
HIGH TEMPERATURE LIMITATION FOR 

ENZYMATIC SUGAR CONVERSION 

IN WHEAT KERNELS 

8\:j 

NIELS OLSEN MANESS 
/I 

Bachelor of Science 
Texas A&M University 

College Station, Texas 
1980 

Master of Science 
Texas A&M Universit\d 

College Station, Texas 
1983 

Submitted to the Facult\d of the 
Graduate College of the 

Oklahoma State University 
in partial fulfillment of 

the requirements for 
the Degree of 

DOCTOR OF PHILOSOPHY 
December, 1987 



Tht?s~s 
\ ~ '!'7t:> 
IV\ J.1~h 
Co~.~ 



HIGH TEMPERATURE LIMITATION FOR 

ENZYMATIC SUGAR CONVERSION 

IN WHEAT KERNELS 

Thesis Approved: 

~h~· 
--~~ is~vise:_ -

---------~~~~~~-~------------

--~-~---
_____ Ll~n_8~-------

Dean of the Graduate College 

ii 

1a01'70Jl7 



PREFACE 

The high temperature restriction for starch biosyn

thesis from sucrose in wheat kernels identified in the 

following chapters is probably regulated within the ker

nel itself. The exact nature of the synthetic restric

tion for kernel growth imposed by high temperature was 

not identified. Further work is needed to identify the 

rate limiting enzyme or group of enzymes in the starch 

biosynthetic pathway. The mechanism regulating a syn

thetic restriction could then be identified and possibly 

utilized for screening the kernel starch synthetic effi

ciency of cultivars. Some degree of high temperature 

tolerance is known to exist in selected wheat cultivars. 

Selection for starch synthetic efficiency in kernels 

could provide a novel strategy for wheat yield improve

ment or yield stability in environments where wheat yield 

is limited by high temperature. 

Sincere appreciation is extended to members of my 

graduate advisory committee for their guidance and 

assistance during the course of this work. Dr. Richard 

Johnson, as thesis adviser, provided patient under

standing and guidance over the course of the studies. 

His confidence in myself to direct the research reported 

in this thesis was invaluable. Dr. Eugene Krenzer 
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se~ved as soils ~epresentative of the committee. Dr. 

Eddie Basler se~ved as majo~ adviser fo~ a time and 

offered many helpful suggestions during the studies. 0~. 

Ea~l Mitchell advised me on biochemical aspects of the 

study and se~ved as a departmental ~ep~esentative outside 

the Agronomy Department. 

The wit and technical assistance of Ms. Linda B~own, 

Mr. Dave Ferris, Ms. Hi~ut Kebede, D~. Jim Heitholt and 

Mr. Glen CLefty) Ha~tman is deeply appreciated. App~e

ciation is also extended to D~. Ron McNew for statistical 

guidance. 

I would especially like to express my appreciation 

to my wife, Nancy, fo~ assisting during her offhours with 

lab work, for typing and correcting this thesis and for 

taking time between these chores to have our first child, 

George. Her understanding and encouragement is forever 

appreciated. Also, the timeless and undying devotion of 
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ABSTRACT 

The high temperature restriction for enz~matic con

version of sucrose to starch was characterized in wheat 

CI£i~i~~m ~~~~i~~m L. cv TAM W-101) kernels. Tempera

ture treatments of 23 C and 35 C were imposed on iso

lated intact wheat spikes from anthesis to maturit~. 

The activity of four enz~mes required for conversion of 

sucrose to starch was monitored at five day intervals 

from 10 d to 25 d after anthesis. Sucrose, glucose, 

fructose and starch contents of kernels were also deter

mined at these growth stages and at maturit~. Kernel 

fresh and dr~ weight was significantl~ increased by high 

temperatures 10 d after anthesis. At this growth stage, 

endosperm synthetic capacity, as determined by measuring 

the activity of UDP sucrose synthase, UDP and ADP glu

cose pyrophosphorylase, was not inhibited in heated 

kernels. Later in kernel development, however, the rate 

of kernel filling and of starch accumulation was signi

ficantly depressed in kernels growing at high tempera

tures. The activity of UDP sucrose synthase and both 

pyrophosphorylase enzymes declined linearly from 15 d to 

25 d after anthesis. Their rate of decline at 35 C was 

significantly greater than at 23 C. Our data indicates 
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that the ability to provide metabolites required for 

starch synthesis in wheat endosperm is restricted by 

high temperature, limiting the ability of endosperm 

cells to provide metabolites required for starch synthe

sis and leading to a lower mature kernel dry weight. 

Since temperature treatments were isolated on spikes 

only, the decreased synthetic for starch accumulation 

due to high temperature at 15 to 25 d after anthesis 

appeared to be regulated within the kernel or spike 

itself. 
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INTRODUCTION 

Starch accumulation in wheat endosperm is limited by 

temperatures exceeding 25 C to 30 C C19). Studies uti

lizing solution cultured spikes of wheat C2) and in ~itrQ 

investigations of kernel development in maize Cl2) pro

vide evidence that synthetic processes of the caryopsis 

are restricted more than sucrose supply during high 

temperature exposure. It is therefore becoming in-

creasingly evident that sucrose utilization rather than 

sucrose supply plays an important role, perhaps even a 

dominant role, in regulating starch accumulation when 

kernels are exposed to temperatures which restrict their 

growth. 

Sucrose enters wheat endosperm cells from the endo

sperm apoplast by the process of facilitated diffusion 

involving saturable carriers CS). A decreasing sucrose 

gradient from the endosperm apoplast and across the 

plasmalemma of endosperm cells is maintained by sucrose 

cleavage in the cytoplasm of the cell C7). Two enzymes 

are responsible for sucrose cleavage during kernel de

velopment in wheat. UDP sucrose synthase is apparently 

responsible for sucrose cleavage inside endosperm cells, 

while invertase activity is largely restricted to the 
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outer pericarp of the kernel (5). Invertase appears to 

be responsible for sucrose cleavage in pericarp tissues 

at all stages of development and may mediate starch 

synthesis in these tissues prior to cellularization of 

the endosperm C5,1~). 

The cellular compartment for starch biosynthesis in 

reserve tissues appears to be the amyloplast. MacDonald 

and Rees C15) compiled the location of enzymes necessary 

for the conversion of sucrose to starch in soybean sus-

pension cultures. They provided evidence that the con-

version of sucrose to starch in reserve cells involves 

cleavage of sucrose and conversion to triose phosphates 

in the cytoplasm, transfer of triose phosphates into the 

amyloplast and synthesis of starch from triose phos-

phates inside of the amyloplast. Starch synthase and 
3 

ADPG pyrophosphorylase were confined solely to the 

amyloplast while invertase, UDP sucrose synthase and 

UDPG pyrophosphorylase were absent from amyloplasts and 

probably confined to the cytoplasm. There is evidence 

that the carbon form entering wheat endosperm amylo-

plasts is also triose phosphate C13). 

The high temperature limitation for kernel growth in 

wheat following anthesis resides in part, within the 

kernel itself C20). Production of the enzymes necessary 

for conversion of sucrose to starch is regulated inside 

the endosperm tissue C16). The enzymatic conversion of 
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sucrose to starch in kernels, therefore, must be con

trolled within the kernel itself, while the quantit~ of 

sucrose translocated to the grain is presumabl~ a 

function of photos~nthetic and translocator~ tissues. 

Interactions between the processes of photos~nthesis, 

translocation and assimilate utilization for starch s~n

thesis make it difficult to identif~ and characterize 

environmental limitations for starch s~nthesis resident 

solel~ within the kernel. Spike isolation b~ thermall~ 

isolating spikes from other plant parts C8) and b~ solu

tion culturing spikes removed from the plant C18) have 

provided important tools to minimize these interactions. 

