grain growth. Temperatures above about

20oC during graÍn fiììing result in a reduction in the.final weight per

graìn (Section 1.2.2). Exposing the ears alone to temperatures above

25oC during grain-filling is effective in reduc'ing the final weight per

gra i n.

Starch is a major component of cereal grain dry matter, and heat

stress or water stress induced reductions in gra'in dry matter are

accompanied by a reduced starch content (Sectìon 1.4.2.1.1 ). Starch

occurs in wheat endosperm as two distinct types of granu'le: A-type and

B-type (Section 1.4.2.1.1 ). Aìthough high temperature during grain-

fiììing reduced starch deposition, lit,tle is known about the effect of

temperature on the production of starch granules. Hoshikawa (1962)

reported that grains from wheat pìants grown at 30oC seemed to have

smaller A-type and fewer B-type granules than those from the pìants

grown at 20oC, but no critical measurements of granule number were made.

So. a part of this investigation deals with the effect of a brief period

of an elevated temperature on the numbers of both types of granu'le.

Under conditìons of high temperature senescence of the green tissue
(especially the leaves) is enhanced and there is a significant increase

in the respiration of the grain (Stoy 1965; Spiertz 1974; Chowdhury and

tlardlaw 1978; Vos 1981). These responses may possibly lead to a short,age

of carbohydrates for grain growth (Thornley 1971). However, no critical
evaluation of the availability of substrate for gra'in growth under

conditions of high-temperature has been made. Neither the physiological

nor the biochemjcal reasons for the observed reductions in t,he grain

weight as a result of high temperature have been resolved.

The following possìbilities have been investigated in this study:

(a) changes in the water relations of t,he ear and/or the grain

(high-temperature induced water-stress due to excessive

evaportion); or
(b) alteration in the availability of soìuble carbohydrates for

grain-filling; or
(c) impairment of the synthetic capacity of the grain.

The quant,itative'ly most important component of grain dry matter,

apart from starch, is protein. Several studies have found that protein,

as a per cent of dry matter, increases under stress conditions (Section
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1.4.2.2), which might suggest that protein and starch accumu'lation in

the grain might have a differential response to stress condit'ions. To

test t,his hypothesis four cultivars of wheat have been compared for

their sensitivity to a brief period of heat-stress during graÍn-fill'ing
for the pattern of starch and protein accumulation.

Temperature possibly has a direct effect on the metabol ic
processes of the grain, and these processes may differ great'ly in their
sensitivity to temperature. Effects of temperature on uptake and

incorporation of 14C-rr."ose by isolated wheat endosperm has, therefore,

been examined.
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].IATERIALS AND METHODS

THE SOURCES OF MATERIALS

1.1 THE SEED SOURCE

hlheat (Tn-i-tiuun ae.¿Liuum L. ) Cv. Sonora, whi ch was the mai n

material for this invest'igationr was supplied by Dr. A.J. Rathien,

Agronomy Department, l,.Jait,e Agricuìtural Research Institute. The seed for
the other three cultivars of wheat (K'ite, l^JW15, RC-81-429) were k'indly

supp'lied by Mr. Robin Wi lson of Roseworthy Agricultural Co'lìege, South

Austral i a.

2.1.2 CHEMICALS AND REAGENTS

All the chemicals and reagents used for this study were of

anaìytica'l grade or at least laboratory grade. The source of the

impontant chemi cal s i s gi ven where they appear fì rst. Gl ass di sti I led

water or low conductivity deionised water was used for making soìutions.

2.2
2.2.1

PLANT CULTURE CONDITiONS

PLANT CULTURE

Five to six, healthy, uniform seeds were sown either in plastic

bags arranged in wooden boxes (six bags per box), oF in plastic pots,

conta'inìng 1 .2 1ltres of steam-steriIized soiI. Soon after germination

the seedlings were thinned to 3 per container. All tillers were removed

periodicalìy to restrict the plants to the main culm. An appropriate

amount of liquid fertj I izer (Supagro, Agchem. Pty. Ltd., Parafield

Gardens, S.A.) was added to supply 30 mg nitrogen per plant after four

weeks of sowing. Chemìcal anaìys'is of the fert'i lizer was as fol lows:

Ma.ior El ements

N as Urea Nitrogen

N as Ammonia

N as Nitrate
8.927" Total Nitrogen

1

5.247"

1.667"

2.027"

3.702
7.657"

P as water soluble Phosphorous

K as Nitrate of potassium
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Trace elements

0.0047,

0.017.

0.027,

0.027"

0.022

0.0032

0.0027"

0. 001 z

Tinc
Copper

I ron

Magnesi um

Magnese

Cobal t
Moì ybden um

Boron

2.2.2 GROWTH C0NDI I IONS

Plants were raised for 2 to 4 weeks, (unìess specified otherw'ise)

in a glass house maintained between 15 - 25oC, and then transferred to a

growth room. The glass house was white washed during the hot summer

months and cooling was provided by evaporative coolers. Winter heating

by steam pipes was supp'lemented with a sealed oil element unit.
The growth room had a p'lant platform of 2.9 x .l.0 

m with a light
bank of 8, Lu 400/EB high pressure sodium ìamps (Lumalux, Sy'lvania) and

10, 65 watt whìte fluorescent tubes (0sr am, Austra'lìa) providing a

photon flux density of about 560 umol r-2r-l (400-700nm) at ear level.
The photoperiod was 14 h in al I experiments and the day/night

temperature was held at21/lAoC for control plants. The relative
humidity in the growth room, determined by wet and dry bulb

thermometers, varied between 602 and 802 during the day (average 707",

vapour pressure deficit, KPa 0.75) and between 757. and 852 during the

night (average 802, KPa 0.50).

2.3

2.3.1

TREATMENTS

ARRANGEMENT OF PLANTS

Ears were individual'ly labelled with the date of anthesis
(Introduct'ion - Section 1.3), and timing of a'll subsequent operat'ions

was related t,o this date. About one week after anthesis bags having at
least two ears of the same date of anthesis were arranged in boxes to
form uniform sets of the plants.



28

2.3.2 IMPOSITION OF TREATMENTS

Whole p'lants or ears only were exposed to high temperature at

various developmental stages. Plants were exposed to h'igh temperature by

transferring them to a controlled environment growth cabinet maintained

at the required temperature for a desired ìength of time. The growth

cabinet had a pìant pìatform of 1.2 x 1.0 m with a light bank of 4, Lu

400/EB sodium lamps (Lumalux, Sylvania) and 5, 65 watt wh'ite fluorescent

tubes (0sram Austraììa) providing a photon flux densìty of about

560 umol r-2r-1 at ear level. The relat'ive humidity in the growth

cab'inet was maintained with'in the range 60-80Z (determ'ined by wet and

dry bu]b thermometers) during the day and the night.
The relationship between the various h'igh temperature treatments

and stage of grain development (used for ìmposition of a treatment) are

detailed in the sectìons describ'ing the specific experiments.

2.3.3 EAR I^JAR¡4ING

The ears ,^/ere warmed in transparent perspex boxes (76 x 28 x 26 cn)

positioned at the level of the ears (Fig. 2.1). Ears were held in
position by thin sheets of perspex (thickness 3 mm) and gaps around

every pendunc'le was sealed using a smal'l piece of Blu-Tack (Emhart

Australìa Pty. Ltd.). A single box contained up to 12 ears. The stream

of air entering the box was heated by a thernostat'ically controlled
heating coil, and the total volume of air ìn the box was dìspìaced in
1.4 min. by the incoming air. There was a sìight temperature gradÍent
( . loC between the inlet and outlet of the box. Blocks of ears were

arranged in such a way that any effect of this gradient would be

eliminated as a block effect during samplìng. Light intensity inside the

box was slightly reduced by the perspex top (500 umol r-2.-1 as compared

to 560 umol m-2s-1); 'light intens'ity at the flag leaf leve'l (below the

box) was decreased sì ightìy more, to 400 umol m-2s-1 as compared to

500 umol *-2r-1 at the same level in other parts of the room. The

temperature of the air surround'ing the fìag leaf was essential'ly the

same as the rest of the room (Section 2.2.2). Temperature of the air
insÍde the box and the air outside was continuaì'ly monitored usÍng

thermocouple probes. l,ihen necessary, additional measurements of
temperature were made (at specific places) by using copper-constantan

thermocoupìes using me'lting ìce as a reference.
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Fig. 2.1 An ear warming assembly.

a. Fan

b. Thermostati cal 'ly controì I ed heati ng coi'l
c. Flexible reinforced ductine (50 mm diameter)

d. [,'Jater t,ank

ê. Humidifier
f. Mixing chamber with or without humidifier

g. Perforated air inlet
h. Night temperature thermostat

i. Day temperature thermostat
j. Thermocoupìe probe for recording the temperature

k. Vent for manipuìation of t,he ears

Part C

l. Temperature control board

m. Air outlet
Jì. l^lheat ears cultured on sucrose

o, Refrigerated water bath

p. Change over clock

Part A
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2.3.4 HUMIDI FICATION

Higher levels of humìdity ìn the air were ach'ieved by passìng it
through a humid'ifying box which contained a hum'idifier (De Vilbiss

vaporizer, Pennsyìvania, U.S.A.). The voltage supp'ly to the humidifier

was controjled by voltage controllers (Berco Rotary Regavolt, England)

which were operated by a change over clock coincid'ing with the photo

period of the growt,h ro.om, thus, keeping the relat'ive humid'ity of the

air passìng through the ear warming box constant during the day and the

night. Relative humjdity in the boxes was determined by using wet and

dry bu'lb thermometers.

2.4 LIQUID CULTURE OF bIHEAT EARS

' hlheat ears were cultured 'in the nutrient medium according to the

modified method of Sìngh and Jenner (1983). Plants were cut close to the

base of the culm and ìmmedjately pìaced'in a flask contain'ing distilled
water. All further operatìons were carried out in a laminar flow

cabinet to m'inimize microbial contamination. Leaf blades were removed

and the stem was surface sterilized by wiping with a diluted solutìon (l
to 4) of a commercial bleach ([,rlhite King, Kiw'i Australia Ltd.,

Melbourne). The stem was fìrst cut below the second node from the top

and then it was cut agaìn 2 cm below the peduncular node under sterile
deÍonised water. The penduncles were fitted through a cotton p'lug in an

autoclaved 90 ml glass tube contain'ing 40 to 60 ml of filter sterilized
culture medium. The tubes containing the detached ears were ma'intained

at 1-2oC by immersing them in a refrigerated water bath while keeping

the ears at desired temPeratures.

Constituents and preparation of culture medium stock solutions:

1

Major Elements Solution A : CaC12

Major Elements Solution B : KH2P04

: MgS04.7H20

gl-

8.80

24.00

7.57
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Minor elements stock solution:
H3803

MnS04.4H20

2nS04.4H20

KI

Na2Mo04.2H20

CuS04.5H20

CoCl 2. 6H20

6.20

22.30

8.60

0.83

0.25

0.026

0.026

Iron solution:
FeS04.7H20

Na2EDTA

5.57

7.45

Vitamin solution:
Thiamine HCI 0.04

myo - Inositol 10.00

(Aì1 solutions were prepared as described by Linsmaìer and Skoog 1965).

The culture media were prepared by combining the above solutions as

follows: major elements solution A, 50 ml; maior elements solution B,

50 ml; minor elements solution, 1 ml; iron solution, 5 ml; vitamin

sol ution, l0 ml ; sucrose (20, 40 or 60 gl-1 ) and L-g'l utamine

(0.5 e N'l-1, BDH chemicals Ltd., Eng'land). Alt the solutions prepared

urere adjusted to pH 5.0 and made to I litre and then sterilized by

filtering through 0.22 vn Millipore filters (Mìll'ipore Corp. Bedford'

Massachusetts ).

METHODS OF DETERMINATION2.5

2.5.1 FRESH AND DRY blEIGHTS

Immediateìy after harvesting, the samp'let s fresh weight was

recorded and 'it was then dried in an oven for 48 h, at 80oC and

reweighed after equilibration at laboratory temperature in a desiccator

over self-indicating sif ica gel (about 6 - 20 mesh). The differences

between the fresh and dry weights was taken as the water content of the

sample. The samples (of grains, rachis or floral organs) used for

extraction of sugars or for nitrogen determinations were freeze-dried

after taking the fresh weight. Freeze-dried samples were weighed after
alìowing t,hgm to come to laboratory temperature in a desiccator over

si'l i ca ge'l .
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2.5.2 SPIKELETS AND GRAIN NUMBER

A uniform system of specìfying the position of the sampled florets
was used. Spìkelets were numbered from the base of the ear towards its
tip, number l being taken as the lowest ferti'le sp'ikelet. t'Jithin each

spikelet, florets were designated â, b, c etc. in acropetal succession.

The total number of spi klets on an earf exc'luding sterile
spike'let(s), at the base of ear was recorded.

For gra'in number estimations, the grains were separated

individually from their enclosing bracts and counted. An aborted grain,

one that appeared more like an ovary rather than a typica'l grain, was

discarded and not incl'-¡ded for gra'in number estimation.

2.5.3 I'IATER POTENTIAL (v*)

Two types of psychrometers were used in this invest'igation. A

Spanner Psychrometer was used for ìarge sampìes (8 grains or the'ir

enclosìng bracts - glume, pa'lea and lemma without awns), whi le a l^Jescor

(HR 33T) 'instrument was used f or si ng'le grai n sampl es orits encl osì ng

bracts. Grains or bracts were removed from the ears, and immed'iate]y

sealed in steel chambers. After 3 - 3.5 h equilibration, water potentìal

was recorded automatical ly (for Spanner Psychrometer) or manual ly
(Wescor Psychrometer). For the Wescor instrument, the value for each

sampìe was taken as an average of 3 readings at 30 min intervals of both

psychrometric and dew point modes.

2.5.4 0sM0TIc POTENTIAL (Vr)

Osmotic potentials were measured after cell membranes had been

disrupted by freezìng and thawing - samples were sealed in 2.2 ml

plast'ic tubes and placed immediately ìn l'iquìd nitrogen. After freezìng

samples were allowed to equilibrate with room temperature (25 tloC),

whi'le sealed in the tubes, then transferred to a psychrometer chamben

and osmotic potentiaì determ'ined as water potential.

2.5.5 TURGOR POTENTIAL (P)

Turgor potential was taken as the difference between V*, and Vn of

samples from opposite sides of the same ear.
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2.5.6 STARCH GRANULE NUMBER AND SIZE

Four endosperms per sample were fjxed in acet,ic-alcohol (1:3;v/v)

for 24 h and then stored 'in 702 aqueous ethanol. F'ixed materìal was

transferred through a series of mixtures of ethanol and water, and

finalìy to water. The material in 2 ml of de'ionised water was incubat,ed

with 1.0 ml of 17. cellulase (EC 3.2.1.4, from Sigma

Chem. Co. ) containing 0.017" of Chloramphen'ico'l (Parke, Davìes and Co.,

sydney) and 0.012 streptomycin (Glaxo Australia, Pty. Ltd.) in 25 mM

potassium phosphate buffer, pH 7.0, at 35oC for 6 h with occasional

shakÍng. At the end of incubation, the endosperm remains were macerated

with a glass rod, and the suspens'ion was passed '"nrough a 14 Sauge

hypoderm'ic needle, and the syringe was rinsed with above potassium

phosphate buffer to wash out any rema'ining endosperm. The suspension was

made to 10 ml, and centrifuged at 2000 g for 20 min and the supernatant

was discarded. The starch granuie peìlet was suspended'in 5 mj of buffer
(25 mM potassium phosphate, p! 7.0) and starch granules were stained by

addi ng 100 Ul of iodi ne sol uti on (0. 052 iod'ine i n 0.57" KI - Brooks

et al. 1982). Starch granuìe suspension was made upto a known volume (10

or 25 m'l) with deion'ised water.

Starch granule number was determined using a portion of the starch

granuìe suspension (20 to 40 ul) by method of S'ingh and Jenner (1982b)

for nuclei count'ing usìng 0lympus BH system m'icroscope w'ith calibrated

eye piece graticule. Classification of starch granules into larger (A-

type) > 10 um and smaller (B-type).10 um was carried out by using an

ocular micrometer.

2.5.7 NET FLUXES OF DRY MATTER AND OF WATER THROUGH THE STALK OF

THE GRAIN

The net fluxes of dry matter and of water through the stalk of the

grain were determìned by using the method of Jenner (1982b), and details

of the method are as follows:

2.5.7.1 BASIS OF THE METHOD

Fluxes of water and dry matter were measured grav'imetrically.

Briefly, gra'ins were stripped of their enc'losìng bracts (glumes, lemmas

and paleas) and sealed within capsuìes wh'ich contained water or
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solutions of known water potentiaì. Fluxes were measured as differences

between initial and fìnal weights of the graìns and the contents of the

caps u ì es.

2.5.7.2 PREPARATION OF EARS

Experiments were started on day 20 after anthesis on control ears

(held at 21/lOoC throughout) or on ears warmed at 33/25oC (day/night)

for five days (between days 15 and 20 after anthesis) at high or low

hum.idity (Sectì on 2.5.1.7.?). The ears were secured to a curved frame

exposi ng the row of spì kel ets on 'i ts convex upper surface to

manìpuìation. From a set of three spikelets, the a florets (most basal

within a spìkelet) were removed and theìr grains were we'ighed. Florets

distal to the b graìn were removed, and the palea, the lemma and the

gìume were carefully removed, in that order, from the b floret, leavìng

the grain attached to the rachis by its slender stalk. Three florets
were pnepared in th'is way on any one ear, and ears on which any exposed

grains appeared damaged (their stalks broken) were rejected.

Attached
assembly

Detached
assembly

r-- Durham'tube

-,:-" Grain ----.- Blu-tack
seal

Empty
assembly

Gotton
wool
p¡ug

Paper
liner

Fie. 2.2

Rachis

The t,hree types of assemb'ly. The capsules contain a small plug

of cotton wool, and a filter Paper liner (14 x 6 mm) at the

open end. The saturated plug (soaked wìth water or solution of

known water potential) is pulled down untìl it contacts the
'liner immediate'ly before the capsule is pìaced over the gra'in.

Attached and detached assemblies are idential to each other

except for lack of continuity between the grain and the rachis

in the detached assemb'ly. Exchanges of matter between the Blu-

Tack seal and the rachis and the atmosphere are measured with

the empty assembly.
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2.s.7.3 ENCAPSULATION

The purpose of encapsulation was twofold: to enclose the grain

within a system alìowing the evaluation of net fluxes of matter between

the grain and the plant, and to regulate the water potential grad'ient

between the p'lant and the atmosphere surnound'ing the grain.

About 400 mg of Blu-Tack was weighed to the nearest 0.1 mg

(weighing was done on a balance w'ith a repeatabiììty of t0.05 mg). A

small piece of Blu-Tack was moulded into a little collar around the

stalk and pressed on the rachis, sealìng broken surfaces result'ing from

the removal of bracts. The collar also provided support for the gra'in. A

'larger piece of Blu-Tack was moulded around the base of the grain,

form'ing a seal firmly attached to the rachis. About one quarter of the

grain was embedded in the seal, the seal comp'lete'ly surrounded the

grain, giv'ing a separation of 2 - 3 mm between the grain and the rachis.

Capsuìes were prepared from smalì pìastic Durham tubes (0.35 ml

volume). The cotton plug was ìnjected with 0.1 ml of water or a solution

of poìyethy'lene glycol (PEG 4000, BDH reagent grade), and the capsuìe

was weighed, the cotton p'lug was puìled down so that it was positioned

4-6 mm from the mouth of Durham tube and immediateìy inverted over the

grain and pressed firmly into the Blu-Tack. As the capsu'le v/as p'laced

over the grain the paper liner slid ìnto the tube, mak'ing contact with

the plug, and the p'lug touched the distal end of the gra'in. Thus, at

ìeast the distal end of the grain, and the liner surrounding it and

touchìng it in part,s were wetted with solution. The gra'in was not

totally immersed in 'liquid, and small air-spaces around it were

connected with the reservoir of air at the distal end of the tube

through the porous plug. A ridge of Blu-Tack was raised around the

capsule and tamped to form a seal. One floret on the other side of the

ear was left intact within its bracts for comparison with the

encapsu'lated graìns. Plants with encapsulated ears rema'ined undisturbed

for 4 days in the growth room (Section 2.2.2)

2.5.7.4 FINAL t^lEIGHING

At the end of the experimental period the whole assembly (Blu-Tack,

grain and capsule) was removed from the rachis and weighed. The three

components of the assembìy were separated from each other and weighed,

and the grains were dried.

a
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2.5.7.5 DRYING THE GRAINS

Individual grains were inserted into wells drilled in metal blocks

and dried in an oven at 80oC for 2 days. After cooling in a desiccator

over self-indicatì ng si I ica 8el, the grains were rewejghed. The

difference between the fresh weight and the dry weight was taken as the

weight of water in the grain.

2.5.7.6 TEST ING FOR BROKEN STALKS

Manipuìation of the graìn while embeddjng it in the seal sometimes

resulted in breaking the stalk. As there was no simple way of

establishing whether or not the stalk was intact at the t'ime of

encapsulation, broken stalks were detected at the end of experimental

period. Ears were cut from the culm and cultured for t h in l4C-rr".on.

solution (20 nrg ml-1, 0.5 mCi g-1 sucrose). After f inal we'ighing and

drying (Section 2.5.7.5) the gra'ins were secured, furrow uppermost, to a

metal pìanchet 'in a small pad of Blu-Tack. The pìanchets were counted

with an low-background gas-f'low counter INuclear - Chìcago, Model Cl15]

with a thin window.

2.5.7.7 ESTIMATIONS OF FRESH t^lEIGHT, DRY hJEIGHT AND l^lEIGHT OF I^IATER IN

THE b GRAIN

As the initial fresh and dry weìghts of the

attached assemblies could not be measured directìy,
were estimated as follows.

Þ gra'ins in t,he

these parameters

2,5.7.7.1 SELECTION OF SPIKELET NUMBERS

Grains from both a and b florets were taken, separately, from

spikeìets 4 to 14 (numbered from the base of the ear, Section 2.5.2) of

a group of 8 ears on day 20 after anthesis. Both grains were weighed

(separately) fresh and again after drying. The difference between the

fresh weight and the dry weight was taken as the'ir water content.

Ana'lyses of variance for fresh weight, dry weight and water content for
floret a or Þ revealed that sp'i kelets 6 to l1 did not differ
significantly for any of the above parameters for either floret, and
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hence, grains from these spikelets were selected for determ'ination of

the relat'ionsh'ip between the a and the b grains.

2.5.7.7.2 PR EDICTING THE WEIGHTS OF THI b GRAIN

Grains from both a and b florets were taken from 6 sp'ikelet

positions (6 to 11) for determination of the relationship between a and

b, on day 20 after anthesis, for the following sets of ears:

Treatment No. of ears used Treatment period
(between days after

anthesi s)

(a) Control-held at
21l16oC throughout

High hg!n'!4!y-ears
varmed at 33/25oC

25

(c) Low humidi rs

warmed at 33/25oC I 5-20

Spìkelet by spike'let regression analyses of grain b on grain a were

performed for fresh weight, dry weìght and water content, within a

treatment. Usually, grains Þ and a, within a spikelet for all the

treatments, were closely related. However, many values of the

coefficients differed substantialìy from unìty (Tab'le 2.1).
t,Jithin-spikelet d'ifferences between a and b were ana'lysed by the

ana'lysis of variance for all the t,hree treatments and they are p'lotted

in Fie. 2.3. A'lthough there were significant differences (P < 0.05)

between spikeìets (all three parameters in low humidity and fresh we'ight

in control ears), nevertheless these differences were small.

The numbering system for spikelets was arbitrary, so odd and even

sides of the ear were not d'istinguishable unequivocally from each other.

Moreover the total number of spikelets varied from ear to ear (between

18 - 21). Thus, there would have been no just'ification for us'ing

correction factors for individual sp'ikeìets, so the mean values for the

difference between a and b grains were used for correcting the weight of

the a grain to obtain the estimate of the corresponding initial b grain

no warmrng

1 5-2016

24



Table 2.1

Relat.ionship between a and b grains by spikelet positions. Values are Regression Coefficients for b on a'

Details in the text.

Ears warmed at:

*Control Ears
oHi h Humi 1

*Low Humidi
Spi kel et
Number Fresh

we'i ght

1 .004

0.984

1.020

0.946

0.992

0.985

Dry
wei ght

1.020

0.81 3

0.990

0.878

0.931

0.797

l¡later
content

1.002

1.034

1.046

0.968

1 .033

1.089

res v ater res ry a er
weight weight content weight weight content

6

7

8

9

10

11

1 .040

0.971

1.007

0.934

1.013

1.003

1.023

1 .085

0.971

0.960

0.974

0.953

1.137

0.896

1.107

0.984

0.967

0.977

1.013

0.970

1.001

1.004

0.983

0.976

0.991

0.973

0.973

a.982

0.985

0.995

1.02?

0.985

1.000

0.991

0.984

0.993

o ZS, 16 or 24 ears were used, for Regressìon Coefficient determination, for control, for ears warmed at high

humidity or low humidity respectiveìy.

(,
æ
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parameter. The actual differences used are set out in the tabulation

bel ow.

Parameter Treatment

Control

Ears warmed at:
High Low

humidity humidity

-1.6 -1.7
4.2 4.2
-1.4 -1.5

Fresh weight (mg)

Dry weight (me)

lfater content (mg)

-2.6
4.2
-2.4

Treatments were aì I ocated systemat'i cal 'ly i n a Lati n Square des i gn

(3 x 3) to each spikelet position in turn starting with spikelet

number 6. Thus poss'ible differences in response to treatments between

spikelets (Fie. 2.3) were not confounded with any treatment.

2.5.7.8 THEORETICAL

The transfer of mass from the rachis into the gra'in through its
stalk is described by:

F Fd, + Fw,

AA AD,

(1)

(2)

where F is the net flux of matter into t,he gnaÍn, and F¿, and F* are

fluxes of dry matter and water respect'ively. Negatìve values of F, Fd,

or Fn signify fìux in the reverse direction i.e. from the grains into

the rachis.

The value of F is given by:

F

where AA and AD are,

wei ght,s and f i nal

respectively, the differences between the initial
weights of the attached (A) and detached (D)
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O

-3 Fresh weight

1

fA

1
Dry weight

1 lr

-2

-3 Weight of water

6 7 I I 10 11

Spikelet position

Fig. 2.3 Sp'i keì et by spi ke'let di fferences between a and b graì ns.

control (O), ears warmed at high humidity ( f )' and

warmed at low humiditV (f).

0
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E
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For

ears

assemblies (F'ig. 2.2). Detached assemblies were included to evaluate all
changes in weight (evaporat'ion, etc. ) which were not at,tributable to the

transfer through the stalk. It is assumed that all losses or gains in
weight of the components of attached and detached assembl ies are
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identical except, for those resulting from transfers through the stalk in
the attached assemb'lY.

The intial weight of A is taken as the sum of the components at the

time of encapsulation, the weight of the b grain being estimated from

the rveight of the a grain taken from the same spikelet.
Given that Ad, and D6, are the weìghts of dry matter in the þ

grains of the attached and detached assemblies respectively, Fdr is

measured us'ing:

F dm
aAd* ADdm'

(3)

were AA¿, and AD¿, ar= the differences between the initial and final Þ

grain dry weights in the attached and detached assemblies. Agaìn,

initial values of the b grain dry weìghts are estimated from the

correspondi ng a gra'ins.

Frn can be estimated from equation (1) bV difference, thus:

Fw=F F (4)
dm

Frn can also be estimated by additìon as follows:

Fw=AAGw+AAc AL + f,JL. (s)

Here, 
^Ac,il 

is the change in the weight of water in the b graÍn of the

attached assembly, and AAC is the change in the we'ight of the capsule of

an attached assembly. AL is the loss of water by evaporation (or by

other means) from the attached assembly, and þJL is the loss of water by

evaporation, when the components of the assemblies are being finally
weighed. As AL cannot be measured d'irectìy, DL is measured instead. DL

is the loss of water (as in AL above) from the detached assembly, and it
is assumed that DL and AL are equaì.

DL AD BA' (6)

lJhere BA is the we'ight of matter exchanged between the Blu-Tack seal of

the attached assembìy and the rachis and/or the atmosphere. It is

assumed that transfer of matter between the seal and the rachis, and the

atmosphere outside the capsu'le are the same in all assemblies. BA is
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anthus estimated by weighing a Blu-Tack seal before and after sea'ling

empty capsuìe (Fig. 2.2) on the rachis.

Fi nal 1 y'

F AAG + AAC DL+WL
w

(7)
w

2.6

2.6.1.1

Both methods of estimating F* have been used 'in expt. 10 (reported in

Section 3.4). The val'idìty of each method'is dependent upon a different

set of assumptìons, so close agreement between the two methods lends

credence to the estimates. In addition, data gathered for the additive

method 'in equat'ion (7) provide information on the exchange of water

between the grain and its surroundings.

ANALYTICAL TECHNIOUES

EXTRACTION OF SOLUBLE CARBOHYDRATES

Sampìes of freeze-drìed graìns, rachis or floral organs were boìled

in about 20 ml of 807" (v/v) aqueous ethanol for 20 m'in' Usua'lìy after

the first extraction, sampìes were stored in the same extractant at 4oC.

After the first extraction, samples (grains only) were ground us'ing a

poìytron (Kinematica GmbH, Switzerland), and the sampìes were bo'iled and

extracted with two successive port'ions of 802 ethanol. All the three

extracts were combined and t,hen vacuum dried at 45oC. The dried extracts

were red'issolved in 5 or 10 ml of deionised water, and in these extracts

the amount of soluble carbohydrates were determined.

2.6.1.2 ESTIMATION OF TOTAL SOLUBLE SUGARS. SUCROSE GLUCOSE. AND

FRUCTOSE

Anthnone u/as used to determine total soluble sugars (Yemm and

I'lillis 1954).

Measurements of sucroser glucose, and fructose were made by using

enzymic method of Jones et al. (1977). This method may be used to

determine glucose, fructose, and sucrose by sequentìa'l addition of

various enzymes in a sing'le cuvette assay by using the compromise pH

6.9, or individually by adding on'ly required enzymes to complete the

reaction(s) from any of the above sugars to 6-phosphogluconate. The

sequence of reactions is as follows:
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Sucrose Invertase - Fructose + Glucose

Glucose + Fructose + 2ATP Hexokinase ' G-6-P + F-6-P + 2ADP

F-6-P Phosoh I ucose G-6_P
I somerase

2*G-6-P+2NADP Gl ucose-6-P 2 n 6-P-Gluconate + 2NADPH

Dehydrogenase

Sucrose was determi ned by omitti ng the enzyme phosphogl ucose

isomerase from the react'ion mixture using sucrose as a standard. Amounts

of gìucose released from starch hydroìysis were determined by exc'luding

the enzymes 'invertase and phosphog'lucose isomerase from the reaction

mixture and using glucose as a standard. Glucose and fructose in the

endosperm cavity sap were determìned by sequentìal addition of enzymes

glucose-6-dehydrogenaser hexokinase and phosphog'lucose isomerase in t,he

same cuvette. The amounts of glucose and fructose were calculated using

the fol 1 ow'i ng equati ons :

ÂExV
exdxv

1umole ml- in the sampìe

ug ml-l in the sample

Extinction coefficient for NADPH 6.22 "^2 umole-l

340 nm

Change in extinction ( 0.D340)

Total assay volume (2.010 and 2.020 ml for glucose

fructose respecti vely)
Voìume of sampìe used (1 ml)

Path 'length (1 cm)

Concentration mole ml-l or ug ml-l
Molecular weight mole or ug

or

n- xMWAEx
exdxv

where:

e

AE

V

v

d

c

Mt^l

at

and
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All the enzymes used 'in the determination of sugars were of the

highest purity available as insufficient purìty of the reagents used,

particu'larly of the enzymes, would result,'in false values. The amounts

of glucose and fructose may include the amounts of glucose-6-phosphate

and fructose-6-phosphate respect'ive'ly.

2,6.2 CHLOROPHYLL MEASUREMENTS

Chìorophyl'l from pericarps (four per sample) was extracted with

cold 8OZ (v/v) alkaline aqueous acetone (containing 0.027" sodium

carbonate) as described by Bruinsma (1963) and measurements of

chlorophy'|]s, !, a + Þ and b were made at 645, 652 and 663 nrn

respectiveìy w'ith a spectrophotometen.

2.6.3 NITROGEN DETERMINATiONS

To samples of four grains, one selenium catalyst tablet (BDH

Chemicals, England) and 4 ml of concentrated HZS04 (4.R. grade) were

added, and the sampìes were digested at 400oC for half an hour and then

at 290oC for a further 20 min. The digests were allowed to cool and

diluted to 30, 40 or 50 ml (depend'ing on expected amount of nitrogen)

with deionised water. Total nitrogen was determined by colorimetric
measurement based on the reaction of ammonia with sodium phenate usìng a

Technicon Auto ana'lyser. Glycine was used as a standard, the recovery

was BB t1.77", and all the sample values were corrected for 1007.

recovery.

2.7 DETERMINATION OF SOMI ENDOSPERM CHARACTERISTICS

c0LLECTION OF INDOSPERM CAVITY SAP

Grains of wheat (16 t1 days after anthesis) were stripped of their
enclosing bracts, and less than 1 mm of the basal portion of the grain

was sliced off to expose the endosperm cavity. Twelve to 15 grains

prepared in this way were stood cut face down on the top of a st,eel mesh

disc (0.5 mm thick, 14 mm diameter), supported at the bottom of a

p'lastic barrel (15 mm in diameter, 13 mm'in height) made with sawn-off

10 ml pìastic syringe (Terumo Austra'lia Pty. Ltd.) which u/as secured in

a perspex adaptor. A microcentrifuge tube (500 l) was secured at the

end of the barrel for collection of endosperm cavity sap (Flg. 2.4).

2.7.1
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gnce packed, the gra'ins were ma'intajned in a vertical position, brush

end uppermost, except during centnifugat'ion. To reduce the metabolism of

the grain, and evaporative losses from its cut surface, aì'l operations

were carried out in a cold room (ZoC) and the barrels were covered

with 'parafilm' immediateìy after the grains had been inserted'

Sap was collected by spìnning the assemblies (6 in a set; Rotor

type S1¡ZT) at goC in L2-658 ultracentrifuge. Details for time and spìn

speed are gìven in the related section (Section 3'6)'

Notch for

cup removal -'--".,
Paraf ilm

_..----Wheat grains

Gup (barrel) -'
i: --'Steel mesh --?-"

(top view)

---- Microcentrifuge tube

Perspex

sleeve ----¡-

Fie. 2.4 Endosperm cavity ìiqu'id collection assemb'ly.

2.7.2. DIALYSIS OF POLYETHYL ENE GLYCOL AND PREPARATION OF OSMOTICALLY

ADJUSTED SUCROSE SOLUTIONS

Poìyethylene glycol (Mol.wt. 4000; BDH Chemicals Australia) was

diaìysed (Diaìysìs tub'ing Benzoy'lated, Sigma Chemical Co. ) against

deionised water for 5 weeks with 7 changes of water at 4oC. At the end

of diaìysis PEG 4000 solutjon was freeze dried. A 247' (w/v) stock

solution of PEG 4000 was prepared and this solution was used for the

preparat.ion of osmotically adiusted solutions. Assuming that the osmotic

concentration of sucrose and that of PEG 4000'in a solution are additìve

for various ratios of the two solutes, it is possibìe to calculate

amounts of PEG 4000 required for a number of sucrose concentrations to

obtain a constant osmotic potent'ial. The amounts of diaìysed PEG 4000

requ.ired to prepare solutions of sucrose having osmotic potentiaì of



Table 2.2

Amounts of sucrose and
potential -0.82MPa).

pEG 4000 required to prepared osmotically adjusted so'lutions of sucrose (osmotic

Sucrose

mg m1-1 mMolal

Tt due
tos crose

0.0

-0.15

-0.22

-0.30

-0.38

-0.46

-0.64

-0.82

vn
PEG

from
4000

Amount of
PEG 4OOO

Amount
of water
with PEG

(ml )

0.942

0.8i 7

0.767

0.708

0.637

0.567

0.330

Amount
of deionised
water to be
added (ml )

0.048

0.183

0.233

0.292

0.363

0.433

0.667

i.000

xpected
total vol ume

of the
sol ution (ml )

1.21

1.19

1.16

1.13

1.12

1.11

1.10

1.07

in CRC Handbook

0

20.3

30.6

41.1

51 .8

62.5

84.4

107.0

0

59.4

89.5

120.2

151.5

182.7

246.8

312.9

-0.82

-0.67

-0.60

-0.52

-0.44

-0.36

-0.18

requ'ired
(*e)

226.1

196.0

1 84.0

170.0

1 53.0

136.0

80.0

a

o calculated from the freezing point depression for sucrose solutions (from Table 88, p. D-270

of Ph.ysics and Chemistry, 6Óth Edition, 1979-80).# Stock-solution of dialyied PEG 4000 = 6 gn/25 n1 water.-"* D;i";rì;¿ä'fo" 
"u.h 

solution before millipore filtration and addìtion of 1 c-Sr""o.".

Þ
or
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+0.82 MPa are given in Table 2.2. To check t,he above assumption, osmotic

potent'ials of a number of solutions prepared by us'ing values from Table

2.2, were determined by Wescor Psychrometer and are given in the

following tabulation!

Sucrose

Concn

(mtlol al )

Expected

Osmotic

Potential

Determined

Osmotic

Potential
(l'lPa)

59.4

120.2

182.7

246.8

-o-82
-0.82
-0.82
-0.82

-0.81
-0.83
-0- 93

-1. l4

with the exception of osmot'ic potentiaì for 246.8 mMolal sucrose

solution, ùhe determ'ined values for the sucrose solutions are very close

to the theoretical values.

2.7.3 ESTIMATES OF FREE SPACE VOLUME

Radioactive 14C-pfe glycoì 4000 ì¡vas purchased from Amersham

Australia Pty. Ltd. [(specific activity 80 mCi/mmole (approx)]. A small

amount of radioactìve PEG 4000 (20 uCi) was m'ixed with 100 mg of non-

radioactive PEG 4000 and d'ialysed for a week with 4 changes of deionized

water at 4oC (as above), and th'is solution v/as used to prepare

osmotical'ly adjusted 14C-pEe 4000 solution.
Dissected wheat grains (Section 2.8.1) were incubated ind'ivjdua'ì1y

in 150 ul of osmoticai'ly adjusted solut'ion (-0.82 MPa), conta'in'ing

dialysed 14C-p¡e and sucrose at 20 gì-1 (59'4 mMdal), in 2.2 ml

Eppendorf tubes. After Íncubation the grains were washed for 10 - 20 s

in a large volume of water, gently blotted and weighed again. 14C-p¡e

teft in the gra'in was estimated as described in Section 2.10.2 after
dry'ing the grain.
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ISOLATED GRAIN CULTURE

DISSECTION OF GRAIN

In the laboratory (maintained at,21 tloC) olin the laminar flow

cabinet, grains were taken from b florets of the 10 spikelets forming

the central section of the ear. The outer transparent layer of pericarp

was peeled from the grain and discarded. The per ìcarp tissue in the

furnow (containing the vascular bundle and other tissues of maternal

origin) was stripped out by inserting the tip of one jaw of forceps into

the endosperm cav'ity at one end of the grain and then sl'id'ing it along

the length of the grain. This action tore out most of the tissue and

exposed the endosperm surrounding the endosperm cavity (Bradbury et al

1956), and the flanks of the furrow. Variation from this procedure is

dealt with in the re'levant section (Section 3.6)-

2.8.2 CULTURE OF GRAIN

Three methods of endosperm culture were used depending on the aim

of expenimentation, and are outlined as follows:

2.8.2.1 METHoD i

Singìe grains (with or without dissection) were pìaced in a 0.2 nl

glass capsu'les, containing 50 Ul of l4C-sucrose solution (stocf 14C-

sucrose from Amersham Australia Pty. Ltd., specific activity 434.6

mCi /mmol e) and the capsuì es were covered wi th smal I pi eces of
tparafi'lmt. All capsules prepared in this manner h/ere allowed to stand

in a fume hood at ambient temperature (?1 tloC) in the laboratory or

shifted to the laminar flow cabinet. Details of individual experiments

are given 'in section 3.6.

2.8.2.2 METHOD I I

2.8.2.2.1 CULTURE

1

Isolated wheat

sodi um hypochl orite
for 2 min in a 'large

described in Section

(fi lter steri I ized,

grains (20 tl daa) were surface sterilized using

solution (1% available Cl) for 30-60 s and washed

vol ume of dei oni sed water. Gra'i ns were d'issected as

2.8.1 and placed in 100 ul of 14C-rr""ose solutions

osmotìcally adjusted to -0.82 MPa with dialysed PEG
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4000 - Sectìon 2.1.2) in pre-sterilized assembl'ies made from 2'? ml

Eppendorf tubes (Fig. ?.5)'in a laminar flow cabinet. The concertina

shaped filter paper (Whatman No. 50; 50 x l0 mm), secured in a barrel (5

x 7 mm) attached to the Eppendorfts lid with a small amount of Blu-Tack,

was soaked with 0.075 ml of 30 gl-1 solut'ion KOH and the lid was

immedìately closed. All the assemblies prepared in this way were clamped

tightìy, and attached to the modifjed arm of flask-shaker (Dynamax,

Townson and Mercer, N. S. l/\|. ) i n such a manner that the assembl ies

Concertina of paper

Blu-tack
l'

Drinking straw piece (barrel)

Eppendorf tube (2.2m1)'-.-,

-ç-- 
Cutaway section
to show grain

and

ItoGÈsucrose solution

Fig. ?.5 Gra'in culture assemb'ìY

assembl.ies were dipping in a water bath set at the desìred temperature.

The grains were'incubated for the desired ìength of time and at a set

osci I lation rate.

2.8.2.2.2 RtcovERY 0F 1 DISSOLVED IN THE SOLUTION

At the end of incubat'ion period, the lid of the assemb'ly was opened

carefully. The gra'in was picked out with a needle andìts surface washed

wjth 400 ul of deionised water. After the removal of the grain, 10 Ul of

0..l N HCI was added to the culture solution and the assemblies were

cìamped and heated for l0 mjn at 70oC in a water bath.

2.8.2.2.3 COUNTING oF 14C02 ENTRAPPED ON THE PAPER

The assemblies were allowed to cool, and then the Paper which had

been soaked in KOH solut'ion was put in a 20 ml counting Elass v'ial, and
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1.35 ml of NCS tissue solubilizer, 0.04 ml of glacial acetic acid and

15 ml of scintillant (Ready Solv NA) were added. Sampìes were counted

us'ing the same procedure as in Section 2.10.?.

2.8.2.3 METHOD III

Five dissected grains (Sectìon 2.8.1) were shaken gently in a water

bath set at a desired temperature in 2.4 ml of l4C-rr."or" solution
(osmotica'lly adjusted to -0.82 MPa; filter sterilized). After four hours

of incubation the solutions were replaced with fresh 2.4 n1 solution and

incubation allowed to cont'inue for a further 4 h. The concentrat'ion of

sucrose in the solutions used for culture is given in the related

experi ments.

2.9 DETERMINATION OF FREE SPACE SUGARS

Sugars in the apparent free space (see Briggs et al 1956) are

defined as the amount released durìng 1.5 h into cold deionized water in

which the graìns are suspended. Grains either freshly prepared

(Section 2.8.1) on after incubation in l4C-ru."or", were rinsed for
10-20 s in a 'large volume of deionized water and blotted. Single-graìn

samples were p'laced in an Eppendorf tube (2.2 ml) containing ì ml of

cold deionized water, and S-grain samples were placed in a 25 ml conical

fìask containing 5 ml of cold deionized water. The containers were

embedded in crushed ice and shaken gently for 20-30 min. The water was

collected, and replaced with a second water wash which after a further
60 min was withdrawn and combined with the first. A'l'iquots of combined

samples were used to det,ermine sugars (as described 'in Section 2.6.1.2)

or levels of radioactivity (as described in Section 2.11.3).

2.10

2.10.1

DETERMINATION OF RADIOACTIViTY

ETHANOL SOLUBLE RADIOACTIVITY

Individual gra'ins, before or after free space matenial removal,

were put in 2.2 m1 Eppendorf tubes and 1 ml of 807" (v/v) aqueous ethanol

was added. The tubes were capped, c'lamped and heated for 20 min at about

85oC. The extract was transferred to a volumetric flask (5 ml) and the

grain was extracted two more times in B0Z ethanol. The extracts were

combined and the flask was filled to the mark with 802 ethanol. Portions
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(0.2 ml) of ethanol extract were added to 1.8 ml scintillant (ACS:

toluene 2t1i v/v) in smal'l p'lastic tubes and counted in a Beckman LS

7500 scinti'l'lation counter pnogrammed for 14C - label led samp'les and

corrected for quench'ing.

The procedure for extraction and counting of 14C in ethanol soluble

material for 5 grain samp'les was exact'ly the same, except that a'larger

volume of ethanol (3 ml) per sample was used and extraction was carried

out in 15 ml g'lass tubes, and the final volume was made to i0 ml.

2.10.2 TOTAL ETHANOL INSOLUBLE RADIOACTIVITY

After extraction of ethanol soluble material, 3raìns were dried 'in

an oven at 80oC for 24 h. After drying, the samples were allowed to
equilibrate with laboratory t,emperature in a desiccator and their
weights recorded. Grains were clamped indiv'idual ìy 'in Eppendorf tubes

(2.2 m1) after addition of 0.1 ml of water and autoclaved for ,160 
m'in at

121oC to ge'lati ni ze starch. hJhen cool , 1 . 35 ml of NCS ti ssue sol ubi I i zer

(0.6 N solution, Amersham Austral'ia Pty. Ltd.) was added. The tubes were

clamped and 'incubated in a water bath set at 50oC wìth occasional

shaking for 24 h, or until the t'issue had disìntegrated leaving vis'ible

onìy a few transparent fragments of pericarp. Tl¡e tubes were opened and

the tube a'long with its contents was pushed into a 20 ml counting glass

vial. Fifteen ml of scintillant (Beckman Ready Solv NA) and 0.04 ml of
glacial acetic acid were added to the vial. The vial was capped t'ightly'
shaken vìgorousìy and stored in the dark for at least 24 h fo allow for
the decay of chemiluminescence. The samples hrere counted using an

appropriate programme,

2.'11.1 EXTRACTION OF STARCH

The residues after ethanol extraction (Section 2.10.1 )' were

autoclaved after the addition of deion'ised water (0.3 or 1.5 ml

dependìng on sample size; 0.3 ml graìn-1) for 160 min at 121oC to
gelatinise starch. After this step, different methods for extracting

starch from singìe grain and'large (5 grains) samples were used.

For a singìe graìn, sampìes vrere macerated wÍth a gìass rod and the

volume was made to 4 ml with deionised water. To each tube 1 ml of

enzyme mixture, contain'ing 1.5 mg each of c-amylase (EC3.2.1.1, HTl000,

Miles Laboratories, U.S.A. ) and amyloglucosidase (EC3.2.1.3, from
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Rhizopus Mold, Sigma Chemicals Co.) in 0.1 M acetate buffer (pH a.8) was

added and samples incubated at 60oC for 3h. After the incubation sampìes

were centrifuged at 21009 for 10 min. The supernatant was decanted into

a flask, and 5 ml of 807. ethanol was added to each tube. Tubes were

heated at 80oC for i0 min, allowed to cool, and centrifuged as described

earlier. The second extract was combined with the first. Extracts were

dried under vacuum at 40oC. Each dried sampìe was dissolved in 2 ml of

207. aqueous et,hanol. Amounts of radioactivity 'in the samples were

determined as described in Section 2.11.3. Radioactivìty in t,he residue

left after solubilization of starch (insoluble material other than

starch) was determined by digesting the residue in 1.35 ml of NCS,tissue

solubilizer for 6h at SùoC, and counting by the procedure described in

Secti on 2.10.2.
For 5-grain samples radioactivity in starch was determ'ined as

follows. Samples after. gelatinisat'ion were allowed to cool to laboratory

temperature, and were dispersed in 3 ml of 6.15 M perchloric acid. An

a'lìquot (equìvalent of one grain) was precip'itated with iodine by the

method of Pucher, Leavenworth and Vickery (1948). After decomposing the

iodine complex the prec'ip'itate was dissolved Ín I mj of 0.5 NaOH by

heating in boiling water for 2 min (McCready and Hassid 1943). The

starch solution was neutralized by adding 1 ml of 0.5 N HCl, and the

total volume of solution made to 5 ml with deionised water. Sub-sampìes

of this solution were used to determine radioactivity in starch (Sectìon

2.11.3) and the amount of starch in the sampìes (Sectìon 2.11.2).

2.11.2 DETERMINATION OF AMOUNT OF STARCH

An a'liquot of starch solution (Section 2.11.1) was hydrolyzed by

adding 1 ml of an enzyme mìxture, conta'ining 1.5 mg each of c-amylase

and amyloglucosidase in 0.1 M acetate buffer, pH 4.8' and incubating the

samples at 60oC for 3 h.

The amount of glucose released was determined by the method of

Jones et al (1977) modifìed by omitting the invertase and P-glucose

isomerase enzymes (Section 2.6.1.2). The amount of starch was calculated

from the amount of glucose by multiplying the values for glucose by

0.947.
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2.11.3 DcTERMINATIoN 0F 14c tt'r srARcH AND FRSE spACE suGARs

Portions (400-600 u'l ) of starch sol ution or . gl ucose sol ution

obta'ined after enz¡rmìc hydrolysìs of starch (Section 2.11.1) or

solutions obtained for apparent free sPace sugars (Sect'ion 2.9) were

mixed with 1.2 to 1.5 ml of scintillant (Ready Solv EP) in 2.0 ml

plastic tubes to form a clear geì. The plastic tubes were inserted into

20 ml glass counting vials and counted jn a Beckmann LS 7500

Scì nti I I ati on counter programmed for a geì system for 1 4C-l abel I ed

samp'les and corrected for quenching.

2.12 STATISTICAL ANALYSIS

In al I experìments a mi nimum of four repl icates were used.

Conventional ana'lyses of variance and I i near regression ana'lyses were

performed. Least sìgn'ificant differences h/ere calculated for al l
significant (P < 0.05) ma'in effects and interactions, and are given in

tables or plotted in the figures as bars.
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3.1 EAR I.IARMING AND GRAIN YIELD COI'IPONENTS

I ntroducti on

High temperature during the post anthesis perìod adverseìy affects

grain yield maìnly through its effect on 'indivìdual grain weight

(McDonaìd et al. 1983). Individual grain weight is a function of the

rate and the duration of grain filling (Evans 1975; Brocklehurst 1977),

and a reduction in dry weight per grain at h1gh temperat,ure is mainly

due to a reduct'ion in the duration of grain filìing (Chinoy and

Nanda 1958; Asana and Williams 1965; Wardlaw i970; Sofield et al. 1974'

1917a; Sp'iertz 1974, 1977; Warrington et al. 1977; Rawson and Bagga

1917; hJardlaw et al. 1980). Reduct'ion in the rate of grain growth has

also been reported (Asana and Williams 1965).

In most of the reports, the effects of high temperature on grain

growth have been observed either in the field (Fischer and Maurer 1976;

Marcellos and Singìe 1972; Gallagher et al. 1976; McDonald et al. 1983;

Davidson and Campbeìl 1983) where a numben of other factors may interact
to give a final responser or in control environments by raising the

temperature of the whole p'lant for a part of the grain filling period

(Wardlaw 1970) or throughout the grain filling phase (Sofield et al.
1974, 1977a; Spiertz 1977; Wardlaw et al. 1980).

Ra'ising the temperature of the pìant may wel'l give rise to a

comp'lex of responses in different parts of the p'lant which subsequent'ly

may interact to affect grain growth. At high temperature, toxic
substances lìke gram'ine have been reported to accumulate in leaves of

barìey (Hanson et al. 1981, 1983) and accelerated senescence of leaves

is a common observation. Consìdering the above reports, warming the

whole plant may present difficulties in ascertainìng whether the

observed reduction in sìngle grain weight is a consequence of an effect
of high temperature on the processes operati ng w'ithi n the gra'in or

through its effect on the provìsion of substrate or other factors from

the other parts of the pìant. Hence, it may be important to have some

other means of investigating the effect of temperature on grain growth,

somewhat more independent of effects of temperature on other parts of

the pìant.
Local'ized warming or cooling of plant parts in ¿iltt has been used

to investigate the effects of temperature on transport and translocat'ion

of assimilates (Moorby et al. 1974t hJardlaw 1914i Wardlaw and Moncun

1976; Walker and Ho 1977). Warming of the ears alc,ne or the rest of the
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plant seperateìy or keeping the ears and the rest of the plant at

different temperatures have been used by some workers (Sato and Inaba

1 973; Ford et, al. 1976; Radley 1 976) to investigate the factors

affecting grain growth at high temperatures. However, on'ly I imit,ed

information is avaj lable on effects of a brief period of high

temperature on gra'in growth and grain y'ield. The first object'ives of

this study were:

(a) To see whether a brief period of ear warming during the grain

fiìling phase does result in a reduction 'in final dry we'ight

per grain (as reported by Ford et al. 1976). If So, what

number of days and how great a tempe''ature di fferentì a'l

(day/night) are necessary to observe a sign'ificant reduction

in dry weìght per graìn.
(b) To see whether there are any macroscopic differences 'in graìn

growt,h characteristics, when the whole plant or ears only were

warmed for a brief period during the grain filling phase.

Ears (only) were exposed to moderate to high temperatures for
limited periods (1 to 10 days) durìng the grain f il'l'ing phase with the

intention of affecting grain growth. Treatments were started on day 10

after anthes i s i n an attempt to avo'id any 'i nterference wi th gra i n set

and early stages of endosperm development.

Materials and Methods

Experiment 1

Four batches of p'lants were raised in succession in the growth

roomr and about a week after anthesis were arranged as described in

Section 2.3.1 for rimposition of ear warming (Section 2.3.3). Ears only,

from'10 days after anthesis, were exposed (with'in a batch) to a common

temperature differential (day/night), keeping the relative humid'ity in

the box constant (above about 702, day and n'ight), for various lengths

of tìme, while keeping the rest of plant at ambient temperature

(21/16oC). The summary of treatments is as follows:
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Pl ant
batch

Jlo.

Ear

temperature

dav/night
(oc)

Vapour pressure

deflcit
daY/night

(kPa)

Period of exposure to high

temperature (days):

4

4

4

2

2

2

2

I

l.
2.

3.

4.

30125

3312s

3612s

3elzs

1.27 10.95

1.51 /0.95
1.78/0.95
2.10/0.95

6

6

810

Afterwards the ears were removed from the box, and allowed to
mature at control conditions (21/16oC). At maturity five ears from each

treatment were randomly selected and sampled as follows. The spìkelets

within an ear were numbered, start'ing from the base of the ear towards

its tip, and the ear was divided into four zones, w'ith four sp'ikelets

each, starting with second spikelet (i.e. zone I: spikelets 2-5; zone

II: spikelets 6-9; zone III: spìkelets 10-13; zone IV: spikeìets 14-17).

t'lithin each zone, grains from florets a, b and c (des'ignated acropetally

in a spikelet) h/ere sampìed separately and then aìì grains from the same

floret position were combjned. All other grains (outside selected zones)

of the ear were pooìed, and dry weights of all the sampìes were

determined individually (Section 2.5.1). To obtain the sing'le grain dry

weight for each floret positìon within a zone, the aggregate weight for
all the grains in that floret position was divided by the number of
grains in that zone.

Experiment 2

Plants were raised in the glasshouse for four weeks and then

transferred to the growth room. About a week after anthesis p'lants were

arranged as described in experiment 1 and divided into two groupsr ears

in one group of plants were enclosed in the box for 6 days starting from

15 days after anthesis, while the p'lants in the other group were allowed

to stay at ambient, conditions (21/16oC). Eìght grains from the a and Þ

florets of four central spìkeìets from four separate ears were harvested

on days 15, 20, 25'- 31 and 37 after anthesis, and when the ears had

ripened. At maturity 10 ears for each treatment, were harvested for total
ear grain weight determinations,
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Experiment 3

Plants were raised and arranged as described in experiment 2.

Plants were divided into four groups, and on day 15 after anthesis,

plants were gìven one of the following treatments: (a),allowed to rema'in

at ambient conditions (21/16oC); (b) shifted to a growth cab'inet set at

31/2SoC; (c) shifted to a growth room set at 26/24oC; (d) the ears were

enclosed in the box at 31/25oC while the rest of the pìant was exposed

to 26/24oC. At day 21 after anthesis plants were shifted to control

condit'ions (21/16oC). Eieht grains from florets a and Þ' from four

central spìkelets from five separate p'lants, were harvested on days .l5,

17, 19, 21, 23, 34 after anthesis. At maturity fìve ears for each

treatment were harvest=d to determine indivìdual grain weight and yield

components.

Resul ts

Experiment l
The effects of various ear warming treatments on grain yield

components are summarized in Table 3.,l.1. The control values for the

four batches of plants used for different ear warming treatments were

not identical. For example, total ear grain weight was lower for the

39/25oC treatment than for the other thnee treatments. ThÍs difference

in totaì ear grain weight between different batches of plants was due

main'ly to differences in grain number per ear.

hjith the exceptìon of ears warmed for only one day at 39/25oC,

grain weight per earr within a treatment, decreased progress'ive'ly with

an increase in duration of ear warming (Fig, 3.1.1a). When comparing

reductions in total ear grain weight between different ear warming

treatments, a one day increase in ear temperature from 21/16oC to

3o/25o}, to 33/25oC, to 36/25oC, or to 39/25oc resulted jn a 4.47., a

6.42, a 6.17., or a 102 decrease ìn gra'in we'ight pen ear respective'ly.

Values were calculated by regression analys'is on the originaì data and

the equations are given in the following tabuìation.



Table 3.1.1

Effects on yieìd components of brlef perìods ear warmlng at different day temperatures (nìght temperature was kept
constant ai ZSoC) for various ìengths of time from day l0 after anthesis. After ear warming treatments were over'
ears were allowed to mature at 2'l/16oC (day/night). Values in parentheses are per cent dìfferences from pìants
maintalned al 21/16oC throughout. (Expt.1)

Temperatu re Period of exposure to high temperature (days)
L. S. D.ay

oc
d
( )

nig,ht Parameter

No. of spikeìets per ear
No. of Brains per ear
Total ear grain wt (mg)

Average s{ngle gra'in wt (mg) 35.0

20.6
67.6
2357

20.0
62.6
2243

(-4. 8 )

19.0
52.2
200s

(-10.6)

'19.0

49.4
17 44

(-22.2)

'18.8

40. 0
1 376

(-4r.6)

18. 8
45.6
1 458

(-38.',r )

38.7
(+10.6)

35.7
(+2.0)

32.4
(-7.4)

21.0
66. 6
2437

19.4
s6. 0
1 931

(-22.8)

21.6
57.2
1 568

(-3s. 7 )

34.2
(-6.8)

30. 6
(-16.6)

20.4
61 .8
??98

21.0
54.8
1952

(-r s. 1 )

35.7 29.5
(-4.0) (-20.7)

'r9.6

55.2
'r930

18.0
53. 4
1525

(-20. e )

Contro'l
21 /16oç 2 4 6

27 .4
(-2s.3)

ö 't0

s0/?s

33/2s

36/2s

3e/25

No. of spikeìets per ear
No. of grains per ear
Total ear grain wt (mg)

Average singìe graìn wt (mg) 36.7

No. of spikeìets per ear
No. of gra'i ns per ear
Total ear gra'ín wt (mg)

Average sìng'le grain wt (mg) 37.2

No. of spikelets per ear
No. of grains per ear
Total ear grain wt (mg)

0
2
6
5

19.
58.
201
+4.

34I
3

35
+?

2)-24

21.2
50.8
'r559

(-36.0)

21.0
59.?
1 743

n. s.
6.1
250

n. s.
4.7
221

n, s.
3.9
225

.4

.7)
n. s.

.,4

4.2

n. s.
n.s.
201

(

(.¡r
co

Average s'ingìe grain wt (mg) 35.1 34. 6
(-r.4)

28.6
(-18. s)

1.5
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Fie. 3.1.1

Total ear graÍn weight (a), and average single grain weight (b) for
control ears and ears warmed at high temperature. Ears were warmed for
various ìengths of time (in days), starting 10 days after anthesis, at
different day temperaturesi the night, temperature was kept constant at
25oC. Numbers on the top of bars (mean of five repìicates) refer to the
number days for which ears stayed at high temperature, while 0 (zero)

refers to ears which stayed at 21/rcoC throughout. (Expt. 1).
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Temperature

di fferent,i al
day/night

The Regression

equation

Correl ation
coefficient

(oc)

30125

33125

3612s

3elzs

y=2389-105x
V :2320 - l49x

y=2275-139x
y=2026-203x

-0. g44*r$

-0. g31r¡+

-0. g35*rs

-0.645*rÉ

(n=
(n=
(n=
(n=

30

20

1 5

t5

)

)

)

)

(# Significant al 1Z level of significance)

The regression coefficients confirm the inverse relationship between the

temperature differentÍal (used for ear warming) and total ear gra'in

weight at maturity. When these results were calculated on the basis of

accumulated degree-days (cf. G'ilmore and Rogers 1958; Cavin and Yao

1967l- Monteith 1981; Davidson and Campbe'll 1983; Johnson and Kanemasu

1983; Russelìe et al. 1984) above the ambient temperature (21/16oC), by

the following equation:

Degree - days = (ÂT¿.14 + ATn.10).ND/24

where,

AT¿ - increase oC above ambient during the day (14 h)

ATn - increase oC above ambient during the n'ight (10 h)

ND - no. of days for which ears were warmed at high temperature.

There were no significant differences in the regression

coefficients between ear warming treatments, and overall there was a

10.3 mg (r = -0.747, significant at P < 0.01) decrease in total ear

grain weight for each 1oC-day increase.

Reduction in total ear grain weight was attributed to a reduction

in grain number as well as average gra'in weieht (Fig. 3.1.1b). Reductjon

in grain number was more pronounced in the 3O/25oC and 33/25oC

treatments, whereas there was no reduct'ion in grain number in the

39/25oC treatment. The contribution of the reduction 'in grain number to

reduction in ear grain weight ranged from 73.57" after 2 days at 36/25oC

to 802 after 10 days at 30/25oC. In treatment 30/25oC, gra'in number was

significant,ly reduced by four days of ear warming, and there was a
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Fis. 3,1.2

Grain set in different ftoret positions for 30/25oC (u), and 33/25oC (b)

ear warming treatments from Expt. 1. Subscript number for a bar refers
to the number of days for which ears stayed at high temperature. Bars

not marked with the same letter (superscript) within a set of bars are

sfgnificantly different from each other.
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Fis.3.1.3

Dry weight for grain b in different parts of the ear for 30/25oC (a), 33/25oC (b), 36/25oC (c), and 39/25oC (d) ear

warming treatments from Expt. '1. For control (O), or ears warmed for

*1day
  2 days

I 4 days

O 6 days

A 8 days

tr 10 days
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Average dry weight for different floret posltions over a selected port'lon (splkelets 2-17 inclusive) of the ear for
varlous ear warmjng treatment from Expt.'1. vaìues tn parenthÃi"t ä"" per òent decrease or increase over control'

Table 3.1.2

Temperature
day/n'ight
(oc)

30/2s

3612s

39/2s

F I oret
posltion

Mean

a

Mean

Control
21 /16oc 10

35.4
(-rs.1)

35.4
(-18.'r)

26.0
(-20. e)

32.3
(-17.8)

L. S. D.

n. s

n. s

n

I

Perlod of exposure to high temperature (days

4 6 8

41.7

43.2

32.9

39. 3

43.8

45.4

35.4

41 .5

44.0

45.5

33.9

41. 1

40.6

41 .0

29.5

37. 0

40.0
(-4. 0 )
41.3

(-4.4)
28.3

(-14.0)
36.5

(-7. 1 )

33.9
(-22.6

34.7
(-23.6

18. 1

(-48.9
28.9

(-30.4

37.2
(-10.8)

37 .1
(-14.1)

27.1
(-17.6)

33.8
(-14.0)

42.6
(+2.2)

43.7
(+1 .0)
32.2

(-2.1)
39.5

(+0. s)

2

41.7
(0.0)
42.2

(-2.3)
33.3

(+1.2)
39.1

(-0.5)

1

7)
7

4)
1

4
8)
6
o)
2
7)
7

s)

n s

s

a

b

c

Mean

35331?s

)

a

b

c

39. 6
(-e.6

41.2
(-e.3

31 .0
(-12.4

37.3
(-10.1

4.9

4.8

6.5

4.4

(-1 e

35
(-21 )

21.

b

c

4.5

3.4

4.7

4.?

41 .3
(+1.7)

41 .3
(+1 .0)
30. 4

(+3.1 )
37.7

(+1. e)

3.2

3.1

3.8

1.5

(

40

-8
42
-7
31

-8
31

-8

34
(-1 4.

35.
(-r 4.

22

-23
30

3
4)
0
7)
?

o)
I
o)

9

o)
1

4)
5

7)
I
8)

(-40.4)
30.6

(-26.3)

34.
(-21.

34.
(-24.

26.
(-22.

31.
(-22.

a

b

c

ql
(¡,Mean

(-1 6.
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Fie.3.1.4

Dry weight for grain a(a) and grain c(b) for 33/25oC ear warming treatment from Expt. '1. For control (O)' and ears

warmedforA2days,l4days,O6days.Notethedifferencesinscaleforx-axisforgrainsaandg.
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s'light increase in average grain weight by 2, 4 and 6 days of ears

warming (Fig. 3.1.1b). There was no sign'ificant reduction in average

single grain weight even after 10 days of ear warming. An ana'lysìs of

reduction 'in grain number on individual floret positions revealed that

abortion of grains was more prevalent jn distal floret posit'ions than

proximaì ones (Fig. 3.1.2).
A reduction in avenage grain weight due to ear warm'ing, in all

treatments, was attributable to reductions ìn gra'in weight at all floret
posit'ions, and almost the same per cent reductions were observed in

different zones of the ears (data for Þ floret, Fig. 3.1.3), When

comparing reductions among d'ifferent floret posìtions, within a zone of

the earr floret c was more responsive as compared to 'tloret a or b in

three out of four treatments (Table 3.1.2 and Fig. 3.1.4).

Experiment 2

In the first experiment, ears considered as controls were not

encìosed jn the box at 21/16oC. Therefore, 'it was assumed that observed

differences 'in the total ear gra'in weight or individual grain weight

between control and ear warming treatments were due onìy to an'increase

in air temperature inside the box, and not due to a change in ìight
intensity, l'ight quality or air movement for the ears enclosed in the

box. The valid'ity of these assumptions was tested in this experiment.

When the aÍr pass'ing through the box was not supp'lemented with

heat, the temperature of a'ir inside the box was 3oC higher during the

day (possibly due to the posit'ion'ing of the box in the proximity of the

ìight bank) compared to the temperature of air outside the box.

Fresh weight, dry weight, or water content of the grains developìng

in the box did not differ significantly from the gra'ins developing in

the control environment at any stage of grain development (Table 3.1.3

and Fig. 3.1.5). A 3oC increase of temperatune during the day for 6 days

(between day 15 and 21) did not result in an observable acceleration 'in

the rate of grain growth. This observation is in agreement with earlier
reports (Sofield et al. 1977a; Chowdhury and Wardlaw 1978), where there

were no detectable differences in the rate or the final dry weight per

gra'in, when the p'lants were grown in the temperature range of 1B/13oC to

24/19oC. However, it is conceivable that any possible inhìbitory effects
of the box were counterbalanced by slight promotive effects of a 3oC

increase ìn temperature.
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Table 3.1.3

Fresh weight, dry weight and water content for q + b grains taken from
four central spikeìets from control ears (C), @r ears enclosed ìn the
box (E) at 24/1'6oc (between days 15 and 21 after anthes'is). (Expt. 2)

Days after
anthesi s
(DAA)

Treatment
Fresh
we'ight

l^leight per graìn (mg):
Dry

weight
l.later

content

49.1

52.4
52.0
52.2

65.6
66.9
66.3

17.7

30.6
31.1
30.9

31 .3

27.9
26.9
27.4

c

c
E

o15

24.5
25.'\)
24.8

20

25

Mean

Mean

Mean

Mean

27.5
26.6
27.1

c
E

7
5
1

25.9
21.0
26.5

c
E

37

58.
57.
57.

68.
69.
68,

1

7
9

2
0
6

c
E

31 28
29
29

39
39
39

39
39
39

5
5
5

I
9
9

L.S.D. DM 5.8 3.5 n. s

l+ day 15 values not included in the ana'lyses.
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Fis. 3.1.5

Dry weight data for a + b graÍns taken from

central four spikelets from control ears, 21/rcoc

(O) and ears enclosed in the box (â at 21/16oC.

Ears were enclosed in the box between days 15 and

21 after anthesis. (Expt. 2).

Fie. 3.1.6

Dry weight data for a + b grains taken from

central four spikelets for various treatments in

txpt. 3. Symbols are

(O) Contro'l

(A) Ears at 31 /25oC while the

rest of the plant was at
26/240C

(O) Wnole plant at 26/24oC

(r) Ì,'Jhole plant at 3i /ZSoC
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Experiment 3

Rais.ing the temperature of the whole p'lant or t,he ears (only),

temporarily accelerated dry matter accumujation in the grain between

days 15 and 21 after anthesis (Fig. 3.1.6). Two days after the heat

stress treatments were over (on day 23 after anthesis) dry matter per

grain was reduced jn those heat stress treatments jnvolv'ing warming of

the whole pìant or the ears onìy at 31 /25oC (Tab1e 3.1.4) as compared to

grains developing at the cooler temperature (21/t0oC¡. At a later stage

of grain growth, on day 34 after anthesis, reduct'ions in dry weight per

grain vÍere more pronounced for the whole pìant (31/25oC) or ear warming

treatments (2.9 mg and 4.6 mg respectìvely) as compared.to warming the

whole plant at 26/24oC (1.6 tg). However, at maturity, dry weight per

grain was signìficantly reduced in all heat stress treatments (Fig.

3,1.6), and there were no significant differences between any of the

heat stress treatments,

hlater content in the grain was reduced in all the heat stress

treatments two days after the beginning of the treatments (day 17 after
anthesis) as compared to grains developing in control ears, and it
stayed lower in the gra'ins which were heat stressed at all the

subsequent stages of gra'in growth .

Total ear grain wejght at maturity was sìgnificantly reduced in all
the three heat stress treatments (Table 3.1.5) and was mainly due to a

reduction in individual gra'in weight rather than a reduction in grain

number as observed in some treatments of experiment 1.

Di scussion

Total gra'in weight per ear is a product of grain number and

individual grain weight, and both these components seem to be affected

by a brief period of ear warming during gr'ain filìing (Tables 3.1.1 and

3.1.5). Reduction in grain number, observed ma'in]y in the two ear

warming treatments (30/25oC and 33/25oC), was due mainly to a reduction

in graìn set at terminal florets (fìorets c and d, Fig. 3.1.2), however,

some reduction in grain number was also observed at proximaì (florets a

and b) positions. Different florets within a spikelet or the same floret
i n di f ferent sp'i keì ets are asynchronous i n devel opment (Sai n'i 1982;

Singh 1982). For instance, floret d is 3-4 days slower in development

than floret a within the same spikelet. Similarly, there is 1-2 days

difference in flowering between the florets in the m'iddle of the ear and

the ones in the basal or the terminal spikeìets. The developmenta'l stage
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Table 3.1.4

Fresh weight, dry weìght and water content for a + b grains from the
central four spjkelets of the ears from: contro'l p'lants (C), or p]ants
held at 26/24oC (C1), or when ears were held at 31/25oC wh'ile the rest
of the plant was at 26/24oC (E), or when whole plant was held at 31 /ZSoC
(T) between days '15 and 21 after anthesis. (Expt. 3)

Days after
anthes i s

Treatment hlei ght per g,rai n (mg):
Dry

wei ght
hjater

content
Fresh
wei ght

34.2

32.
28.
28.
29.

28.
25.
28.

5
5
5
0

I
5
7

3

5
2
7

5

5
2
1

4

I
9
1

9

36
31

31

32

4
I
9
3

15. 1

18. 9
21.3
19.4
19.3

25.
24.
23.

34.
33.
30.
31.

55
52
50
51

71.

c

c
c1
E

T

c
C1

E

T

c
c1
E

T

c
c1
E

T

49.3

55.0
54.1
53.5
52.4

59. 3
56.6
52.4
57.0

62.
57.
60.

or5

17

19

21

23

34

22. 3
5
7
1

B
4
7
5

6
0
0
7

32.26
28
26
28

I
8
0

36
29
27
28

30
25
26
26

4',.7

1

1

1

0

6
7

9
B

72.
63.
62.
64.

c
c
E

T

37
36
38

1

L. S. D. interaction n. s. 2.6

ls day 15 values were not included in the ana'lyses.

lì. s.



70

Table 3.1.5

Effects on final grain yield components of raìs'ing the temperature of
the whole plant or the ears only for a brief period (between days 15 and

21 after anthesis) during the gra'in fill'ing phase. Values ìn parentheses
are per cent of control values. (Expt. 3)

Treatment Numt er per ear

Spi kelets Grains

Total ear grain
we'i ght

(me)

Average single
grain weight

(me)

Control at
21 /160C

hlhol e pì ant
at 26/24oC

Ears at 31 /25oC
the rest of p'lant
at 26/24oC

l,lhol e pl ant
at 31 /ZSoC

15.2

13.8

14. 6

15.0

33.6

28.8

32.8

33. I

1329

1 001
(7s.3)

1079
(81.1 )

1 094
( 82. 3)

39, 6

34.8
(87. e)

32.9
(83.1 )

32.3
(8r.6)

L. S. D.
treatment

n. s 2.3 100 3.5
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of ears used for the imposition of ear warmìng treatments was judged on

the basis of the most advanced florets. Therefore, the abortion of

grains, as a result of ear warming may be due to differences in the

physio'log'ica'l stage of development assuming that there are developmenta'l

differences in sensìtivity to heat stress.
Reduction in grain weight was observable at all floret positions

and in al I the zones of the ear (Table 3. 1.2, and Figs. 3.1.3 and

3.1.4). Nevertheless, a significant reducticn in average grain weight

was not observed in aìl ear warm'ing treatments. For instance, warm'ing

ears for 4 or more days at 30/25oC did not result in a sign'ificant

reduction in average single grain weight. However, this treatment caused

abortion of grains, and furthermore, a higher proportìon of the

potent'ia'lly small grains (fìorets c and d, Fie. 3.1.2) were aborted than

those potentia'lly growing ìarger, Many workers have previousìy reported

an increase'in the weight of remain'ing grains, when numbers of grains on

a spike are reduced artificially (Stoy 1965; Konovalov 1966; Bingham

1967, 1969; Brocklehurst 19771 Bremner and Rawson 1978; Martinez-

Carrasco and Thorne 1979a, 1979b; Radley and Thorne 1981; Thorne 1981;

Saini 1982). Thus, the aberrant response to ear warm'ing at 30/25oC could

be explained by assuming that (a) the distribution of grain we'ight u/as

shifted in the direction of h'igher average weight per grain by the

change in the distributionoffloret fertility, and (b) that any

reduction in grain weight due to heat'ing was part'ly or wholly

counterbalanced by the promotive effect of reduction in grain number.

However, no simple explanation for a greater reduction in grain number

at 'lower temperatures compared to higher temperatures could be given.

But it may be possible that persistent high temperature for ìonger

periods may interfere with the development of endosperm, but an ear'ly

return to a lower temperature after an exposure to extremely hìgh

temperature permits eventuaì development of endosperm to a mature grain.