Little is known about which s~nthetic process limits 

starch bios~nthesis in wheat kernels during high tempera

ture exposure. Heat inactivation of starch synthase has 

been recent!~ demonstrated at temperatures exceeding 30 C 

C17). Activit~ of the soluble form of starch s~nthase 

was found to be more heat labile than the starch granule 

bound form. Heat inactivation of the soluble form was 

suspected to be caused by a direct effect on the enzyme 

protein while inactivation of the bound form of starch 

s~nthase was thought to be caused b~ metabolic limita

tions. The objective of this stud~ was to determine if a 

potential synthetic restriction, localized within the 

kernel, for conversion of sucrose to starch could be 

shown during kernel exposure to high temperature. Re

sults indicate that the high temperature limitation for 
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starch synthesis is caused by a reduction in capacity of 

the endosperm to supply metabolic components for starch 

synthesis. 
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MATERIALS AND METHODS 

El£rr£ n£terial. Vernalized plants of wheat Ciriticum 

£~~£iv~m L. cv TAM W-101) were grown in a controlled en-

vironment chamber at the Controlled Environment Research 

Laboratory, Oklahoma State University. Plants were 

grawn in a 8:2:2:1 mixture of Redi-earth, sand, sandy 

loam sail and perlite in 15 em pats. Pots were watered 

regularly and fertilized weekly with a modified Hoag-

lands solution. Flag leaf temperatures were 18 C during 

16 h light periods and 10 C during 8 h dark periods. 
-2 -1 

Light intensity was 650 ~mol m s PPFD at flag leaf 

level and RH was 70%. 

Spikes containing approximately equal numbers of 

spikelets were tagged at completion of anthesis. Harvest 

stages were determined as days after tagging; the date of 

tagging was referred to as day zero. Kernel maturity was 

defined by complete loss of green pigment from flag leaf, 

peduncle and spikelets. 

Spik~ Temperature Ire£tmen£. Six transparent cylindrical 

spike treatment tubes C~O liter air volume) were con-

structed to each accommodate five spikes at each of five 

locations along the tube C25 spikes/tube). Three tubes 
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were regulated at 35 C Chigh spike temperature treatment) 

while the other three tubes were regulated at 23 C Cam-

bient spike temperature treatment). Each tube consti-

tuted a replication, providing three replications for 

each spike temperature treatment during each growth cham-

ber experiment. The experiment was repeated three times. 

Heat for the high spike temperature treatment was 

supplied by 300 W incandescent light bulbs thermostati-

cally controlled and located within an insulated box. 

Warmed air was conveyed to the high spike temperature 

treatment tubes during the 16 h light period only. Am-

bient air was conveyed to the ambient spike temperature 

treatment tubes continuously and to the high spike temp-

erature treatment tubes during the 8 h dark period. Air 
-1 

velocity within the tubes was approximately ~ ms 

Temperature inside the tubes was monitored using thermo-

couples placed at regular intervals inside each tube and 

at flag leaf level. Only a 2 C ~o 3 C temperature gra-

dient existed in the tubes. 

Groups of five spikes each were selected at comple-

tion of anthesis for placement into each of the five 

locations of a temperature treatment tube. Spikes were 

placed into tubes during the dark period to allow spikes 

to acclimate in an equal thermal environment prior to 

temperature treatment. A clear plastic flap was fitted 

securely around the peduncle so that spikes were ther-

mally independent of other plant parts. 
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~~mQlin~ Pracedurg. Wheat spikes were harvested at 1100 

h at five da~ intervals from 10 to 25 da~s after anthe

sis. A final harvest was conducted at grain maturit~. 

Five spikes Cane from each location along a tube) were 

severed from the plant and immediatel~ placed on ice. The 

three apical and distal fertile spikelets were discarded 

since florets from these spikelets cansistentl~ produce 

smaller grains due to dela~ed anthesis and reduced as

similate intake in these kernels(~). The remaining 

kernels were then pooled, and aliquots utilized for en

z~me, carboh~drate and kernel fill determinations. 

Prep~~~ion of ~nz~me ~~tract. All enz~me extractions 

were conducted at ~ C. Approximatel~ 1 g of fresh imma

ture kernels was weighed, counted and placed into 

grinding medium consisting of 0.1 M Iris-maleate buffer 

• CpH 7.0), 1 mM EDTA, 1 mM OTT, 1 mM MgCl and 1 pm PMSF in 

a 1:5 weight to volume ratio. Whale kernels were ground 

for 1 min. with a pol~tron tissue homogenizer. A minimal 

amount of grinding buffer was used to rinse residual 

extract from the homogenizer. The suspension was dis

persed b~ sonication C300 W, 60 c~cles/ min.) for 1 min. 

to disrupt cellular organelles and centrifuged for 20 

min. at 39,000g. Supernatant was saved, the pellet re

suspended in 5 ml grinding medium and centrifuged again. 

The combined supernatants were brought to a 25 ml volume 

and utilized as crude enz~me preparation for subsequent 
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enz~me anal~ses. 

Enzy_!J!§. fj_ssay_§.. UDP sucrose synthase acti vi t\d ll.laS assa\ded 

in the direction of sucrose cleavage as UDP-dependent 

formation of hexose sugars from sucrose. The reaction 

mixture contained ~0 mM Mes (pH 6.5), 0.25 mM UDP, ~0 mM 

sucrose, and 0.5 mM EDTA. The same reaction mixture 

minus UDP was run simultaneously to correct for invertase 

activit\d. Reactions were initiated b\d addition of 0.1 ml 

of an appropriate dilution of the crude enz\dme prepara

tion. Final reaction volume was 0.5 ml. After incuba

tion at 35 C for 30 min., reactions were terminated b\d 

addition of the copper reagent of Nelson's arsenomol~b

date procedure C10) and free fructose from the sucrose 

substrate was measured. 

Invertase activit\d was measured as formation of 

hexose sugars from sucrose substrate. The reaction mix

ture contained 0.1 M acetate buffer CpH ~.8), 25 mM 

sucrose, and 0.5 mM EDTA. Reactions were initiated by 

addition of 0.1 ml of an appropriate dilution of the 

crude enzyme preparation. Final reaction volume was 0.~ 

ml. Reactions were incubated and terminated as described 

for UDP sucrose synthase. 

UDPG pyrophosphorylase and ADPG P\drophosphorylase 

activities were assayed using a coupled enzyme system 

measuring glucose-1-P release. The reaction mixtures 

contained 65 mM Tris-HCl CpH 7.9), 0.5 mM AOPG CUDPG), 
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0.5 mM NADP, 7.5 mM MgCl, 0.1 unit glucose-6-P dehydroge

nase, 0.3 unit phosphoglucomutase and 0.1 ml crude enzyme 

preparation. Reactions were initiated by addition of 2.5 

mM sodium pyrophosphate. After incubation at 30 C for 30 

min., NADPH production was measured spectrophotometri

cally at 3~0 nm. Final reaction volume was 1.72 ml. 

All enzyme reactions were linear with respect to 

time and enzyme concentration. 

Extr§.g_tion anQ. AnalY2_i§. of Ca[.Q.Qhyd[.at~§.· Kernels not 

used for enzyme extraction and mature kernels were ac

curately weighed and counted to obtain fresh weight 

measurements and then frozen at -20 C. They were later 

freeze-dried for ~8 to 72 h, oven dried at 70 C for 2~ h 

to denature enzymes, and reweighed to obtain dry weight 

and water content measurements. Dried kernels were 

ground to pass a 1 mm screen using a Udy mill and stored 

in brown bottles at -20 C. Aliquots of dried kernels 

were extracted with 5 ml 95~ Cv/v) ethanol at 80 C for 

20 min. and centrifuged at lO,OOOg. The supernatant 

from four successive ethanol extractions was evaporated 

irr ~§.CUQ and resuspended in water for sucrose, glucose 

and fructose determination using the enzymatic method of 

Boehringer Mannheim (Boehringer Mannheim Biochemicals, 

P.O. Box 50816, Indianapolis, Indiana, ~6250). Prelimi

nary analyses indicated that greater than 98~ of ethanol 

soluble sugars were recovered using this process. 
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The residue remaining after ethanol extraction was 

resuspended in 10 ml water and heated at SO C for 1 h to 

gelatinize amylopectin. Samples were cooled and 15 ml 

0.2 M acetate buffer CpH ~.5) containing 0.5~ Cw/v) 

porcine pancreatic alpha amylase and 2~ Cw/v) Rhi~QQ~~ 

mold amyloglucosidase was added. Samples were incubated 

at 25 C for 1 h and at 55 C for 2~ h, then centrifuged 

at 38,000g for 15 min. The residue was then extracted 

in 5 ml water at 60 C for 10 min. The combined superna

tants from three water extractions and incubation were 

utilized for glucose determinations as for ethanol ex

tracts and multiplied by a factor of 0.8 Cto account for 

water gained during starch hydrolysis to glucose) to 

obtain starch determinations. 