There were no differences apparent in the observed graìn growth

characteristics, when the whole pìant or the ears alone were warmed

(Tab'le 3.1,5). 0bviously, enc'losìng ears in the box, when ai r at about

ambient temperature (24/16oC) was passing through it, had no discernible

effects on characteristics (fredh weight, dry weight or water content)

of grain growth compared to grains in the ears growing at ambient

conditions (21/16oC, Fig. 3.1.5). Therefore, it is assumed (in the

sections to folìow) that grain growth in ears enclosed in the box is a

response to a temperature differentiaì, and not to differences in ì'ight
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quality (not determined), or lieht intens'ity (Section 2.3.3), or air
movement.
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3.2 RESPONSES OF GRAIN GROHTH TO EAR HARI'IING

I ntroducti on

High temperature durìng graÍn growth results jn an accelerated

senescence of green tissue (especìa'l ly leaves) and leads to a

signifìcant increase in the respiratìon of the grain (Stoy 1965; Spìertz

1914t l,Jardlaw et al. 1980; Vos 1981). These responses may lead to a

shortage of carbohydrate (assimilate) available for grain growth

(Thornley 1971; Snfl¡þt. ß77). Some workers (Chowdhury and Wardlaw l97B;

Wardlaw et al. 1980) have suggested, however, that a reduction in gnain

weight is not a result of reduced availabil'ity of assimilate.
These concl usions referred to above have been drawn from

photosynthetic and resp'inatory measurements of the ear or the pìant and

actual amounts of carbohydrate available for distributÍon to the grain

or amounts of soluble sugars in the gra'in have not been evaluated. A

reduction in dry weight per grain due to a brief period of elevated

temperature during the gra'in filling phase (Section 3.1, l.lardlaw 1970;

Ford et al. 1976; Radley 1976) may be a result of factors within the

grain and/or factors operating'in the other parts of the p'lant.

Raising the temperature of the whole pìant or the ear aìone,

results in a reduction in water content of the grain (Tab'le 3.1.4),
which could result in a change in the water relations of the grain. The

aims of the experiments described 'in this section were:

(a) To see whether a brief period of ear warming during graìn fil'ling
results in a change of water relations of the grain or in the other

parts of the ear.
(b) To determine whether a reduction in dry weight per grain, EìS a

result of brief period of ear warming, is due to a change in the

availabiìity of carbohydrate for dry matter accumulation in the ear

or the grain it,self.

Materials and Methods

For each experiment, plants were raised in the glasshouse for 2

weeks and then transferred to t'he growth room (Section 2.2.2). Ear

warming treatments were carn'ied out in the same growth room, and that is
where the plants stayed until rnaturity.
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Experiment 4

Eans were warmed at 33/25oC (day/night) for 6 days, between days 10

and 16 after anthesis. l,Jarm air passing through the ear warming box was

not suppìemented with add'itional water vapour to maintain high levels of
re'lative hum'idity, so mean vapour pressure deficit was 2.5 (kPa) during

the day (14 h) and 0.95 (kPa) during the night. This ear warming

treatment would be referred to as low humid'ity in the text and in the

legend to a table or a figure.
The growth of b and c florets was followed by tak'ing sampìes fnom

the four control spikelets from one side of the ear (from four separate

ears) on days 10, 14, 18, 22, and 26 after anthes is and when ears had

¡ipened. From the other side of the same earsr b and c grains were

sampled simultaneously on days 10, 14, 18, 22, and 26 after anthesis for
chlorophyll determinations (Section 2.6.2) in the pericarp.

Experiment 5

Ears were wanmed for 7 days at 30/25oC from day 10 to day 17 after
anthesis either at low humjdity [mean V.P.D. ].7 kPa (day), 0.95 kPa

(night)l or at, high humidity lmean V.P.D. 0.64 kPa (day) and 0.48 kPa

(nieht)]. The a and b grains from spikelets 3-9 and 11-16 inclusive were

hanvested on day 10, 12, 14, i8, and 24 after anthesìs and when the ears

had ripened. Florets a and b from spikelet 10 on days 12, 14, 16' 18'

22, and 24 after anthesis were separated into grains and bracts, and

were used for determination of water potentiaì (Section 2.5.3).

Experiments 6a and 6b

Ears were warmed at 33/25oC, between days 15 and 2l after anthesis,

at low humidity [V.P.D. 2.5 kPa (dav) and 0.95 kPa (night)] or at high

humid'itv IV.P.D. 0.75 kPa (dav) and 0.48 kPa (nieht)].
Grains from t,he b florets and their enclosing bracts from the

central four spìkelets from one side of each of the four ears, and the

portion of the rachis subtending them, were used for fresh we'ight, total
soluble sugars and sucrose determinations (Sections 2.6.1.1 and

2.6.1.2). Sampf ing was done on days 15, 20, 25, and 30 after anthesis

and when the ears had ripened. From the other side of the same ears

similar sampìes were used for water content determinations.
From another set of the ears treated in the same way, three set,s of

I grains (g + þ) from the control four spikelets from one side of the
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Fie. 3.2.1

Effects of warming ears on change in (a) dry matter accumulation (solid symbo'ls), and water content (open symbols);

(b) sucrose content; and (c) other solub'le sugars'in the who'le grains. Data for b grains of the centra'l four

spikelets are p'lotted. Bars indicate L.S.D. for treatments x time. Ears kept at 21/lAoC (day/night through grain

development (O,O), or warmed at 33/Z5oC (day/nieht) for 6.days (A.,^). Solid horizontal bars refer to the

treatment period in this and other figures in this section. (Expt. 4)
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Table 3.2.1

her solub'le sugars in the b grains taken from the central
ears (T). Freih weight anã ámounts of chlorophy'll a(Ca)
en from the other side of the same ears. Ears were warmed

is. (Expt.4)

Days after
anthesi s

Treatment res
(me)

ry
mg

htl¡lei er raln
ucrose

(ue)
er so u e

sugars (ug)

ldeight or amount
per pericarp

Frelh-- ca cb(*e) (ue) (ue)( )

10

14

18

26

Ri pe

L. S. D.
I nteracti on

c

c
T

c
T

c
T

c
T

c
E

22

38.4

45.5
40.?

54.5
46. 0

61.1
50.6

64.7
56. 7

51 .8
42.7

n. s.

9.6

14.9
15.2

34.7
30.9

47.1
38.8

1.8

1302

825
425

419
283

301
400

N

1741

1 060
819

994
11 53

629
948

1 098
860

196

10. 3
8.0

9.8
7.6

5.4?
4.71

1.81
1.68

1067
704

14.4 5.06 2.44

13.3 5.15 1.81
9.7 5.27 1.81

23
20

29
?5

0
9

2
6

1.69
1.26

8.6
8.1

N. E.
N. E.

N. E.
N. E.

E

E

3.39
2.33

1.25
0.9i

N. E.
N. E.

52
29

4
3

N. E.
N. E.

*N

0.8 0.43 0.21

* Day 10 va'lues not included in the ana'lysis.# Nol estimated. {ot

67
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ear, and their enclosing bracts (the g'lume, the lemma and the pa'lea)

without awns were used for water potentia'l (V*) measurements (Section

2.5.3), and similar samp'les from the other side were used for evaluation

of osmoti c potent'i a'l (Yn, Secti on 2.5. 4).

Expe¡iment 6b was a replicate of experiment 6a (as described above)

except that the allocation of humidified air and low hum'idity air to t,he

ear warmìng boxes was reversed to eliminate any possibjlity that the

effects of hum'idity were confounded with unintentional differences

between the two tyPes of boxes.

The data for both experiments were anaìysed separately and as a

whole. There were no s'ignificantly different responses between the two

experiments in any of the parameters measured except for the amounts of

sucrose in the gra'in, and there were no significant interactions between

treatments and experiments. Grains ìn experiment 6b grew faster and

became heavìer during the early phase of grain growt,h than those Ín

experiment 6a, but final we'ight per gra'in was much the same in both

(45.6 mg in experiment 6a and 45.0 mg'in experiment 6b). So, the results

presented are the mean values of both experiments 6a and 6b.

Resu I ts

Experiment 4

Gra'ins developing in floret b in warmed ears at 33/25oC accumulated

dry matter at a slower rate (1.32 mg per day, calculated by regressìon

between days 10 and 26 after anthesis) than those which stayed at

21/16oC (1.60 mg per duy), and ripe graÍns from the warmed eans weighed

17.67. less than those in control ears (Fìg. 3.2.1a). Grains fnom c

florets (Tabl e 3.2.2) displayed a sjmilar response to warming by

accumulat'ing dry matt,er at the rate of 1.14 m8, per grain per day as

compared to 1,42 ng per day in the control ears. Ripe c grains from

warmed ears weighed 29.82 less than those from the ears kept at 21/16oC.

l,later content in both Þ (Fie. 3,2.1a) and c grains was

sìgnificantìy reduced after four days of ear warming and stayed lower

than that in the cool ears during rest of the gra'in filling phase.

Sucrose content in the b grain (Fig. 3.2.1b) continuousìy decìined

with development at both temperatures, but ear warming resulted in a

significantly faster drop in sucrose content. The response to warming

was evident four days after the beginning of the treatment, and warm'ing

appears to have advanced the course of decline in sucrose content by



Fresh weight, dry weight, and amounts of sucrose and other s

four spikelets from one side of t,he control (C) or warmed ears
and chlorophyl'l b(Cb) of t,he pericarp of gra'in samples taken
details as for Table 3.2.1.

oluble sugars in the c grain taken from the central
(T). Freih weight anã amounts of chìorophyll a(Ca)
from the other side of the same ears. Treatnent

Table 3.2.2

Days after
anthes i s

1oår

14

18

22

26

Ripe

L. S. D.
I nteracti on

Weieht per graì¡
lr'leight or amount

per pericarp
Treatment ffi(me) (me)

Sucrose
(ue)

Other soluble
sugars (ue)

773

Fresh
(me)

Ca
(ue)

Cb
(ue)

c

c
T

c
T

c
T

c
T

c
T

23.3

32.8
27.2

43.8
35.7

10. 5
9.7

6.4

18. 5
'15.8

23.1
18. 6

?8.4
24.8

39. 6
27.8

1077

954
693

1 038
600

717
412

636
574

772
577

3.62
4.06

1 .39
1. s3

1.46
1.35

i 3. 0 3.41 1 .72

48
36

662
382

402
195

*N

11.4
7.5

N. E.
N. E.

N. E.
N. E.

tr

tr

9.2
7.3

8.3
5.9

4.22
4.08

3.77
2.62

1.
0.

53.0
44.6

0
5

5
5

43
30

387
384

44
97

?3
69

N

7.1
6.5

N. E.
N. E.

2.97 1.
1.80 0.

0.9 0.50 0.23

N. E.
N. E.

i.3 2.1

..T Ouv 10 values not included in the anaìysis.* Not estimated.

76 n. s.

{
oo
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Fie. 3.2.2

Total chlorophylì (O,  ), chlorophyìì a (O, A ), and chlorophyìl b

(I, tr) in the pericarp of b grains (a), and c grains (b). Data is for
the grains from the central four spikelet,s from the control (a, O , I ),
or warmed (4, 

^, 
E) ears. Bars indicate L.S.D. for times x treatments.

(Expt. 4)
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about five days. The soluble sugars fraction (excluding sucrose) also

decl ined with development (Fie. 3.2.1c and Table 3.2.1 ) and was

significantly lower on day 14 in the grains from the warmed ears

compared to those which stayed al 21/16oC, but later on (day 22), the

opposite effect was observed.

The amounts of sucrose and soluble sugars (excluding sucrose) in

the c grain (Tabl e 3.?.2) exhibited a sìmi'lar pattern to the b grain.

Aìthough the amounts of sucrose and other soluble sugars (excluding

sucrose) when expressed on a per graìn basis were lower for the c grain
(due to sma'ìler sìze) than for the b grain, when these values were

expressed on a dry weight or water content basis the values for c were

either comparab'le or higher than those in the b grain.

Chl oroph.yl I content i n the peri carp

For much of the developmental period of the grain, the pericarp is
a bright emerald green tissue surrounded by a transparent outer layer,
and turns to a pale go'lden colour as the grain ripens. Chlorophyll

content in the pericarp can, therefore, be taken as an indicat,or of
developmentaì stage (cf. Rogers and Quatrano '1983).

About 727" of chìorophyl'l extracted from the pericarp of grain b or

c was chlorophyll a (Flg. 3.2.2, and Tables 3.2.1 and 3.2.2), and

changes in chlorophyl'l a paraì leled changes Ín total ch'lorophyl ì.
Chlorophyl'l content, in the pericarp of the b gra'in (Fie. 3.2.2a),
changed little between days 10 and 18 after anthesis but thereafter
started to decline, whereas such a decline in the chlorophyìl content of
the pericarp of the c gra'in was not apparent until day 22 after anthesis
(Fle. 3.2.2b). Judging by the disp'lacement of the curves on the

abscissa, warmìng appeared to have accelerated chlorophy'll degradation

by about 4-5 days.

Experiment 5

hlarming ears at hieh hum'idity for a brief period sl ightly
acce'lerated dry matter accumulation (Ffg. 3.2.3) compared to those

grains in the ears warmed at low humidity. This difference was evident
up to the sixth day after the beginning of the treatment. However, I
days later dry matter accumulation was depressed in both treatments (by

2.2 ng and 2.3 mg for high and low hum'idity respectively) as compared to
the grains in the ears which stayed at 21/rcoC. Finaì weight per grain

$/as greatest in the unwarmed ears (39.3 rg) followed by the graìns in
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Ëte. 3.2.3

Effects of warming ears at 30/25oc (day/nieht) at high humidity or at
low humidity on dry matter (soìid symbols) and water content (open

symbols) of the grain. Data for a+b grains of spikelets 3-9 and 1l-16
inclusive are pìotted. Bars indicate L.S.D. for treatments x tjmes.
(Expt. 5) i

O,O Ears kept at 21/16oC throughout grain development.

l,EEars warmed at high humidity.
ArAEars warmed at low humidity.
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Effects of warming ears at 'low or high humidity on the water potential of the grain and the bracts.
sampìing details ãre given in the text. (Expt,. 5)

Table 3.2.3

Days
after
anthesi s

12

14

16

18

22

24

Mean of
days

Treatment
I nteracti on

Treatment and

Control

-1.20

-1.10

-0.98

-1.18

-1.2'l

-1.0,|

-1.26

-0.89

-0. 89

-l .09

-1.07

-1 .05

-1.04

n

-1.32

-0.86

-0.87

-0.97

-1.20

-1.08

-1.05

Control

-0.80

-1.07

-1.16

-1.07

-1.19

-1 .40

-1.30

-1.18

-1. 50

-0.90

-1.34

-1.53

-1.?5

0.06
0. 16

-1.02

-1.37

-0.86

-1.24

-1.47

-1.18

v
Hi

humi
"(MPa) 

of grains
gh Low
dity humidity

Y"(MPa) of bracts
High Low

humidjty hum'idity

-1.11

-1. 11 -1.1,|

Least significant differences

s
s

æ
N)

fl .
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the ears warmed at high hum'idity (38.0 mg) and least for the grains'in
the ears warmed at low humidity (35.1 me).

Water content of the grains in warmed ears fell significantly after
4 days of ear warm'ing at both levels of hum'idity (Fie. 3.2.3). Eight

days after the imposition of ear warm'ing the water content of the grains

at high or low humidity were respectÍvely 20.7 mg and 20.4 mg as

compared lo 27,1 mg in the cool ears. However, later still (day 24),

there were no significant differences in water content of grains of
warmed or unwarmed ears,

tlater potential of the bracts and the grains

l,later potential (V*) of the bracts was betr+een -0.80 and -1.53 l4Pa

(Tab'le 3.2.3) and exhibited a downward trend with t,ime. Ear warming d'id

not affect Vw of the bracts, Although there were s'ignificant
interactions between treatments and time, there was no evidence that,

warming at low as compared to high humidity resuìted'in'lower V*.

Water pot,entiaì of the grains did not change significantly as a

result, of warm'ing the ears. If anything, shortly after t,he imposition of
the treatments the overall effect of warming was that Y* was apparently
sl'ightly higher (more positive) in the warmed than in the unwarmed

grains (Tab'le 3.2.3).

Temperature at varìous positions within the floret
Transpiration from t,he ears warmed at low humidity was presumabìy

faster than for the ears wanmed at high humidity which could result in
differences in temperature in the immediate vicinity of the graìn. To

check th'is possibility, temperature at various positions within the most

central floret, for a number of ears (i0 per treatment), on the ears

warmed at high or low humid'ity was monitored (on day 3 after init,iat'ion
of ear warmìng treatments) by inserting fine copper-constantan

thermocoup'les (32 American wìre gauge) and vaìues are gìven in the

tabulation on next page.

Although the temperature inside the floret was higher both in the

cont,rol as wel I as for ears warmed at either hum'idity than the

surround'ing air, but there were no significant differences in
temperature at various pos'itions within a floret between the ear warming

treatments.
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Thermocouple

position
Growbh

room

High humidity
box

Low humidity
box

In air

Between the Glume

and the Lerrna

20.7

22.1

30.7

32. B

32.0

31.2

3l .0

31. B

32.4

31.5

Between the Lemrna

and the grain

Between the Paìea

and the grain

22.1

22.0

Experiments 6a and 6b

hlarmìng ears at high humidity (for a brief period) resulted in a

higher rate of dry matter accumulation in the grains (1.74 mg gra'in-1

day-1) as compared to the grains (1.35 mg grain-l day-l) in ears warmed

at 'low humidity (Flg. 3.2.4a and Tabl e 3.2.4). Up to 30 days after
anthesis the courses of dry matter accumulation in the grains in t,he

unwarmed ears and in those warmed at, high humidity were almost

identical. However, final weight per grain was sign'ificantly reduced in
both the ear warming treatments (45.5, 41.7 and 48.7 mg for hieh

humidity, low humidity and the control treatments respectively).
[,'later content of the gra'ins fel l s'ignif icant'ly (28.3, 26.7 and

32.2 ng for hieh humidity, low humid'ity and the control treatments
respectively) ìn both ear warming treatments aften 5 days, but there was

no significant difference between the two humidity treatments (Ftg.

3.2.4a). However, water content of the gra'ins Ín the ears warmed at high
humidity rose between days 25 and 30 (also see Fig. 3.2.3), while in the
ears warmed at low humidity grain water content felj even further.

Although the average sucrose content was significantly different
between t,he two experiments (0.39 mg per grain, experiment 6a; 0.32 mg

per grain, experiment 6b; L.S.D.=0.03), there was no signìficant
interaction of treatments with experiments. Sucrose content in the
grains of the ears warmed at high or low humidity fell significantìy
after 5 days of warming (expressed on per grain basis; Fig. 3.2.4b, or
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Fip. 3.2.4

Effects of warming ears at 33/25oC (day/nieht) at high humidity on grain dry matter (sotid symbo'ls) and water

content (open symbols) (a), sucrose content (b) and other soluble sugars excluding sucrose (c) in the b grains from

the four central spìkelets. Bars indicate L.S.D. for treatments x times. (Mean of Expts. 6a and 6b)

O,OEars kept al 2'l/lAoC throughout grain development.

l,El Ears warmed at high humidity.
A,AEars warmed at low humidÍty.
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Effects of warming ears ul 33/ZSIC (day/nieht) at high humid'ity or at low humidity o-n fnesh.weight, dry weight and

soluble sugars in the b grain. eràini'weie i,aken fiom the central four spikelets from control ears (C), or ears

ùã"rã¿ at hîgh rruriaiiy=(ÏH), or at low humidity (T). Data are mean of expts. 6a and 6b.

Tabìe 3.2.4

Days after
anthes i s

Treatment tleight per gra'in (mg)
Fresh Dry

Sucrose Other soluble sugars
(ug/te grain drY weight)

15

20

25

Rìpe

L. S. D.
I nteracti on

30

6

2
5
0

3
0
5

24

35
35
30

TH

c

c

T

c

*N
N

N

TH

TH

T

c
TH

T

T

c

49.6

56.4
53.7
50.7

67.6
63.0
57. 3

68.6
71.5
57.6

17.

24
25

39.4
41.1
35.6

2.7

27.2

16.9
11.1
1i.5

11.1
10. 4
9.9

10.8
9.2

10. 9

2.1

59.1

26.3
18.7
18. 0

21.6
14.7
22.0

18.1
18.7
15.9

tr
¡ L¡

.E.
tr

48
45
41

N. E.
N. E.
N. t.

N. E.
N. E.
N. E.

7
5
7

3.3

Day 15 values not included jn the analys'is.
Not est,imated.

5.2

åE

æoì

*J+



Table 3.2.5

Fresh weight, dry weight, sucrose and other so'luble sugars in the c graÍn taken from the centra'l four spike'lets
from control eari'iC), õ"-äu"r warmed at high humiditv (TÉ), or at loÇ humiditv (T). Details as for Table 3.2-4.

Days after
anthes i s

Treatment Weight per grain (mg)
Fresh Dry

Sucrose Other soluble sugars
(ue/mg grain dry weight)

*N
N.
N.

c

c
TH
T

c
TH
T

c
TH

T

c
TH

T

20

25

30

Ri pe

5

L. S. D.
I nteracti on

40.1

44.8
41.7
39. 3

56.6
45.3
47.4

59.0
57.7
45.4

13.4

19.2
20.0
19.',l

30.5
25.3
25.7

40.

28.

2.8

34.7

20.8
17.3
16.0

15.0
14. 5
13.4

12.8
13.1
14. I

2.4

75.8

38.6
20.1
21.0

20.9
21.5
27.1

20.7
17.9
28.7

N. E.
N. E.
N. E.

5.5

I
5
1

6
9
0

33
33
25

32.
N. E.
N. t.
N. E.

trL.

E.
E,

3.9

å+ Day 15 values not included in the ana'lysis.
Not estimated.

æ
!

*à+
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on mg grain dry weight; Table 3.2.4) as compared to the grains

developing al 21/rcoC. However, 9 days after the warming treatments were

finished, there were no differences between any of the means. Soluble

sugars (excluding sucrose) decreased wjth the development, of the gra'in

(Tabìe 3.2.4 and Fig. 3.2.4c) and warming eìther at h'igh or low humidity
result,ed in a sìgnificant reduct,ion of soluble sugars after 5 days of
warming as compared to gra'ins in the ears kept at 21/16oC.

Responses of c grains in terms of the rate of dry matter
accumulation, amounts of sucrose and other soluble sugars (excluding

sucrose) to ear warming at high or low humidity were similar to those

reported for the b grain and are given in Table 3.2.5.
lr'larmì ng ears at e i ther humi d i ty had no aff ect on f resh or dry

weight of the rachis (Table 3.2.6), or the bracts (Tabìe 3.2.7) at any

sampìing stage. There were no reductions apparent jn sucrose

concentration (on dry we'ight basis) in the rachis due to ear warming. 0n

the contrary, on days 25 and 30 after ant,hesis, there was a significant
increase in sucrose concentration in the rachis from ears which were

warmed at high humidìty. Total soluble sugars (exclud'ing sucrose)

concentration (on tissue water basis) '¡n the rachis of unheated ears

decreased between days 15 and 25 after anthesis, but there was no

significant change in sucrose content over the experimenta'l period (Fig.
3.2.5b). Warm'ing at low but not at, high humidity accelerated the decline
in soluble sugars excluding sucrose (Fig. 3.2.5a). There were no

significant djfferences between sucrose contents of t,he rachises of
unwarmed ears and of ears warmed at low humidity at any stage of gra'in

development (Fie. 3.2.5b).
Soluble sugars (other than sucrose) in the bracts did not d'isp'lay

any temporal change and warming had no effect on the levels observed
(Fig. 3.2.5c). Sucrose content, on the other hand, markedly incrased Ín

bot,h ear warming treatments (Fig. 3.2.5d, on dry weight basis¡ Tab'le

3.2.7), but not in the unwarmed ears.

Water potential and Osmot'ic potentiaì
l,later and osmotic potentials of the grains in the ears warmed at

low humidity were higher after the first 2 days of warming than in the
unwarmed ears (Table 3.2.8), whereas warming at high humidity had no

effect. However, 4,6, and 15 days later water and osmotic potentials in
the warmed ears were lower than in the control ears. Mean values



Tabìe 3.2.6

Fresh weight, dry weight, sucrose and other soluble sugars for the p'iece of the rachis bearing the centra'l -four
spike'lets ior contiol eárs (C), or ears warmed at high humidity (TH), or ears warmed at low humidity. Detai]s as

for Tabl e 3.2.4.

Days
after
anthes i s

o15

20

L. S. D.
I nteraction

Treatment

c

c
TH
T

c
TH

T

c
TH

T

25

30

lde'ight (me) for 1 node and
1 internode of the rachis

Fresh Dry

12.6 4.1

12.3
11.7
11.8

12.0
11.4
12.1

1l .3
12.2
11 .8

n. s. n. s.

So'luble sugars in the rachis
Sucrose 0ther soluble sugars

(uelmg drY weight)

4.1
4.1
4.2

4.3
4.3
4.3

29.0

29.7
27.3
28.4

31.7
35.4
28.5

27,8
35.6
27.4

51.0

37.6
36.2
20.1

19. 6
20.1
17.5

2?.0
18. I
23.7

4.1
4.6
4.4

n. s. n. s.

æ(o

t+ Day 15 values not included in the ana'lysis.



Table 3.2.7

Fresh we'ight, dry weight, sucrose and other soluble sugar
(C), or ears warmed at high humjditv (TH), or ears warmed a

or the bracts enclosing the b grain from contro'l ears
ow humidity. Details as for Table 3.2.4.

Solub'le sugars in the bracts
Sucrose Other soluble sugars

(ue/mg dry weÍght)

sf
tl

Days
after
anthes i s

or5

20

25

L. S. D.
I nteracti on

Treatment

c

c
TH

T

c
TH

T

c

Weight (me) for the bracts
enclosing one grain
Fresh Dry

16. 3 6.8

16. 5
16.2
15. 5

6.9
7.1
7.1

18. U

16.9
26.0
25.8

18.0
21.7
25.0

17.'l
26.4
27.7

18.6

22.1
17.9
18. 9

18.0
16. 5
19. 9

17.0
24.4
23.1

6.9
7.0
7.3

7.1
7.6
7.3

TH

T

15. 9
15. 3
15. 6

30
.l6. 

1

16. 5
15. 6

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

ts Day '15 values not inc'luded in the analysìs.

rrc)
O



to

Effects of warming ears at 33/25oC (day/night) at hieh

[R.H. 502 (day), 702(night)] on apparent concentrati
rachis (a,b) and bracts (c,d). There were no significan
effects for sucrose in rachis (L.S.D.=2.3), soluble s

s'igni f i cant.

A Ears warmed at l

rl 3.2.5

umiditv (R.H, 852 during day and night) or at low humidity

s of solub1e sugars (excluding sucrose) and sucrose in the

interact'ions between treatments x times; overaìl treatment

ars (L.S.D.=1.9) and sucrose in bracts (L.S.D.=2.8) were

O Ears kept at 2111 oC throughout grain development.

I Ears warmed at hi h humid'ity.

humi di ty.
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(average of samp'ling times) of v* and v' were most negative for the
grains in the ears warmed at high humidity, followed by grains in the
ears warmed at low hum'id'ity and least negative for grains ìn the ears
grown at 21 /16oC. So there does not seenå to be any clear-cut,
reìationship between the humidity of the air in which the ears were

warmed and vu, and Yn of the grains or the bract,s on the one hand, or
between humidity and the rate of dry matter accumulation in t,he gra'in on

the other.
l,later and osmotic potentials of the bracts (Tab'le 3.2.9) were lower

than those observed in the gra'ins and both the potentials were lower in
the warmed ears than in the untreated ears. Moreover, warming at high
humidity resuìted in lower values than did warming a*. ìow humidìty. The

turgor potential (P) of the graìns and the bracts (the differences
between Yw and Yrr) was relatively smaìl throughout the grain filìing
period and there !úere no lai ge differences between the average values
for the grains and the bracts (0.3i and 0.22 l'\Pa respectively) and no

effects of warm'ing the ears were discernible.

D i sc us s'ion

Brief periods of ear warming during grain filìing resulted in a

reduction in total ear grain we'ight (Table 3.2"10) due mainìy to an

effect on individual grain weight and partìy to a small reduction in
grain number. Warming ears at high humidity appears to cause the grains
to accumulate dry matter slightìy faster than warming at ìow humidity,
but differences ,u"". not significant. Both the duration and the rate of
grain filling were affected by the imposition of episodes of elevated
temperature to the ears (Ftgs. 3.2.1a and 3.2.4a). During the period of
ear warming or immediateìy after the ear warming was discont,inued, there
were no visual differences between the control and the treated p'lants.
About a week after the ear warming treatments were over, ears exposed to
high temperature (at high or jow humidity) appeared sl ightly ye'l'lower
than the control ears, but at that stage there were no signs of enhanced

fìag 'leaf senescence. However, later senescence of both ears and flag
leaves was enhanced in the p'lants in which ears wene exposed to high
temperature and ears jn these plant,s matured at least 4-5 days earlier
than control ears. Reduct,ion in the duration of grain growth is well
documented (Chowdhury and l^lardlaw 1978) and wi'll be dealt with in
Section 4.



Table 3.2.8

Effects of warming ears at 33/25oC (day/night) at high humidity, or at low humidity on the water and the osmotÍc
potentiaìs of the grains. Details are g'iven in the text. (Expt. 6)

Days
after
anthesi s

17

19

2't

30

Mean of
days

Treatment
I nteracti on

Control

-0.69

-0.53

-0. s5

-0.72

-0.62

Vr(MPa) of grains
High Low

humidity humidity
Contrcl

-1.03

-0.88

-0.94

-0.87

-0.98

-1.01

-1.05

-j..l0

-1.04

0.06
0. 11

-0.87

-0.98

-0.96

-1 .09

-0.98

Ytr(MPa) of gra'ins
High Low

humidity humidity

-0.61

-0.65

-0.70

-0.99

-0.74

-0.52

-0.68

-0.67

-0.86

-0.68 -0.93

Least significant differences

0
0

05
10

(o
<^)



Table 3.2.9

Effects of warming ears at 33/25oC (day/night) at high hum'idity, or at low humidity on the water and the osmotic
potentials of the bracts. Details are given in the text. (Expt. 6)

Days
after
anthes i s

17

19

21

30

Mean of
days

Treatment
I nteracti on

Control

-0.81

-0.73

-0.74

-0.93

-0.80

Yr(MPa) of bracts
High Low

humidity humidity

-1.10

-1.20

-0.88

-1.48

-1.16

0.08
0. 16

-0.8i

-1.60

-0.85

-1.26

Control

-0.98

-1.10

-1.03

-1.19

-1.16

-1.35

-1.15

-1.59

-1.31

0.18
n. s.

-1.02

-1.22

-1.16

-1.58

-1.24

Yrr(MPa) of bracts
High Low

humidity humidity

-1.08 -1.08

Least significant differences

(o
Þ



Tab'le 3.2.10

Effects of a brief period of ear warming during grain filling on final ear gra'in weight. Details of experimental
treatments are given in t,he text. Singté grain-wéight is calculated from pooled data for the whole ear. Values in
parentheses refer to per cent reductions over control.

Experiment Parameter
Period

(days after
anthes i s )

10-16

10-17

15-21

Treatment
Ears warmed at:

21/16oC High humidity Low humidity L.S.D.no

0.27
3.9

0. 13
3.6

(e)
)

5

4

6

Total ear grain wt. (g)
Sìngìe grain wt.(mg)

Total ear grain wt.
Single grain wt. (mg

Total ear grain wt, (g)
Single grain wt.(mg)

(
(

)
)

(
(

)
)

2.10
39.0

2.02
33.2

1.92
39. i

1.
34.4

1.39
3i .6

(
(

)
)

-18.1
-1i.8

-27.6
-19.2

72

1.64
29.4

i.63
34.1

-18.8
-11.4

-15.1
-12.8

(
(

)
)

)
)

1.52 (-24.8
28.7 (-13. 6

0.24
3.8

(o
(tl
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However, reduction in the rate of dry matter accumu'lation as a

result of warming the ears requires another kind of expìanation. Two

possible reasons, which could cause reduction in the rate of dry mat,ter

accumulat,ion were hypothes'ized'in the introduction to this section and

are considered as follows.

(a) Water relations of the grain

There is little or no change jn water content of the grain
develop'ing at uniform temperature during main graìn filìing phase (Figs.
3.2.1a, 3.2.3,3.2.4a; Sofield et al. 1977b; Jenner lgBZb) and the same

seems to be true for water and osmotìc potentials (Barlow et aj. 1980).

Although a period of ear warm'ing during grain fil I ing results in a

sìgnificant reduction in the water content of the grain, this is not
accompanied by substantial changes in water or osmotic potentiaì of the
grai n.

Reduction in the grain water content must be due either to a more

rapid loss of water from the grain, or to a slov¿er influx of water ìnto
the gra'in, or due to both factors (examined in more detail in Sect'ion

3.4). Accelerated loss of water as a nesult of a possil¡le downrvard sh'ift
in water potentia'l in the bracts or other parts of the ear might be

expected to lead in turn to a reduction in water and/or osmotic
potentials of the grain, and yet, such a response has not been detected.
Indeed, the earliest significant response in water potential detectable
(on day 17 in Table 3.2.8) is an ùtotza¿¿ (more positive) in water
potential preceding a substantial decrease in water content three days

later (Flg. 3.2.4a). Afterwards (day 19 and later: Table 3.2.8), water
potentia'l of grains from warmed ears is lower than that of the graÍn
developing at lower temperature, but even this response is not
observable in Table 3.2.3, although the gra'ins from warmed ears in that
experiment (Fig. 3.2.3) contained less water than the cooler ones.

As might have been expected, the water and osmotic potentials of
the bracts (Table 3.2.9) have been shifted to more negative values by

warming the ears, However, warming at high humidity has depressed water
and osmotic potentials more than warming at 'low humidity.

The lack of an effect of warming on turgor potent'ial of the grain
indÍcates that water relations of the grain are dynamic and are

subjected to homeostatic control. The apparent reversìbil'ity of t,he

effect of heating on water content (Fig. 3,2.3) is further evidence of
such a cont,rol.



97

l,rlarming at hìgh hum'idity and low humidÍty aìike reduced water
content, but heating at low humidity depressed the rate of accumulat'ion

of dry matter in the grains (Figs. 3.2..la and 3.2.4a). This lack of
paral I el 'i sm, together wi th the d'i sparate ef fects of, heati ng at hi gh

humìdìty and low humidity on grain water relations and accumulation of
dry matter, provide evidence that the effects of heating which result in
smaller gains in dry matter are not mediated directly through an

influence on water potential of the gra'in.

(b) Availabilitv of soluble carboh ydrates

Movement of 14C-l abel I ed photosynthate from f 'l ag 'leaf t,o ear
increases with temperature between 21 and 30oC (wardlaw et al. 1980).
Also the rate of starch accumulat,ion at 30oC is greater than at 15.soC

in detached ears of wheat cultured in solutions of sucrose (Jenner

1968). It might be 
. 
expected that warming ears would result in an

accelerated rate of grain growth, However, either there is no

significant change in the rate of dry matter accumulation due to ear
warming (hteh humidity treatment, Figs. 3.2.3 and 3.2.4a) or the rate is
act,ual ly depressed (low humidity treatment, Figs. 3.2.1a and 3.2.4a).
Both outcomes are consistent with the observation that amounts of
soluble sugars declined significant'ly due to warming (F.igs. 3.2.1b,
3.2.1c, 3.2.4b and 3.2.4c). It is conceivable that either the entry of
photosynthate into the grain is depressed or carbohydrate levels in the
grain are reduced due to high respiratory losses at high temperature
(see references ìn introduction to this sect'ion).

Amounts of sucrose and other so'luble sugars in the rachis were

either comparable to or higher in the treated ears as compared to the
ears developing at lower temperatures at alì sampìing dates (Figs.
3.2.5a and 3.2.5b). Interestingìy, the amounts of sucrose in the bracts
at all sampfing dates was significantìy higher in warmed ears compared

to ears developing at a lower temperature (Ftg. 3.2.5d). From this
informat,ion it, seems unìikely that the suppìy of sugars available for
distribution to the grain is depressed by e'levated temperature.

The lower rate of dry matter accumulation in the grains in the ears
warmed at low humidity might be att,ributed to a decline in apparent
sucrose concentration during the period of warming (Fig. 3.2.6a).
However, the differential response in dry matter accumulation due to ear
warming at different humidities (Fig. 3.2.4a) is not explicable in terms
of reduced sucrose concentration (Fig. 3.2.6b). Nevert,heless it is
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Fie. 3.2.6

Effects of warmi ng ears at low or hìgh humidity on apparent
concentrations of sucrose in the grajn. Details as for Fig. 3.2.lb and

Fig. 3.2.4b for parts (a) and (b), respectiveìy. Bars indicate L.s.D.
for treatments x times.

O Ears kept, at 21/16oC throughout grain development.
I Ears warmed at high humidity.
A Ears warmed at, low humidity.
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likeìy that both humidity and temperature have independent effects on

the rate of grain growth but it is difficult to make judgement on the

interactive effects of humid'ity and temperature from the information
presented in this section. Moreover, the responses to elevated

temperature dìspìayed in Fig. 3.2.6b may reflect accelerated

development. If this is the case, thìs response could have no casual

relation to the observed changes in rate of dry matter. Further, it is

important to point out that as the vapour pressure deficits of the warm

air in the high hum'idity treatment and in the control (0.75 kPa during

the day and 0.50 kPa at night) were almost identical, high humìdity may

have some part in alleviating the effect of temperature on the rate of
dry matter accumulation. As the development of the g:aÍn was advanced by

warming at either humidity, it 'is reasonable to adduce that effects of
temperature on development of the gra'in are independent of the humidity

(or V.P.D.) of the warm air.
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3.3 THE EFFECTS OF EAR I.IARI'IING ON THE STORAGE CAPACITY OF THE GRAIN

I nt,roducti on

Neither the reduction'in the rate of grain, growth nor the

advancement in termination of grain growth, as a result, of a brief
period of ear warmìng, can be satisfactoriìy exp'lained as attributable
to: a change in the water and osmotìc potent,ials of the bracts (palea,

lemma and the steriìe g'lume) and/or the graÍn, or alterations ìn the

amounts of soluble carbohydrates present in the grain (Section 3.2).
A major problem with the interpretat'ion of experiments designed to

investigate t,he effects of temperature on grain filììng is an 'inabìlity
to distinguish whethe,' a reduction in final singìe grain we'ight is due

to an effect of temperature on the availabil'ity of substrate with'in the
graÍn forits growth, oF on the processes involved in the synthesis of
starch and protein. Many reports ìn the literature (l^/ardlaw et al. 1980

and reference cit,ed therein) favour the notion that a reduct,ion in
singìe grain weight at high temperature is due to an effect of
temperature on the processes within the grain rather than through the
provision of substrate from other parts of the p'lant, but critical
evidence in support of this hypothesis is lacking.

Liquid culture of detached ears permits some control over the
provision of carbon and nitrogen for grain growth. It has been reported
(Singh and Jenner 1983) that the graìns grow and develop normally from

anthesis until maturity when ears were cultured on solutions of sucrose

and L-glutamine, and th'is technique has been used by many workers t,o

study various aspects of grain gnowth and development, incìuding : the
effects of water stress on the water relations of the grain, and its
effect on starch and protein accumulation 'in the grain (Barlow et al.
1 983 ) i the formati on of prote'i n bodi es and endosperm morpho'logy

(Campbeìl et al. 1981); the mechanism(s) of transport of sucrose and

amino acids into and along the vascular strand of the grain (Donovan et
al. 1983a); and short-term (Jenner 1968) and ìong-term (Donovan et al.
1983b) effects of temperature on starch and protein accumulation in the
grai n.

Similarìy, isolated grains cultured on 14C-=ucrose have been used

by many workers (Jenner and Rathjen 1975, 19771. Rad'ley 1978, 1981;

Gifford and Bremner 1981a, 1981b) to assess the capacity of gnain to
absorb and to convert sucrose to starch.
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The purpose of experiments, detailed in this section, by usìng the

ear culture and the isolated grain culture technique, was to det,ermine

whether a reduction in singìe grain we'ight as a result of ear warming

r¡/as due to an effect of temperature on the availability of substrate
(sucrose within the grain) for gra'in growth, or on the synthetic
processes involved in dry matter accumulatjon (storing ability) in the

gra i n.

Grain filling in the experimental'ly warmed ears can be considered

as biphasìc: a part of grain fil'ling during the period of ear warming

and a part after the warming period is over. An increase in suppìy of
substrate (by means of detached ear cuìture) during the warming period

may gìve some informat'ion regarding the processes which are directly
affected by temperature, while culturing the ears after they have been

warmed may reìate to de'layed effect(s) of temperature on the processes

reìated to dry matter accumulation.

Accordingly, in the first experiment (expt. 7) ears were warmed for
a brief period and then cultured at a range of sucrose levels, both

above (60 gl-1) and below (20 gl-1) the level of sucrose required to
mai ntai n the rate of gra'in growth norma'l 'ly observed on the pl ant
(40 gl-1 of sucrose with 0.5 e N l-1 in the form L-glutamine, see

Campbe'll et al. 1981; Singh and Jenner 1983). In the second

experiment (expt. 8) ears were bultured on various levels of sucrose (as

above) and warmed at the same time. In the th'ird experiment (expt. 9)

ears were warmed at high or low humidity and isolated endosperms from

these ears were cultured on l4C-rucrose to assess their capacity to
absorb and metabolise sucrose.

Materials and Methods

Plants were raised in a gìass house (for 2 weeks), and then

transferred to a controlled environment growth room (Section 2.2.2),
where they stayed until maturÍty.

Experiment 7

0n day 10 after anthesis, plants were divided into two batches, and

ears (onìy) in one batch were exposed to 30/25oC [V.P.D. kPa 1.7 (day)

and 0.95 (nieht)l for 7 days (Section 2.3.2), while keeping the ot,her

batch at control conditions (21/16oC). One day after the ear warming was

over (on day 18), ears both from control and warmed groups were cultured
at 3 levels of sucrose (20, 40, or 60 gl-1) with a constant amount of
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L-glutam'ine (0.5 g N l-1, details fon solution preparation in Section

2.4) and the ears were allowed to stay at control cond'itions until
maturì ty.

Sampìes of the b and the c grains from four central spikeìets of
the ears were taken on days iB (start of ear culture), 23 and 28 and

when they had ripened, The amounts of tota'l soluble sugars and sucrose

in the sampìes of the b grains were determined on days 18, 23 and 28

after anthesi s.

At maturity, four ears for each sucrose concentratìon (in t,he

culture medium) and from the intact p'lants were used to determine gra'in

yield components. After recording dny weight of the u grains (taken from

the four central spikelets), they were used for total nitrogen
determination (Secti on 2.6. 3).

Experiment I
Ears were cultured on the same levels of sucrose as in experiment 7

on day 9 after anthes'is. One day after the start of culture the ears

were divided into two batches. One batch of the earsr and a set of ears

attached to the p'lants, were warmed at 30/25oC for 7 days (detai'ls as

for expt. 7), while keeping the other batch and some ears on the p'lants

at control conditions..
The samp'les and the sampling procedure were the same as described

in experiment 7, except that the samples v/ere taken on days 10, 14, .16,

18 and 20 after anthesis and when the eans had ripened.

Experiment 9

Ears were warmed at 33/25oC at high humidity [V.P.D. kPa 0.75 (day)

and 0.48 (night)l or at low humidity [V.P.D. kPa 2.51 (day) and 0.95
(night) ] for 6 days, between days 10 and 16 aft,er anthes'is.

0n days 14, lB, 25 and 30 after anthesis samples of the b grains (5
grains each from four separate ears), were taken from the five central
spikelets of control ears or ears warmed at high or ìow humidity. The

grains were dissected according to the procedure in Section 2.8.1, and

were cultured on 14C-rrcrose solution (7.4 pCi g-1, osmotically adjusted

with PEG to -0.82 MPa) containing 30 gì-1 (89.5 mMolal) of sucrose by

the procedure described in Section 2.8.2.3. The choice of the above

grain culture procedure was based on the results of the experiments
reported in Section 3.6.
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S'imi I ar samp'les of the di ssected b grai ns t,aken f rom the opposite
side of the same ears were used for fresh weight, dry weight, and water

content determi nations.
After I h of incubation at 25oC, the dissected grains were rinsed

(within 2 min) wìth three lots of deionised water (10 m1 each) and then

incubated in deion'ised water for the removal of 14C present in the
apparent free space (Section 2.9), The amounts of ethanol solublu 14C in
the cells (Section 2.10.1), the amounts of starch in the samples, and

the amount of 14C-in.o.porated into starch were determined by procedures

described in Section 2.11.

Results

The responses of the b and the c grains in experiment 7 or B, in
all cases were qualitativeìy similar hence only the results for the Þ
graìn are discussed in detail here and the results for the c gra'in are
presented only when some important po'int is to be made.

Data for the b grain for each experiment (expt. 7 or B) v/ere

ana'lysed as a whole and separately for each sucrose concentnat'ion in the
medium, and for ears on the plants. Results are presented eithen
separat,ely for each sucrose concentration, or they are presented as a

whole in a table and relevant interactions are plotted separately.

txperiment 7

Dry we'ights and water contents of the b grain from the control and

the warmed ears left on the plant (part a), or for ears cultured with 20

(part b), 40 (part c), or 60 gl-i (part d) of sucrose on day 18, and at,

subsequent stages of grain growth are given 'in Fig. 3.3,1. Warming of
ears reduced the water content of the grains on day 18 (Fie. 3.3.la) and

at subsequent sampling times, âS compared to gra'ins from the ears kept
at control conditions. Water content of the b grains both from the
control a'd warmed ears cultured with 40 (Fig. 3.3.lc) or 60 gl-1 (Fig.
3.3.ld) were higher on days 23 and 28 than on day 18. Nevertheless, the
amount of water in the grains from warmed ears was lower on both the
samp'ling times at both these levels of sucrose.

Both in the control and warmed ears either ìeft on the p'lant or
cultured with sucrose, dry mat,ter accumulated progressively between days

18 and 28 after anthesis. The rate of increase of dry weight, both in
the control and the warmed ears increased with an increase in sucrose
concentration in the medium from 20 to 40 gl-1 of sucrose, but further
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Fi s. 3.3.1

Dry we'ight (solid symboìs) and water content (open symbols) of the Þ
grain taken from the four central spikeìets of the control (O, O ) and

warmed ears (4, A ). Grains from the ears left on the p]ant (a), ears
cultured with L-gìutamine (0.5 e N t-1¡ and 20 g1-1 (b), 40 g'l-1 (c), or
60 g1-l (d) of sucrose. Ears were warmed at 30/25oC between days 10 and

l7 after anthesis and were cu'ltured on solutions of sucrose f,rom day 18

until they had ripened. (Expt. 17)
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increase to 60 gl-1 had no effect on the rate of grain filling in either
control or warmed ears. The rates of grain growth (caìcu'lat,ed by

regression, between days 18 and 28 after anthesis) both in the control
and the warmed ears cultured with 40 or 60 gl-1 of sucrose were

comparab'le to thejr respective type of ears attached to the p'lant, as

shown 'in the tabulation below.

Sucrose

concn

(el-l )

Treatment

control warmed

Growth rate (mg grain-l duy 1)

20

40

60

on pìant

0.99

1.65

1.76
"1.77

1.45

1.55

1 .49

1.56

Grai ns

faster t,han

in the warmed ears cultured with 20 gl-1 of sucrose

the control ears cultured at the same level. But

grew

grai n

growth in the warmed ears cultured with 40 or 60 gì-1 of sucrose or left
on the plant appears to be lower than the control ears cultured at the

same levels. It should also be noted that, while the rate of dry matter
accumulat,'ion was 'influenced by the concentration of sucrose suppl ied Ín
the control ears, in the warmed ears it was not.

The amounts of sucrose and other soluble sugars on a per grain
basis are given in Table 3.3,1. The amount of sucrose on day 18 (start
of ear culture) appeared to be lower in the grain from untreated ears

than in those of warmed ears, while the reverse seemed to be true for
other soluble sugars. 0n days 23 and 28, the amounts of sucrose (average

of treatments, Table 3.3.1) in the gra'in increased with increase in
sucrose from 20 to 40 gl-1 in the medìum, but a further increase in
sucrose in the medfum to 60 gl-1 had ljttle effect, 0n both the sampling

times, the grains from the control ears on the p'lant, had higher sucrose

contents compared with the grains from the warmed ears on the p'lant.
The interactions (treatments x concentration of sucrose in the

culture medium) for the amounts of sucrose (from Tab'le 3.3.1) and the



Table 3.3.1

Amounts of sucrose and other solub'le sugars in the b g
warmed ears. Details are given in legend tó Fig. 3.3.1; (

rain taken from the four central spike'lets of contro'l
Expt. 7)

or

Days after
anthesi s

*19

23

Mean

Mean

Overall Mean

Treatment
Days

Sucrose concn
(el-1 )

on plant

40
60

on pl

20
40
60

on plant

Sucrose
Control Warmed

Ug per grain

446 470

352
594
481
556
496

ant

20

465

Least significant dífferences
33
36

0ther soluble sugars
Control hJarmed

Ug per grain

735 590

552
503
556
784
599

820
660
482
614
6s9

599
532
649
604
596

629 546

6B
94

Mean

458

379
479
499
534
473

Mean

663

452
549
s20
670
548

710
596
566
639
628

28

384
452
562
650
512

418
557
51?
701
547

530

373
506
435
418
433

440
489
530
532
498

429
523
521
617
523

o
Ot

* Start of ear culture, va'lues for this day were not included in the anaìyses.
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Fie. 3.3.2

Amounts of sucrose per grain (a), and concentrations of sucrose (b) in
the b grain taken from the four centra'l spike'lets of the controì ( o )
and warmed ears (   ). values are means over days 23 and 28 after
anthesis. (Expt.7)
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concentrations of sucrose (on grain wat,er basis) in the grain are

plotted separately in Figs. 3.3.2a and 3.3.2b respectively. Both the

amounts and the concentrations of sucrose in the grains (means of days

23 and 28) both from the control and warmed ears increased with increase

in sucrose in the medium. Both amounts and concentrations in the grain
from control or warmed ears at each concentration in the culture med'ium

were the same, As described earlier, the grains from the control ears on

the pìant had higher absolute amount,s as well as the concentrat,ions of
sucrose than the graìns ìn the warmed ears on the pìant.

0n day 23, the amounts of other soluble sugars in the gra'in from

control ears cultured at various leveìs of sucrose were the same (Tab'le

3.3.1), whereas on day 28, an inverse relationship between the amounts

of other soluble sugars in t,he grain and the sucrose levels in the

medi um was evi dent. But there \,/as no apparent rel ati onsh i p observabl e

between the amounts . of solubìe sugars in the gra'in and the sucrose

levels in the culture medium for the warmed ears on either of the
sampìing t,imes (Table 3.3.1). However, it is interesting to note that
the average amount (mean of sampling times) of other soluble sugars in
the grain from warmed ears was lower than'in their counterparts in the
control ears.

Fina'l b grain dry weight was higher both in control and warmed ears

cu'ltured with 40 or 60 gì-l of sucrose than in the ears cultured with 20

gl-1 sucrose (Tab'le 3.3.2), and their we'ights were simi lar to t,he Þ
grain dry weights in the respective type of ears left on the plant. Dry

we'ight, of t,he b grain in the vrarmed ears was reduced in comparison with
the control ears cultured at the same level of sucrose in the external
medium. The percentage reduction in the b grain weight in the warmed

compared to control ears was greatest (16.77,) for ears left on the
pìant, followed by ears cultured with 40 (g.57,) or 60 gì-l (10.02) of
sucrose and was least for ears cultured with 20 gl-1 (3.52) of sucnose.

Despite the grains being sma'ller in the warmed ears as discussed
above, the amount, of nitrogen in the b grains from warmed ears tvas

similar to the grains from the control ears cultured at the same ìevel
of sucrose. The amounts of nitrogen in t,he b gra'ins both from control
and warmed ears cultured wit,h 40 gì-1 were sìmilar to their respective
type of ear attached to the pìant. However, the amount of nitrogen in
the Þ graìn in both types of ears decreased with increase in sucrose

concentration in the culture medium.



Tab'le 3.3.2

Dry weight and nitrogen content (per grain) for mature b grain taken from the four centraì sp'ikelets of the contro'l
anä th"-*armed ears.- Va]ues in the pãrentheses are difFeiences, as percent,ages, between the values for the control
and warmed ears in that column. Detaìls are given in the legend to Fig. 3.3.1. (Expt. 7)

Parameter Treatment Sucrose (el-l) in the culture medìum

Dry weight
(me)

N i trogen
(ue)

Per cent
N i trogen

Parameter

Dry weight
Ni trogen

Control
l¡larmed

Control
l.larmed

Control
tnlarmed

40

50.6
45.8

(-e.5)

48.2

999
980

989

1.97
2.14

2.06

60

45.6

843
859

851

0n
pì ant

Mean

48.6
43.7

(-10.1)

95?
947

20

42.4
40.9

(-3.5)

41.6

1028
1062

1045

48
43
i0

0
2
0

53 .4
.7
.7)( )

44
(-16

Mean

Mean

Mean

2.
2.

42
60

1,76
1.99

49.0

940
859

914

1.76
1.92

1.842.51

Least significant differences
Treatment concn

1.88

1.96
2.17

n. s.
n. s.

I nteracti on

2.5
n. s.

3.5
74

Jo(o
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Total ear grain weight, at maturity, was reduced by 21.47, (overaì1

mean, Table 3.3.3) in the warmed ears compared to control ears, and this
reduction was due in part to differences in the number of grains between

the t,reatments. Average singìe grain weight in the control ears was

higher in the ears cultured with 40 or 60 gl-1 of sucrose than in the

ears cultured with 20 gl-1 of sucrose, but no such differences were

discernible in the warmed ears cultured at those levels of sucrose.

Average singìe grain weight both in control and warmed ears cultured
with 40 or 60 g'¡-1 of sucrose were simìlar to their respective types of
ears on the p'lant (Table 3.3.3). Interestìngly, t,he effect,s of warming

were less obvious on the ears cultured at 20 gl-1 than at higher
concentrations or in the ears developing on the plant.

Experiment 8
Water content of the b graÍn in the controì ears increased between

days i0 and '14 after anthesis and stayed almost constant thereafter
(Fig. 3.3.3a). tlater content of the grains in the ears on the plant or
in ears cultured with 40 (Fig. 3.3.3c) or 60 g1-1 (Ftg. 3.3,3d) of
sucrose was reduced by the fourth day of warming (day 14) and it
continued to be lower at subsequent samp'ling times (days 16, 18 and 20).

l,larming the ears cultured on 20 gì-l of sucrose, on the other hand, led

to an increase in water content of t,he graìns on day 14 over the cont,rol

ears cultured at the same level (Fig. 3.3,3b), But on subsequent

sampì'ing times there were no differences in water contents of t,he grains

from these two types of ears. As the response to warming of the water
content of the grains from ears cultured w'it,h 20 g'l-1 of sucrose is Ín

contrast to the responses observed for the water content of the grains

from the ears cultured with 40 or 60 gl-l of sucrose or in the ears left
on the plant, the differences in water content of the grains from the
control and the warmed ears are presented separateìy in Tabie 3.3.5.

The rates of grain growth in the control as well as in the warmed

ears cultured on solutions of sucrose increased with each increment in
sucrose supplied Ín the external medium (Fig. 3.3.4), and at each level
of sucrose the grains in the ears warmed to 30/25oC filled faster (t¡¡e U

and the c grains) than in t,he ears held at 21/16oC. However, the
accelerating effect of temperature on the rate of grain fiììing was

greatest in ears cultured with 20 gì-1 of sucrose (1.45 times and 1.44

times for the b and the c grains respectìvely) and least in the ears

cultured with 60 gt-1 of sucrose (1.07 and 1.04 times for the b and the



Table 3.3.3.

Grain yield components for control and warmed ears. Details as for Table 3.3.2. (Expt. 7)

Compari son Treatment Sucrose (e'l-i ) tn the cuìture medium

20 60
0n

pl ant

Grains per Control
l.Jarmed

Control
l^larmed

Control
[,larmed

40.5
41 .0

40.8

1 681
1454

(-13. s)
1 567

41.
35.

(-i 5.
38.

Mean

1 768
1 408

(-21.4)

Interacti on

ear
46. B

41.5

44.1

44
40

42.

40

5
I
1

48
39

(-

7)

)

1

9
0
5

40
34
13
37

35
33

-4
34

5
3

4

45
40

1

6

Grain weight
per ear (mg)

Mean

Mean

647
388
5

5

1

1

i
1

44.

1964
i 388

(-2e.3)
1676

1781
1 401

(-21.3)
1 591

(
1 8

1

5
6
3

Average single
grain weieht (mg)

Mean

Parameter

Graìns per ear
Grain weight per ear
Average sing'le gra'in weight

40.5
35.0

(-1 3. 6)
37.8

Least significant, differences
Treatment concn

( )

I
4
3)
6

39.4
34.7

(-11. e)

3.5
111
2.0

n. s.
rì. s.
2.8

n. s.
fì. S.
n. s.

J
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Fig. 3.3.3

Dry weight (solid symboìs) and water content (open symbols) of the Þ
grain taken from the four centra'l spike'lets of the control (O, O ) and

warmed ears (^, 
^ 

). Gnains from the ears left on t,he plant (u), ears

cultured with L-gìutamine (0.5 g N l-1) an¿ 20 g'l-1 (b), 40 gl-1 (c), or
60 gl-1 (d) of sucrose. Ears were cultured on solutions of sucrose on

day 9, warmed at 30/25oC between days 10 and 17, and allowed to stay in
culture until they ripened. Solid horizontal bars refer to treatment
period. (Expt.8)
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Amounts of sucrose and other so'luble sugars 1n the b grain taken from the four central spikeìets of
warmed ears. Details are given ln legend to Flg. 3.3.3- (Expt.8)

Tab'le 3- 3- 4

Days after
anthesì s

*lo

'14

l'le a n

l6

Mean

18

Mean

20

Mean

0veral ì Mean

Treatment
0ays
Days x concn

Sucrose concn
(el-1 ) Sucrose

Control l,Jarmed

857

445

Other solubìe sugars
eontrol Warmed

u8 per grðìn

il31

790

control or

Mean

662

qn plant

s86
60?
633
734
639

20
40
60

on pìant

20
40
60

813
696
780
803
773

662

366
5r3
500
467
464

342
358
371
469
390

3s7
424
449
534
441

404

326
390
437
468
405

Mean

¡rg per grain

Least sìgnificant dlfferences

376
440
420
487
430

323
370
323
396
353

350
405
372
442
392

703
719
798
927
787

468
484
467
541
490

389
667
629
465
538

1 099
823
667

|t0 r

923

778
74?
585
669
693

939
783
6?6
885
808

355
424
461
491
432

341
407
449
480
419

621
128
937
571
712

675
736
546
8l5
693

648
73?
742
693
703

20
40
60

on p lant

280
435
445
464
406

319
430
447
499
424

616
764
734
8J4
737

715
730
757
819
755

on pìant

20
40
60

on pìant

s

28
32
n.

60
62

123
J
J(,* Start of ear cuìture, values for this day were not included in the anaìysìs.
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Fis. 3.3.4

Effects of the concentration of sucrose in the cu'lture medium on the rates of growth of the Þ (a) and the g (b)

grains taken from the four centra'l spikelets of the control ears (O) or ears held af 30/25oC ( ). The rates were

calculated by Regression analysis on the original data between days 10 and 20 after anthesis. Details in the legend

to Fig. 3.3.3 (Expt. 8)
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c grains respectively). Warming of ears attached to the plant did not

affect the rate of grain filling ìn either of the fìorets.
The values for the amounts of sucrose and ot,her soluble sugars in

the gra'ins on a per grain basjs are presented in Table 3,3.4. 0n days 14

and 16, the grains from the ears cultured on various levels of sucrose

and warmed to 30/25oC had smaller amounts of sucrose than'in the grains

fnom the control ears cultured at the same level of sucrose. However, on

days 18 and 20, one and three days after ear warm'ing was over, the

amounts of sucrose in the grains from the warmed ears were higher than

in the grains from the cont,rol ears cultured at, the same level of
sucrose (Tabìe 3.3.5), 0n day 14, the amount of sucrose in the gra'ins

from t,he warmed ears: attached to the plant, was lower than in the
grains from untreated ears on the plant. 0n subsequent sampì ing

occasions however, the amounts of sucrose in the graìns from warmed ears

were either similar to (day 16) or higher (days 18 and 20) than the
amounts of sucrose in the grains from the control ears on the plant
(Tabìe 3.3.5).

Two main int,eractions (between treatments and days, and between

treatments and sucrose levels in t,he cultune medium) for the amounts and

the concentrations (on a grain water basis) in the gra'in are plotted in
Fig. 3.3.5. 0n average (mean overall sucrose leveìs) the amounts of
sucrose'in the grains from control eansr on days 14 and 16, were h'igher

than in the grains from ears held at 30/25oC (Ftg. 3.3.5a), while the
differences on days 18 and 20 between the treatments were non-
signiffcant. The concentrations of sucrose (Fig. 3.3.5b) in the grain
for both t,reatments displayed a similar trend as recorded above for the
absolut,e amounts of sucrose, except that the concentrations of sucrose

in the grains from warmed ears on days 18 and 20 were significant'ly
higher than the concentrations of sucrose in the graìns from the control
ears.

Overall amounts of sucrose (means of sampìing times,
in the grains bot,h in the control and warmed ears

Fie. 3.3.5c)
i ncreased

increase in sucrose level from 20 to 40 gl-1 in the culture medium,

a further ìncrement, in the level of sucrose (to 60 gl-1) dld not re

in a concomitant increase in the amount of sucrose in the graìns in
either of the treatments. The amounts of sucrose in the grains from

control ears cu'ltured with 40 to 60 gl-l of sucrose were significant'ly
higher than in the grains from the warmed ears cultured at same levels
of sucrose. ldhen the above amounts were expressed as concentrations of

wi th

but

sul t



Table 3.3.5

Differences in water content, amounts of sucrose, and other soluble sugars of the b grain between
warmed ears. Data are from Fig. 3.3.3 and Table 3.3.4. (Expt. 8)

control and

Sucros
(e1-

e concn
1¡

Days aften
anthes i s l¡'later

(me)

Difference in amount (ug per grain) of:
Sucrose Other soluble sugars

-386
-432
244
-31

-1 51

on plant

20

Mean

Mean

Mean

14
16
18
20

14
16
18
20

14
16
18
20

14
16
18
20

5

5

-91
4

23
70
1.

-53
-47
29
77
1.

1

5
7
3
2

9
0
1

7
2

4
0
I
6
2

3
2
6
I
0

-8.
_Ã

-^
_2

-E

40

3

-2
1

1

1

-3
-6
-4
-2
-4

-6
-5
-3
-0
-4

-70
-309

34

-11
-89

-235
-321

54
197
-76

-235
-81I
-68
-94

-331
-82

-391
46

-1 90

60 -97
-258

24
4

-82

J
J
qì

Mean



Fis.3.3.5

Amounts of sucrose (a,c) and concentrations of sucrose (b,d) in the b grain taken from the centraì four sp'ikelets
of the control ( O) and warmed ears (A). Values p'lotted in parts (a) and (b) are means of amounts of sucrose in
the grain from ears left on the pìant and in ears cultured wÍth sucrose. Values p'lotted in parts (c) and (d) are

means of the sampling times. Data for parts (a) and (c) are from Table 3.3.4. (Expt. 8)
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sucrose (on a gra'in water basis), there were no significant differences

between the treatments at any level of sucrose in the culture medium

(Fig. 3.3.5d). It, is worth noting that whereas the average a¡nounf. of
sucrose in the grains from the control and warmed ears on the plant were

similar (Fig. 3.3.5c), the concenÍnaf)on of sucrose in the grains from

warmed ears was higher than in the gra'ins fnom control ears (Fig,

3. 3. 5d ).
The amounts of other soluble sugars of the grain in either control

or warmed ears did not display any consistent relationship eìther with

time or with change in sucrose level in the medium (Tabìe 3.3.4).
Nevertheless, the gra'ins from the ears, warmed to 30/25oC, either
cultured on solutions of sucrose or attached to the p'lant, on days 14

and .16, contained smaller amounts of other soluble sugars than the

grains from the control ears (Table 3.3.5).
Warming the ears reduced the final b grain dry weight whether the

ears were cuit,ured on solutions of sucrose or left atached to the plant
(Tab1e 3.3.6). However, the per cent reduction resulting from heating ìn

the b grain dry weìght was smallest in the ears cultured with 20 gì-1 of
sucrose (4.57.) followed by ears cultured with 40 or 60 gl-l of sucrose

(14.42) and greatest in the ears left on the pl ant (20.27.). Dry weights

of the b grains, both in t,he control and warmed ears, on the pìant were

higher than their respective type of ears cult,ured on sucrose. The Þ

grains from the ears cultured with 40 or 60 g'l-l of sucrose were heavier

than the b grains from ears cultured w'ith 20 g'l-l of sucrose.

There was lit,tle effect of ear warm'ing on the amount of nitrogen'in
the Þ grain (overal'l mean, 905 and 855 ug per grain for control and

warmed ears respectiveìy, Table 3.3.6). The amount of nitrogen in the b

gra'in bot,h in control and warmed ears decreased with an increase in
sucrose concentration in the external medium. The amounts of nitrogen in
the þ gra'ins from control as well as from the warmed ears cultured with
40 gl-1 of sucrose were similar to the amounts observed in their
respective type of ears left on the p'lant. As the b grains from the

control or warmed ears cultured with 40 or 60 g'l-1 of sucrose were

heavier and had smaller amounts of nitrogen than t,he ears cultured with
20 gt-l of sucrose, the percentage of nitrogen increased with decrease

in sucrose level (Tabìe 3.3.6).
Tota'l ear grain weight,s for the control ears cultured with 40 or 60

gl-1 of sucrose were similar to ears on the p'lant (Table 3.3.7) with the

exception of ears cultured with 20 g1-1 of sucrose, in which case warmed



Table 3.3.6.

Dry weight and the amount of nitrogen (per grain) for mature b grain taken
control and the warmed ears. Va]ues in the parentheses are differences, as
contro'l and warmed ears in that column. Detaiìs as for Table 3.3.4. (Expt. I

from the four central sp'ikelets of the
pe

)
rcentages, between the va'lues for the

Parameter

Dry weight
(me)

Treatment

Control
Warmed

on
Pl ant

48.0
38.3

(-20.2)

43.2

938
900

919

Mean

905
855

2.23
2.46

Interacti on

n. s.

Sucrose (sl- ) in the culture medium

20 40

Nitroge
(ue)

Mean

Mean

Mean

Control
Warmed

Control
t^larmed

32.5

945
947

946

2.92

36, 9

861

2.22
2.47

2.35

60

38.1

854
732

793

2.08
2.09

2.09

33.
31.

(-4.

2
7
5)

39.7
34.0

(-i 4.4)

882
840

)(

41

35
14

0
'1

4 )(

5
I
1

40
34
14

n

Per cent
Ni trogen

Paramet,er

Dry weight
Ni trogen

85
99

2.
2.

1.95
2.3s

2.15

Least significant differences
Treatment concn

2.2 3.3

J
(o

50 70 n. s.



Tab'le 3.3.7.

Grain yield components for contro'l and warmed ears. Detai'ls as for Tab'le 3.3-5. (Expt. 8)

Compari son

Grains per
ear

Grain weight
per ear (mg)

Average single
grain weight

(re)

Treatment

Control
l'larmed

Sucrose (sl- ) in the culture medium

20

48.4

1 341
1286

(-4.1 )

27.8
26.5

(-4.7)

50.5
47.5

46.0
42.5

40
0n

pl ant
Mean

48.8
46.4

1 687
1321

(-21.7)

34.7
28.6

(-i7.6

60

50.3
47.3

48.8

1 808
1288

(-28.7)

36.1
27.2

(-24.7)

3
5

48
4B

Mean 49.0

1 700
1 356

(-20.2)

33.7
28.5

(-15.4)

44.3

1897
1 353

(-28.7)

41.2
32.0

(-22.3)

Control
l^larmed

Control
Warmed

)

Parameter

Grains per ear
Grain weight per ear
Average single graìn weight

Least significant differences
Treatment concn

1.8
n. s.
n. s.

2.6
n. s.
n. s.

I nteract i on

n. s.
204
4.0

N)
O
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ears had lower numbers of grains. Grain number was lowest for warmed

ears left on the plant. A brief period of ear warming reduced the total
ear grain weights and average sing'le grain we'ights of the ears either
cu'ltured on solutions of sucrose or left, on the pìant. Per cent

reductions in total ear grain weight and average sìngle grain weight due

to warmìng were greater in t,he ears cultured at 40 or 60 gì-1 of sucrose

than in those cultured at 20 gl-1. In other words, heating had less

effect at low as compared to higher levels of sucrose supp'ly t,o the

gra i n.

Experiment 9

Dry matter accumulation in the endospersr¡ was enhanced due to
warm'ing of ears to 33/25oC at both levels of hurnid'ity (day 14, Fig.

3.3,6a). However, 9 and 14 days after the warming treatment,s had

finished the oppos'ite effect was observed (days 25 and 30 after
anthesis, Table 3.3.8). Thus, the average rates of dry weight increase

(calculated by regression, between days 10 and 30 after anthes'is) were

lower for t,he endosperms from the ears warmed at high (1.19 mg

endosperm-l day-1) or low humidity (1.26 mg endosperm-i day-1) than for
the endosperms from the control ears (1.51 mg endosp".r-l Ouy-i). Starch

accumulation in the endosperms from control ears and from ears warmed at
high or low humidity was very similar until day 25, with the exception

of day 18 where control endosperms had higher amounts of starch than t,he

endosperms from treated ears (Tabl e 3. 3. 8). 0n day 30, control
endosperms had higher amounts of st,arch than the endosperms from the

warmed ears (Table 3.3.8).
The amount of 14C.."ou"red from the apparent, free space (in 1.5 h)

from control endosperms decreased between days I0 and 14 and 'increased

with further development of the grain (Table 3,3.8). 0n day 14,

endosperms from ears warmed at, high humidity had a 'lower amount 14C in
the apparent free space than the endosperms from control ears whereas

the endosperms from the ears warmed at low hum'idìty had higher amounts

than the control endosperms. 0n days lB and 25, radioactivity Ín the

apparent free space of the endosperms from control ears and from ears

warmed at high humidity was higher than for the endosperms from the

ears warmed at low humidity, but during further development of the gra'in

(day 30) there h/ere no djfferences among the treatments.
The quantities of ethanol solubl" 14C extracted from the cells of

the cultured endosperms, expressed as micrograms of sucrose equivaìents



l\)
f\)

Fie.3.3.6

Dry weight (a), the amount of ethano'l so'lubl. 14C (in the ce1ls) per mg endosperm water (b), and the amount of

radioactive starch per mg dry weight (C) in the endosperm of the b gra'in taken from the five control spikelets of

control ears (O), or from ears warmed at hieh (r), or low humiditv (A). Ears were warmed al 33/25oC between days

l0 and 16 after anthes'is. Solid horizontal bars refer to treatment period, Isolated endosperms were cultured with

30 mg m1-1 (89.5 mMolal, Sp. act,ivity 7.4 uCi g-1 sucrose) of sucrose at 25oC for B h. (Expt. 9.)
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Table 3.3.8

Fresh weight, dry we'ight, amount of starch, and the amount of 14Q p""."nt in_different fractions of the endosperm.

Data are for the b e"ãin taken from the ftve cåniroì spikelets of the control (C), or ears warmed to 33/25oC at
rrìen fiHj o" lðtu-r1Ai;;¿v (ij-u"t""en days 10 and 16 afler ant,hesjs. For detai'ls iee legend to Fig. 3.3.6. (Expt.9)

Days after
anthesi s

Treatment Fresh
weight

20.7

Starch
content

3.8

15.8
12.6
12.8

18.2
19. 1

19. 3

25.6
22.4
21.4

Amount of
end

Apparent
free space

43.0

35.2
31.3
39. 9

39.4
40.0
33.8

Dry
we'ight

(mg per endosperm)

6.6

CI g çucrose equiva]ents
perm-l 1 in:' Soiuble l4C-starch

fracti on
('in ceììs)

os

10

14

18

25

35.7
35.7
34.7

14.3
17.0
16. 5

23.1
23.1
21.4

37.3
32.2
33.3

177.8

187.1
157.4
156.3

180.6
128.5
132.7

132.6
108.5
105.0

114.5
98.2

1i1.8

c

c
TH
T

c
TH

T

c
TH
T

c
TH
T

7.2
8.6
8.7

152.1

211.0
263.4
1 35.4

179.4
87.5
82.3

84.4
54.1
73.3

64.6
32.1
18.2

50
46
46

44.8
41.3
39.1

s7.9
49.4
51 .3

31

28
28

1

4
4

6
2
3

46
43
40

52
46
48

9
1

1

0
I
0

30

J
N)
(^t

L. S. D. ?.5 2.0 2.7 6.2 n. s, 60.3
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(caìculated by dividing the d.p.m. in the sample by the specific
radi oact'ivi ty of sucrose supp'l i ed ) per endosperm are gì ven i n Tabl e

3.3.8. The amount of ethanol solubl" 14C'in the cells of the endosperms

taken from the untreated ears did not change between days 10 and j8, and

then fel I significant,ly with the development of the grain. The

quantities of solubl" 14C in the cells of the endosperms from ears

warmed at high or low humidity did not differ from each other at any

sampìing occasion and were significantly 'lower than the quantity in the

cells of endosperms from control ears at aiI sampf ing times. l^lhen the

quantities of solubl. 14C are expressed on an endosperm water basis

(Fig. 3.3.6b), the concentration of solubl. 14C in the endosperm cells
decreased for the control as well as for the ears warmed at either
humidity, and there were no differences among the treatments at any

stage of grain development.

Shown in Table 3.3.8 are the amounts of radioactive starch produced

in 8 h by the endosperms from the control ears or ears warmed at high or

low humìdity. The incorporation of 14C into starch in the control

endosperms increased between days 10 and l4 after anthesis, and declined

thereafter with the development, of the grain. tlith the sole except'ion of
the value on day 14 for the endosperms frorn ears warmed at high

humidity, where the amount of radioactive starch produced was more t,han

in the endosperms from cont,rol ears or ears warmed at low humidity, the

quantities of radioactive starch produced were the same in the

endosperms from the ears warmed at either hum'idity, and were lower than

the quantities produced in the endosperms from control ears. When the

amounts of radioactìve starch were expressed on a dry weight basis, the

amount of radioactive starch produced in the endosperms from the contro'l

as well as 'in the endosperms from the ears warmed at high or low

humidity decreased with development of the grain (Fie. 3.3.6c). 0n day
'1.4, the amounts of radioactive starch produced (on a dry weight basis)

by the endosperms from the control ears and from the ears warmed at h'igh

humidity were the same, and were higher than the amount produced by

endosperms from ears warmed at the low humidity. 0n day 18, there were

no differences in the amounts of radioactive starch produced by the

endosperms from ears warmed at high or low humidity, and both values

were signif icant'ly lower than the amount produced by contro'l endosperms.

But on days 25 and 30 after anthesis, the amounts of radioactive starch
produced were the same for al I three treatments.
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At maturity, total ear grain weight and average singìe grain weight,

were lower for both humidity treatments, as recorded in the fo'llowing

tabulation.

Parameter Treatment

Control High

humidity
Low

humidity
L.S.D

Total ear grain

weieht (mg)

Average single
grain weight (mg)

lleight of the b

grain (mg)

1462 "t273(-12.9) 1r98 (-TB.r) 146

33.1 30.9 (-6.6) 28.3(-14.5) 2.4

41.5 36.5(-r2.0) 33-B(-r8.6) 3.7

(vaìues in parentheses are the differences, as percentages, between

warmed and corrtrol ears)

Aìthough the reductions in total ear grain weight and average

single grain we'ight were greater in the ears which had been warmed at
low hum'idity than in the ones that were warmed at high humidity, the

differences between these two sets of ears were not significant.

Di scussi on

As all the nutrients provided in the medium enter the detached ears

through the transp'irat'ion stream, resu'lts obt,ained with this technique

are subject to the caution that they may not reflect the normal

physio'logicaì state of the develop'ing graÍn. Many reports to support the

case that grains do grow and develop norma'l'ly in detached ears are

aìready referred to in the introduction to th'is section, and further
evidence to support those reports is g'iven as follows. The rate of grain

filìing in detached ears (from the control set of plants) cu'ltured with
40 gl-1 of sucrose and 0.5 gì-1 of nitrogen (as L-glutam'ine), both in
experiments 7 (compare Fig. 3.3.1c with Fig. 3.3.1a) and 8 (Fig. 3.3.4)
are comparable to those observed for the gra'ins on the pìant,s. Also, in
experiment 7 , total ear grai n wei ght and average s'i ngl e grai n we'ight

(Table 3.3.3), of the b grain and the amount of nitrogen in it at,



126

maturjty (Table 3.3.2) are similr for control ears cultured w'ith 40 gl-1

of sucrose and for ears att,ached to the pìant.