Statisti~~l nethQ~. Growth chamber experiments were con

ducted three times and combined since growth chamber run 

effects were not significant CP = 0.05). The experi

mental design was a split-split plot, with growth chamber 

runs as the main plot, spike temperature treatments as 

sub-plots, and maturity stages as sub-sub plots. Signi

ficant temperature x maturity interactions necessitated 

statistical analyses over maturity stages. Determination 

of differences in kernel weight, enzyme activity and 

carbohydrate content between temperature treatments were 

tested by analysis of variance. The rate of fresh 

weight, dry weight and starch accumulation, and the rate 
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of decline of UDP sucrose s~nthase activit~, was deter

mined b~ the difference between slopes of regressions for 

harvests between 15 and 25 d after completion of anthesis. 
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RESULTS 

Ke~rr~l Eill· Spike temperature treatment had little 

effect on kernel weight during early kernel development. 

Kernel weights from spikes treated at 23 C and 35 C were 

similar from the initial harvest at 10 d to 15 d after 

anthesis on a fresh weight basis and from 10 d to 20 d 

after anthesis on a dry weight basis CFig. 1). Kernel 

weight was significantly depressed by spike exposure to 

35 C at maturity based on both fresh and dry weights 

CP=O.Ol). Kernel filling duration Cd from completion of 

anthesis to maturity) was six days longer for spikes 

grown at 23 C C39 d) compared to spikes grown at 35 C C33 

d). 

Kernel growth rate at 23 C was significantly higher 

than at 35 C in terms of fresh weight, dry weight and 

starch accumulation CTable 1). The actual dry weight of 

kernels grown at 35 C was slightly greater than kernels 

grown at 23 Cat 15 d and 20 dafter anthesis CFig. lb). 

However, the rate of dry weight accumulation for kernels 

grown at 35 C was significantly lower during this time 

interval CTable 1). 

Kernel water content was depressed by spike exposure 

to 35 C. The percent of water in kernels from both temp-
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erature treatments steadil~ declined as kernel develop-

ment progressed Cfig. 2a). Kernel percent water was 

significantl~ depressed at all stages of development b~ 

spike growth at 35 C as compared to 23 C. Kernels from 

both temperature treatments contained the same weight of 

water at 10 da~s after anthesis CFig. 2b). However, 

after the 10 d sampling kernels growing at 23 C con-

tained significantl~ higher quantities of water CP=0.05) 

than those growing at 35 C. 

10 d after anthesis UDP sucrose s~nthase activit~ (~moles 
-1 -1 

sucrose cleaved gfw min )was significantl~ higher 

CP=0.03) in kernels developing at 35 C than those at 23 C 

Cfig. 3a). From 15 d to 25 d, no differences in activit~ 

between the temperature treatments were detected. The 

rate of decline in activit~ of UDP sucrose s~nthase 

during this time interval, however, was greater CP=O.lO) 

in kernels growing at 35 C C-7.8 ~moles sucrose cleaved 
-1 -1 

gfw da~ ) than in kernels growing at 23 C C-5.8 ~moles 
-1 -1 

sucrose cleaved gfw da~ ). Invertase activit~ 
-1 -1 

(~moles sucrose cleaved gfw min ) was consistentl~ and 

significantl~ depressed CP=0.05) b~ kernel exposure to 

high temperature Cfig. 3b). The sharpest decline in 

activit~ of this enz~me occurred between 10 d and 15 d 

after anthesis. After da~ 15 the decline in invertase 

activit~ was more gradual. 
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The combined activities of UDP sucrose synthase and 

invertase represent the total enzymatic sucrose cleavage 

capacity in kernels. Invertase was less active in su-

erose cleavage than UDP sucrose synthase, accounting for 

less than half of the sucrose cleavage capacity in ker-

nels at 10 d after anthesis and less than one third of 

this capacity at subsequent developmental stages. From 

10 d to 25 d after anthesis, total kernel enzymatic 

sucrose cleavage capacity declined from 8.1 to ~.2 ~moles 
-1 -1 

sucrose cleaved gfw min 
-1 

moles sucrose cleaved gfw 

at 23 C and from 6.9 to 3.2 ~ 
-1 

min at 35 C. 

Kernels growing at both 23 C and 35 C contained 

similar activities for both pyrophosphorylase enzymes [ ~ 
-1 -1 

moles UDPG CADPG) cleaved gfw min J at 10 d after 

anthesis, but there was a striking difference between the 

temperature treatments after the 10 d sampling CFig. ~). 

In the 23 C treatment, pyrophosphorylase activities in-

creased at 15 d compared to 10 d after anthesis and then 

decreased. Pyrophosphorylase activities in kernels 

growing at 35 C declined steadily from 10 to 20 d after 

anthesis and then stabilized at 25 d after anthesis. 

Although there were clear temperature effects, the re-

sponse of both pyrophosphorylase enzymes to temperature 

treatments was virtually identical CFig. ~). 
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major soluble sugar of kernels at all stages of develop-

ment was sucrose CFig. Sa, band c). Kernels growing at 
-1 

23 C contained sucrose levels Cmg sucrose g ODW ) signi-

ficantly greater CP=O.OSJ at 10 d and 1S d after anthesis 

than kernels growing at 3S C CFig. Sa). No difference in 

sucrose between the temperature treatments was detected 

at 20 d and 2S d after completion of anthesis. But at 

the final sampling, mature kernels grown at 3S C con-

tained significantly more sucrose CP=O.OS) than those 

grown at 23 C. 
-1 

Contents of both glucose and fructose Cmg g ODW ) 

were significantly lower CP=0.03) in kernels growing at 

3S C than in kernels growing at 23 C. The difference 

between temperature treatments was greatest during early 

kernel development CFig. Sb and c). Fructose was the 

major sucrosyl hexose sugar; kernel contents of fructose 

were about three times higher than glucose at most 

sampling periods CFig. Sb and c). 
-1 

Starch content Cmg starch g ODW ) was significantly 

greater CP=O.OS) in kernels growing at 3S C than in 

kernels growing at 23 C at 10 d and 1S d after anthesis 

CFig. Sd). Kernel starch content from both temperature 

treatments was equivalent by 20 d after anthesis. In 

subsequent sampling periods at 2S d after anthesis and at 

maturity, kernels growing at 23 C contained significantly 

more starch CP=O.OS and 0.01, respectively) than those 

growing at 3S C. Kernels grown at 23 C exhibited a 
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significantl~ higher rate far starch accumulation 

CP=O.O~) between 15 d and 25 d after anthesis than ker

nels grawn at 35 C CTable 1). 
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DISCUSSION 

Kernel ODW was increased by elevating spike tempera

ture from 23 C to 35 C during early maturity stages only. 

Studies utilizing whole plant (3), spike isolation (8) 

and solution culture of spikes (2) for temperature treat

ment have produced similar results. During early kernel 

development endosperm cell formation and differentiation 

is apparently accelerated with increasing temperature, 

initializing starch biosynthetic processes faster in 

heated kernels. Acceleration of plant organ development 

by increasing temperature is firmly established Cll). 

In this study kernel capacity to utilize sucrose via UDP 

sucrose synthase was greater in heated kernels at 10 

days after completion of anthesis CFig. 3a). Pyrophos

phorylase enzyme activities did not differ at 10 d so 

metabolic conversion of sugars for starch synthesis was 

apparently not restricted by the pyrophosphorylase en

zymes either in heated kernels at this growth stage 

CFig. ~). Significantly higher accumulation of starch 

in heated kernels at 10 d after completion of anthesis 

CFig. Sd) appeared to be related to temporary enhance

ment of kernel metabolic capacity as one consequence of 

advanced kernel development. 
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Our data indicates that reduced kernel growth rate 

at 35 C from 15 to 25 d after anthesis can be attributed 

to deficiencies in kernel metabolic capacity brought 

about by prolonged spike exposure to high temperature. 