However, when the control ears are excised and cultured with 40 gl-
1 of sucrose on day 9 (expt. 8), these ears have the same total ear

grain weight at maturity as the ears on the plant, yet the average

single grain weight (Table 3.3.7) and the weight of the b grain (Tab'le

3.3.6) in cultured and attached ears are significantly d'ifferent. These

differences nray part'ly be due to differences in gra'in numbers (50.5 for
ears cultured with 40 gl-1 of sucrose and 46.0 for ears on the plant)
between the two sets of ears and/or to a change in the distribution of
grain weight among the floret,s within spìkelets of :ultured ears (see

Table 2 in S'ingh and Jenner 1983). Nevertheless, if comparisons between

grains developing in the control and warmed ears are restricted to
wit,hin a level of sucrose in the culture medium, the above recorded

small differences should have little bearing on the interpretation of
the results.

The main objective of the experiments detailed in this section was

to examine the hypothesis that a reduction in sing'le grain weight due to
a brief period of ear warming is mediated through the supply of
substrate for gnain growth rather t,han through more direct effects of
temperature on the processes involved in the dry matter accumulation in
the grain. Results presented in this section support the idea that a

reduct,ion in grain weight is due to effects of temperature on the
processes related to dry matter accumulation in the grain, and evidence

for it is summarized as follows.
In experiment 7, it was assumed t,hat (a) warming of ears results in

a reduced supply of substrate (sucrose) to the grain, 'lowered grain
sucrose and hence lower accumulation of dry matter; (b) that feeding the
detached ears with excessive sucrose (60 g1-1) would make good the

deficit 'in supp'ly, will restore internal sucrose to normal levels and

thus prevent reduction in weight per grain.
However, assumption (b) is not true, as feeding high levels of

sucrose failed to raise the internal sucrose levels and the experiment

failed to test this hypothesis properly. What t,his experiment does

show, however, is that heating does not depress grain weight at, low

levels of sucrose supply (Flg. 3.3. 1 b). This observation is not

consistent wit,h the original notion (a) because it would be expected if
(a) were true that heating wou'ld have more severe effects at low levels
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of supply than at high ìeve1s. It is also clear from Figs' 3.3.2(a) and

3.3.2(b) that, while the after-affects of heating include reduced amounts

and concentrations of sucrose in the grain of attached ears heating does

not have the same effect in the cultured ears even though dry matter

deposit'ion is reduced. Such a result tends to discount, proposition (a)

where heating is he'ld to act through decreasing the availabìlity of

assìmilate with'in the graìn. An alt,ernative view of these observations

ìs that an episode of high temperature, somehow, limits the grain's

capacity to accumulate dry matter subsequently. Moreover, t,he effects of
this stress cannot be ameliorated by surplus supply of substrate in ühe

external medium.

Further support for these inferences comes from experiment, 9, where

the endosperms from control ears or ears warmed at, high or low humìdity

were cultured with 14c-.u".o.". The endosperms from the ears warmed at
hieh or low humidity absorbed smaller quantities of l4C in the cells
(Tabìe 3.3.8), presumably because there was a small volume of water in

the endosperms (as the concentration of solubl" tr4C is comparable to the

control endosperms, Fie. 3.3.6b) and also produced less radioactive
starch. The capacity of the endosperms from ears warmed at high humidìty

to produce more radioactive starch compared to endosperms from the ears

warmed at low humidity, on day 14 (during the stress period), is
interestìng and is consistent with the finding that warming at high

humidity is less damaging to the synthetic system of the grain than

warming at low hum'idity (see expt. 6, Section 3-2).
However, the differing effects of high and 1ow hum'idìty are not

maintained during subsequent stages of grain growth. The concentration

of ethanol soluble radioactivity in the cells of endosperms from the

warmed ears and those from control ears is the same on day 18, yet the

former produced less radioactive starch than the latter (Tab1e 3.3.8).
Therefore, it seems reasonable to conclude t,hat warming of ears has not

acted by reducing the uptake of 14C substrate, but has had a direct
effect on the synthetic system converting sucrose to starch.

Experiment 8, was another test of the idea that heating acted by

depriving the gra'in of assimilate, reducing'leveìs of assimilate in the

grain and depressing the rate of dry matter accumu'lation (or faiìing to
increase it). Thus warmìng the ears cultured at higher levels of
surcrose than normal should increase the rate of dry matter accumulation

proportionate'ly monz than the ears cultured at low levels of suppìy.

This expectation is not true. In fact the grainrs (positive) response to
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e'levated temperature is greater at low leveìs of suppìy than at higher

ones (Fig. 3.3.4).
One of the most 'important poìnts from this experiment is that the

relationship between t,he response to heating in terms of dry matter
accumulation and internal level of sucrose has been broken. Heating

stimulated the rate of dry matter accumulation in 20 gì-1 of sucrose,

but not on the p'lant or at 60 gi-1 of sucrose, but heating reduces

sucrose or other soluble sugars to the same extent in alj cases (Table

3. 3. 5).

Thus it is not true to postulate that heating acts on dry matter
accumulation through its effect on sucrose in the grain : the two

effects appear to bu independent of each other. Most interesting
however, Ís the fact that warming the ears cultured at 20 gl-1 of
sucrose did not reduce wat,er content of the graìn whereas water content

of the grain was reduced in the other ear warm'ing treatments. Therefore

it is like'ly that under condÍtions of heat stress water content of the
grain may be an important indicator of response to the stress. l,rlarming

of ears on the plant or ears cultured with 40 or 60 gì-1 of sucrose does

reduce water content of the grain. and th'is may reflect a reduced cell
volume and hence a smalìer capacity of the grain to accumulate dry
matter (cf. Radì ey 1976).

hlarming of earsr in experiment 8, accelerated the rate of dry
weight increase in ears cultured with 20 or 40 g'l-1 of sucrose, but had

no effect in the ears cultured with 60 g1-1 of sucrose or in ears left
on the pìant (Fig. 3.3.4). Final dry weight was neduced jn all cases

however. This reduction in single grain we'ight is possib'ly due to an

earlier termination of grain growth in the warmed ears.
Desp'ite the substantial reduction in dr y weight of the b gra'in in

warmed ears (Tabje 3.3.2 and 3.3.6) there is little or no effect on the

amount of nitrogen in it. As most of the nitrogen in the grain at
maturity is in the form of proteìn (Jennings and Morton 1963a; Donovan

and Lee 1978), it seems that, a brief period of ear warming during grain
filling has a differential effect on the processes related to starch and

protein accumulation. As determinations of nitrogen, in these

experiments, were carried out only on mature grains, no inferences
regarding the effect of temperature on the pattern of protein
accumulation can be drawn.

In summary, both the rate and the duration of grain growth are

sensitive to temperature. A reduction in singìe gra'in weight, at
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maturity, is most likeìy due to direct effects of temperature on the
process of dry matter accumulation and on the rate of deve'lopment rather
through a I ack of uuuì I abi'l i ty of substrate for grai n growt,h,

Apparently, a brief period of ear warming seems to have a differentiaì
effect on starch and protein accumulation.
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3.4 EFFECTS OF EAR I{ARI-IING OI'I THE TRANSFER OF I.IATER AND DRY MATTER

THROUGH THE STALK OF THE GRAI¡I

I ntroducti on

Grain gr^owth in wheat consists of a series of developmentaì stages

(Rogers and Quat,rano 1983). 0n the basis of changes in water content of
the grain various developmenta'l stages can be grouped into three

distinct phases of grain growth. During the first phase of grain growth

both water and dry matter buiìd up in the grain; in the second phase the

grain accumulates one-half to two-th'irds of its eventual mass without

any change in water content, and in the th'ird phase the grain loses

water rapidly with I rttle or no change in its dry matter (Fie. 1.5,

Section 1.6.1). Despite a large number of reports on various aspects of
grain growth and development very ìittle is known about the mechanism(s)

of the transfer of dry.matter and water between the grain and the p'lant.

The continuity of the tracheary elements where the gra'in is
attached to the rachilla ìs interrupted by a core of thick-walled cells
which is presumed to restrict flow of material in the xy'lem from the

rachilla to the pericarp (Zee and 0'Brien, 1970a); flow of water into
the grain through the apoplast may, therefore, be restricted. As already
poìnted out, a major proportion of grain's eventual mass accumulates

without any change in its water content, so either the bulk of the dry

matter is transported into the grain w'ithout any accompanying flow of
water, or if material (assimilates) flows in as a solution the water

entering the grain must be lost either through the pericarp or by some

other means. In fact, Jenner (1982b) has reported that proportional

unloading of the assimilate and water into the apopìast of the grain is
unfikely and has suggested that there is some form of recirculation of
water in the grain or, alternatively, that a mechanism exists whereby

soìute 'is transferred to the endosperm from the parent without any

accompany'ing transfer of water.

I'larming the whole plant (expt. 3), or the ears alone at the earìy

stage (10 days after anthesis; when water content of the grain is
rising, expts. 4 and 5) or at a later stage (15 days after anthesis,

expt. 6) results in a reduction of water content of t,he grain, which may

be due to (a) an increase in the evaporatìve loss of water from t,he

surface of the grain, or to (b) a lower influx of water into the grain,

or to (c) a comb'ination of both (a) and (b).
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The method for determining the net fluxes of water and dry matter

into the grain at a range of water potential gradients (between the

plant and the surroundìngs of t,he grain) has been described by Jenner

(1982b). Accordingly, this method was used to evaluate the effect,s of

ear warmjng on the transport of water and dry matter through the stalk

of the grain. Also, the rates of water loss by ìsolated grains were

determined to examine the effects of ear warming on ìoss by evaporation

from the surface of the grain.

Materials and Methods

Experiment 10

Plants were rajsed ìn the glasshouse for 2 weeks and then

transferred to the growth room (Section 2.2.2).
0n day 15 after anthesis, the p'lants were divìded into three

batches. In one batch ears a'lone \¡/ere warmed to 33/25oC (while keeping

the rest of the plant al Zl/lAoC), between days 15 and 20 after
anthesis, at high humidity [v.P.D. 0.75 kPa (day) and 0.48 kPa (nieht)].
Ears in the second batch ì{ere warmed to the same day and the night,

temperatures over the same period at low humidity [V.P.D. 2.5 kPa (day)

and 0.95 kPa (night)1, while the p'lants ìn the third batch wene kept at

control conditions (21 /16oC).

0n day 20, the boxes containing plants having untreated ears, or

plants on which ears were warmed at high or low humid'ity were brought to

a laboratory maintained at a constant temperature (21t1oC), where

further manipuìations of the ears were carried out.

From each ear used for encapsulation, graÍns from the a florets of

spikelets 6, 8, and 10 were 'isolated from their enclosing bracts and

weighed immediately (fresh weight) and then after drying (dry weight),

and these weights were used to estimate corresponding weights of the Þ

grains. The Þ florets from these sp'ikeìets were manipulated

(tndtvidually) to prepare either the attached, or the detached, or the

empty assemblies (for details see Section 2.5.7)" Similarly, from the

other side of the same ear, the a grain from spikelet 7, or 9, or 11 was

used to estìmate the initial weight of t,he b grain which was left
invested in its enclosing bracts for comparison with the grains in the

attached assemblies. The capsules in which the grains were enclosed were

injected with either 0.1 ml of deionised water or with 0.1 ml of a

solution of polyethylene glyco'l 4000 at water potentials of -1.0 or
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-2.5 MPa. Treatments were aìlocated systematicaìly in Latin Square

designs (3 x 3 for spikelets 6, 8, and 10 for encapsulation, and

sp'ikelets 7, 9 and 11 for intact, florets) to each spìkeìet pos'ition in

turn.
0n day 24 after anthesjs, all the three types of assemblies on an

ear were dismantled, and the individual components of the assembly were

weighed separately. The net fiuxes of wat,er (F*) and dry matter (F¿r)

into the grain 'in four days (between days 20 and 24 after anthesis) were

ca'lculated by the procedures described in Section 2.5.7.8.

Resul ts

Experiment 10

At the beginning of the encapsu'lation (on day 20 after anthesis),

grains in the ears warmed at, high or low humidity had smaller amounts of

water than those in the untreated ears (Tab'le 3.4.1). Dry weight per

grain was highest in the ears warmed at high humidity (28.6 mg),

followed by control ears (27.1 mg) and was lowest,'in the ears warmed at

low humidity (26.3 mg). Between days 20 and 24 after anthesis grains in
the florets jeft intact on the control, high humfdity warmed and low

humidity warmed ears respectively grew at daiiy rates of 1.53, 1.15, and

1.28 rì1g. 0ver the same period, grains (in the intact florets) in the

control ears lost 1.3 mg of water while gra'ins in the ears which had

been warmed at high humidity or at low humidity gained 0.9 and 0.3 mg of
water respectively.

Total net flux (F), and net fluxes of dry matter (F6r) and water

(F*, - caìculated by difference) into the b grains encapsulated with

water or poìyethylene g'lyco'l at water potentials of -,l.0 or -2.5 MPa are

given in Tabl e 3.4.2.
In the cont,rol ears as wel I as i n the ears warmed at e'ither

humidity, F was negat,ive at 0 MPa (1.e. there was net flux of material

from the gra'in into the rachis), and F was least negat'ive for the grains

in the ears previously warmed at low humìd'ity. At water potentiaìs of

-.l.0 and -2.5 MPa, F was positive for alì the three types of ears, and

the values for the warmed ears were higher than those for the control

ears (Fig. 3.4.1a).
The encapsulated grains accumulat,ed dry matter (F¿r) at s'lightìy

slower rates than the grains in the intact, florets in the same ears

(Tab'fe 3.4.2). However, there was no simpìe relationship evident between
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Table 3.4 1

Changes in fresh weight, dry weight and water content of the Þ grain of
the -intact florets between days 20 and 24 after anthesis. Vãlues are
means over spìkelets 7, 9 and 11, and in'itial values were calculated
from the correspondìng a grain values. The grains weie taken from the
control ears (C), or ears warmed to 33/25oC (between days 15 and 20
after anthesis) at high (TH) or low humiditV (T). (Expt. 10).

Treatment Fresh
weight

Dry
we'i ght

Amount, per grain (mg)

lrjater
content

(a) Vaìues on day 20 after anthesis

c
TH
T

L. S. D.

L. S. D.

(c) Change in 4 days

59.0
57.8
54.3
2.6

B

3
9
1

27.1
28.6
26.3
1.5

31.9
29.2
28.0
1.7

30.6
30.1
28.4
1.7

(b) Values on day 24 after anthesis (after 4 days of encapsuìation)

63
63
59

3

c
TH
T

33
33
31

1

2
3
5
6

c
TH
T

L. S. D.

4.8
5.5
5.5
lì. S.

6.
4.
5.
1.

1

6
I
2

-1.3
0.9
0.4.|.4



J(,
Þ

Fie. 3.4.1

Tota'l net f'lux of matter (a), and the net flux of water (b), through the stalk of the grain in 4 days (between days

20 and 24 after anthesis) at various water potentia'ls in the capsule.' The values are for the control ears (O), or
ears which were warmed to 33/25oC at, h'igh (f ) or low humidity (A) between days 15 and 20 after anthesis. The data

are derived by averaging the estimates for both methods in Tables 3.4.2 and 3.4.3. Details in the text. (Expt. 10)
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Table 3.4.2

Total net flux (F) and net fluxes of dry matter (F¿¡) and water (F*)
into Þ grains encapsulated for 4 days with de-ionised water or
po'lyt,hylene glycoì. The encapsulat,ion of the grains was done on control
eari (C) or-eârs wh'ich were warmed to 33/rUoC (between days 15 and 20
after anthesis) at hieh (TH) or low humiditV (T). Details'in the text.
F* is calculated by dìfference. (Expt. 10).

Parameter Treatment Value of parameter (mg) for
encapsulated grains at
water potential (MPa):

I ntact
fl oret

0 -1.0 -2.øf Mean

F c
TH
T

Mean

c
TH
T

Mean

c
TH

T
Mean

-10.5
-11.

_Ã

-9.

4.8
7.1
7.8
6.58

4
4
4

9
3
9
4

4
4
3
4

4.7
4.7
4.0
4.5

5
5
0

0
6
2
3

4
4
4
4

1

5
8
1B

4.
5.
5.
5.

-0.5
0.3
2.8

-5.14
-4.248
4.28

7
0
1A

Fdt 6.14
4.68
5.148
s.3

Fw -14.5
-16.3
-9.2

-1 3. 3A

-0. I
2.8
3.9
2.28

-0.7
0.8
1.7
0.68

Values within a row or a column w'ith the same letter are not
signifi cantly d'i fferent.
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the net f'luxes of dry matter into the encapsuìated grains and water

potential in the capsule, nor were any significant differences among the

treatments.
Fw was ca'lculated both by difference (Table 3.4.2) and by additÍon

(Table 3.4.3) methods. The values of F* estimated by addition were

consistently lower than the values obtaìned by difference at all levels

of water potentia'l 'in the capsule and for alì types of ears, These

differences were unexpected and no exp'lanation for this discrepancy can

be given. But it seems important to point out that separate sets of

assumptions are made while ca'lculatinB Fw by the two met,hods. A'lthough

the values of F, calculated by both methods (difference or addition) are

not numerica]]y identical, the val ues show the same generaì trends,

therefore, the average values for both methods have been calculated for
comparisons between the control and the warmed ears (Fig. 3.4.1b).

Furthermore, as the errors ìnvolved in determinìng F, were not the same

at all the water potentials in the capsule, values for Fn at 0 MPa, and

values at -.|.0 and -2.5 MPa were analysed separateìy. F* for the grains

encapsulated with water showed that there had been net fluxes of 15.2,

17.9 and 9.9 mg of water from the grains into the rachis (in 4 days) in

control ears, in ears which had been warmed at high humidity, and in
ears which had been warmed at low hum'idìty respectiveìy. However, these

values hrere not significantly different (least significant difference

9.2 from each other. At -1.0 MPa in the control and warmed ears (at

either hum'idity) there was a little flux in either direction. At -2.5
MPa the net fluxes of water in the encapsulated gra'ins in the ears

warmed at, high humidity (1.2 ne) and in the ears warmed at low humidity

(2.6 mg) were small and were in the djrection from the rachis into the

grains. 0n average (mean of -1.0 and -2.5 MPa), Frn was s'ignificantly
higher for warmed ears (0.52 and 1.49 mg for ears warmed at high and lorv

humidity respectiveìy) than for the control ears (-1.99 mg).

The change in the water content of the grains in the attached

assemblies (AAG¡) was greater at -2.5 MPa than at 0 MPa, but at all
water potentials the changes were not large (Table 3.4.3).

At 0 and -1.0 MPa, there was a net loss of water from the capsuìes

of the attached (AAC, Table 3.4.3) and the detached (ADC, Table 3.4.4)

assemblies: at -2.5 MPa water content of the capsuìes in the attached as

well as detached assemblies increased, and there were no significant
differences among different types of ears. In general values for ÂD were

negative indicating that the detached assemblies lost some weight, and
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Table 3.4.3

Changes in various parameters required for the determination of net flux
of water (F*) into grains encapsu'laled-for_4.4uyt wi!h water or
po'lyethy'lene Ilycol 4000. Deta'ils in table 3.4.2. (Expt. 10)

Parameter Treatment Value of parameter (mg) for
encapsulated grains at
water potentiaì (MPa):

0 -1.o -z.ilr Mean

-2. 3A

-0.58
0.08

-3
1

-0
-2

9
9
9
28

7
2
6
0

3
4
5
4B

-2.
-1.
-0.
-1.

I
9
5
9A

-0.
1.
1.
0.

c
TH

T
Mean

c
TH
T

Mean

c
TH
T

Mean

c
TH
T

Mean

c
TH
T

Mean

c
TH
T

Mean

^AGw

^AC
-6.9
-9.2
-5.6

0.1
0.2
1.5
0.6c

0.2
-1.1
0.0

-0
-0
-0

0

2.2
-1. 9

0.0
0.1

6A
7A
9B

9
9
B

7A
6A
4B

-3
-0

-2.5
-3.6
-2.2

-18.2
-24.3
-16.0
-1 9. 5A

-0.8
-1.7
-0.6
-1 .0

-1 5.
-1 9.
-1 0.
-1 5.

gB-2

1

0
1

0
0
0

0.7
0.7
0.7
0.78

0.8
0.9
0.7
O. BB

1.1
1.0
1.0
1.04

7

-3

5
3
3
gB

0.9
0.7
2.0
'1.2

1.2
0.6
1.4
1.1

1.0
0.8
2.3
1.4

AD

BA

t^,1

Fw bY
addi ti on -7

-3.7
-1.2
-0.9
-i.98

9
6
6
3A

å+

1

-0

rE Values are calculated by the equation (l
values within a row or a column marked w

signìfi cantly dÍ fferent.

n Section 2.5.7.8.
the same letter are not

)i
ith
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Table 3.4.4

Changes in the amount of water
content of the grai n (ADG*) 'i

encapsu'lat'ion. Details ìn table

he capsu'le (¡0C), and in the water
e detached assembly over 4 days of
L (Expt.10).

in t
nth
3.4.

Parameter Treatment Value of parameter (mg) for
encapsulated grains at
water potent'ia'l (MPa):

0 -1.0 -2.0 Mean

^DC

^DGw

c
TH
T

Mean

c
TH
T

Mean

-7.3
-7.7
-5.7
-6.94

-0.5
-0.9
-0.9
-0. B

-3.5
-4.3
-3.3
-3.7

B

1.4
2.2
2.3
1.9c

-2
-2
-1

-3
-3
-2

1

2
5

2
2
9

0.5
1.1
0.7
0.84 B

-6
-6
-6
-6

.7

.4

.0

.4C

Val ues w'ithi n a row marked wi th the same I etter are not
signifi cantly different.
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these losses among treatments or among water potentials in the capsules

were not significant. BA was positive (at all levels of water

potential) indicating that t,he Blu-Tack seal gained some weight probably

from the rachis as well as from the atmosphere. (The reìative humdiity

of the air in the gnowth room was higher than that in the ìaboratory

where the ears were encapsulated). Some water evaporated (0.7 to 1.0 *e)

from the components of the assemblies (ltll) as they were be'ing weighed,

and these losses were consistently higher in the assemblies contaÍning

water than those containing polyethyìene g'lycoì solution (Table 3.4.3).
Grains in the detached assemblies in all types of ears, Bôined some

water (^DGw) when encapsu'lated with water, and lost some water at lov¡er

ìevel s of water potent'ial (-1.0 and -2.5 MPa, Table 3.4.4) in the

capsul e.

Loss of water from the i so lated srains

Ten to fifteen b grains were removed, on day 20, from control and

warmed ears at random and we'ighed individually on a microbalance

(Mettler ME 30) sited in a constant temperature laboratorV Qlt1oC) with

an avenage relative humidity of 607". The weight of the graìn was

recorded immediate'ly after its removal from the earr and then at

intervals of 1 min for 5 mìn. The rate of water loss from the grain rvas

calculated by regression. Due to differences in the numbers of gra'ins

used for different types of ears, initial weights of the graìns \¡/ere

compared by using the t-Test for samp'les of unequaì sizes, the values

for fresh weights and the rates of water loss are g'iven in the following

tabu'lation.

Parameter Treatment

Control High humid'ity Low humidity

Fresh weigltt per grain
(te)

Rate of water loss
(ul n-l¡

58.d 57.88 55.5c

2.20 2.O2 2.04
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Fresh weights of the Þ grain recorded here for the various

treatments were similar to ones recorded in Tab'le 3.4.1, and there were

no significant differences in the rates of water loss among the

treatments.

Di scuss i on

The mechan'isms involved in the transfer of dry matter (assimilates)

and water between the grain and the plant are poorly understood. The

main probìem in studying these mechan'isms in wheat is that t,hese

processes cannot be studied while the grain is invested in its bracts,

and some degree of man'ipulation is essential. Jenner's (1982b)

encapsulation technique, however, permits eva'luation of the net, fluxes

of dry matter and water through the stalk of the grain, and hence was

used to study the effects of t,emperature on the propert'ies of the stalk
and the grain'itself related to the transfer of dry matter and water.

Grains encapsulated in the impermeable capsules appeared to

accumulate s'lìght'ly less dry matter compared to grains left in the

i ntact f I orets ( Fd, , Tabl e 3.4.2). However, äS the errors 'i nvol ved 'in

estimating Fdm (in int,act florets as well as in the encapsuìated gra'ins)

are relative'ly large (least significant difference of 1.2 mg) the mean

values (Table 3.4.2) for dry matter increments in the grains of the

intact florets and the encapsulated gra'ins were not sìgnìficantly
different. So it seems reasonable to assume that the encapsulated grains

functioned normal 1y.

hlarm'ing of ears at high or low humidity has minon effects on the

water potentials of the graìns or the bracts, and the values for grains

lay between -0.5 and -0.7 MPa (days 17, 19, and 21 after anthesis, Table

3.2.8) and values for the bracts over the same days range from -0.7 to

-1.2 MPa (Table 3.2.9). Presumably, the water potent,ial of the a'ir in

the space surrounding the grain (which cannot, be determined by available
techniques), is not far removed from the above values. Fu, vaìues for the

grains in the warmed ears at either hum'idity were similar to each other

but v/ere higher than that of the control ears at capsule water

potentiaìs of -1.0 and -2.5 l4Pa (Fig. 3.4.1b). Therefore, the notion

that warming of ears reduces the movement of water through the apoplast

of the stalk (and of the grain) is not true.
Some inferences regarding the effect of heating on,water conducting

properties of the pericarp can be drawn by comparing the rates of water

ìoss from isolated gra'ins, from the contnol ears and ears warmed at high
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or low humidity, in relatively dry atmosphere (V.P.D. 1.0 kPa), and also

from the changes in the water content of the grains sealed in the

detached assemb'lies at water potentials of -1.0 and -2.5 MPa (^DGw),

Table 3.4.4). In both cases these losses from grains of control and

warmed ears were the same, so there would appear to be I ittle or no

effect of ear wanming on the resistances to water flow from the grain to
its surroundings through the pericarp.

A reduction in water content of the gra'in in heat stressed ears

cannot simply be explaìned by effects on the water conduct'ing propert'ies

of the pericarp, So, what is the cause of this reduct,ion in water

conterit. Two possible expìanations are discussed here.

The encapsulated grain on average (overaìl mean of treatments from

Table 3.4.2) increases in weight by 4.4 mg in 4 days. Assuming this dry

weight enters the grain (as sucrose) by way of phloem (Section 1.8) as a

bulk-flow of solution and both solute and solvent are unloaded into the

apoplast, of the grain, and assuming further that the concentration of
sucrose in the phloem (sieve tubes) is as high as lM (cf. Jenner 1982b),

then the net influx of sucrose would require an influx of 12.9 ul of
solution, which would include 10.1 ul of water. This volume of watelis
3,9 times the highest value of F" observed for the grains in the ears

warmed at low humidity (Fig. 3.4.1b). Moreover, in the control ears at a

water potentia'l of -2.5 MPa there is net influx of 4.9 mg of dry weight

without any accompanying net influx of water. These observatjons are

consistent with Jennen's (1982b) view that too little waten flows

through the apoplastic phase of the grain to account for the tnansport

of assimilates by a mechanism involving mass flow and proportional

un'loadìng of the solute and t,he solvent ìn the gra'in. However, the
possibi'lity that some sort of rec'irculation of water between the grain

and the pìant takes place'in a pathway isolated from the apopìast of t,he

grain (also speculated by Cochrane 1983) is not at present ruled out by

these findings. According to this view, heat stress could increase the

export of water from the grain by way of this pathway.

Water movement in the pìant is presumably determined by gradient,s

in water potential and by the resistances to its flow. However, the
grain has the capacity to maintain high (more positive) water potentiaì
under conditions of water stress (Barlow et al. 1980; Brooks et al.
"1982), and this capacity is possibly due to the specia'l morphological

and anatomical features of the grain and the surrounding parts. l,Jater

potentiaì of the grain in the ears warmed at high or low humidity is
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higher than t,he control ears (on day 17, Table 3.2.8, also see Table

3.2.3) and furthermorer the differences in water potentia'l between the

bracts and the gra'ins 'is increased as a result of ear warmìng (Tabìes

3.2.8 and 3.2.9 for the grains and the bracts respectively - Section

3.2). Thus, it seems possible that due to the increased water potentia'l

gradient in the heat stressed ears more water could flow through the

pericarp to the space surrounding the grain (wit,h little or no change in

the resistances to its flow), or it could flow back from the grain to

the rachis and be lost through the bracts (also see Oparka and Gates

1 e81 ).
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3.5 Effects of high temperature on starch and protein accumulat,ion in

the grain

I ntroducti on

Starch and protein are the major const,ituents of mature wheat grain

(Section 1.5). The proteìn content of the grain is one of the princ'ipal

quality parameters (Bell and Simmonds 1963; Orth and Bushuk 1972, 1973),

and is determined by the i nteractìon of the genotype wi th the

envi ronment (Mi ezan et al . 1977; Secti on 1 .4.2.2) . The rel ati ve

proportion of protein to starch'in the gra'in, between temperatures of 15

and 30oC, increases with increase in temperature during the grain

filling period (Sosulsl:i et al. 1963; Campbeìl and Read 1968; Kolderup

1975; Sofield et al. 1977b; Spiertz 1977), and even a brief period of

ear warming during the early stages of grain fiìling (between days 10

and 17 after anthesis) seems to be effective in eliciting the above

response (Sectìon 3.3). Increase in per cent protein in t,he grain has

also been reported under condit'ions of water stress (Hutcheon and Paul

1966; Salter and Goode 1967; Brooks et al. 1982), 'low ìight intensìty
(Spiertz 1977), oF a brief period of shad'ing during the early parts of
grain filling (Jenner 1979, 1980b).

The protein content, as percentage of dry matter, is essentia'l'ly

determined by the relative rates and the durations of both protein and

starch deposition, so the response reported above could conceivably be

achieved in a number of ways. Increase in pnote'in per cent in the grain,

at maturity, with increase 'in temperature, between 15 and 21oC, during
grain filling seems main'ly to be due to an increase in the absolute

amount of protein in the grain with little or no change in the amount of
starch, whereas with further increase in temperature to 30oC amounts of
both protein and starch are reduced, but the amount of starch is reduced

more than that of protein (Table 2 - Sofield et al. 1977b).

It ìs genera'l1y accepted (Meredith 198t and references cited
therein) that starch in the wheat grain is deposited in two distinct
types of granuìe: large, lenticular (commonly known as A-type) wh'ich are

initiated earìy during the development of the endosperm (between days 4

and l4 after anthesis), continue to grow throughout grain growth and are

normally larger than 10 um in diameter at maturity, and smal]er,

spherical granules (B-type) which are initiated ìater than the A-type

(Section 1.4.2.1.2) and do not exceed 10 um in diameter. Brooks et al.
(1982) have shown that grains from wheat and barìey plants grov/n at low
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water potent,ial had smaller A-type and fewer B-type granuìes than the

grains from well watered plants (also see Brocklehurst et al. 1978).

Similarly, some workers (Hoshikawa 19621 Moss 1963) have reported that

hieh temperature during grain fil'ling seems to have similar effects to

water stress on granule number and size, but to date no critìcal
measurements of starch granule size and/or number in the grains from

heat stressed p'lants have been made.

Heat tolerant and susceptjble genotypes have been identified, based

on fruit set and yield, under high temperature field conditions, in

tomato (Stevens and Rudich 1978; Ahmadi Al and Stevens 1979), bean

(Pha.se-oluz uu-tga'?-i-5 L.) (Halter'lein e! al. 1980), soybean (Martìneau

et al. 1979) and potato (Mendoza and Estrada 1979). Differences in

response among wheat, cultivars, in terms of grain growth and mature

grain we'ight (or grain yield), to high temperature have been reported

(Bagga and Rawson 1917; l^J'inzeler and Nosberger 1980), but little is
known about the biochem'ical or phys'iologìcal factors related to the

superior performance of some cultivars over others,
Grain f i 1'ling results from a series of partÍa'l processes wh jch

determine the eventual amount of starch and protein to be stored in the

grain. In most of the work related to the effects of temperature, on

graìn growth and on grain weight at maturity, the pìants have been kept

at a high temperature from anthes'is (or soon afterwards) until maturity,
and little is known about the effects of a brief perìod of high

temperature (a more likely situation in South Austral'ian fields) on

starch and protein accumulation in the graìn. AccordinBlV, four wheat

cultivars RC-81-429 (The Roseworthy Agrìcu'ltural Coliege, Crossing block

1981 - Plot #429) - The Oregon Collect'ion 0o 58 Burgas II 2002t hllrJls

ANZA Spring l¡Jheat from CIMMYT ; Kite - Spring hlheat from Australia ;

and Sonora 64 - Spring Wheat from CIMMYT, were compared to examine: (a)

any differences in the responses of the cultivars (in terms of gra'in

yieìd) to a brief peniod of heat, stress ; (b) the effect of heat stness

on patterns of starch and protein accumulation ; (c) the effects of a

brief period of heat stress on starch granuìe size and number.

Materials and Methods

Experiment 1 1

Plants of all the cultivars were raised, in 1.2 I p'lastic
arranged in boxes (Section 2.2.1), for 45 days in the glasshouse

bags

and
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then shifted to the growth room (Section 2.2.2). As no vernalisat'ion of
the seeds was carried out, anthesis in cv. Sonora ìías one week earlier
than the other cultivars. Soon after anthesìs, plants of each cultivar
were divided into two almost equa'l sets. 0n day 10, one set of pìants of
each cultivar was shifted to the growth cabinet (Section 2.3.2) set at

ß/25oC while keep'ing the other set of plants in the growth room. After
the heat, stress treatment was over (day 20 after anthesis) the plants

were put back in the growth room where they stayed until maturity.
The b grains from one side of the ear, from 4 separate ears (except

at maturity when five ears were used) from the four central spike'lets on

days 10, .I5. 20,25,30, and 35 after anthesis and when the plants had

ripened were used for fresh and dry weight det,erminations (Freeze-

drying-Section 2.5.1), and the dried gra'ins were used for nitrogen

estimations (Section 2.6"3). The b grains frorn the other side of the

same ears (except for day 35 when no starch granuìe measurements were

made) were used for starch granu'le number and size determinations

(Section 2.5.6). 0n days 10, 15, and 20 af,t,er anthesis isolated
endosperms were used for starch granule measurements whereas the intact
grains were used on the other sampl'ing times.

At maturity, five p'lants each of control and heat stressed plants

for each cultivar were sampìed to determìne grain y'ield components. Also

to compare the effects of heat stress on grain weight in d'ifferent
floret posit,Íons, the grains a and c from the four central spikeìets
were we'ighed separate'ly.

Ex rìment l2
The same four wheat, cultivars were used in this experiment. The

pìants were raised, in 15 cm pots (3 plants per pot) contain'ing about,

1.2 1 of soil, for two weeks in the gìasshouse and then transferred to
the growth room. After anthesis, the plants in each cultivar were

divided into two uniform sets and one set of plants for each cultivar
was warmed at 27/22oC between days 10 and 30 after anthesis while

keep'ing the other set of plants at ambient conditions.
Sampling procedure for this experirnent was exactly the same as

described for experiment 11, except that sampling was done on days 10,

20,30, and 35 after anthesis and when ears had ripened. No measurements

for starch granuìe size or number were made in this experiment.
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Resul ts

Experiment 1 1

Chanses 'in drv weieht and water co nten t of the srain
The changes in dry weight and water content on a per grain basis at

various stages of grain development, plotted separateìy for each cv.,

are given in Fìg. 3.5.1. Except, for cv. Sonora where there was no change

jn water content of the grain in control plants over the main peniod of
graÍn filling (between days 10 and 35), water content of the graìn in

other cultivans increased between days 10 and 20 after anthesis and t,hen

remained almost steady at subsequent stages of sarn:ling. Heat stress

reduced the water content, of the grain in all cultivars, and it was also

evident that matui^ation of the graìns in warmed plants in cultivars RC-

81-429 and Sonora started at, least 5 days earlier t,han'in cv. Kit,e or

hJlrJl5. Further, to separate the direct effects of high temperature

(durìng the period of its imposition) from the delayed effects (when the

p'lants were allowed to grow in a common environment), the rates of dry

matter and protein accumulation between days 10 and 20 after anthesis
(Table 3.5.1), and the changes in dry weight (Fte. 3.5.2) and proteìn

content (Fle. 3.5.4) in the grain at subsequent stages (from day 20

onwards) of grain growth, have also been presented.

tlarming the p'lants to 33/25oC accelerated the rate of dry matter

accumulation in all cultivars, and this increase in the rate was smaller

in cv. RC-81-429 as compared to other cultivans (Table 3.5.1).0ver the

same period gra'in growth rate ìn the control plants was in the order of
RC-81-429 > hll.l 15 > Kite > Sonora, but these rates were poor'ly

corre'lated to t,he grain weight at maturity (Table 3.5.3).
The after effects of warming on dry matter accumulation are shown

in Fig. 3.5.2. hlith the except'ion of cv. RC-81-429 where the rate of
grain growth in heat stressed p'lants betrveen days 20 and 25 seems to be

higher than control pìants, the rate of grain growth in heat stressed

plants was lower than in the control pìants in the other cult'ivars
(Figs. 3.5.2b-d). In heat stressed pìant,s some differences 'in the

courses of grain growth towards maturity were also discernjble among the

cu'ltivars. For instance, in cultivar RC-81-429 (Fte. 3.5.ia) maximum

grain weight was reached by day 25 and there was little or no change

thereafter (indi{t,ion of earl ier maturity), vhereas in cvv. K'ite

(Fie. 3.5.1b), Sonora (Fie, 3.5.1c), and ldl^l 15 (Fig. 3.5.1d) grain
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F'ie, 3.5.1

Changes in dry weight (closed symbols) and water content (open'symbols)

of the b gra'ins taken from the four central spikelets of the control
(O, O ) and heat stressed (A,A) plants of cv. RC-81-a29 G), cv. Kite
(b), cv. Sonora (c), and cv. lljl^l 15 (d). Plants were warmed, between days

10 and 20 after anthesis ( i nd'icated by sol id horizontaì bars), t,o

33/25oC and then transferred to the control environment (21/16oC) where

they stayed until maturity. Vertical bars represent the interaction
L.S.D. between times x treatments. (Expt. 11)
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Table 3.5.1

Effects of whole pìant warmìng on the rates
accumulation (tS.E.), between days 10 and
grains of the four cultivars of wheat'. Deta
given i n the I egend to Fig. 3. 5. 1. Val ues
õent of control values. (ExPt. 11)
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dry matter and protein
after anthesi s, in the
of warmjng treatment are
the parentheses are per

of
20
ls
in

Cul ti var Treatment
Rate of increase of:

Dry weight - Protqin content
t . -1 , -1 'r(mg graln ' oay ')

RC-81 -429

Ki te

Sonora

t'Jhl15

Cont,rol
l,larmed

Control
l'Jarmed

Control
tljarmed

Control
Warmed

1.94t0.09
2.01¡0.07

(107)

0. 1 7r0.01
0.21x0.02

(15e)

0. 1 5t0.
0.25t0.

(167)

0.20t0.05
0.29t0.05

(145)

0.21t0.03
0.30t0.03

(143)

02
02

1.7
2.2

(

2t0. 1 5
8t0. 1 7

1 33)

1.65t0. 18
2. 06t0. 1 9

(12s)

1.89t0.20
2.37*0.20

(125)
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Fie. 3.5.2

Changes in dry weight of the b grain in the contnol ( O ) and

p'lants ( A ) after the warmed plants were returned to 21/16oC.

details as in legend in Fig. 3.5.1. (Expt. 11)

warmed

0ther
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Browth continued, albeit at a slower rate, even untiì day 35 aften

anthesi s.

At maturity, total ear grain weights in the control plant,s for cv.

RC-81-429, Sonora, and Wl¡l 15 were almost equa'l and were higher than that
of cv. Kite (Table 3.5.2). Lower total ear grain weight in cv. Kite was

attributable both to a smaller number and smaller size of the grains.

There was a small reduction in the number of grains per ear in warmed

pìants, but most of the reduction in ear graÍn weight resultìng from

heat stress was due to lower single gra'in weight,. All the cultivars were

affected and there were equal reductions at all floret posit'ions (Tables

3.5.2 and 3.5.3). Both total ear grain weìght and individual grain

weight reductions were greaterin cv. RC-81-429 than 'in the other
cu I ti vars.

el n acc I at'i on

In cvv. RC-81-429 (F¡e, 3.5.3a), and Sonora (Fie. 3.5.3c) tfie

amount of prote'in (N x 5.7) per grain 'in the control plants increased

linearly until day 35 without much change thereafter, whereas in cvv.

Kite (Fle. 3.5.3b), andl^lt^l 15(Fig. 3.5.3d)theincreasein prote'in

content appears to have continued beyond day 35 after anthesis. Warming

of plants accelerated the rate of prote'in accumul ation in al'l the

cultivars (between days 10 and 20, Table 3.5.1) and warming affected
protein accumulation more than total dry matter. At the subsequent stage

of grain development, between days 20 and 25, except for cv. RC-81-429

(Fig. 3.5.4a) where the increase in the protein content in the grains of
heat stressed plants was greater compared to the grains from the control
plants, the increase in the protein content in the grain of heat

stressed plants was either comparabìe to (cv. m,l 15, Fie. 3.5.4d) or

sì ightly lower (cvv. Kite and Sonora, Fig. 3.5.4b and 3.5.4c

respectively) than it was in t,he grains of the control p'lants. More

important'ly however, except for cv. RC-81-429 (Fle. 3.5.3a) where

warming resulted in an earlier terminatìon of protein accumulation

(about 30 days after anthesis) there seems to be little effect of heat

stress on the duration of protein accumulation in the other cultivars.

Unlike dry weìght per grain at maturity, which was reduced in all
the cultivars in the warmed p'lants, protein content per gra'in was hard'ly

affected (Fie. 3.5.3 and Table 3.5.3) and hence on average there was

about 2.5 per cent increase ìn percentage proteÍn. The amount of proteìn



Tabìe 3.5.2

Effects of a brief period of heat stress (33/25oC ; between days 10 and 20 after anthesis) on components of grain
yield at maturity in four cu'ltivars of wl'reat.Values in the parentheses are percentage reductions of the control
values. (Expt. 11)

Cul ti var

RC-81 -429

Mean

Kite

Mean

Sonora

Mean

t^ll¡ll 5

Mean

Mean of cu'ltivars

Treatment
Cul ti var

No. per ear:

Sp'i ke'lets Grai ns

Treatment

Control
l¡Jarmed

Control
[¡larmed

Control
Warmed

Control
Warmed

Control
tdarmed

Tota'l ear
grai n we'ight

(me)

Singìe grain weight:
F'loret a Floret c

(me)

16.6
16.6
16.6

16.4
17.2
16.8

16.2
16.2
16.2

14.2
15.2
14.7

15. 9
16. 3

49.4
46.4
47.8

41 .8
38.6
40.2

45.6
43.0
44.3

44.?
42.6
43.4

45.3
42.7

2065
i563 (-24.3)
i 814

1 684
1307 (-22.4)
1496

1954
i643 (-16.0)
1198

1 961
1644 (-16.2)
1802

-22.1)

(-11.4)

(-22.1)

(-14.7)

50.
39.
45.

46
40
43

50.4
44.6
47.5

49.
42.

7
7(
2

2
2(
2

8.-1 3.0)

44
34
39

46
40
43

36.
33.
34.

4
6

5

3
1

7

0

1

6
8(
2

9
0

(

50.9
44,4 (-12.8)
47.6

8)

2 (-12.6)

-15.2)
44.
37.
41.

1 916
1 539

5
2 (-14.7)(-1 9. 7)

2
2

4
7

42.8
36.5

n.s
0.9

Least s'ignificant differences
2.5 149
3.6 105

2.

J
(tr

1.



Table 3.5 3

Effects of raising temperature lo 33l25oC betwee
anthesis on dry weight and protein content (N x
maturity 'in four cultivars wheat. Grains were
four sp'ikelets of the ear. Values in parentheses
of control values. (Expt. 11)
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n days 10 and 20 after
5.7) of the b gra'in at
taken fronr the central
are pen cent reductions

CultÍvar Treatment Dry we ight Protein content
(mg per graìn)

Protei n
per cent

RC-81 -429

Mean

Control
Warmed (-1 6.3)

?

1

2

50
42
46

13.6
15. 9
14. B

6.8
6.7
6.7

7
7
7

8
7
I

8.
8.
8.

6.9
7.4
7.1

7
7

Ki te

Sonora

t^Jhjl5

Control
Warmed

Mean
40.2
43.7

16. 1

19.4
17.8

16. 4
18.2
17.3

13. 3
15. 9
14. 6

14.9
17 .4

47.1 6
I
7

5
7

(-14.6)

Mean

Contnol
[.larmed

54.4
47.5 (-12.7)
50.9

s1.6
46.4 (-10.1 )
49. 0

50.9
44.0 (-13.6)

Control
lrlarmed

Mean

Mean of cultÍvars
Control
l.larmed

Treatment
Cul ti var

Least sign'ificant differences
1.8 N. S.
2.5 0.9

3
9

1

1
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Fig. 3.5.3

Changes in protein content (N x 5.7) in the b graìns taken from the four

central spikelets of the ears from the controì (O) and heat stressed

( ) plants of cv. RC-81-429 (a), cv. Kite (b), cv. Sonora (c), and cv.

I'lhl 15 (d). Details in'legend to Fig.3.5.1. (Expt. 11)
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Fie. 3.5.4

Changes in protein content (N x 5.7) of the b grain in the control (C)
and the heat, stressed plants (A) after the warmed plants were returned

to 21/lAoC.Other detai'ls as in the legend to Fig. 3.5.1. (Expt. 11)
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per grain also differed among cultivars and was in order of Sonora

Kite > l^ll,l 15 > RC-81-429.

Chanees in starch sranule -size and number

The classificatìon of starch granuìes into ìarge (> 10 um) A-type

and smaller (. 10 um) B-type granuìes v/as purely based on the ìargest

diameters of the granules and may not necessarily conform with the

conventional way of des'ignating A- and B-type granu'les as proposed by

May and Buttrose (1959). Therefore, it is necessary to point out that
the granules classed as t,he B-type during the early stages of grain

development (before day 15 after anthesis), may in fact all be A-type

granules, but because of their smaller diameters have been counted as B-

type granules. Furthermore, at the later stages of grain development,

some granules belonging to earlìer generation (A-type) may eventual'ly be

included in B-type because they may have not had the tiri¡e to develop

completely. Therefore, the numbers of B-type granules in t,his study may

be the mixture of true B-type granuìes and immature A-type gnanuìes.

The numbers of bot,h A- and B-type starch granuìes at various stages

of grain development in the control and the heat stressed plants are

given, for each cultivar separately, in Tables 3.5.4a-d, and for easy

comparison among the cultivars total numbers of starch granu'les are

plotted i n Figs, 3. 5. Sa-d. At the beg'i nn'i ng of the warmi ng treatment,

day 10 after anthesis, as expected from dry weight data (Fìgs. 3.5.la-
d) cv. Sonora had higher numbers of both A- and B-type granuies relative
to other cultivars. Despite the initial differences in A-type granules

among the cult'ivars the progression in A-type gnanules at subsequent

stages of grain growth was similar for all the cultivars. B-type

granuìes were initiated earlier (at least by 4-5 days, Tables 3.5.4a-d)
and their rate of appearance was faster (from slopes of the curves in
Figs. 3.5,5a-d) in cvv. Sonora and l^lW 15 as compared to the other two

cultivars. Also, at maturity cultivars differed wideìy in total number

of starch granules (Fìgs. 3.5.Sa-d and Table 3-5.5) main'ly because of
the differences in B-type granules as there were no signi ficant
differences'in A-type granu'les.

Warming had no effect on the rate of appearance or the number of A-

type granules at, any stage of grain development in any of the cultivars.
However, warming seemed to accelerate temporarily the rate of appearance

of B-type granules but the effects were not large enough to be

significant. Due to an earlier termination of gnain growth, the number
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Table 3.5.4a

Effects of a brief period of heat stress on starch granu'le product,ion in
cv. RC-81 -429 of wheat. Details are g'iven in the 'legend to Fig. 3.5.1.

Days after
anthes'is

(DM)

Treatment No. ( i n mi l l ions) of granul es
A-type B-type Total

Ratìo of B-type
to A-type

o1o

15

20

25

RIPE

Mean

Control i.54

Control
t,Jarmed

Control
hlarmed

1.62 3. 16

79
82
81

4
4
4

B

9
I

11.19
11.32
11.26

1 29. 80
90.90

110.40

139.62
101 . 17
120.40

1.0s

1.35
1.35
1. 35

2.20
2.45
2.33

.06

.86

.46

10.58
10. 10
10. 34

13.25
8.87

11.06

6
6
6

40
50
45

Mean

7.92
8. 19
8. 10

Mean

Mean

Control
Warmed

Control
t,larmed

B. 17
8.53
8.35

tq.qe 6æ 18'bø

35
04

30

10.27
i0.05

.70

9.82Control
[^larmed

Mean

L. S. D. Interaction n. s 10.31 10.82 1 04

o Duy 10 values not'included in the analysis.
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Table 3.5.4b

Effects of a brief perìod of heat stress on starch granuìe production in
cv. Kite. Details are g'iven in t,he ìegend to Fìg. 3'5.1.

Days after
anthesi s

(DAA)

Treatment No. (in millions) of granules
A-type B-type Total

Ratìo of B-type
to A-type

oro

15

Control 0.51

Control
[,Jarmed

Control
t.larmed

0. 81

9.70
12.40
11 .05

37.80
47.60
42.70

67. 10
56.50
61 .80

77.80
58.70
68.20

1.32

9.30
11.50
10.40

14. 50
18.20
16. 40

45.80
55.00
50.40

75.00
64.50
69.70

1. s9

1.23
1. 57
1.40

4.82
6.51
5.66

Mean

5. 10
7.00
6.05

2l
49
38

4.83
5. 84
s.33

4.
4.
4.

9
0
9

20

25

30

RI PE

Mean

2
2
2

00
12
06

Mean

Control
t,Jarmed

7.99
7.39
7.69

7.86
7.97
7.92

Control
Warmed

8.54
7.13
7.83Mean

Control
Warmed 1

87
68
78

72
03
88

50
10
10

B

6
7

16
08
12Mean

L. S. D. Interaction n, s 9.50 9. 50 1. 56

o Duy 10 values not included in the analysis.
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Tabl e 3. 5.4c

Effects of a brief period of heat stress on starch granu'le production ìn
cv. Sonora. Details are g'iven in the legend to Fig. 3.5.1.

Days after
anthesi s

(DAA)

Treatment No. (in millions) of granules
A-type B-type Total

Rat,io of B-type
to A-type

o1o Control 3.09

Control
hlarmed

Control
Warmed .28

.32

Control
hlarmed

2.49

11.00
14.90
12.95

16. 50
22.30
19. 40

50.60
53.10
51 .85

61 .90
57.20
59. 55

60.20
50.80
55.50

5.58

16.82
20.84
1 8.83

22.87
28.58
25.72

70.58
65.54
68.06

0.89

1. BB
2.s1
2.20

6.61
6.91
6.79

15

RI PE

['1ean

.31

67
56
62

5.
5.
5.

6
6
6

7
7
7

82

B8
94

20

25

30

Mean

61
54
07

2
3
3

7.
6.
7.

Mean

58.21
60.66
59.41

73
79
76

Mean

Control
l,'Jarmed

8.68
8.34
8.51

10. 53
9.99

10.26

51

87
01

70
10
40

5

5
5

Control
hJarmed

70
60
65Mean

L.S.D. DAA 0.47 7.43 7.70 0.76

o Duy 10 values not included in the ana'lys'is.
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Table 3.5 4d

Effects of a brief period of heat stress on starch granule production in
cv. lrll,'J 15. Details are given in the legend to Fig. 3.5.1.

Days after Treatment
anthes i s

(DAA)

No. (in mi I l'ions) of granu'les
A-type B-type Total

Ratio of B-type
to A-type

o1o

15

Control 0.70 1.43 2.13 1.49

Mean

Control
Warmed

5. 14
5.94
5.54

11.02
11.19
i1.10

4. 19
10.77
7.48

34.
?8.

63.26
51.57
57.41

9s.48
97.55
96.51

99.48
84.14
91. 81

9.33
16.71
13.02

28.41
41.6i
35.01

71.02
59.31
65.16

'104.21

1 06. 34
105.27

110.
95.

102.

0
1

1

84
84
33

08
9B
03

45
64
04

21.6.96
6.97
6.97

20 Control
t,rlarmed

3
4
4

B.
6.
7.

Mean

25

RI PE

Control
Warmed

Mean

16
63

7.76
7.74
7.75

49
33
91

40

95
09
02

13
19
76

8.
8.
8.

30 Control
Warmed

10.
11.
1i.Mean

Control
Irlarmed

9.05
7.53
8.29Mean

L. S. D. I nteract'ion n. s. 9.09 9.37 0.96

o Duy 10 values not included in the ana'lysis'
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Fig. 3.5.5

Changes in total number of starch granules in the b grains taken from

the four central spìke'lets of the ears from the cont,ro'l (O) and heat

stressed ( ) plants of cv. RC-81-429 (a)' cv. Kite (b)' cv. Sonôra (c),

and cv. l,ltl 15 (d). Details in the text. (Expt. 11)
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Table 3.5.5

Effects of a brief period of heat stress (33/25oC;
20 after anthesis) on final starch granule number
four cultìvars of wheat. (Expt. 11).

between days 10
in the b graìn

and
in

Cultivar Treatment No. (in millions) of granules
per grain

A-type B-type . Total
(>10 um) (<10 um)

Ratio of B-type
to A-type

RC-81 -429 Control
hlarmed

Mean

K'i te Control
Warmed

Mean

Sonora Control
[^Jarmed

Mean

l.ll,''l15 Control
hJarmed

Mean

Mean of cultivars
Control
l,'larmed

9.82
10.27
10,04

9.72
10.03

9. BB

i0.53
9" 99

10.26

11 .01
11.19
11.10

10.27
i0.37

129.8
90.9

110. 4

60.
50.

99.5
84.1
91 .8

9i .8
71.1

137.9
101.2
120.4

87. 5
68.7
78. 1

102.

102.1
81.5

77
5B
68

13. 3
8.9

11.2

8.2
6.1
7.1

I
7

2

9.0
6.9

55.

70
60
65

2
B

5

110.
95.

I
7

I

5
3
9

5.7
5.1
5.4

9.1
7.5
8.3

Treatment
Cu I ti var

Least significant differences
n. s.
n. s.

7

9
7
01

8.1
'tl.4

.B
1

0
1
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of B-type granu'les in the gnains in the warmed plants was significantly
reduced in all the cultivars (Tabìe 3.5.5). The cultivars differed
wideìy in the ratios of B-type to A-type granules both during the

development of the grain and at maturìty. The ratios of the B- to A-type

granuìes increased both in control and heat stressed plants in all the

cu'ltivars untìl day 30 after anthesis, and thereafter seem to drop

towards matun'ity.

Experiment 12

The intention of th'is experiment was to investigate the effects of
a longer perÍod of heat stress durìng the l'inear phase of grain fìlling
at a relatively lower day/nieht (21/22oC) temperature differential, but

keeping the total number of degree-days of warming (above ambient

temperature, 21/16oC) about the same as in experiment, 11. To ach'ieve

this goa'l plants were u/armed at 21/22oC, between days 10 and 30 after
anthesis, giving total heat stress of 120 degree-days as compared to
107.5 degree-days ìn experimen! 11.

0n average, the ears in this experiment were smaller, and had fewer

and lighter grains in companison with experiment l1 (compare Table 3.5.7
with Table 3.5.2), So, the total ear grain weight was about 807" of total
ear grain weight in experiment 11. Smaller weight of the graìns in this
experiment seems to be due both to smaller rates and durations of dry

matter accumulation in the gra'ins (compare Fig. 3.5.6 w'ith Fig. 3.5.1).
In cv. RC-81-429 (Fie. 3.5.6a) and Kite (Fle. 3.5.6b) warming

accelerated the rate of dry weight increase between days 10 and 20 after
anthesis, but had the opposite effect during the following 10 days of
gra'in growth. Therefore, the average rate of grain filling was depressed

by warming in both the cultivars (Table 3.5.6) whereas 'in cvv. Sonora

(Fie. 3.5.6c) and Ì,Jl..l 15 (Fig. 3.5.6d) warming had no effect on the rates

of dry mat,ter accumulation durÍng the period of heat stress. With the

exception of cv. Kite (Fig. 3.5.6b) where there was no grain dry weight

increase after day 30, grains in the control plants in the other

cultivars continued to grow untjl day 35 after anthesjs, but there was

virtualìy no grain growth in the heat stressed plants in any of the

cultivars after the warming period \¡/as over. Moreover, it is interesting
to note that, in cv. Kite (both in the control and heat stressed pìants,
Fig. 3. 5. 6b), and Sonora ( t n the heat stressed pl ant,s ) there Ì{/as a

significant drop 'in grain dry weight after a maximum value had been

obtained at about day 30.
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Fie. 3.5.6

Changes in dry weight (closed symboìs) and water content, (open symbols)

of the b grains taken from the four central spikelets of control ( O, O)
and heat stressed (4,^) plants of cv, RC-81-429 (a), cv. Kite (b), cv.

Sonora (c), and cv, i.Jt^l 15 (d). Plants were warmed, between days 10 and

30 after anthesis (indicated by solid horizontal bars), to 27/22oC and

then transferred to control environment (21/16oC) where they started
until maturity. Vertical bars represent interaction L.S.D. between times

x treatments. (Expt. 12)
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Table 3.5.6

Effects of whole plant warmÍng on the rates of dry matter and protein
accumulation (tS.E.), between days 10 and 30 after anthesis, in the
grains of the four cultivars of wheat. Details of warming treatment are
given in the'legend to Fìg. 3.5.6. Values in the parentheses are per
cent of control values. (Expt. 12)

Cul ti var Treatment
ate of increase
ht Prot
mg gr"aì n-1 day-

f:
n contentweryD 1

R

g
(

o
ei
1¡

RC-81-429

Ki te

Sonora

l^lt^Jl 5

Control
t'lar med

Control
Warmed

Control
hlarmed

Control
lrlarmed

1. 62t0.07
1.37t0. 1 1

(Bs)

1.74t0.06
1.56t0.12

(e0)

1. 5010.08
1.41t0.07

(e4)

1.66t0.08
1.6510.07

(ee)

0. 1 BtO. 02
0. 1 610. 01

(8e)

0.22t0.02
0. 1 9t0. 01

(86)

0.20t0.02
0.28t0.02

(140)

0. 1 9t0. 02
0.24t0.02

(126)
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Fi e. 3.5.7

Changes in protein content (N x 5.7) in the b grains taken from the four
central spikelets of the ears from the control (O) an¿ heat stressed
(A) pìants of cv. RC-81-429 (a), cv. Kite (b), cv. Sonora (c), and cv.
l^ll^l 15 (d). Details in ìegend to Fig. 3.5.G. (Expt. 12)
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As recorded in experiment 11, at maturity tot,al ear gra'in weight in
this experiment was also reduced in the warmed pìants in all the

cultivars (Table 3.5.7), and these reductions were due to a reduction'in
dry we'ight at all the floret positions. The per cent. reduct,'ion in the

weight of the Þ grain (compare Table 3.5.7 with Table 3.5.8) was

consistentìy less than in floret c in all the cultivars.
The amounts of protein per grain ìn the control or the heat,

stressed plants in all the cultivars were the same, and were comparabìe

to the values observed in experiment 11 (compare Tables 3.5.3 and

3.5.8). Warming had no sign'ificant effect on the concentration of
proteìn 'in the grain in experiment 12.

It is apparent that the cultivars did not exhibit the same

response, in terms of the rate and the duration of prot,ein accumulation,

to warming in the two experiments. For instance, warming the p'lants in
experiment 11 accele¡ated the rate of protein accumulat'ion in all the

cultivars (Tabìe 3,5.1) but such responses h,ere observed on'ly in
cvv. Sonora and l,Jl^l 15 (Tab'le 3.5.6) in experiment 12. Furthermore,

warming had no effect on the duration of protein accumulation in cvv,

Sonora (Fie. 3.2.3c) and l,.Jl,,l 15 (Fig. 3.5.3d) in experiment 11, but the

duration in t,hese cultìvars was curtailed at least by 5 days in
experiment 12.

Di scuss i on

l.larm'ing the plants during the major perìod of grain filling
decreased the final grain yìeld per ear by reducing individual gra'in

weight. From t,he number of degree-days of warming imposed in t,he two

experiments (120 degree-days in experiment i2 compared to 107.5 in
experiment 11), it was expected that the reductions in total grain
weight per ear and Ín individual grain weight would if anything be

greater in experiment 12 compared to those in experiment 11. 0n the

contrary, reductions both in total graìn weight per ear and in
individual grain weight in experiment 1 1 were greater than t,hose

observed in experiment 12 (compare Tabìes 3.5.2 and 3.5.7) and may be

due to a higher temperature differential used in the formen than in t,he

latter experiment. Furthermore,in experiment 1l the reductions in total
ear grain weight and individuaì gra'in weight in the warmed p'lants in cv.
RC-81-429 were larger than in the other cu'ltivars, but no differences
were noticeable among the cultivars in experiment 12. So, it may

indicate that cv. RC-81-429 may suffer relatively more than the others



TABLE 3.5.7

Effects of raising temperature lo 27/?zoc
maturity jn the four cultivars of wheat'
(Expt. 12)

, between days 10 and 30 after anthesis, on components of grain_yield at
Va'lues in the parentheses are per cent reductions of the control va'lues.

Cultivar Treatment
No. per ear:

Spikelets Grains

Total ear
grain weight

(re)

Single grain weight:
Floret a Floret c

(*e)

RC-81 -429

lvlean

Kite

Mean

Sonora

Mean

t¡lt'l15

Mean

Control
l¡larmed

Control
l^Jarmed

Control
t¡larmed

Contro'l
[¡larmed

14.6
14.6
14.6

15.0
i 4.8
14.9

14. I
15.0
14. 9

15.0
14.4
14.7

14.9
14.7

1499
1256
1377

39.
38.
38.

40.
38.
39.

40.
39.
39.

40.
40.
40.

40.
39.

40.5
36. 1

38.3

44
38
41

(-16.2)

?
2
7

0
4
2

0
2
6

6
6

6

1 463
1288 (-12.0)
1376

1473
1264 (-14.2)
1 368

44.5
34.8 (-21.8)
39.6

45
39
42

2.

36.0
30.1 (-16.4)
33.1

37.
30.
34.

36. 1

29.4

(-10. e)

-1 9.4)(-13. 4)
I
8
I

35.1
27.3 (-22.?)
31.?

(-16. 5)
35.8
?9.9
32.8

6
3(
0

1524
13?3 (-13.2)
1423

.0

.3 (-12.7)

.1

0
8

Mean of cu'ltivars
Control
f¡Jarmed

Treatment
Cul ti var

1 490
12BB (-13.6)

Least significant differences
n. s. 74
n. s. rì, s.

0
1

.7

. 3 (-14. 6)
43
37 (-18.6)

n. s.
fl .s.

2.0
n. s.

J

O)
!

2.
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Table 3.5.8

Effects of ra'ising t,emperature lo 27/22oC between days 10 and 30 after
anthes'is on final dry weight and protein content (N x 5.7) of the 

-bgrain (taken from thé cen[ral four spìke]ets) ìn four cult'ivars oF
wheat values ìn parentheses are per cent reductions of control values.
(Expt.12)

Cultivar Treatment Dry weight Proteìn content
(mg per grain)

Per cent
proteì n

RC-81 -429 Control
[.larmed

Mean

K't te Control
l^larmed

Mean

Sonora Control
lrjarmed

Mean

l/'lt^ll 5 Control
Ì^larmed

Mean

Mean of cul t'ivars
Control
l,'larmed

42.0
40.2(-4.3)
41.1

43.1
38.3(-11.1)
40.1

7.1
6.7
6.9

1

9
7
8

16. B
16.8
16.8

15.3
16.1
15.7

16. 1

17.8
16. 9

9
2
1

44
39
42

(-12.7)

45.3
3e.4(-1 3.0)
42.3

43.8
3e. 3(-1 0. 3)

.2

.0
7
7
7

6
6
6

6.6
6.2
6.4

6.9
6.6

15.2
16.9
16.1

15. 9
16. 9

Treatment
Cul ti var

Least s'ign'ificant differences
1.6 n.s.
n. s. n. s.

n. s.
n. s.
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at high temperatures. Cuìtivars also differed in their response to
elevated temperature, ìn terms of starch and protein accumu'lation both

within and between the experiments. Most importantly, in experìment 11,

the rate of dry matter accumulation was enhanced at hìgh temperature in
all the cultivars (although to a different extent, Table 3,5.1), but
this effect was observed onìy in cvv. RC-81-429 (Fig. 3.5.6a) and Kite
(Fig, 3.5.6b) and then on'ly between days i0 and 20 after anthesis.
Simi'larly the enhancing effect of warmjng on pnotein deposition was

observable in all the cultivars in experiment, 11 (Fig. 3.5.3 and Table

3.5.1) but on'ly in cvv. Sonora (Fie. 3.5.7c) and tlW15 (Fig. 3.5.7d) in
experiment 12. However, in these cultivars there was no effect of
warming on the rate of dry matter accumulation (Figs. 3.5.6c and

3.5.6d). As the acceleration in protein deposÍtion was greater t,han that
of starch in almost, all cases (except in cvv. RC-81-429 and Kite in
experimenl 12) it is reasonable to conclude that proteìn synthesis is
enhanced relatively more than starch synthesis as a result of elevat'ion
in temperature during grain growth (Campbell and Read 1968; Spiertz
"te77).

It is frequentìy reported t,hat percentage of protein increases at
high temperature during gra'in growth (Sosuìski et al. 1963; Ko'lderup

1975; Campbeìl and Davidson 1979t Campbell et al. 1981), but as proteìn
content per grain'is seldom given, it is difficult to judge whether the
effects of temperature on protein percentage is accompanied by an effect
on protein quantity pe't '52 or due sole'ly to the smaller stanch content
ìn the heat stressed grains. From Tables 3.5.3 and 3.5.8 it is clear
that the increase in per cent proteÍn, in all cult'ivars in both the
experÍments, as a result of high temperature is almost entirely due to a

reduction in starch content of the grain rather than the change 'in

protein quantity. A smaller effect'or no effect, of heat stress on

protein content, jn any of the cultÍvars, is a conclusion primarìly
supported by the fact that warming had little or no effect, on the
duration of protein accumulation (Ftgs. 3.5.3 and 3.5.7), contrary to
its effect on the duration of dry matter (mainly starch) accumulation
(Figs. 3.5.1 and 3.5.6). However, in instances (Figs.3.5.3a.3.5,7c and

3.5.7d) where heat stress seems to have curtailed the duratjon of
protein accumu'lation, enhanced rate of protein synthesis at elevated
temperature (Tabìes 3.5.1 and 3.5.6) seems to have compensated for the
shorten duration. Barlow and co-workers (1983), and aìso Campbell et al.
(1981)' have shown that starch and protein storage in the grain are
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independent of each other. There are also ìndications 'in many reports
that protein and starch accumulation seem to be asynchronous (i.e.
protein appears to accumulate for a longer period) both under norma'l

cond'itions (Thatcher 1915 cited by Jenner 1982a; Sofield 1974, 1977bt

Dalling et al. 19761' Waters et al. 1980) and under conditions of water

st,ress (Brooks et al. 1982). Acceleration in the rate of protein
deposit'ion as a result of elevation in temperature may be expìained

either by enhanced remobi'lization of nitrogen from the rest of the plant
(enhanced senescence) and/or to more direct effects on the rate of
conversion of amino acids to protein. How protein continues to

accumulate for longer periods than does starch is open to specuìation

however. Whatever the physiolog'ica'l reasons for the above responses, it
is evident, that starch and protein accumulation in the gra'in have

different susceptibilities to brief periods of heat stress during grain

fiìf ing.

Broadly, the changes in the A- and B-type granu'les during the

development of the grain are almost ident'ical for all the cultivars and

are in agreement with the reports 'in the literature (Section 1.4.2.1.2)
that the A-type granules are initiated during the ear'ly stages of grain

development and cont,inue to grow throughout grain growth (Tab'les 3.5.4a-
d) whereas the B- granuìes are initiated later in the development and

increase in number very rapidly. The cultivars differed sìgnificantly 'in

numbers of B-type granu'les without any significant differences in
numbers of A-type granuìes, hence the ratios of the numbers of B- to A-

type granules differed significantly among the cultivars at maturity
(Tabìe 3.5.5). These ratios, however, were poorly reìated to apparent

amount of starch or dry weight per grain and is in agreement with the

observations made by Gleadow and co-workers (1982).

The contribution of B-type granules towards total weight of starch

in the grain has been evaluated by using a number of techniques
(sedimentation, microsieving, Coulter counter analysis, Quantimet image

analysis, and stereological anaìysis) by a number of workers (Evers

1973; Briarty and Hughes 1976; Brocklehurst and Evers 1977t Evers and

Lindley 1977; Meredith 198'l) and has been shown to be between 30 to 502

for a number of cultìvars. Assuming that the contribut,ion of B-type

granules to the weight of starch in all the cuìtivars was the same and

was 307,, the reductions in t,he weight of starch as a result, of heat

stress attributable to the reductions in numbers of B-type granules can

be estimated and are given in the follow'ing tabulation.
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Cult,ivar Reduction in
weight of starch
per grain (mg)

Per cent reduction
in B-granule

number

Reduction attribu-
table to reduct,ion

in no. of
B-granules (mg)

RC-81-429

Kite
Sonora

t{1,115

8.1

7.1

6.8

5.7

30.0

24.6

15. 6

15. 5

3.9

2.9

2.1

2.1

It is clear from the above tabulat,ion that reduction in the number

of B-type granules accounts only from 30.9 to 48.17" of the observed

reductions, Therefore, the balance of the reduction js either due to
a lesser weight contribution by existing B-granules or to a reduction in

the weight contributed by A-type granuìes (also see Hoshikawa 1962).

It is well known that amy'lose content of the grain increases w'ith

maturity (Matheson 1971; Ku'lp 1973; Duffus and Murdoch 1979). So, in t,he

gra'ins where the duration of starch accumulation'is curtailed as a

result of heat - or water-stress are likeìy to have a higher percentage

of amylopectin. As the percentage amylopectin 'in the flour is linearìy
related to the paste viscosity (Moss and lu1iskelly 1984)r âñ ìmportant

factor governing the eating quaf ity of udon, or Japanese white noodles

(Moss 1979) it is tempting to specuìate that wheat crops grown under

moderately limited water supp'ly and/or moderately hieh temperatures,

although they may yieìd poorìy, are likely to have flour of better bread

making quaì'ity and have higher potentiaì for the manufacture of Japanese

white noodles.
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3.6 Effect of temperature on some metabolic processes of grains

cultured in ui.bzo

I ntroducti on

Grain growth and development in wheat is regulated by compìex

interactions : between the maternal pìant and the environment ; between

the developìng grain and the maternal piant, and among the different
parts of the gra'in itself. l^lith the developing grain attached to the

plant, it is difficult to study the effects of environmental fact,ors on

the metabolic processes of the grain in isoìation from the rest of the

plant. As changes in temperature rvould inevitably affect al I

phys'ioìogica'l and biochemical processes of the whole p'lant, the effects
of temperature on gra'in growth and development observed in previous

sections may either be confounded with, or even masked by indirect
effects of temperature.on the other parts of the plant. So, to study the

effects of temperature on the metabolic processes of the gra'in itself,
jn isolat'ion from the other parts of the plant, a different techn'ique

than warming the whole plant or warm'ing the ears is needed.

In ui-tno tissue culture techniques, for maize kernels, have been

used to study the effects of temperature on carbohydrate metabolism

(Jones et al. 1981, 1984), and the effects of sucrose suppìy on t,he

black layer formation (Afuakwa et al. 1984). Simìlarly, liquìd culture
of wheat gnains from a few hours duration (Jener 1974a, 1974b ; Jenner

and Rathjen 1975, 1977; Radley 1978, 1981 ; also see Section 3.3) to a

number of days (Gifford and Bremner 1981a, 1981b) has been used to
invest,igate the processes related to sucrose transport and its
conversjon into starch. However, in all reports related to wheat, grains

were cultured either at 20 or 25oC and no attempts have been made to
examine the effects of temperature on sucrose uptake or its conversion

into starch. Hence the main objective of the experiments in this section

was to study the effects of temperature on the processes of sucrose

upt.ake and its conversion into starch, and also to determine the effect
of temperature on the respiratory activity of the in ui-ttzo cultured
grai ns.

Materials and Methods

Batches of plants, in succession (at weekly ìnterva'ls), were raised

in the g'lass house for two weeks and then t,ransferred to t,he controlled
environment growth room (Section 2.2.2). The ears were marked
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individually with the date when the first anthers exserted on an ear and

all sub.sequent operations were performed with reference to this date.

Grains between days 15 and 21 after anthes'is were used ìn all the

experìments reported in this sectÍon, and the exact aB9 of the graìns is
given in the legend to a figure or a table. 0ther procedures for
various analyses are out,ljned in Section 2 or in the text to each

experi ment.

Resul ts
Sucrose during its transport from the ph'loem of the vascular strand

in the furrow of the grain to the site of starch accumulation (endosperm

cel ls) passes througl, the endosperm cavity and intercel lular space

(Section 1.8). It has been reported by the earl'ier workers (Jenner 1968;

Gifford and Bremner 1981a) that intact grains isolated from the plant

when p'laced on solut'ions of sucrose do not accumulate starch (because of
the limited permeabiìity of the pericarp), and some degree of
manipu'lation of the grain to expose'its apop'last (endosperm cavity
andfor intercellular space) to the culture medium is necessary for the

grai n to absorb and metabol i se sucrose. Therefore, the f i rst few

experiments were designed to characterize the apop'last of the grain.

Determination of endosp erm cavitv sao comDosition

Collect,ion of the sa

The centrifugation method of Ho and G'ifford (1984) was used, with
some modificat'ions, for cojlection of endosperm cavity sap. The

collection assembìy and a part of the procedure employed for sap

extraction was described in Section 2.7.1.
ln preìiminary work it was found that centrifugation at 5000 rpm

was insufficient to collect the sap consistentìy and spinning at 9000

rpm resulted jn structunal damage to the cut surface of the grains,

hence in further experimentation centrifugation at 7000 rpm (4100 X g,

rmjn) was used for collection of endosperm cavity sap. At this speedn

although there were no visible signs of structural damage to the cut

surface of the grain, some starch granules (i0-50) were detected in some

sampìes and these starch granules pnesumabìy were from the cut cells.
Furt,her, it was also experienced that the grains younger than 15 days

were structurally too weak to withstand t,his centrifuga'l force, and from

the gnains older than 20 days an inadequate amount of sap for sugar
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analysis was collected. So, 15-18 days old grains were best suited for
this purpose.

A major proportion of the sap was extracted in the first 5 min of
centrifugation, but significant though small amounts of the sap were

collected from the same set of grains at subsequent spins (Tabìe 3.6.1).
The concentration of total sugars (determ'ined by the anthrone method

after filtration of the dilut,ed sap through l^lhatman GF/A filter) in the

sap declined almost linearly with each successive spin. However, when

the grains were spun firstìy for 25 min and then the same set of gra'ins

for two successive spins of 5 min each, the concentration of total
sugars was significantly reduced 'in the latten samples (Table 3.6.1).
From the above results it seems reasonable to assume that t,he sap

collected in the first 25 min of spinnìng was from one compartment of
the grain (i.e. endosperm cavity) but does not necessarily exclude the

possibility that there was contaminat'ion of the sap from the other parts

of the grain (e.g. intercellular free space). Therefore, a shorter
spinning time (15 min) in which the sap is most like'ly to come only from

the endosperm cavity was used to spin the sap for compositional

ana'lysis.