Although the activity of UDP sucrose synthase was not 

different between temperature treatments following the 

10 day harvest CFig. 3a), the rate of decline in acti

vity was higher for kernels grown at 35 C than kernels 

grown at 23 C CP=0.10). The activity of both pyrophos

phorylase enzymes was significantly depressed by high 

temperature after 10 d, diminishing kernel endosperm 

capacity to metabolize the monosaccharides released by 

the UDP sucrose synthase reaction for starch synthesis. 

Kernel water content was depressed by spike warming 

CFig. 2). Bhullar and Jenner C2) suggested that endo

sperm cell size is limited as a consequence of depressed 

water supply in heated kernels, resulting in reduced 

volume per kernel to accumulate starch. Reduction in 

number and size of starch granules appears to be one 

manifestation of kernel exposure to high temperatures 

during development C3). The similarity in response of 

starch accumulation CFig. 5d) to UDP sucrose synthase 

activity CFig. 3a) between temperature treatments pro

vides correlative evidence that UDP sucrose synthase may 

play a critical role for regulation of sucrose utiliza

tion and, indirectly, starch biosynthesis when wheat 
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kernels are grown at high temperatures. Significantly 

higher accumulation of sucrose in heated kernels at ma

turity CFig. Sa) may be indicative of depressed kernel 

capacity to utilize sucrose prior to kernel maturity. 

Heat inactivation of starch synthase in wheat endo

sperm slices and in whole kernels has been demonstrated 

at temperatures above 30 C C17). Activity of the soluble 

form of starch synthase was found to be more heat labile 

than the bound form. Reduction in activity of the sol

uble form was suspected to be caused by a direct effect 

of heat on the enzyme protein while heat inactivation of 

the bound form of starch synthase was thought to be 

caused by metabolic factors. The metabolic capacity of 

heated kernels in this study was apparently enhanced at 

10 d after completion of anthesis by increased UDP su

crose synthase activity CFig. 3a). Further conversion of 

metabolites for starch synthesis in kernels from each 

temperature treatment was not restricted by pyrophos

phorylase enzyme activity at this growth stage CFig. ~). 

It is possible that bound starch synthase activity was 

stimulated by this increase in kernel capacity to provide 

metabolites and thus maintained endosperm starch synthe

sis in heated kernels at temperatures that were inhibi

tory to the activity of the soluble form. As kernel 

growth progressed, declines in the rate of sucrose 

cleavage via UDP sucrose synthase CFig. 3a) and in the 
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activity of both pyrophosphorylase enzymes CFig. ~) 

probably diminished the metabolic capacity in endosperm 

of kernels grown at 35 C compared to kernels grown at 23 

C. Invertase activity was significantly depressed by the 

high temperature treatment at all stages of kernel de

velopment diminishing the metabolic capacity of pericarp 

tissues. This significant loss in metabolic capacity of 

kernels could have caused the significant depression in 

rate of starch accumulation observed for heated kernels 

CTable 1) by imposing a restriction on the amount of 

metabolites available for starch synthase. 

There is evidence that genetic variability exists 

for the capacity to accumulate starch in wheat cultivars 

during high temperature exposure C1,3). Our data 

strongly indicates that the endosperm s~nthetic capacity 

kernels of wheat kernels is limited b~ high temperature, 

especiall~ during middle to late stages of kernel de

velopment. The extent to which each individual starch 

biosynthetic enzyme exerts a limitation on starch syn

thesis is unclear. Further work is needed to clarify 

which enz~matic reaction, or group of reactions, in the 

conversion of sucrose to starch ma~ be limiting kernel 

starch s~nthesis at high temperature. Once the limiting 

step is identified, successful genetic exploitation for 

kernel synthetic capacity may improve wheat yield sta

bilit~ through increased kernel synthetic efficiency in 
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environments where high temperature stress limits kernel 

development. 
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Table 1. Comparison of fresh weight, dry weight and 

starch accumulation rates from 15 to 25 d after anthe-

sis in kernels from spikes exposed to 23 C and 35 C. 

Spike 

temperature 

23 c 

35 c 

SE 

F Ratio 

Significance level 

---------~~cumul~~iQn_R~~§ _________ _ 

Fresh weight 

2.02 

1.03 

0.07 

90.'17 

0.01 

32 

Dry weight 

-1 -1 
mg kernel d 

1.83 

1.25 

0.08 

27.88 

0.03 

Starch 

1.2'1 

0.76 

0.07 

23.3'1 
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FIGURE LEGENDS 

Fig. 1. Fresh Ca) and dry Cb) weights of kernels exposed 

to 23 C ce) and 35 C CO). Values are the mean 

of three growth chamber runs +/- SD of three 

spike temperature treatment replications Cn=9). 

Asterisks indicate differences between tempera

ture treatments according to F test at a 0.05 

level of significance. 

Fig. 2. Percentage (a) and weight Cb) of water in ker

nels from the 23 C ce) and 35 C CO) spike 

temperature treatment. Values are the mean of 

three growth chamber runs +/- SD of three spike 

temperature treatment replications Cn=9). As

terisks indicate differences between temperature 

treatments according to F test at a 0.05 level 

of significance. 

Fig. 3. UDP sucrose synthase Ca) and invertase Cb) 

activities during kernel development at 23 C ce) 

and 35 C CO). Values are the mean of three 

growth chamber runs +/- SD of three spike temp

erature treatment replications Cn=9). As

terisks indicate differences between temperature 

treatments according to F test at a 0.05 level 
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of significance. 

Fig. ~. UOPG Ca) and AOPG C b) p~rophosphor~lase activi

ties in kernels during development at 23 C ce) 

and 35 C CQ). Values are the mean of three 

growth chamber runs +/- SO of three spike temp

erature treatment replications Cn=9). Asterisks 

indicate differences between temperature treat

ments according to F test at a 0.05 level of 

significance. 

Fig. 5. Sucrose (a), glucose Cb), fructose Cc) and 

starch (d) contents of kernels grown at 23 C ce) 

and 35 C CO). Values are the mean of three 

growth chamber runs +/- SO of three spike temp

erature treatment replications Cn=9). Asterisks 

indicate differences between temperature treat

ments according to F test at a 0.05 level of 

significance. 

34 



w 
lJ1 

. 80. a) .. •-t-b) 

60 

-0) 

E -1-
:c 

~ 40 
3: 
_J 
w 
z 
0: 
w 
~ 20 

I I 
* 

0 ~o----1~0----~2o:---~3~o----~0----1~o----~2o~--~3~o--~ 
DAYS AFTER ANTHESIS 

Figure l. Kernel weight 



-~ 0 

I-
z 
w 
I-
z 
0 
0 
a: 
w 
I-
<( 

s 

Oi 
E -

1-
z 
w 
1-
z 
0 
0 
a: 
w 
I
<( 

s 

a) 

40 

20 

0~------~--------~--------~--------~ 0 10 20 30 
DAYS AFTER ANTHESIS 

Figure 2. Kernel water content 

36 



a) b) 

.;; 4.0 c: 
E 

'7 

>-3: ,_a, 
> "0 3.0 -Q) 
1-> 
Oco 
<(~ 
wu 
~Q) 
>-en 

w N e 2.o "-.1 zu 
w:::J en 

en 
(]) 

0 
E 
=l 1.0 ........ 

20 25 5 10 15 
DAYS AFTER ANTHESIS 

Figure 3. Enzyme activity of UDP sucrose synthase and invertase 



a) b) 

..--. 
1.2 ':" 

c 
E ,... 

>-~ 1--
- 0> 
>--(9 
t3a.. 
<{ 0 0.8 
w~ 
~(!) 
>-a.. w 

No 
00 

Z:J 
wen 

Q) 

0 
0.4 E 

:l ....... 

0~--~--~--~--~--~----~--~--~--~--~ 5 1 0 15 20 25 5 1 0 15 20 25 
DAYS AFTER ANTHESIS 

Figure 4. Enzyme activity of UDPG (ADPG) pyrophosphorylase 



w 
'-0 

I-
z w 
I--,-
z· os oo 
wo 
(J)O) 

oo 
cr::E o-
:::> 
(J) 

1-
z w_ 
I-';" z:s 
Oo oo 
WOI 
(J)O) 

OE o
=> 
_J 

'>JV a) 

30 

10 

6.0 

2.0 

1 C) 

.>1<. 

* 

*32 

12 

4 

, 
JJ 
c 

_() 
3~ 
coO 
co(!) 
om 
oo 
:EO ,z 
.._::;"~ 

m 
z 
~ 

(f) 
~ 

_)> 
3 JJ 
coO 

360 co I 
oo 
oO 
::EZ 
.~ 

....:;"m 
z 
~ 

(!J 01 I I v- 0 
0 10 20 30 0 10 20 30 

DAYS AFTER ANTH ESIS 

Figure 5. Sucrose, glucose, fructose and starch contents 



CHAPTER II 

SEASONAL AND DAILY VARIATION FOR 

ENZYMATIC SUGAR CONVERSION 

IN WHEAT KERNELS 

40 



Running Head: VaLiation foL Enzymatic SugaL ConveLsion 

in Wheat KeLnels. 

N.D. Maness 

DepaLtment of BiochemistLy 

Oklahoma State UniveLsity 

StillwateL, Oklahoma 7~078 

Telephone: ~05-62~-6197 

41 



Seasonal and Daily Variation for Enzymatic Sugar Conver-
1 

sian in Field Grown Wheat Kernels. 

Manuscript Received: 

Revised Manuscript Received: ----------

2 
N.D. Maness , R.C. Johnson and J.J. Heitholt 

Department of Agronomy, Oklahoma Agricultural Experiment 

Station, Oklahoma State University, Stillwater, Oklahoma 

7~078 

42 



FOOTNOTES: 

1 

2 

3 

Research was supported by the Oklahoma Agricultural 

Experiment Station, Oklahoma State Universit~, Journal 

paper no. of the Oklahoma Agricultural Experiment 

Station. 

Present address: Department of Biochemistry, Oklahoma 

State Universit~, Stillwater, Oklahoma 7~078. 

Abbreviations: ADPG, adenosine diphosphoglucose; UDPG, 

uridine diphosphoglucose; OTT, dithiothreitol; PMSF, 

phen~lmethylsulfon~l flouride; fw, fresh weight; DOW, 

oven dry weight. 

43 



ABSTRACT 

Starch bios~nthesis in wheat CI~itic~m ae~ti~um) 

kernels is apparentl~ controlled largel~ within the ker

nel itself. Wheat plants Ccv TAM W-101) were grown in 

the field during two seasons and temperatures were moni

tored at spike level from anthesis until maturit~. The 

activit~ of four enz~mes required far the conversion of 

sucrase to starch was monitored an dail~ c~cles of 0700 

h, 1100 h, 1500 h and 1900 h at five day intervals from 

10 d to 30 d after anthesis. Sucrose, glucose, fructose 

and starch contents of kernels were also determined at 

these stages and at 2~00 hand at kernel maturity. In 

either season endosperm synthetic capacit~, determined by 

the activities of UDP sucrase synthase and UDP CAOP) 

glucose p~rophosphor~lase, was less in kernels which 

accumulated the greater amount of thermal units. Mature 

kernel fresh weight, dry weight and starch content was 

least for kernels exposed to higher temperature during 

earl~ growth. While results do not implicate a single 

enz~me as "rate limiting" far starch synthesis in kernels 

grown at high temperature, the~ do suggest that a s~n

thetic restriction similar to those existing in con

trolled environment and irr ~it~q limits kernel growth in 
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a field environment as well. 
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INTRODUCTION 

Dry weight accumulation in wheat kernels is a 

function of both the duration and the rate for accumula

tion of storage reserves during kernel development. The 

major storage reserve in wheat kernels is starch, com

prising about 70% of the mature kernel weight C12). 

Starch is synthesized in the endosperm of the kernel 

through a series of biochemical reactions starting from 

sucrose, which is produced in photosynthetic tissues and 

translocated to the kernel. 

Temperature plays a dominant role in regulating the 

duration and rate of kernel starch accumulation in wheat. 

The duration of kernel filling is consistently decreased 

with increase of temperature above 20 C ClS). However, 

rate of kernel filling increases with temperature to 25 C 

but then declines at higher temperatures (6). Because 

the rate of kernel filling no longer increases to compen

sate for shortened duration at temperatures approaching 

25 C, kernel weight at maturity is reduced. 

It has become evident that sucrose utilization in 

wheat kernels, rather than sucrose supply from photosyn

thetic tissues, plays an important and perhaps dominant 

role in regulating starch accumulation when kernels are 
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exposed to high temperatures. Studies utilizing solution 

cultured spikes of wheat (3) and in ~itrQ investigations 

of kernel development in wheat (2) and maize C1~) provide 

evidence that s~nthetic processes of the endosperm in 

kernels are restricted more than sucrose suppl~ when 

kernels are exposed to high temperature. Recent evidence 

for maize kernel sugar transport suggest that sugar up

take b~ the endosperm rna~ be primaril~ regulated b~ the 

endosperm capacity for starch s~nthesis as well (8). 

Since production of enz~mes necessar~ for starch bio

s~nthesis is regulated inside the endosperm tissue Cl7), 

the metabolic conversion of sucrose to starch must be 

regulated within the kernel itself; the quantit~ of su

crose translocated to the grain, however, is a function 

of photos~nthetic and translocator~ tissues. 

The bios~nthesis of starch from sucrose appears to 

occur in two separate cellular compartments inside plant 

reserve tissues (7). MacDonald and Rees C16) compiled 

the cellular location of enz~mes necessary for starch 

bios~nthesis from sucrose in soybean suspension cultures. 

The~ found that sucrose was converted to triose phos

phates b~ gl~col~sis in the cytoplasm, triose phosphates 

were transported into the amyloplast via the phosphate 

translocator, and then triose phosphates were converted 

into starch inside the amyloplast. Among the enzymes 

potentially involved in starch s~nthesis, ADPG p~rophos-
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phor~lase, starch s~nthase and alkaline p~rophosphatase 

were found onl~ in the am~loplast CS, 16) while UDP 

sucrose s~nthase, invertase and UDPG p~rophosphor~lase 

were absent from amyloplasts and probably confined to the 

cytoplasm C16). The carbon form entering wheat endosperm 

amyloplasts also appears to be triose phosphates (15). 

Sucrose cleavage is mediated b~ UOP sucrose s~nthase in 

the endosperm and b~ invertase in the pericarp of wheat 

kernels (5). 

In the following stud~, wheat kernels were sampled 

over a dail~ cycle from field grown plants in two dif

ferent seasons to determine whether s~nthetic restric

tions for kernel growth, known to occur in controlled 

environment and in ~itro, are present under field condi

tions. Results indicate that endosperm s~nthetic capa

cit~ is decreased in kernels from spikes accumulating the 

greater number of thermal units. The apparent s~nthetic 

restriction for kernel growth caused by high temperature 

was mainl~ expressed over the course of days rather than 

·hours, suggesting that metabolic limitations for starch 

synthesis are produced graduall~ in the kernel. Rapid 

alterations of resident enz~mes ma~ not cause the major 

restriction for kernel growth when kernels are exposed to 

high temperature. 
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MATERIALS AND METHODS 

Elant Material. Wheat CI~iticum ~esti~~ffi cv TAM W-101) 

plants were grown at the Agronomy Research Farm, Oklahoma 

State University, Stillwater, Oklahoma during the 1985 

and 1986 growing seasons. Each of four replications 

consisted of two plots which contained five 3 m rows 

spaced 23 em apart. Seeding rate was 1 seed per 2 em. 

Plots were fertilized according to soil analysis recom
-1 

mendations; 130 kg ha phosphorus was applied preplant 
-1 

and 120 kg ha nitrogen was applied in split applica-

tions Cpreplant and early jointing). Irrigation was 

applied with sprinklers as needed to avoid moisture 

stress. 

Spikes containing approximately equal numbers of 

spikelets were tagged at completion of anthesis. Harvest 

stages were determined as days after tagging, the date of 

tagging was referred to as day zero. Only one spike was 

sampled from each plant and only plants from the middle 

three rows of each plot were selected for sampling. 

Kernel maturity was defined b~ complete loss of green 

pigment from the flag leaf, peduncle and spike. 