Compos'ition of endosperm cavit.y sap

Using the procedure outlined earlier, 'it, was possìble to collect
1.01 Ul (specìfìc gravity at 2loC was 1.01) of sap (mean of 6 sampies

each of 12 grains) from 15-16 days oìd b graìns (from the central 10

sp'ikeìets of the ear). Immed'iate'ly after the collection of the sap, each

sample was diluted, by addìng 40 u'l of 802 (v/v) ethanol and stored at -
16oC until analysed by the anthrone method and other more specific
methods outlined in Section 2.6.1.2. The partiaì composition of the sap

is given in t,he tabulation (va'lues presented as mean t S. E. )
0f the three samples measured sucrose was present in greatest

amount, follorved by fructose and a relatively small amount of gìucose,

However, the sum of the amounts of sucrose, glucose and fructose
accounted for on'ly 76.5Zof theamountof aìl sugarsin the sap as

determined by anthrone method. 0n t,he molarity basis, however, the sap

had the greatest concentration of fructose, foììowed by sucrose and

least of glucose.
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Table 3.6.1

Changes in the amount of total sugars (anthrone pos'itive material) in
the endosperm cav'ity sap with the time of spinnìng.

Time
i nterval s
(min)

Amount of cav'ity
sap extracted
per gra'i n (me )

Cumulative amount
of the cavity sap

per grain (me)

Total
sugars

(ug per mg sap)

0
5

10
15
20

Set I

Set 2

0-25
25-30
30-35

5
10
15
20
25

0
0
0
0
0

50
22
15
16
12

0.50
0.72
0.87
1.03
1.15

60.0
53.0
51.1
49. 6
47.7

1.04
0.18
0. 13

1

1

1

60
32
23

04
22
3s

I
4
0
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Concn expressed Total sugars
(Anthrone + ve)

Sucrose oGlu"oru #Fructose

as

_1
mg mg ' sap

rng ut-l sap

m Molar

Per cent of
total sugars

64.7t1 - 9

64.1+1.9

26.3t1.9
26.0r1 - 9

76.0

40.6

4- 5t0.5
4.5t0.5

25.0

7.0

18.7+0.9

18.5t0.9
102.7

28.7

*F

#F
may contain glucose-6-phosphate.

may contain fructose-6-phosphate.

Osmoti c ential of the sa

Osmolality of the undiluted sap was determined by using a Wescor

vapour pressure osmometer (Model 5100C) using KCì solutions as standards
(range 200 to 1000 mosmolal) at 25oC. As the volume of the sap per

sample was small (8-12 U1), two samples were combined for one reading
(which required 8 uì of solution). The osmotic concentration of the sap

was between 399 to 481 mosmolal wìth a mean value of 446.3 !24.5.
Osmotic potential of the sap was calculated from freezing point
depression values for the same osmolal solution of sucrose using t,he

equation given by Michel ('1972), oF by using the relationship of
concentration to osmotic potential for sucrose or NaCl solutions g'iven

by Slavik (1914). The conversions needed to obt,ain mosmol concentrations
from mMolar (fon sucrose solution) on mMolal (for NaCl solution) were

ca'lculated by using the tables from the CRC Handbook of Physics and

chemistry (60th Edìtion, '1979-1980). As expected, there u/as no

difference in the osmotic potentìa1 calculated by either method, and was

between -1.0 and -1.2 l4Pa with a mean value of -1.1 10.06 MPa.

Aooarent free sÞace volume

The volume of the intercellular free space (Briggs et al. 1961) was

determined from the uptake of 14c-pEG 4000 by the dissected grains
(details in Section 2.7.3). The pattern of l4c-pre uptake by the grain
is shown in Fig. 3.6.1. upt,ake was fast during the first 4 h of
incubation and then continued at a slower rate until 24 h fronl the
beginning of incubation. This pattern of 14c-p¡e uptake was not
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Fi s. 3.6.1

uptake of l4c-pre 4000 over 24 h by 20 days old whsat grains.
Grains were incubated jndividua'lìy with 150 ul of osmotica'l'ly adjusted
sucrose solution [-0.82 MPa, containing 20 gl-1 (59.4 mMolal) sucrose].
The amount of label taken into a grain at each time was converted into
the equivalent volume of bathing solution using the known radioactivity
(538 dpm ut-l). Each point is mean of 5 repìicate grains.

Fis.3 .6.2

Time-course of l4C-pEe 4000 exodiffusion into osmotical'ly adjusted
sucrose solution [-0.82 MPa, containing 20 gl-1 (59.4 mMo]al) sucrose]
from t,he pre'loaded wheat grains (as in Fig. 3.6.,l) for I (O), 6 (f ),
or 24 h ( ). Details in t,he text. Each point is the mean of fjve
repl icate grains.
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expected, as PtG used for t,his purpose had a high molecular weight and

should not have permeated the cells and should ¡rot have been metabolised

nearly as rapidìy as sucrose (Lawlor 1970). The pattern may refìect that
either the intercellular free space of the graìn did not equìlibrat,e

with the medium even in 24 h of incubation, or l4C-pte was be'ing

absorbed into the cells and/or adsorbed on the cell walls.
To test the above possìb'ilities, the dissected grains were pre-

loaded with 14C-pfe e'ither for'1, 6 or 24 h, washed for 10-20 s in a

large volume of water, and ailowed to exodiffuse in 2 ml of 20 gl-1
(59.4 nMolal) sucrose (osmotically adjusted to -0.82 MPa with non-

radioactive PEG) solut,ion at about 4oC. The grains were transferred to

the fresh solution every 30 min for the first 2 h a'rd then every hour

until 6 h. The amount of l4C-pte left, in the graìns at various times

after the beginning of the exodiffusion $/as determined by the procedure

given in Section 2.10.2. The grains which were preloaded for 1 or 6 h,

lost about 907" of their label in the first 2 h of washing whereas the

grains which were preìoaded for 24 h lost the ìabel s'low'ly during t,he

first 2 h of wgshing and retained 28.37" of the initial labej even aftert
6 h of exodifj¡sion (Fig. 3.6.2). From the above results 'it is evident\
that the volume of the intercellular free space, if estimated from the

grains which were allowed to take up 14C-PEG for 24 h, wouìd give an

over estimate of apparent free space volume by 28.37". So to determjne

the apparent free space volume of the graìn more accurately, either it
can be calculated from the difference in the vo'lume of grain occupied by
l4C-pfe at the beginning and at the end of 2 h exodiffusion from grains

pre'loaded for 6 or 24 h, or from the intercept of the linear regression

equation over the period of 4 to 24 h lncubation (Fig. 3.6.1). Between 4

and 24 h, the l4C-pfe uptake by the gra'in can be described by the linear
regression equation Y = 2.03 + 0.032x (r = 0.962) which gives a va'lue

for the apparent free space volume of 2.0 ul which is the same as

calculated by the difference method (2.0 and 1.9 ul for 6 and 24 h

pre'loaded graì ns respecti vel y).

Amounts and concentrat'ions of total soluble susars and sucrose in
various parts of the grain

The amounts of total soluble sugars and sucrose in various pants of
20 day-o'ld grains are presented in Table 3.6.2. The endosperm had hìgher

amounts of both total soluble sugars and sucrose than in the crease

tissue, or in the apparent free space. However, when these amounts were
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Tabl e 3.6.2

Amounts and concentrations of total soluble sugars and sucrose in some
parts of 20 day-oid wheat grain. Fjve b graìns from the central part of
the ear from one side of the ear were used for fresh weìght and dry
weight determinat'ions, and five corresponding b graìns from the other
side of the ear were used fo¡ sugar ana'ìys'is. Values in parentheses are
concen'bration of sugars (gl-i of tissue water).

Grain
part

Fresh
weight
(me)

Dry
wei ght,

(me )

hJater
content
(ul )

Total soluble Sucrose
s ugars

(¡rglgrai n part)

0uter
peri carp 4.2 x0.5 1.4 r0. 2 2.8 r0.4

Crease
ti ssue

oEndorp""t

cavity sap

1.69t0.1 5 0.49t0.04 1.20x0.12

Apparent
free space

Endosperm 49.9t3.3 23.2x1.2
wi th
chlorophyl lous'layer (in cells)

26.7t2.2

124 x6 91 13*(oe. o) *(+s. s)

197 t18
(70.4)

103 t6
(Bs. B)

64.7t1.9
(64.1 )

81 t9
(67.5)

26.3t1.9
(26.0)

268 t
(10.0

57 t5
(20.4)

633 tl 9
(23.7)

15

)

l+

l+{s

Value for 15-16 day old grains, estimated in the previous
experiment
Values calculated by divìding the total amounts in apparent free
space by the estimated volume of apparent free space.
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expressed on a tissue water content basis, the crease tissue had h'igher

concentrations of both total soluble sugars and sucrose than those in

the endosperm. The proportion of total sol uble sugars as sucrose

differed among the tissuesr the crease tissue and the apparent free

space having a higher proportion of sucrose (78.6 and 73.47'

respect'ively) as compared to the endosperm (42.32).

Liquid cu Iture of isolated erains
In the fÍrst three expeniments, the main aim was to study the

effect of various manipuìations on the uptake of 1 C-srcrose and its
incorporation into starch, and also to study the effect of the presence

or absence of the emb:-yo on the above processes. For convenience, 107"

sucrose solution which has a osmotic potentiaì of -0.82 MPa (close to
osmotic potential of endosperm cavÍty sap) was used.

In the first experiment, graìns without, the outer pericarp and the

crease tìssue (referred to as depenicarped gra'ins from now on), wit,h or

wìthout the embryo, or sliced into two halves in the long-ax'is or in the

short-axis of the graìn were cultured with 50 Ut of l4C-rr""ose for 10 h

(Method I - Section 2.8.2.1). At the end of incubation the grains or

halved gra'ins were washed'in a large volume of deionised water for 10-20

sr and the embryos were picked out w'ith the t'ip of the needle and

discarded. The amounts of 14C in ethanol soluble and insoluble fractions
are given in Table 3.6.3. It is evident that grain cult,ured with an

embryo had ro." 14C in the ethanol soluble fraction but t,here was no

effect of the removal of the embryo on the incorporation of 14C into the

insoluble fraction. Slicing the grain transverseìy resuìted in a higher

amount of 14C in the soluble fraction but slicing longitudinally had the

opposite effect,. However, in bot,h cases incorporation of 14C into

insoluble fraction was reduced.

In the first experiment (Table 3.6.3), a partially sterile culture

system was used (g'lass-ware and sucnose solution were pre-sterilized but

grains were cultured in the laboratory without any surface

sterilization). To compare culturing by the above method with culturing
the gra'ins in laminar flow cabinet under completely sterile conditions,

ten depericarped grains without embryo were cultured individuaì'ly (as

described earlier) in the laboratory and a comparable set of 10 grains

(surface sterilized for 30-60 s'in NaOCl solution, 17. available C'I,

before dissection) were cultured in the laminar flow cabinet. Gra'ins

cultured in the laboratory were transferred to the laminar flow cabinet
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Effec

Table 3.6.3

the
uci
duri n

t of grain manipulation, and presencq or absence of the embryo on
uplake"of radioattive sucrose (ìOO 91-1 ; specìfìc activity lO.Z¡
g-l sucrose) and its conversion into ethanol-insoluble materìal
g a 10 h period by 20 days old wheat grains.

Grai n
mani pu1 ati on

hJith or
wi thout
embryo

Incorporation-of l4CImg sucrose
. . 

-l 
Iequiv. Bra'in-t1 into:

Sol ubl e Insol ubl e
poo'l fraction

Total

1. Grain
w'ithout outer
pericarp and
the crease
tì ssue

2. As for (1 )
sl iced 'long-

tudinalìy

3. As for (1 )
but gra'in
sliced
transverse ì y

Overal I means

wi th
wi thout

mean

wi th
w'ithout

mean

wi th
wi thout

mean

0
0
0

24
25

0. 14
0.20
0. 17

21

17
19

0.20
0.21

0.82
0.73

87
64
76

0
0
0

0
0
0

25

1

0
1

11

89
00

0.76
0.61
0.68

0.90
0. B0
0. 85

1.04
1.12
1.08

84
94
B9

0
0
0

wi th
wi thout

.02
94

1

0

Least si gn'if icant d'i f f erence
Grain manipulation 0.09 0.05
hJith or without embryo 0.08 n.s.
Interaction 0.13 n. s.

0
n

0

11

s,
16
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to avoid the differences in temperature (temperature in the laminar flow

cabinet 23-25oC). After 24 h of culture, grains were analysed for 14C in

the ethanol soluble fract'ion, in starch, and in the insoluble residue,

and the values are given in the following t,abulation.

Grains cuìtured
in

Incorporation of 14Clrg sucrose equiv. grain-l
duy ll into:

Soluble fraction Starch Residue Total

Laminar fìow
cabinet-steri le
conditions
Laborator¡epartly
sterile conditions
L. S. D.

0.901

0.979

lì- s.

1.067

0.869

JI. S.

0.125

0.087

n. s.

2.093

1.986

n. s.

Partitioning of 14C-rr""o." into ethanol soluble, starch and

inso'luble residue fractions was comparabìe in both types of culture,
therefore, in the fol'lowing two experiments grains were cultured in the

I aboratory.
Although the effects of the embryo on uptake of 14C-ru"rose and its

conversion into insoluble material were examined in the first
experiment, no attempt was made to anaìyse separately the amounts of 14C

present in starch and in the other insoluble material. Moreover, the

embryo at t,he end of incubation period was discarded, Accondingly the

aim of the next experiment was to determine the partitìon'ing of 14C into
various fractions of endosperm and embryo over a'longer period of gra'in

culture (24 h). The results are presented in Table 3.6.4. Grains with
the embryo in pìace had l"r, 14C in th. soluble fraction and also

synthesized less radioactive starch than the grains where the embryo had

been removed. Grai ns cut transverse'ly at t,he base to expose its
endosperm cavity to the culture medium absorbed appreciabìy smaller

amounts of sucrose and converted on'ly about one fourth of the total
amount of sucrose absorbed into starch. Grains with embryos, sliced
longitudinally into two halves had 382 more sucrose than comparabìe

intact grains (compare treatments 3 and 1, Table 3.6.4) yet, these gra'ins

synthesized only 78.47" of the amount of starch synthesìzed by t,he
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Table 3.6.4

formaì 'ly I abel I ed
sucrose) and its

conversion into starch and ot,her ethanol-insoluble material during a

24 h period by 21 days old wheat gra'ins. Value
cent amount of radìoactive starch of the total
the grain.

Effect of graìn- man'ipulation on the uptake of unj
sucrose (lOõ gl-1 ; sþ. radioactivìty 23.65 uCi g-1

S in parentheses are per
l4C-slcrose absorbed' by

Grain
man i pu'l ati on

Incoroorati on. -1 , -1graln , oay I

ET0H-sol ubl e
pool

Img sucrose equ'iv.of
I into:

Starch Insol ubl e
res i due Total

1. Grain without
outer pericarp and
tissue w'ith embryo

2. As for (1) but
without embryo

0.6i 0.74 (51.7) u.08

0.8i (50.6) 0.0e0.70

1.43

1.60

1.48

0.63

3. As for (1) but
sl iced ìongìtudinal ly 0.84

4. I ntact gra'in
fresh'ly cut at
the base to expose
the endosperm cavity

0.42

0. s8 (3e.2) 0.07

0. 1 6 (25. 4) 0.05

L.S.D 0. 11 0. 19 n. s. 0.22
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unsìiced grains. The embryo absorbed 102 yg (sucrose equiv.) of sucrose

in 24 h and converted about one fifth of this amount into insoluble
materi al .

In conclusion, the results in Table 3.6.4 con.firm the earljer
observations (Table 3.6.3) that depericarped grain without embryo gives

the best results over short-term grain culture and was used in the
subsequent experiments.

Sub st ra te resDonse and the effect of PEG 4000 inclusìon in the medium

Use of 50 ul of 107. sucrose solution was presumably suffìcient to
support grain growth for 10 to 24 h 'in the earlier experiments, but the
use of such a low vol'.¡me of solution for low concentrat'ions of sucrose

is ìikeìy to result in a deplet'ion of substrate for grain growth.

However, inqubation in a much greater volume of the solution was ìikely
to result in anaeroþìc condit,ions for the grain. To avoid these
probìems, grains in this experiment were cultured with 50 ul of
solutions of l4C-ru""or. or on 14C-rr""or" solut,jons osmoticalìy
adjusted to -0.82 MPa with the addition of PEG 4000 (detai'ls for the
preparation of the solutions are given in Section 2.7.2) as in the
earìier experiments, but were transferred to fresh solutions every 4 h

durÍng the first 12 h of culture and then allowed to stay in the same

solut'ions over the next 12 h of cu'lture. At the end of the culture
period the grains were washed to remove apparent free space sugars
(Section 2.9) and the amounts of 14C in the ethanol soluble fraction (in
t,he cells) and in the insoluble material were determined as described
earlier (Section 2.10.1 and 2.10.2). Data for the grains cultured on

solutions of sucroser and for the grains cultured on osmoticalìy
adjusted sucrose solutions ì¡/ere ana'lysed as a whole (Table 3.6.5) and

separate'ly for each type of culture medium (Fig. 3.6.3).
The total uptake of sucrose by the grains showed a curvilinear

response to concentration of sucrose in both types of solutions (Fig.
3.6.3). The amount of the label in insoluble material increased wjth an

increase in the external concentrat'ion of sucrose up to about 200 mMolal

and levelled off above this concentration. By contrast incorporation of
l4C int,o the soluble fraction in the cells (presumably sugars and amino

acids) increased almost linearly with increase in sucrose concentration
in the medium. Addition of PEG 4000 to adjust Y' the external solution
close to the values determined for endosperm cavity sap, overall had no
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Table 3,6.5

Effect of the addition o
osmotic potentìa1 to -0
i ncorporation 'into ethanol-
old grains. (Details in the

f PEG 4000 to sqçrose solutions (to adjust
.82 MPa) on 14C-src"ose uptake and 'its
insoluble material in 24 h culture by 20 days
legend to Fig. 3.6.3)

Sucrose
concn
(gl-1 water)
(mMolal in
parentheses )

with or
wi thout
PEG 4OOO

Incorporation of 14C-sucrgse

Img sucrose equìv. grain-l]into:
Soluble Insoluble
f racti on f ract'ion

(in cells)
Tota l

20
(5e.4)

wi thout
wi th
mean

wi thout
wi th
mean

wi thout
wi th
mean

wi thout
wi th
mean

wi thout
with
mean

0
(0)

0.007
0.006
0.007

0. 115
0.109

0.022
0.020
0.02'i

0.371
0.464
0.417

809
916
862

0.029
0.026
0.028

1.246
1.283
1.265

1.582
1.487
1 .534

0.112

0.
0.
0.

0
0
0

486
572
529

997
935
966

40
(120.2)

60
(182.7)

BO

(246.8)

0.222
0.228
0.225

.331

.455

.393

0.741

0.775
0.101

915

872
B2B

0
0
0

0
0
0

.773

.571

.612

0.
0.
0.

0
0
0

Concn
I nteracti on

Least SÍgnif icant Differences
0.053 0.085
0.075 n. s.

0;079
n. s.
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Fie.3.6.3

Uptake of radioactive sucrose from so]utions of 14C-rrcrose (a), or from solutions of 14C-.r..or" osmotically

adjusted to -0.82 MPa by addition of PEG 4000 (b) in 24 h by wheat grains (20 days after anthesis). Amount of
radioactivity in total ( O ), in ethanol soluble fraction (in cells) ( A ), and incorporated into insoluble

fraction ( f ). Each point is mean of 5 replicate grains. Details in text.
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effect on the tota'l uptake of sucrose, or its incorporation into the

insoluble fraction (Tabìe 3.6.5).

Measunement of l4c0
2 released b.y the cultured gra'ins

The amount of 14C02 released by the grains cultured on 14C-rucrose

was determined by absorbing C02 continuously onto a concertina of paper

saturated with KOH (KOH trap) over the grain culture period. The

descript'ion of the graìn culture assembly, the method of grain culture
(Met,hod II) and procedures for processing the samples to determine the

amount of radioactivity are given in Sections 2.8.2.2,2.9 and 2.10. The

amount of 30 g1-1 KOH solution (75 u1) used to soak the concertina of
paper was 7-B times more than the amount of KOH requ'ired to absorb the

amount of C02 expected to be released by the grain, and the assembly

contai ned about 3 t'imes the amount of oxygen requi red for the

respiration of the grain.

Effi cienc of KOH tra
Assuming that grain respiration was 207. of the rate of grain growth

at 20oC (approxìmate value - from l.Jardlaw et al. 1980 ; Vos 1981), the

amount of C02 expected to be released by 20 day old grain would be about

4.2 umoles in B h. To check the efficiency of the KOH trap¡ 100 ul of
freshly prpeared sodium 14C-Uicarbonate Istock purchased from Amersham

Australia Pty. Ltd ; specific act'ivity 56 mCi/mmole] solution
(containing 4.2 umoles of sodium bicarbonate) was added to each assembìy

and t,he lid closed immediateìy. Ten ul of acetic acid (1.745 umoles

ul-l) was 'injected through the I ìd of the assemb'ly into the sodium

bicarbonate solution, and the syringe needìe hole was sealed with a blob

of Blu-tack. The assemblies were shaken gentìy for 10 min, and then 10

ul of 0.1 N HCI was added to t,he solution through the hole in the lid
and the assembl ies heated at 70oC for 10 min. The radìoact'ivity
entrapped on the paper accounted for 93.47" of t,he radioactivity
orìgina'l1y present in sodium bicarbonate solution. Therefore, the values

obtained in the subsequent experiments were corrected for this
di screpancy.

Effect of shaking rate on 1

For maintaining a constant
partialìy submerged graìn, and

for effective absorption by the

evol uti on

supply of oxygen for respiration to the

also to enhance the diffision of tOrO,

KOH trap, shaking of the assemb'lies may
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Fie.3.6.4

Influence of shaking rate on the total uptake of sucrose (O), and

its incorporation into ethanol soluble (^) and insoluble (l) fractions
(a), and amount of radjoactive sucrose respìred (b) by the graìns.
Grains (20 days after anthesis) were cultured on osmoticaìly adjusted
(-0.82 MPa) sucrose solution Icontaining 30 gì-1 (89.5 mMola]) sucrose
p'lus 14C-ru."ore (34.1 uCr t-l sucrose)l for B h at 35oC. Each point is
the mean of 4 rep'licate grains.
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be important, and was tested by cuìturing the grains with 100 Ul of
30 g'¡-1 (89.5 mMolal) sucrose solution at 35oC for I h shaken at various

speeds (Fig, 3.6.4). Both the amount of 14C02 reìeased and the amount of
14C incorporated into the insoluble fract'ion was increased with increase
in the speed of oscillations and showed a broad optìmum around 200

oscillations (1.5 cm length) rin-l. By contrast, the amount of 14C in
the ethanol soluble fraction of the grain remained relatively constant
over all the shak'ing speeds tested. So a speed of 200 oscillations min-i
was used in further experimentat'ion.

As the gra'in culture in these experìments was carried out in a

laminar flow cabinet under presumab'ly steriìe conditions, it was

expected that the counts for the papers from the assembljes hav'ing

sucrose solution but without grain would be the same as for the papers

from the blank assembl ies (without, sucrose solution). However, the
papers from the assemblies containing sucrose (without grain) d'id absorb

some rad'ioactivity. The source of thi, 14C could have been the release
of 

'OrO, 
as a result of microbial activ'ity before m'iìlipore filtration

and/or a labelled volatile 'impurity generated by the addition of acid

and heating (Section 2.8.2.2.2). No microbes were found in sucrose

solutions at, the end of culture period tested by using a genera'l purpose

agar medium (Difco Laboratories, Detrfþþ, U.S.A. ). Also neither
degassing the sucrose solut,ion with N2 nor even autoclaving it d'id

affect the number of counts detected on the paper in the assemblies with
sucrose solution. So, for all the calculations the counts on the paper

from assemblies conta'in'ing sucrose solut'ion (without grain) u/ere

substrated as background counts from those assemblies with grain.

Time-course of 14c-rr."ose uptake und 14c0
2 evol ution

Total uptake of 14C-.rcrose by the grain increased almost linearly
over the I h period of cult,ure (Fig. 3.6.5a). Extrapolation of this
curve to zero time gives a value of 2.1 ul for the apparent free space

volume. The amount, of label present in the ethanol soluble fraction
increased ìinearìy over the first 6 h and dÍd not increase further
during the subsequent two hours of culture. The incorporation of label
into the ethanol insoluble fraction and the appearance of label in the
KOH soaked paper (14COZ respired by the grain) showed a lag phase of
about 1.5 h and increased linearly with time thereafter. After B h of
cuìture, about one-half of the total amount of label rvas in the
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Fi 3.6.5

Tìme-course of radioactive sucrose uptake (total ) ( C ) and its
incorporation into ethanoj soluble (A) and insoluble ( f ) fractions
(a), and amount of radioactive sucrose respired (b) by the grain. Grains
(20 days after anthesis) were cultured on osmotica'l'ly adjusted sucrose

soìution [-0.82 MPa, containing 30 g1-1 (89.5 mMolal) sucrose plus 14C-

sucrose 62.2 vCi g-1)] for various periods at 25oC. Each point is the
mean of 4 replicate grains. Details in the text.
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insoluble fraction and the amount of 14c-rucrose resp'ired by the grain

was on'ly 5.47" of the total.

Effect of lieht on14C0 2 released b.y the grain

The inner (chlorophyì'lous layer) pericarp of the gra'in has been

reported to be photosynthetically active (Section 1.9), therefore, it is
possìble that some of tOrO1- released by the gra'in during the culture was

refixed by this ìayer because no precaut'ion was taken to prevent l'ight
entering the assembly. Conceivabìy this could have nesulted in an under

estimate of the amount of radjoactive sucrose respired by the grain.

This possib'iìity was tested by culturing the graìrs by the routine

method but in comp'lete darkness. There was no difference 'in the amount

of radioactive sucrose respired by the grain ìn B h cultured on 30 gì-1

(89.5 mMolal)sucrose solution at 25oC by the routine procedure or in

compìete darkness (respectively, 8.7 and 9.2 ug radioact'ive sucrose,

L. S. D. 2.8).

Effect of temperature on 14c-.r."ose uptake and its incorooration into

starch
To study the effect of temperature on l4c-.rcrose uptake and its

partitioning into various fractions of the grain two experiments were

performed. In the first grains were cultured individually (as described

earlier) on l4C-rucrose [containing 30 or 50 gì-l (89.5 or 151.2 mMolal

respectively) of sucrose] at varìous temperatures between l5 and 35oC

for 8 h, and measurements were made on the amount of 14C in the apparent

free space, in the ethanol soluble fraction, in the 'insoluble fraction,
and on the amount of l4C respired by the grain (Table 3.6.6). The second

experiment was a repeat of the first, except that five grains jn a

sample were cultured by method III (Section 2.8.2.3) and the grains were

analysed for 14C present in starch rather than in total insoluble

material, and no measurements on amount of 1 c-srcrose respired by the

grain were made (Table 3.6.7). The results for the graìns cultured

individua'lly or as a sample of five grains were very similar, except

that t,he grains used for the latter experiment were heavier, absorbed

more sucrose and had more label in all the analysed fractions of the

grai n.

As expected, the amount of 14C washed from the apparent free space

of the grains were higher for the grains cultured at 50 gl-i sucrose



Effect of temperature on l4C-tu."ot" uptake and lts incorporation into various fractions_of 20 days old þ grails.
Grajns ne"" clltu"ed individuaìly (Method II - Section 2.8.2.2) on 100 uì 9f 30 g l-r (89.5-mMolal, sp. activitv
54.4 uCl g-1 sucrose) or 50 g l-1 (i5'1.2 mMolal, sp. actìvity 18.05 uCi g-l sucrose) sucrose solution (osmotically
adjusted to -0.82 MPa) for I h. Values are mean of l0 replìcate grains.

Table 3.6.6

Temp. of
i ncubatl on

(oc)

Sucrose concn in
culture medium
(gl-1 of water)

Dry weight
per grain

('e )

t5

20

25

30

35

15. 9
'17.0
'16.5

16.2
17.9
17.0

30
50

Mean

30
50
an

30
50

'r9.0
19.2
19.',l

17.0
17.8
17 .4

1.1
0.7
n. s.

40.2
73. 3

56.8

4

5
4

4.65
6.83
5.7 4

208. 1

3'13.8
261.0

17 .7
17.7
17.7

98.8
197.5
148.'l

104. Z

144.4
124.3

253.3
448.0
350. 7

Incorporation of [¡.rg sucrose equì v. graì n- I ìnto:
Apparent Sol ubl e I nsol ubl e
free space fraction fraction

(in cells)
C)Z Total

41.7
73.3
57. 5

62
68
65

5

7

6

00
64
32

2

3

3

30
05
67

0
1

3Me

30
50

Mean

30
50

41.9
80.3
61. i

11't.3
233. 1

172.2

131.0
109.',t
120.1

11.04
12.43
11.74

296.1
435.9
366. 0

135.6
260.6
'I 98. 1

'181 . 9
'151 . 3
166.6

21.87
23.13
?2.50

388.4
5 r5.9
452.2

122.0
187 .2
154.6

27.16
35.61
3',r.68

þ1ean

l'lean

q

6

6

,l

4
7

41
89
68

6'r
78
69

46
79

6

26
2

0
9(

0
7

r.o
N)

90
83
s.

374
564
469

304
455

Mean over temperatures
30
50

Temperature
Concn
I nteracti on

17 .2
17 .9

Least Sìgnif'lcant Difference

120.3
'r 32. I

15.12
19.01

5

0

6.7
4.3
9.5

121.5
223.5

34.4
n. s

6

2

1

n

13. 1

8.3
18. 6 48

30. 9
'19.6

43.7



Table 3.6.

Effect of temperature on 14C-srcrose uptake and lts incorpora
Five sralns were -cultured (Method III - Sectlon 2.8.2.3) on

=rc"o.õ) or 50 g'l-1 (151.2 mMo'lal, SP. actlvity 5.02 ucj s-
-0.82 MPa) for 8 h. Values öre mean of 5 repìlcate sampìes.

tlon 1n
30 eì-ï"

various fractlons of 20 days o'ld b graìns,
89.5 mMolal, sp. activity 9.04 uCi 8-l
sucrose solution (osmotfca'lly adjusted to

(
)1 sucrose

Temp. of
I ncubati on

(oc)

Sucrose Concn in
culture medium
(g'l-1 of water)

'lncorporated into:
Apparent Sol ubl e

free space fraction Starch
(in cells)

'ì 30. 7

204.7
167 .4

98. 1

116.2
107.1

'154. 7

241.6
'198. 

I

171.7
't84.4
1 78.0

47.0
47 .7
47 .7

20.6
20.5
20.6

15.0
16. 3

15.7

19?.8
285.8
239.3

131 .9
19?.8
162.3

59.
102.
81.

224.0
320.6
272.3

46.7
47.8
47.2

21.?
21.8
21.5

14. 3

15.2
14.7

73.8
122.9
98.3

218.9
331 .7
275.3

92.4
129.0
110.7

47 .9
48.3

14. 6
15.4

57. I
98.1

184.?
276.8

142.8
168.2

Fresh Dry Starch
weight welght

--- mg per grain ----

Amount of [¡rg sucrose equlv. grain-

15

20

25

30

35

30
50

Mean

45
47

6

0
J

9
0
0

1

ö
5

46

49
50
50

50
48
49

4
4
4

I
7

I

20
20
20

22
22
?2

2

0
6

5

3
9

9
6

8

6

7

1

9.9
8.6
9.3

21

21

21

2
3

2

2
3

21

?1
21

21

21

13.9
'i3.8
13.9

15. 3

16.0
15.6

14.7
15. 5

15. 1

49.
90.
69.

59.
88.
73.

46.
86.
66.

30
50

l'1ean

30
50

30
50

Mean

30
50

Mean

nl',lea

Mean over temperatures
30
50

Temperature
Concn

Least Slgnlflcant Dlfferences

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

J
(o(,

8,2
5.2

1.9
n.s.

14.9
a¿

36. I
¿5- J
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than for those cultured at 30 gl-1 sucnose at all temperatures of
incubation. The amounts in the apparent free space were fair'ly constant

between temperatures 15 and 25oC, but increased significantìy at

temperatures of 30 and 35oC (Fig. 3.6.7). The amount.of soluble 14C in

the cells increased linearly between temperatures l5 and 30oC and did

not increase by increasing temperature to 35oC. Incorporation of 14C-

sucrose 'i nto i nsol ubl e materi al (Tab'le 3. 6. 6) or starch (Tab'le 3. 6. 7)

increased with 'increase in temperature between 15-25oC, and was either
I ittle different at temperatures of 30 and 35oC (Table 3.6.6) or

increased up to 30oC, above whìch there was a substantìal reduction with
further increase in temperature to 35oC (Tabìe 3.6.7 and Fie, 3.6.7).
The amount of 14C-ru."or" resp'ired by the grain 'increased almost

linearly over the entire range of temperature and was always higher for
the grains cultured at 50 g1-1 sucrose than those cultured at 30 gl-1

sucrose (Fig. 3.6.6).

Di scussion

Although centrifugat'ion of the grains to collect sap from the

endosperm cavity is convenient and provides samples in sufficient
quantity for composìtional ana'lysis and osmotic potential
determinations, the interpretation of the data is difficult unless it is
certain that the sap is collected only from the endosperm cavity. Ho and

Gifford (1984) provide some evidence that this is the case but from the

results in Table 3.6.1, it is clear that precautìons must be taken to
ensure that sap collected by centrifugation is only from the endosperm

cavity. The concentration of sucrose (76 mM) in the sap, collected using

a compromise time for centrifugation in which sap'is most ìikely to come

from endosperm cavity, 'is very close to the values reported by Jenner

(1974a), somewhat higher t,han the values reported by Ho and Gifford
(1984), and lower than the values reported by Radley (1978). However,

these small differences could simply be due to d'ifferences in the
physiologicaì stage of the grains used for thÍs purpose by the various
research workers. Together the amounts of sucrose, gl ucose, and fructose
in the sap account only for 76.57. of total sugars which may suggest that
there were other sugars in the sap (most lÍkeìy oìigosaccharides - Ho

and Gifford 1984).

l,later potenti aì ( assumj ng zero turgor pressure for endosperm

cavity) of the sap (-1.1 MPa) is very close to values reported for the

intact grains by other workers (Barìow et al. 1980 ; Brooks et al.
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Fi s. 3.6.6

Effect of temperature on t-he amount of radioactive sucrose respired
by cultured wheat grains as in Table 3.6.6 ; mean of both
concentrati ons.

Fi s. 3.6.7

Effect of temperature on the partitioning of 14C-ru".ose into the
free space (I), starch (O) and ethanol soluble material in the cells
( A. ) of cultured wheat grains as in Tabìe 3.6.7 ; means of both the
concentrati ons.
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1982 ¡ Jenner 1982b) and to the values report,ed elsewhere in this

investigation (Tables 3.2.3 and 3.2.8 - Section 3.2) whìch may indicate

t,hat water potential of endosper¡n cavìty sap )n ¿ifu is reasonably c'lose

to that of the endosperm ceì1s. Despìte the large amount of sugars ìn

the sap, these sugars make only half the osnlolaìity of the sap and the

balance therefore must be due to inorganic or other organic const'ituents

of the sap. Somewhat similar values (0.5 to 0"7 osmolar or -1.22 to
-1.61 1r4Pa) have been reported by Smith (1973) for the endosperm liqu'id

of Pha¿eolu.s uulgatz-iz, and in hi s attempt to determ'ine the partia'l

contribution made by vanious inorganic and organic constituents of the

liqu'id to total osmolarity he was able to account for only 167" of total
osmolanity by K, Ca, Mg, P, and N+H4 ions, organic and amino acids, and

sugars, and concl uded that the balance must be due to prote'ins,

hormones, sugar alcohols and unknown ac'id components'

Estimations of intercellular free space volume by using 14C-pfe

4000 (Fie. 3.6.1) o" 14C-rr""o.e (Fie. 3.6.5a) gives a value of 2 ul or

7.57" of grain water content,. Th'is value is companabìe to values reported

by Ho and Gifford (1984) and lorver than the 1,1-127. figure est'imated

either by incubat'ing wheat grains in PEG 4000 solution for 24 h (Jenner

and Rathjen 1975) or from the amount of l4C-.u.to.e exodiffused 'in 90

min (Gifford and Bremner 1981a). As pointed out in the results section

the amount of 14C-pfe 4000 taken up by the gra'ins'in 24 h glves an over

estimate by about 302, therefore, if the values reported by Jenner and

Rathjen (1975) are corrected for this likeìy discrepancy, the values are

very close to the values reported here. Presumably, h'igher values

reported by G'ifford and Bremner (1981a) may have resulted from some

leakage of 14C from the cells.
For valid interpretations of the results obtained from )n uifi¿o

cultured gra'ins on solutions of sucrose it is important to demonstnate

that grains synthesìze insoluble material at the rate close to the

grai ns devel opi ng on the pì ant. l¡Ji th the except'ion of one experiment

(results not reported in here) where the incorporation of l4C-ru."or"

into insoluble material was unexpectedly variabìe, .in ui-t'zo cultured
grains in all other experiments accumulated insoluble material at a rate

comparabìe to grain growth )n uiuo. For examp'le, culture on 60 gl-1

(182.7 mMolal ) sucrose (Fle. 3.6.3a), the concentration of sugars

estimated to be in the apoplast of the grain (Table 3.6.2), has been

shown to be optimal for 14c-ru""or. 'incorporatìon into insol uble

material in halved ¿¡¿ ui-tno cultured grains (Gtfford and Bremner 1981a)
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or endosperm slices (Ri¡ven and Gifford 1983). Under these cond'itions

about 0.9 mg of radioactìve insoluble material (mostly starch) was

produced in 24 h. After tak'ing into consideration the additional amount

of non-radioactive material (about 0.2 mg) vrhich must have been

synthesised before the intracellular pooì of the grain was

radioisotopically equi'librated, t,he resulting va'lue of about 1,1 mg is
quite reasonable for the rate of grain growth on the p'lant. Similarly,
from the time course study where the gra'ins were cultured with 30 gl-1

(89.5 mMolal ) sucrose (Fig. 3.6.5a) between 1.5 and B h grains

synthesized 29.1 Ug radioactive material per h. As the specific
radìoactivity of sucrose in the cells took at least 6 h to reach

equil ibrium, the total amount of radioact'ive insoluble material

(rad'ioactive + non-radioactive) produced was probably double this value

which would give a rate of 1.4 mg grain-l day-1.