Iemp~~at~re Me~~~rem~nt. Air temperature was monitored 
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hourly in each of the four replications using a CR-7 

Measurement and Control System CCampbell Scientific, 

Logan, Utah) and thermocouples shielded from direct sun-

light were suspended at spike level. Measurements were 

initiated at anthesis and continued until maturity. Heat 

accumulation at each sampling date was converted to ther-

mal units CTU) C13) using the following equation: 

TU = Emax C- min C ; 
2 

where max C and min C are maximum and minimum daily temp-

eratures. A base temperature for growth of 0 C was 

assumed. 

Samgling EroQedure. Wheat spikes were sampled on five 

day intervals at 0700 h, 1100 h, 1500 h and 1900 h from 

10 to 30 d after anthesis for kernel fill, enzyme acti-

vity and carbohydrate determinations. An additional 

sampling at 2~00 h was conducted for kernel fill and 

carbohydrate determinations only. Mature soikes were 

sampled at 1100 h. Groups of five spikes within each 

replication were severed from the plant at time of har-

vest and immediately placed on ice. Three apical and 

distal fertile spikelets were discarded since the florets 

of these spikelets consistently produce smaller kernels 

due to differences in date of flowering and assimilate 

availability C~). Kernels from the remaining spikelets 

in each replication were then pooled and aliquots uti-
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lized for kernel fill, enzyme activity and carbohydrate 

determinations. 

Pr~gar~tion of ~n~~~ Extract. All enz~me extractions 

were conducted at ~ C. Approximatel~ 1 g of fresh imma

ture kernels was weighed, counted and placed into 

grinding medium consisting of 0.1 M Iris-maleate buffer 

CpH 7.0), 1 mM EDTA, 1 mM OTT, 1 mM MgCl and 1 ~m PMSF in 

a 1:5 weight to volume ratio. Whole kernels were ground 

for 1 min. with a pol~tron tissue homogenizer. A minimal 

amount of grinding buffer was used to rinse residual 

extract from the homogenizer. The suspension was dis

persed b~ sonication C300 W, 60 cycles/min.) for 1 min. 

to disrupt cellular organelles and centrifuged for 20 

min. at 39,000g. Supernatant was saved, the pellet re

suspended in 5 ml grinding medium and centrifuged again. 

The combined supernatants were brought to a 25 ml volume 

and utilized as crude enz~me preparation for subsequent 

enz~me anal~ses. 

~n~~m~ ~~~~~~· UDP sucrose s~nthase activit~ was assayed 

in the direction of sucrose cleavage as UDP-dependent 

formation of hexose sugars from sucrose. The reaction 

mixture contained ~0 mM Mes CpH 6.5), 0.25 mM UDP, ~0 mM 

sucrose, and 0.5 mM EDTA. The same reaction mixture 

minus UDP was run simultaneously to correct for invertase 

activity. Reactions were initiated b~ addition of 0.1 ml 

of an appropriate dilution of the crude enz~me prepara-
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tion. Final reaction volume was 0.5 ml. After incuba

tion at 35 C for 30 min., reactions were terminated b~ 

addition of the copper reagent of Nelson's arsenomol~b

date procedure C10) and free fructose from the sucrose 

substrate was measured. 

Invertase activity was measured as formation of 

hexose sugars from sucrose substrate. The reaction mix

ture contained 0.1 M acetate buffer CpH ~.8), 25· mM 

sucrose, and 0.5 mM EDTA. Reactions were initiated by 

addition of 0.1 ml of an appropriate dilution of the 

crude enz~me preparation. Final reaction volume was 0.~ 

ml. Reactions were incubated and terminated as described 

for UDP sucrose synthase. 

UDPG pyrophosphor~lase and ADPG pyrophosphorylase 

activities were assayed using a coupled enzyme system 

measuring glucose-1-P release. The reaction mixtures 

contained 65 mM Tris-HCl CpH 7.9), 0.5 mM ADPG CUDPG), 

0.5 mM NADP, 7.5 mM MgCl, 0.1 unit glucose-6-P dehydroge

nase, 0.3 unit phosphoglucomutase and 0.1 ml crude enzyme 

preparation. Reactions were initiated by addition of 2.5 

mM sodium pyrophosphate. After incubation at 30 C for 30 

min., NADPH production was measured spectrophotometri

cally at 3~0 nm. Final reaction volume was 1.72 ml. 

All enzyme reactions were linear with respect to 

time and enzyme concentration. 
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maining after enzyme extraction and mature kernels were 

accurately weighed and counted to obtain fresh weight 

measurements and then frozen at -20 C. They were later 

freeze-dried for ~8 to 72 h, oven dried at 70 C for 2~ h 

to denature enzymes, and reweighed to obtain dry weight 

and water content measurements. Dried kernels were 

ground to pass a 1 mm screen using a Udy mill and stored 

in brown bottles at -20 C. Oven dried aliquots were ex

tracted with 5 ml 95% Cv/v) ethanol at 80 C for 20 min. 

and centrifuged at lO,OOOg. The supernatant from four 

ethanol extractions was evaporated in ~acuo and resu

spended in water for sucrose, glucose and fructose deter

mination using the enzymatic method of Boehringer 

Mannheim (Boehringer Mannheim Biochemicals, P.O. Box 

50816, Indianapolis, Indiana, ~6250). Preliminary 

analyses indicated that greater than 98% of ethanol 

soluble sugars were recovered using this process. 

The residue remaining after ethanol extraction was 

resuspended in 10 ml water and heated at 90 C for 1 h to 

gelatinize am~lopectin. Samples were cooled and 15 ml 

0.2 M acetate buffer CpH ~.5) containing 0.5% Cw/v) 

porcine pancreatic alpha am~lase and 2% Cw/v) Rhi~~~ 

mold am~loglucosidase was added. Samples were incubated 

at 25 C for 1 h and at 55 C for 2~ h, then centrifuged at 

39,000g for 15 min. The residue was then extracted in 5 

ml water at 60 C for 10 min. The combined supernatants 
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from three water extractions and incubation were utilized 

for glucose determinations as for ethanol extracts and 

multiplied b~ a factor of 0.8 C to account for water 

gained during starch h~drol~sis to glucose) to obtain 

starch determinations. 

~tati~ti~~l ~ettQ~. Differences in daily time of 

sampling were determined using least significant differ

ence tests at the 0.05 probabilit~ level. Determination 

of differences between seasons and kernel maturit~ stages 

were tested b~ analysis of variance. The experimental 

design within each season was a randomized complete block 

in a split plot arrangement of treatments with kernel 

maturit~ stage as the main plot and daily time of 

sampling as the subplot. For comparisons between 

seasons, the experimental design consisted of a ran

domized complete block in a split plot in time arrange

ment of treatments with season as the main plot, kernel 

maturity stage as the subplot and daily time of sampling 

as the sub-subplot. 
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RESULTS 

I~mo~L£~~L~ n~£~~L~ment. Thermal unit accumulation and 

average dail~ temperature during kernel filling was dis

tinctl~ different between each season CTable 1). Dail~ 

average temperature in 1885 was lower than 1886 during 

the first 15 d after anthesis; dail~ temperatures 

averaged 18 C to 22 C and thermal unit accumulation was 

about 36 units lower than 1886. After 15 d in 1985 

temperatures rose sharply and remained high to maturity; 

dail~ average temperatures ranged from 25 C at 20 d to 31 

C at 30 d. In contrast, average dail~ temperature during 

1986 was 25 C for the first 15 d of kernel filling and 

ranged from 25 C to 29 C at later stages of kernel fil

ling. Thermal unit accumulation was higher in 1886 than 

1985 at 10 d, 15 d and 20 d after anthesis but lower than 

1985 at subsequent sampling periods CTable 1). Kernel 

filling duration Cd from anthesis to maturity) was 3~ d 

in 1985 and 32 d in 1886. 

Kern~l [ill· Seasonal differences existed for fresh and 

dry weight accumlation in kernels CTable 2). Based on 

fresh weight, kernels were significantl~ heavier CP 

0.01) throughout 1985 as compared to 1986. On a dr~ 
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weight basis, however, kernels from 1986 were heavier CP 

= 0.03) at 10 d after anthesis than kernels from 1985. 

No differences in dr~ weight between the seasons were 

detected at 15 d and 20 d after anthesis! From 25 d 

after anthesis to maturity, kernel dry weights were sig-

nificant1y greatest CP = 0.01) in 1985 than 1986. Mature 
-1 

kernel fresh weights were 67.0 mg kernel 
-1 

in 1885 com-

pared to 57.2 mg kernel in 1986. Mature kernel dry 
-1 

weights were ~1.0 mg kernel 
-1 

kernel in 1986. 

in 1985 compared to 35.~ mg 

Variation in percent of water and weight of water in 

kernels was generall~ not significant during the day in 

either season CTable 3). During both seasons the percent 

of water in kernels declined steadily as stage of de-

velopment progressed. The percent of water in kernels 

was significantly lower CP = 0.01) during 1886 as com-

pared to 1985 prior to 25 d. The weight of water in 

kernels initiall~ increased to 15 d after anthesis fol-

lowed by a plateau and then a steady decline by 25 d 

after anthesis to maturity CTable 3). The percent of 

water and weight of water in kernels at maturity was 
-1 

38.8 percent and 26.0 mg kernel during 1985 and 21.7 
-1 

percent and 8.8 mg kernel during 1886. 

UDP sucrose synthase activity (~moles sucrose cleaved 
-1 -1 

gfw min ) was slightly higher CP = 0.07) in 1986 at 10 
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d after anthesis than in 1885 CTable ~). Activit~ of 

this enz~me at 15 d and 20 d after anthesis was signifi-

cantl~ greater CP 0.001) in 1885 than in 1886. B~ 25 d 

activities between the seasons were equivalent and b~ 30 

d kernels from 1886 exhibited significantly higher CP = 

0.002) UDP sucrose synthase activit~ compared to kernels 

from 1885. During the first 20 d of kernel filling in 

both seasons kernels exhibited lowest UDP sucrose s~n-

thase activit~ at the 1500 dail~ sampling period CTable 

~). At subsequent sampling periods in 1885 and at 30 d 

in 1886, UDP sucrose s~nthase activit~ declined over the 

course of the da~. 
-1 

Invertase activity (~moles sucrose cleaved gfw 
-1 

min ) was significant!~ higher CP = 0.003) in kernels 

from 1885 than kernels from 1886 at all stages of kernel 

development CTable ~). Although daily variation in acti-

vit~ of this enz~me existed during various kernel de-

velopmental stages, no consistent pattern over seasons 

was detected. In both seasons invertase activity de-

clined at each successive sampling date. 

UDPG and ADPG pyrophosphor~lase activities [~moles 
-1 -1 

UDPG CADPG) gfw min J were significantly higher CP = 

0.002) during 1885 in kernels during the first 20 d of 

kernel filling as compared to kernels from 1886 CTable 

5). However, activities at subsequent kernel filling 

stages of 25 d and 30 d after anthesis were significantly 
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higher CP = 0.0~) in 1986 rather than 1985. Pyraphos-

phorylase enzyme activities generally declined with ad-

vancing stage of kernel development with the exception of 

1986 at 15 d after anthesis. During mast stages of 

kernel development pyrophosphor~lase activities declined 

steadily aver the course of the day CTable 5). 

was the major soluble sugar in kernels during mast stages 

of kernel development CTable 6). Kernel sucrose contents 
-1 

Cmg g ODW ) were significantly greater CP = 0.001) at 10 

d and 15 d after anthesis in 1985 than the same kernel 

filling stages in 1986. Kernel sucrose contents were 

equivalent between seasons at 20 d after anthesis. By 

the 25 d harvest and at harvest stages thereafter sucrose 

contents were again significantly greater CP = 0.001) in 

kernels from 1985. Sucrose contents of kernels from 1986 

were relatively stable decreasing only slightly 

throughout kernel development (Table 6). Significant 

variation for time of daily sampling existed in each 

season for sucrase content in kernels. No consistent 

pattern for this variation was observed. 

Kernel contents of bath glucose and fructose Cmg g 
-1 

ODW ) were significantly greater CP = 0.001) prior to 25 

dafter anthesis in 1985 than in 1986 CTable 6). At 25 d 

and 30 d after anthesis, kernel contents of bath sugars 

were equi~alent between seasons. At all kernel maturity 
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stages, kernel glucose and fructose contents were higher 

during da~light hours than at the 2~00 h dail~ sampling 

period CTable 6). fructose was the major sucros~l hexose 

sugar; kernel fructose contents were about three times 

higher than glucose at 10 d, 15 d and 20 d after an-

thesis. 
-1 

Kernel starch accumulation Cmg g DOW ) was signifi-

cantly greater CP = 0.05) at 10 d after anthesis in 1986 

than in 1985 CTable 7). Starch contents of kernels at 

the 15 d harvest were equivalent between seasons. By 20 

d after anthesis and sampling periods thereafter starch 

contents were significant!~ greater CP = 0.01) in kernels 

from 1985 as compared to 1986. Significant accumulation 

of starch in kernels at successive dail~ sampling periods 

occurred between 10 d and 15 dafter anthesis CTable 7). 

Kernel starch accumulation appeared to follow no consis-

tent dail~ pattern after these growth stages. Mature 

kernel starch contents were significant!~ greater CP 
-1 

0.05) in 1985 C598.0 mg g DOW ) than in 1986 (566.~ mg g 
-1 

ODW ) . 
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DISCUSSION 

Accumulation of DOW in wheat kernels can be divided 

into a lag phase lasting from anthesis to the beginning 

of linear DOW accumulation (about 10 d after anthesis) 

followed b~ a linear phase C10 d to 25 d after completion 

of anthesis) and then a maturation phase C11). The 

duration of an~ of the three phases is regulated b~ 

temperature; as temperature rises above that level which 

is optimal for kernel growth the duration of an~ phase is 

reduced C20). Thermal unit accumulation CTable 1) was 

higher during the first 20 d of kernel filling in 1986 

compared to 1985. By 25 d after anthesis to maturity 

accumulated thermal units were greater in 1985 than in 

1986. The lag phase of kernel growth apparently occurred 

prior to 10 d after anthesis in each season. Linear 

phase of kernel growth, defined b~ linear accumulation of 

DOW between kernel growth stages, was longer in 1985 than 

1986, occurring from about 10 d to 25 d after anthesis in 

1985 compared to 10 d to 20 d after anthesis in 1986 

CTable 2). The maturation phase was shorter in 1985 than 

1986, occurring from about 25 d to 3~ d after anthesis C9 

d) in 1985 and from about 20 d to 32 d after anthesis in 

1986 C12 d). Higher temperatures accompanied by higher 
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thermal unit accumulation occurred during the lag phase 

of kernel growth in 1986 as compared to 1985 (Table 1). 

High temperatures during the lag phase are known to cause 

accelerated endosperm cell formation and differentiation 

which initiates endosperm starch biosynthesis earlier. 

Kernel DOW CTable 2) and starch content CTable 7) were 

greater only at 10 d after anthesis in 1986 as compared 

to 1985. Endosperm capacity to utilize sucrose via UDP 

sucrose synthase was slightly favored in 1986 over 1985 

at 10 d after anthesis (Table ~). Initiation of starch 

bios~nthetic processes earlier in kernels grown in 1986 

was probabl~ caused b~ advanced development as a conse

quence of kernel exposure to higher temperatures during 

the lag phase of kernel growth in 1986 than in 1985. 

8~ 20 d after anthesis and sampling stages there

after kernels exposed to the high lag phase temperature 

of 1986 were lighter CTable 2) and contained less starch 

(Table 7) than kernels exposed to mare favorable lag 

phase temperatures in 1985. The percent of water and 

weight of water in kernels were also substantiall~ lower 

in 1986 than in 1985 (Table 3). Endosperm cell size and 

perhaps cell number rna~ be limited because of this re

duced water supply caused b~ high temperaturA occurring 

during the lag phase, limiting the potential of endosperm 

far starch accumulation of later phases of kernel growth 

(1, 1~). The lower lag phase temperatures of 1985 may 
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have favored increased endosperm cell volume for starch 

deposition at later kernel growth stages due to increased 

kernel water content, providing increased sites for 

starch synthesis and accumulation by maturity in these 

kernels over kernels grown in 1986. 