It has been reported earl'ier (Section 1.8) that movement of sucrose

from the apoplast of the grain into the cells of endosperm is either by

diffusion and/or metabolically facilitated diffus'ion. The concentratÍon

of sucrose in various parts of the grain (Tabìe 3.6.2) and results from

the grain culture experiments seem to support this view. Exposure of the

apoplast of the grain to concentrations up to 120 el-] (381 mMolal)

sucrose (Flg. 3.6.5a) resulted in an almost l'inear increase 'in the

amount of 14C 1.u."ose equivalents) ln the endosperm cells. Assuming

that water content of the cultured grains was 26.7 ul (from Table 3.6.2)

and dÍd not change durjng the culture period, the concentration of
carbon-14 in endosperm cells \¡/as only about one-fifth of the

corresponding sucrose concentration in the external medìum, suggesting

that movement of sucnose from apop'last into the endosperm celIs is
dependent on the gradient across p'lasma membrane, which impl ies a h'igh

resistance to this movement (Jenner 1974a).

Different processes relat,ed to the formation of dry matt,er seem to

respond different'ly to an increase in temperature during the gnain

culture period. Both uptake of 14C-rr."ose into the cells (Tables 3.6.6

and 3.6.7) and the amount of 14c-srcrose respired by the grain (Table

3.6.6 and Fig. 3.6.6) increased almost'linear'ly with 'increase in

temperature, whereas the amount of label incorporated into insoluble

material either did not increase in the grains cultured at temperatures

above 25oC (Tab'le 3.6.6) or the amount of starch synthesized by the

gra'in when cultured at 35oC (Table 3.6.7 and Fig. 3.6.7) was actuaìly
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depressed despite the increase in the availability of 14C-ru""ose in the

ceìls.
Starch in wheat is synthesi zed i nside the amylopl ast, the

functioning of which is poorly under"stood. However, from the

distribution of various enzymes involved in starch synthesis between the

amyìop'last and the cytosol from suspension cultures of soybean,

MacDonald and apRees (1983) have speculated that sucrose in the cell may

be converted to trjose phosphate before 'its passage through the

amy'loplast membranes which then may be convented to starch by the

concerted action of a number of enzymes inside the amyloplast (also see

Jenner 1976a). Apparent'ly then the depression ìn the production of
starch at elevated temperature could either be due to ìmpaÍrment of the

transport function of the amyloplast membrane(s) or due to a reduct'ion

in the activity of one or all enzymes involved ìn stanch biosynthesis.

The activity of the enzymes involved in starch synthesis has been

reported to be reduced in leaves of grapevine groln at 35/30oC (Hawker

1982) and in potatoes grown at 30oC (Mangat and Badenhujzen 1971).

Increase in rate of respiration of in uiLno cultured gra'ins with

ìncrease 'in temperature during 'incubation period (Tab'le 3.6.6 and Fig.

3.6.6,) is in agreement with the results reported by other workers for
the isolated intact grains (Sectìon 1.10). Frorn the linear part of the

curve in Fig. 3.6.5b, an est'imate of resp'iration for the cultured graìn

is 3.22 ue 14C ¡ru".ose equiv, ) per h, and taking 'into considerat'ion

that specific activity of the sucrose in the intracel'lu'lar pool takes

about 6 h, t,he rate of respiration for the cultured grains may be double

this value which would gìve a value of 154.6 ug sucrose grain-l duy-1.

This value is equiva'lent to about half the rate of resp'iration measured

in isolated intact graìns at 20oC (Evans and Rawson 1970; Chowdhury and

Wardlaw 197S). Moreover, Nutbeam and Duffus (1978) have shown that 02

uptake by isoìated grains at 30oC in the dark almost doubles when the

outer transparent pericarp is removed from the grafn, suggesting an

increase in the respiration of the grain. However, no information was

obtained in this st,udy on the effect of removal of the outer pericarp on

total respiration of the grain supplied ¿r¿ uilzo with 14C-ru."or.. Lower

consumption of radioactive sucrose for respiration by the cultured
grains could be due to the absence of the embryo and the crease tissue,
parts of the grain likely to be dependent rather heavily on resp'iration

for energy needs for their metabolic functions.
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4. GENERAL DISCUSSION

The wheat p'lant during its l'ife cycle passes through three main

developmentaì stages. In the first or the vegetative phase, leaf growth,

root growth and tillering predominate, and the environmental conditions
during th'is phase determine t,he number of tillers pen plant. During the

second phase, the reproductÍve period, which extends from floral
i nducti on and i niti ation of i nfl orescences to their anthesis and

fertilization, the environmental conditions during this phase determine

the rate and extent of floral d'ifferentiation, and hence the potentìa1

number of grains per pìant. But it, is the conditions during the third or
grain fi'lììng phase which determine the actual grain yield. Hìgh

t,emperatures durì ng earìy sp'i ke development accel erate sp'i keì et
differentiation, wh'ich may reduce the number of spikelet,s per ear

(Thorne et al. 1968), and high temperatures around anthes'is can promote

floret sterility and so reduce grain number. However, as the wheat plant
has an in-bui1t, capacity for yield compensation, some of the negative
effects on grain yieìd as a result of a reduction in grain number can be

compensated by increases in the remaìning gra'in weights. High

temperature during grain filling, when the other components of yield
have been fixed, usual'ly reduce average grain weight, and it was the

object'ive of this study to examine some of the factors which possibly
could reduce grain dry weight as a result of high temperature during
grain fillìng.

The main objectives of this 'investigatìon were to see: (a) whether

or not the rate of grain growth at high temperature is'limited by the

availabiìity of assimilate supp'ly on is it due to factors operating
within, or close to, the grain ; (b) what is the effect of hìgh

temperature on starch and protein accumulation in the grain ; (c) tfie
effects of temperature on the uptake of sucrose and its conversion'into
starch in grains cultured )n uiL+o.

Before discussìng the effects of temperature on grain growth, it
seems necessary t,o make a comment about the selection of the timing for
the imposition of heat treatments, Fertilization in the wheat ear takes
p'lace over several days, so any treatment which starts when only the

most advanced florets have been fertil ized may interfere with
fertilization in the later developing florets. It has been shown that
when the number of grains per ear is reduced the mean weìght jn the

rema'ining grains is increased (see D'iscussion in Section 3.1). Such an
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indirect effect of high temperature could present some problems of
interpretations in comparìng grain growt,h in ears developìng at
different temperatures, so it was necessary to allow an 'interval of a

few days between anthesis 'in the most advanced florets and the
imposition of high temperature treatment(s). Day 10 after anthesis as

the earliest time for the imposition of heat treatments was selected on

the fol 1ow'ing considerations.
(a) Anthesis 'in all florets 'in a sp'ike of cv. Sonora ìn the

present experiments was complete by 5-6 days after anthesis of the most

advanced fìorets, therefore, imposition of high temperature treatment(s)
after this time was presumed to have a little or not, effect on the total
number of grains per ear.

(b) The first appearance of starch granules in the endosperms from

the central b floret grains was observed between days 6-8 after anthesis
in these florets. Therefore, these grains were expected to accumulate

dry matter linearly thereafter.
(c) As grain growth bot,h during and after the impos.itjon of high

temperature was under investigation, it was therefore necessary to treat
the plants or the ears during eariy stages of grain growth so that
observations during later stages could be made.

l'lith the exception of two treatments (30/25 and 33/25oC) .in

experiment 1, where the number of grains was sìgnificantly reduced as a

result of warm'ing earsr the imposition of heat treatments in other
experintents either d'id not reduce graìn number or the reductions in
grain number were qu'ite small, so it was assumed that the comparisons in
grain between the control and warmed eans are not comp'licated by

indirect effects.
Final grain we'ight is a function of the rate and the duration of

grain growth, and both these components are infìuenced by increases in
temperature during grain filling, and will be discussed separately.

4.1 THE RATE 0F GRAIN GROI¡JTH

The rate of graìn growth is presumably determined by the supply of
assimilates and by the rate at which these low molecular weight
substrates (sucrose and amino acids) are converted to high moÌecular
weight storage products (starch and prote'in). PossÍbly the limitation to
the rate of grai n gr"owth at hi gh temperature may e'ither operate
through the processes related to the deljvery of the assimilate to the
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grain or through its effects on the processes governing the conversion
of ass'im'ilate to dry matt,er, or bot,h.

4.1.1 AVAILABILITY OF ASSltvllLATE FOR GRAIN GROWTH

Sucrose and amino acÍds are the main precursors for grain growth,

and the amount of these precursors within the grain at any time does not
exceed a dayts requirement for growth. Therefore, the grain is
continuously dependent for the supp'ly of these precursors from the other
parts of the pìant (for the sources - see Section 1.7). Under conditions
of normal grain growth there is an adequate supply of ass'imilate for
grain fÍlling (Jenner 1982a and references cited therein) and the rate
of grain growth 'is governed by the processes operating wit,hin or close
to the grain (Jenner and Rathjen 1972a, 1912b; Jenner 1974a, 1976b; Apeì

1976; Thornley et al., 1981). Increase in temperature above about 20oC

during grain filling has commonly been observed to reduce final grain
we'ight. As high temperature enhances senescence of photosynthetic
tissues and also enhances the loss of carbon by respiration, it has been

suggested (Sofield et al. 1974; Spiertz 1974; Fischer and Laing 1976)

that high temperature reduces final grain weight through reducing the
amount of assimflate available for grain growth. Critical evidence in
support of this supposition'is ìack'ing, however. The hypothes'is whether

or not the rate of grain growth at high temperature is ìimited by the
availabiìity of assimi'late supp'ly for grain growth was tested in the
present, experìments by warming the ears alone where the effects of
temperature on the other parts of the p'lant are like'ly to be m'inìmal,

and hence eliminating the possibiìity that temperature may have effected
grain growth ind'irectly through its effects on other parts of the p1ant.

From various experiments in this investigation it seems reasonable
to conclude that a reduction of, or no ìncrease in, the rate of gra.in
growth as a result of ear or whole plant warming during grain filling is
not lfkley to be due to a shortage in the supp'ly of assimiiate but is
more likely to be due to factors operating within the grain. This
conclusion ìs supported by many reports in the literature (fon wheat see

- Ford et al. 19761 tJardlaw et al. 1980; Donovan et al. l9B3; for rjce
see - Sato and Inaba w$3t tãr soybeans see - Eeli and wardlaw 1980),
and further evidence to support the above contention is cited as

fol I ows.
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4.1.1.1 REDUCTIONS IN GRAIN l^lEIGHTS IN VARIOUS FLORET POSITIONS WITHIN

A SPIKELET

Under conditions of limited supply i.e, shading and defoliation, it
has been shown (cf. Bremner 1972; Bremner and Rawson 1 978) that
proport'ionateìy greater reductions in grain weight are observed in

distal florets in comparison with proximal florets. It has also been

shown (Slngh and Jenner 1983) that the proportionate increase 'in grain

weight, in detached ears supplied with sucrose above the levels requ'ired

for normal growth, is relatively greater in distal florets than in
proximaì ones. Therefore, it would appear that grain weight 'in distal
floret,s is more responsive to changes in the supply of assìmilate than

proximaì ones, Then, if the effect of temperature on grain growth is
mediated through a shortage in the supply of assimilate, it would be

expected that proport,'ionate reductions in dry weight should be

relatively greater for the grains from d'istal than proximal florets. But

such was rareìy the case in the experiments reported in t,h'is

investigation. For example, in experiment 1,' reductions in grain dry

weight were ev'ident in al I f loret posit'ions (Table 3.1.2), and in al l
the parts of the ear (Fig. 3.1.3), approximately to the same extent.
Similar responses were also not'iced ìn experiments 7 (Tables 3.3.2 and

3.3.3), I (Tabìes 3.3.6 and 3.3.7), 1 1 (Tab'le 3.5.2), and 12 (Table

3.5.7) where it was found that proportionate reductions in grain dry

weight for florets a, b or c from the central parts of t,he ear were very

much the same as the reductions in the average grain weìghts per ear.

Some workers (lllardl aw et al . 1980) have shown that decreasi ng the

overall requirement for photosynthate, by removing one-th'ird of the
grains in an ear, had little effect on the temperature response of the
remaining grains. In other words the effect of temperature was not
greatly modified by an increase'in the supp'ly of assimilate. fHowever,

these reÈponses should be intenpreted with caution, as abnormal or

unusual responses 'in the grains remainìng after grain removal have been

reported (Radly 1978; Jenner 1980b), so these responses may not strictly
represent changes in the photosynthate alone]. Lastly, the proportionate
reductions in the rates of grain growth in the b and c graìns in
experiment 4, and also the relative increases (observed mainìy for the

ears cultured with 20 el-l of sucrose) in the rates of grain growth for
Þ and c grains in experiment I to warming were very much similar (Fig.

3.3.4). From the foregoing, it could be adduced that similar relative
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reduct,ions in grain weights in various floret positions seem to support

t,he possibility that the suppìy of assimilate may not be ìimiting for
grain growth at high temperature. And furthernrore it Ís evident that
whatever t,he mechanism by which high temperature reduces gra'in growth,

it, has a similar effect on all the grains within a spikelet, or grains

in the different parts of the ear.

4.1.1.2 AMOUNT OF SUCROSE IN THE GRAIN

Control of depos'ition of starch by ìntracellular level of sucrose

has been demonstrated in the developing wheat graìn (Jenner 1970; Jenner

and Rathjen 1978). The influx of sucrose into the grain is not d'irectìy
related to the supp'ly of sucrose to the ear and it has been proposed

that the transport of sucrose is restricted in the 'last stages of ìts
passage through the ear into the graìn (Jenner i976b). However, the

sucrose concentration in the grain is alterable and the various levels
that can be achieved with the method of culturing ears vary in parallel
with product'ion of starch (cf. Sìngh 1982). Sucrose is the main form of
sugar transported to the grain (Section 1.7). In testing whether or not

the rate of dry matter accumulation at high temperature was limited by

the supply of assimilate, the assumpt'ion made in t,his invest'igatÍon was

that the effect, of temperature on rate of grain growth must operate by

changing the levels of assimilate (sucrose) within the grain.
Effects of warmi ng ears on the absol ute amounts and the

concentrations of sucrose and other soluble sugars (excluding sucrose)

in the graìn and their relationship to the rate of dry mat,ter

accumulatjon have been considered elsewhere (Sectìons 3.2 and 3.3), so

on'ly the genera'l features of the response wi I I be di scussed here.

Warming the ears, in al'l experiments, resulted in a signìficant decrease

in bot,h the absolute amount and the concentration of sucrose in the
grain. However, this reduction in the concentration was temporary, and

soon after the warming treatments were finished, the sucrose

concentration in the gra'in from the warned ears was e'ither comparable to
(expts. 4,6,7), oF even higher than, the sucrose concentration 'in the
grains from the control ears (expt,. 8). The amount of sucrose in t,he

grain at a given time is presumably the balance between utilization and

supply, so these results would suggest that either the suppìy of sucrose

to the grain was reduced as a result, of warming the ears or the

utilization of sucrose was faster at high temperature. Out of the two
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aìternatives the latter is more 'likeìy and is supported by observations
in t,his investigation and by the reports in the literature. Movement of
l4C-assimilate from the flag 'leaf to the ean has been shown (Ford et gl.
1976; l,rJardlaw et al. 1980) to be enhanced by rais'ing the temperature of
the ears. This observation is supported by the results ìn experiment 6,

where warmìng the ears at either humidity had I it,tle effect on the

concentration of sucrose in the rachis, and the concentrat'ion of sucrose

in the bracts was increased significantìy as a resu'lt warming. Moreover,

the sucrose concentration in the gra'in during the period of ear warmìng

was reduced, in experiment B, even when the ears were cultured on

various levels of sucrose ìn the cultune medium where the sucrose supply
was presumably non-limiting. Furthen as the concentration of sucrose ìn
the grains from the warmed ears returned soon aften the warm'ing

treatments were over to levels as high, or even higher than, those in
t,he grains from the control ears, these observations might suggest that
it u/as the utilization of sucrose in the grain which was enhanced by

warming. Sirni lar observations have been reported by other workers
(Robertson et al. 1962:' Jenner 968). However, the enhanced utilization
was not accompan'ied by an increase in the rate of grain growth in most

of the experiments. It seems'l'ikely that this is due to an increase in
the respÍration rate of the grain at high temperature which has been

reported by many other workers (Section 1.10), and was also observed for
the grains cultured in úlno (Fig. 3.6.6).

Sucrose concentration in the grains from ears cultured at various
levels of sucrose increased wìth an increase in sucrose level in the

external medium, and the'internal concentrations in the warmed ears were

comparabìe wit,h those observed in the grains from control ears cultured
at the same levels of sucrose. Despite the comparabìe sucrose

concentrations in t,he gra'ins from control and warmed ears, the rate of
grain growth responded differentìy in the two types of ears to variation
in sucrose levels in the external medium. The rate in the control ears

increased almost ìinear'ly with increase in sucrose levels in the medium

(or ìn the grain) but ther:e were no significant differences in the rates
of growth of the grains growing in the warmed ears cultured at any level
of sucrose. These observations strongìy support the view that slower
gra'in growt,h in the warmed ears is not likely to be due to a shortage in
the supply of sucrose. An alternative explanation comes from experiment
9, where isolated endosperms from the control and warmed ears (at high

or low humidity) were cultured on solution of 14c-rrcrose. Aìthough t,he



205

three types of endosperms had the same amount of solublu-l4C in the

cells, endosperms from the warmed ears synthesized less radioact'ive
starch than the endosperms from the control ears. This suggests that the

process of sucrose uptake by the endosperm cells and t,he processes

involved in the convers'ion of sucrose to starch have dìfferent
susceptibiIities to high temperature. Observat'ions from the experiments

where isolated endosperms were cultured on 14C-rr..or" at various

temperatures between 15 to 35oC support this conclusion. It is clear
f rom Fig, 3.6,7 t,hat, uptake of 14C-rr..ose i nto the cel I s 'increased

almost linearly with increase in temperature up to 35oC, whereas sucrose

to starch conversion displayed a broad optìmum around 25oC and v/as

significantly inhibited at a temperature of 35oC. These observat,'ions

would further support the idea that, high temperature seems to have a

direct deleterious effect on the physiologica'l and/or biochemical

processes producì ng starch.

4.1.2 EFFECT OF TEMPERATURE ON GRAIN SIZE AND WATER RELATIONS OF THE

GRAiN

The capacity of the grain to accommodate dry matter is prìmarÍly
determined during the early stages of grain growth, and'is a functjon of
the number of cel'ls per endosperm and the volume of each cell (Section
'|,.6.2). Although no measurements on endosperm cell numbers were made in
this study, effects on thìs attribute appean to be unlikely. Firstly, in
all experiments, ear or whole plant warming treatments were not canried
out until day 10 after anthesis (or thereafter) by which time a

substantial proportìon of endosperm cell number has already been

determined (about 707. of totaj cell number - see Fig. 1 in Singh and

Jenner 1982b), So elevation in temperature after th'is stage is not

like'ly to have a large effect on endosperm cell number. Secondly, it has

been shown in many reports that aìthough an increase in temperature

during the early part of the cell division phase (Wardlaw 1970; Sìngh

1982), oF throughout the cell division phase (Hoshikawa 1962; Radìey

1976) accelerated the rate of cell division there was no effect on the

total number of cells produced.

hlarming significantìy reduced the water content of the graìns. But

this reduction'in water content of the grain did not appear to be sìmply
explained by a change in the water - or osmotic potentiaì of the grain
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(expts. 5,6). As the changes in water cont,ent of the grain closeìy
paraìlel the changes in the volume of the grain (Radìey 1976), and

aisuming that there was no reduction in endosperm cell number, then it
was the ceìl volume which was reduced in the present experiment,s. May

and Buttrose (1959) found a s'ignificant correlation between endosperm

volume and total starch granule volume but it is debatable whether the

former controls the latter or v'ice versa. If the former is the casef it
is possible that a reduction in the volume of the endosperm could'impose

a physicaì constraint on the grain for the accumulation of dry matter.
Radìey (1976) has reported t,hat raisìng temperature of the ear from 15

to 25oC signìficantly reduced water content of the grains (also see Ford

et al. 1976). From these and microscopic observat'ions on the aleurone
'layer of the endosperm, she suggested that an increase 'in temperature

during the early stages of graìn growth accelerated the differentiation
of the endosperm tissues, hence not alìowing enough time for cell
expansion to take place, thereby reducing the cell volume and the

capacity of grains to accumu'late dry matter. In the present study, in
the experiments where water content of the grain was still increasing at
the time of imposition of high temperature treatments (10 days after
anthesis), it'is possible that a part of the reduction in water content
of the grain was due to accelerated development of the grain and hence

reducing the time for celì expansion. However, this response was

apparentìy reversible, at least in some experiments (Section 3.2), and

reductions in water content were observed even when the heat treatments
were employed after the water content in the grains had reached a

pìateau. Such a response cannot simp'ly be expìained on the basis of
acceleration in the development of the grain because in t,hese cases a

small amount of water is actualìy ìost from the gra'in as a result of
high temperature. Although the mechanism by which water is lost from the
grain is enigmatic (see Discussion in Section 3.4 for details) it is
obvious that the cell expansion phase in wheat grain is dynamic to a

certain extent and is hìgh1y sensitìve to temperature conditions.

4.2 EFFECTS OF TEMPERATURE ON THE DURATION OF GRAiN GROI¡JTH

Although l,lelbank et al. (1968) have report,ed that, there is a marked

decrease ìn the duration of grain growth in wheat crops in the field
wit,h an increase in light intensity, these observations are not
supported by many other reports in the literature. For example, Sofield
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et al. (1974) and Spiertz (1977), in their controlled environment

studies have shown that a 2-3 fold decrease in light intensity had not

effect on the duration of grain growth. Therefore, it is possible that
the effect of light'intensìty shown by tlelbank and co-workers may be due

to covariation of temperature and light intensity. Moreover, it is clear
from the information presented in Table 4.1 that despite differences in
environmental conditions empìoyed, and differences in the physio'log'ica'l

stages used for calculatìng the duration of gra'in growth by various
workers, the reductions in the duration of grain growth for a loC

increase in temperature (rveìghted mean) throughout grain growth were

fairìy constant. 0n average for a un'it increase in t,emperature there was

a reduction of about 3 days in the duration, which would suggest that
temperature duri ng the graì n fi I I i ng phase i s an important factor
determ'in'ing the durat'ion of grain growth.

In al I 'bhe experiments reported in this investigation high

temperature accelerated the development of the grain and hence curtailed
the duration of grain growth. As 'increase in tempenature of the air
results in a concomitant reduction in relative hum'idity in the air it is
possible that hum'idity, in addition to t,he effects of temperature, may

have influenced the development of the grain. Conclusive evidence to
discard this possibility Ís not available from the experiments presented

here. But a tentative concl usion which can be drawn from the

observations in experìment 6 is that the effect of temperature on the

development of the gra'in seems to be Índependent of the humidity of the

warm air (also see Discussion to Section 3.?). Ford et al. (1976) in
their ear warming experìments have reported that altering the humìdìty

by 4.7 mb at a constant temperature had no effect, on the ear growth or

senescence. A more ìmportant question, however, is whether temperature

affected grai n devel opment through its effects on the processes

operating within, or close to the graìn, or indirect'ly through its
effects on the processes operat'ing in other parts of the plant. As grain
development was enhanced regardless whether ears alone or whole plants
were warmed, it would appear that temperature 'influences grain
development through the proceses operating within the grain and/or in
the other parts of the ear rather than through its effects on other
parts of the pìant.

Aìthough the frequency of t,he sampìing during gnain growth 'in most

of the experiments does not permit precise evaluation of the effect of
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Tab'le 4. l

Reduction in the duration of graìn growth with increase in temperature

during gra'in filling phase in wheat.

l+
Grain growth

per i od

Change in
du rat i on

(days C-l increase

in temperature)

Temperature range

and experimental

cond i ti ons

Source

*r*
Linean period of
graìn growth

7 days after
anthesis to
maturi ty

Linear period of
graìn fiìì'ing

Anthesis to
maximum grain

we'ight

Heading to ripe

Flowering to
phys i ol og i cal

maturity

3.1

-2.9

-2.4

-3.6

-4.6

14.9-20.7,
Field

12-22,

Phytotron

ti*
11.7-26.7,

Phytotron

lÊ*
i 0-25,

Phytotron

*åf-F
12-20,

Field

*+ç
15.8-27.7,

Field

Galìagher et al.
(1976), Table 1

Bagga and Rawson

(1977), p. BB4

& Fie. 2

Sofield et al.
(1977a), Fis.7,
Expts. I & II

Spjertz (1977) ,

p.196

Konturrj (1979),

Fie. 10

l^li egand and

Cuel ler (1 981 ),
Fie.1&Table2

-3.1

åe

tst+

*++

Calculated by linear regression over the temperature range

l'leight,ed mean temperatune

Approximate values
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temperature on the duration of grain growth, it is possible to caìculate
the effect of temperature on the development of the grain by assuming

that the number of degree-days requ'ired for the comp'letion of grain
growth is the same for t,he graìns in the control as well as warmed ears

(or plants). The calculated reductions in durations for some of the

experiments in this study are given in the following tabuìation:

Experiment

number

Temperature

differentiaì
day/night

(oc)

Duration of
warmi ng

(between days

after days)

Accumulated

ternperature

i ncrease

above ambient

in degree-days

Cal cul ated

reduction
in duration
(days)

4

5

6

7

8

9

11

12

33/35

3012s

33125

30/25

30lzs
3312s

33125

27 122

r0-16

l0-17
1r2r
10-17

t0-17
10-16

1G-20

r0-30

64.5

63.0

64.5

63.0

63.0

64.5

107.5

1 20.0

4.8
4.7

4-8

4.7

4.7
4-8

8.1

9.0

The calculated values for reduction 'in duration are consistent with
direct observations. For example, in experiments 11 (Fig. 3.5,1) and 12

(Fig. 3.5.6) gra'ins in the warmed pìants ceased to accumulate tot,a'l dry
matter, in al'l cultivars, between 5-10 days earìier than those in the
control p'lants. These calculated reductions in the duration in grain
growth are a'lso reasonably close to values estimated for the
acceleration of grain development in the warmed ears based on criteria
other than dry matter accumulation. For example, in expenìment 4, gra'ins

in the warmed ears matured at least, by 4-5 days earlier t,han the grain
in the control ears (from ch'lorophyll measurement,s in the pericarp
Fig. 3.2.2). However, there are two important points which need careful
consideration. Firstly, aìthough thermal time (number of degree-days)

required for the maturation of grain between the temperature range of
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15-25oC seems to be constant (Bagga and Rawson 1977; Davidson and

Campbell 1983), there are many reports (Ga'llagher et al. 1976; Sofield
et al. 1977ai Spiertz 1977) whene the number of degree-days required for
the graÍn to reach maturity decreases almost linearly wìth increase ìn

temperature. So, the assumpt'ion made earlier for calculating the

reductions may not necessari'ly be true. Secondìy, an increase in
temperature during grain filling does not have the same effect on the

durations of starch and protein accumulation, so apparent earlier
termination of total dry matter accumulation in the warmed p'lants is
mostly due to a dominant effect of temperature in reducing t,he

accumulation only of starch.

4.3 EFFECT OF RELATIVE HUMIDITY ON GRAIN l.lEIGHT RESPONSE

It is well known that atmospheric humidity strongly influences
transpiration and hence the water-use effjciency of the crop plants, and

it may also affect the economic yield of the crops. 0'Leary and Knecht

(1971) found that high re'latjve humidity (95-1002) reduced transpiration
and increased water-use efficìency in bean plants compared to plants
kept at lower humidities (35-407" and 70-757.). They a'lso reported that
the bean yield in low humidity (35-402) was onìy 602 of that at t,he

intermediate humidity, and there were no reductions either in growth or
yield by cont'inuous relative humidities near saturation. Hoffman (1973)

in 9 crop species has shown that increasing reìative humidity from about,

407" to 907" increased yield (marketabìe product) in all the crops. The

effects of relative humidity on grain yieìd in wheat are contradictory,
and the reports recording the effects of relative humidÍty on the rate
of grain growth and development are rare. Hoffman (1973) observed a 212

increase in grain yield with increase of humidity from 41 to 907,.

Campbell et al. (1969), however, found no appreciable influence of
raising the relative humidity from 60 to BA7" on grain or straw
production. In the present study (expts, 5,6 and 9), warming the ears at
high humidity reduced total ear grain weight and individuaì graìn weight

to a smaller extent than warming the ears atìow humidity, and at least
in two (expts. 5 and 6) of the three experiments high humidity, compared

to low, seems to have had a smaller effect on the rates of grain growth.

How humfdity influences the rate of graìn growth is not clear from the
observations in this investigation. High humidity effects at high
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temerature do not seem to be mediated through changes in the water

relations of the grain or the bracts, or through the amounts of sugars

in the gra'in (also see the Discussion to Section 3.2). Ev'idently, the

reduction in the amount of water in t,he grain was relat'ive'ly smaller in
the grains from the ears warmed at high hum'idity in comparison to t,he

ears warmed at low humidity (Fig, 3.2.4a), which may explain the above

resPonse.

4 4 EFFECT OF HIGH TEMPERATURE ON STARCH GRANUI-E NUMBER AND SIZE

lrlarming the plants during the earìy part of linear grain growth

significantly reduced the number of starch granuìes, an effect whjch was

evident onìy at the later stages of grain growth. The reduction in
granu'le number was confined to B-type granules and high temperature

virtually had no effect on the number of A-type granules. A-type
granules are initiated during early stages of grain growth and continue
to grow well after the time of their initiation (Section 1.4.2.1.2).
Thus although high temperature treatments reduced starch synthes'is late
in grain development and did not affect t,he number of A-type granules,

it mÍght well have affected the'ir growth (see Discussion in Sect,ion

3.5). The observations made in this study support, the observations made

by other workers (Hoshikawa i962; Moss 1963) that, A-type granuìes in the
grain from the plants grovrn at high temperature appeared smaller than in
the control plants. The effect of high temperature on the number of
B-type starch granules closely resembles the effects of mineral
deficiency (Buttrose 1958), shading (Brocklehurst et al. 1978), and

water stress (Brock'lehurst et al. 1978; Brooks et al. 19Bz). Since the
number of A-type st,arch granules under various stress conditions remains

relative'ly unaffected while it is the number of B-type granules whìch is
affected, Buttrose (1960) has suggested that the number of A-type
granuìes is genetìcaìly fixed whereas the number of B-type is dependent

on the prevaiìing environmental conditions during grain growth. A'lthough

work by Gleadow and co-workers (1982) have shown that there are

differences in the number of A-type granu'les among the cultìvars having

different grain weight at maturity, critical evidence to support
Buttrosers claim is ìacking. No inference in this regard can be drawn

from t,he present work, as no significant differences in the number of A-

type granul es among the cul ti vars were found. Al ternat.ive'ly, the
relative stabil ity in the number of A-type granuìes to adverse
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environmental conditions reported by vanious workers could simpìy be due

to the fact that the number of these granuìes is determined very early
ln graints development, and env'ironmental st,ress in these reports did not

deveìop early enough or was not severe enough to reduce the number of
A-type granules.

4.5 INDEPENDENT REGULATION OF STARCH AND PROTTIN ACCUMI.JLATION IN THE

GRAIN

It is well known that the final concentration of nitrogen 'in the
grain is generalìy h'igher at high temperature (Sofield et al. 1977b),

and exampìes of nitrc3en concentration increasing under unfavourable

conditions of grain growth are quite common (see introduction to Section

3.5). There are several reports in the literature where a significant,
ìncrease in nitrogen in the grain occurred without significantìy
affecting grain weight (Konovalov 1966; Jenner 1979, 1980; Radley and

Thorne 1981; Thorne 1981). In the present study, it was evident that
warming the ears (expts. 7 and B) or whole p'lants (expts. 11 and 12)

durìng the grain filìing period significantìy reduced total grain dry
weìght but had no effect on protein content of the grain. The above

reports and these observations support the hypothesis that the processes

regulatìng the accumulation of starch and prot,ein in the graìn are

independent, of each other (also see Barlow et al. 1983).

Concerning the causes of this differential response of starch and

protein accumulation, it is relevant to recall that, Ín experiment 11,

the rate of protein deposition in all the cultivars was accelerated
relative'ly more than was total dny matter accumulation (Tab'le 3.5.1),
and in experiment 12 in cvv. Sonora and Wt¡ll5 the total dry matter
accumulation rate during the Iinear phase of gra'in growth was not
a'ltered by a change in the temperature, whjlst the rate of prote'in

deposition was strongìy enhanced (Table 3.5.6). Furthermore, it can also
be derived from the data of Sofield et al. (1974 their Fig. 1) that the
accelerating effect of elevated temperature on nitrogen (protein)
accumulation was maintained up to higher temperature than the

temperature acceleration of total dry matter accumulation rate. From

this report and the results in this investigation, it could be inferred
that protein deposit'ion might show a higher temperature optimum than

starch accumulation, and that the high temperature response in the rate
of total dry matter accumulation is due mainly to the lower optimum for
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starch. One other important observation from the experiments in Section

3.5 is the effect of high temperature on starch and protein accumulation

during the post-temperature treatment period. High temperature

treatment,, in experiment 1.l, had no effect on the ¡ate of protein
deposition whereas the rate of non-protein dry rnat,ter (mostly starch)
was apparently reduced. Similar response was observed in cvv. RC-81-429

and Kite in experimenL 12, but in cvv. Sonora and l,J[.Jl5 t,he temperature

acceleration of protein depos'ition rate and a reduction jn the duration
were counterbalanced because the final grain protein did not differ
between temperature treatments. Hovlever, cases where there is no such a

counterbalance have been reported in the literature. For instance in
experiments of Soflrc]d et al. (i977b) final nitrogen content in the
grai n was conside7,.blV I ower at hi gh temperatures. However, the

experiments reported here differ from those reported by Sofield and

co-workers in that here h'igh temperature treatments \¡/ere imposed only
during a part of the grain filling whereas in their experiments high

temperatures were maintained from a few days after anthesis until
maturi ty.

Starch and protein accumulation in the wheat graìn differs 'in at
least two 'important respects.
'1. The influx of sucrose into the grain is restricted during the final
stages of Íts passage from the ear into the grain (Jenner 1976b),

whereas parai'le'l studies on the transport of amino acids have not shown

such restrictions to the inflow of amino acids into the grain. For

example, Barlow et al. (1983) have shown that by cu'lturing detached ears

of wheat at various levels of L-glutam'ine, it is possible to achieve

higher levels of both soluble nìtrogen (amino acids) and protein in the
grain above the levels normalìy observed in the grains from the intact
p'lant, suggesting that protein synthesis under cond'itions of normal

grain growth is subst,rate limited.
2, Starch and protein accumulation, within a cell, are spatÍalìy
separated. Starch accumuiates inside the amyloplast,, for which the
passage of the sucrose (or derivatives) through a double membrane would

seem to be a pre-requisite before its conversion into starch. Protein
synthesis, on t,he other hand, occurs on t,he rough endoplasmic reticulum
for which no such additional transport step for amino acids is required.
Alternat,iveìy, the synthesis of starch takes place inside the enveìope,

the functional integrìty of which would appear to be important, whereas

the enclosure of protein in a membrane is a post-synthesis process
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(Bechte'l et al. 1982t Campbell et al. 1981) and also the storage of
protein seems to involve less anatomical organìsat,'ion than starch.

To expìain the ìncrease in t,he rate of protein synthesis during the
period of hieh temperature, it is possible that high temperature

increased the avaìlabjlity of amino acids (by enhancing the senescence

of leaves) and also raised the rate of conversion'into protein. Why the

duration of proteÍn accumulation was relatively less affected as a

result of warming needs another kind of explanation.
Chloroplasts and amyìop'lasts are homologous in their function in

many ways ; are interconvertible (in some spec'ies, under certajn
circumstances), and have a common orìgìn as proplastids (see Whatley

1978 for details). Moreover, recently Scott el g_'l . (198a) bV using
restriction-enzyme dìgestion and renaturation kinetics techniques have

shown that the DNA of potat,o-tuber amylopiasts and of potato-leaf
chìorop'last,s 'is essential ly the same which would further support
Whatleyrs suggestions. As aiready reported in Section 1.10, the
ch'loropìast membrane is the most sensitive to high temperature, the
mitochondrion less sor and the p'lasma membrane the least sens'itive. If
the situation for the amy'loplast membranes is similar to that of the
chloroplast membranes, then one possible exp'lanation for the
differential response of starch and proteín accumulation in the grain
during the post-treatment perìod couìd be that the membrane system of
amy'lopìast and the membrane(s) involved in the synthesis and storage of
protein have different suscept'ibilities to hìgh temperature.

4.6 CONCLUSIONS

1. Both the rate and the duration of grain growth ane affected by

elevatjon jn temperature during the grain fi'lìing phase, and

temperature influences these attributes most, likely due to its
dÍrect effects on processes operating within, or close to the
grai n.

2. Final gnain weight is reduced as a result of warmÍng for a brief
period durìng grain fiì'ling because there is no compensatory

increase in the rate of graÍn growth at high temperature to balance

the reduction in the duration of grain growth.

3. Reduction in final grain weight at hjgh temperature seems not to be

mediated either through its effects on the water relations of the
grain or the other pants of the ear, or through the effect of
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temperature on the availabil'ity of asslmi(ft,es for grain growth. It
is more likeìy due the effects of temperature on the processes

governing the capacity of the grain to accommodate dry matter and

poss'i bly through more di rect effects of temperature on the

processes related to the conversion of sucrose into starch.
The ma'in constituents of mature grain weight, starch and prote'in,

respond di fferently to i ncreases i n temperature durì ng gra'i n

fi1ling.
Different processes operat'ing 'in the grain seem to have different
temperature optima. For examp'le, the uptake of sucrose by the

endosperm cel I s and respi ration have higher optima than the
processes related to the conversion of sucrose into starch.
High temperatut e duri ng the gnai n f i I ì'ing phase not on'ly reduces

grain yieìd, but also affects the composition of the grain which

determines the quality of the flour.

6.
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