Starch synthetic capacity in the endosperm of ker

nels defined by the activities of UDP sucrose synthase 

CTable ~) and of UDPG and ADPG pyrophosphorylase CTable 

5), responded negatively to higher seasonal thermal unit 

accumulation during the linear and maturation phases of 

kernel development. Thermal unit accumulation in 1985 

was less than 1986 until 25 dafter anthesis CTable 1). 

The activities of UDP sucrose synthase CTable ~) and both 

pyrophosphorylase enzymes were higher in 1985 than 1986 

at 15 d and 20 d after anthesis. By 25 d and 30 d after 

anthesis thermal unit accumulation in 1985 had increased 

over 1986, and activities of these enzymes had declined 

in 1985 to levels lower than those observed in 1986. 

Significantly higher accumulation of sucrose in kernels 

grown in 1985 at 25 d and 30 d after anthesis CTable 6) 

may be indicative of reduced endosperm capacity to uti

lize sucrose for starch synthesis during the later phases 

of 1985 as compared to 1986. The increase in synthetic 

capacity of kernels in the later phases of the 1986 

season apparently occurred too late to significantly 

influence kernel ODW or starch content at maturity. 
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Bhullar and Jenner C2) recently suggested that two 

separate yet related kernel processes are apparently 

depressed when wheat kernels are subjected to high temp

erature: a comparatively low temperature optimum for 

starch synthesis and an irreversible reduction in endo

sperm capacity to accumulate starch. In this study endo

sperm synthetic capacity was apparently favored in ker

nels growing at the lower temperature in each season. 

Kernel capacity to accumulate starch, determined by the 

volume of endosperm available for starch synthesis (3), 

was probably favored in kernels grown in 1985 due to 

increased kernel water content CTable 3). Kernels grown 

in 1985 probably achieved the higher mature starch con

tent due to of increased sites for starch biosynthesis, 

even though starch synthetic capacity of kernels was 

favored in 1986 at 25 d and 30 d after anthesis. 

The inhibitory effects of high temperature on endo

sperm synthetic capacity CTable ~ and 5) and starch 

accumulation CTable 7) were most pronounced over the 

course of days than hours. This delayed metabolic ex

pression of high temperature suggests that reduction in 

activity of enzymes was probably not caused by rapid 

alteration of the properties of resident enzymes. It is 

possible that the loss of endosperm synthetic capacity 

accompanying high temperature was due to reduced enzyme 

synthesis and/or increased enzyme degradation, or due to 

63 



inactivation of one or more enzymes required for starch 

synthesis from sucrose. Further work is needed to deter

mine the exact mechanism whereby endosperm synthetic 

capacity is restricted by high temperature. Identifica

tion of this mechanism would enhance successful genetic 

incorporation of favorable mechanisms for yield stability 

through increased kernel synthetic efficiency in environ

ments where high temperature stress limits kernel de

velopment. 
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Table 1. Thermal unit (TU) accumulation and average 

temperature following anthesis for kernels from 

1985 and 1986. 

Season 

Days after 
1985 1986 

an thesis 
TU Temperaturea TU Temperaturea 

10 165 22.2 201 23.4 

15 266 23.1 303 25.3 

20 392 20.8 416 24.2 

25 529 25.2 519 23.2 

30 669 31.4 619 22.1 

Maturity 751 30.6 660 26.0 

aTemperature is the average daily temperature for each 

respective sampling period. 
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Table 2. Daily patterns in weight accumulation of wheat 

kernels at various growth stages during 1985 and 1986. 

Days after anthesis 

Daily 1985 1986 

cycle 10 15 20 25 30 10 15 20 25 

mg kernel fw -1 

0700 40.6 52.4 63.9 66.8 71.8 39.3 47.6 52.7 55.8 

1100 42.9 51.5 59.5 63.2 69.5 37.1 43.5 55.3 58.2 

1500 40.7 52.3 62.6 64.7 67.6 39.7 50.0 56.8 57.0 

1900 42.3 53.5 62.1 64.9 64.7 38.1 43.7 56.9" 54.2 

2400 55.0 63.9 68.1 66.9 38.9 50.1 55.2 58.4 

MEAN a 41.6 52.9 62.4 65.5 68.1 38.6 47.0 55.4 56.7 

LSDo.o5 
b NS 1.7 2.4 4.1 NS NS 3.1 3.5 3.6 

mg kernel ODW-l 

0700 11.7 19.2 29.4 36.9 41.8 13.7 20.2 26.2 30.2 

1100 12.1 19.4 28.0 34.5 40.7 13.1 18.4 27.7 31.4 

1500 12.2 19.5 29.6 35.6 40.9 14.2 19.8 28.2 31.7 

1900 12.8 20.7 29.9 36.2 41.5 14.5 19.5 28.4 29.4 

2400 21.2 30.8 37.9 41.0 14.6 21.8 27.8 31.4 

MEAN a 12.2 20.0 29.5 36.2 41.2 14.0 19.9 27.7 30.8 

LSD0.05 
b 0.7 0.8 1.1 1.9 NS NS 1.8 NS NS 

aMeans are averages taken over daily cycles. 

30 

60.6 

61.6 

59.4 

58.5 

61.7 

60.4 

NS 

34.8 

35.9 

34.5 

34.8 

36.3 

35.3 

NS 

bLSD0_05 represents the least significant difference at the 5% level of 

probability between daily times of sampling. NS, nonsignificant dif-

ference at the 5% level of probability. 
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Table 3. Daily patterns in water content of wheat 

kernels during various growth stages in 1985 and 

1986. 

Days after anthesis 

Daily 

cycle 1985 1986 

10 15 20 25 30 10 15 20 

percent water 

0700 71.1 63.4 54.0 44.8 41.7 65.2 57.5 50.3 

1100 71.7 62.4 52.9 45.4 41.4 64.6 57.8 50.0 

1500 70.1 62.6 52.8 45.0 39.5 64.3 59.5 50.4 

1900 69.9 61.2 51.9 44.1 35.3 61.7 55.4 50.2 

2400 61.4 51.8 44.4 38.8 62.5 56.6 49.7 

MEAN a 70.7 62.2 52.7 44.7 39.3 63.7 57.4 50.1 

LSD0.05 
b 

NS 0.8 1.3 NS NS NS NS NS 

mg water kernel -1 

0700 28.9 33.2 34.5 30.0 29.9 25.6 27.4 26.5 

1100 30.8 32.2 31.5 28.7 28.8 24.0 25.1 27.6 

1500 28.6 32.7 33.0 29.1 26.7 25.5 30.2 28.6 

1900 29.6 32.7 32.2 28.7 23.2 23.5 24.3 28.6 

2400 33.8 33.1 30.2 26.0 24.3 28.4 27.4 

MEAN a 29.5 32.9 32.9 29.3 26.9 24.6 27.1 27.7 

LSDo.o5 
b 

NS NS 1.7 NS NS NS NS 1.4 

aMeans are averages taken over daily cycles. 

25 30 

45.8 42.5 

46.1 41.7 

44.4 41.9 

45.7 40.6 

46.2 41.2 

45.6 41.6 

NS NS 

25.6 25.8 

26.9 25.7 

25.3 24.9 

24.8 23.8 

27.0 25.4 

25.9 25.1 

NS NS 

b 
LSD0.05 represents the least significant difference at the 5% level of 

probability between daily times of sampling. NS, nonsignificant dif-

ference at the 5% level of probability. 
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Table 4. Daily patterns in UDP sucrose synthase and 

invertase activity of wheat kernels at various 

growth stages during 1985 and 1986. 

Days after anthesis 

Daily 1985 1986 
cycle 

10 15 20 25 30 10 15 20 25 30 

umoles -1 min -1 sucrose cleaved gfw 

UDP SUCROSE SYNTHASE 

0700 4.51 5.41 4.31 3.42 2.24 5.78 4.36 3.79 3.04 2.24 

1100 5.49 5.62 4. 72 3.08 1.93 5.49 4.40 3.00 4.15 2.29 

1500 5.03 4.78 4.10 3.28 1.65 5.18 3.34 2.80 3.29 2.35 

1900 5.48 5.27 4.91 2.72 1.45 5.96 4.22 3.99 3.05 2.07 

MEANa 5.13 5.27 4.51 3.13 1.82 5.60 4.08 3.40 3.38 2.24 

LSDo.o5 
b 0.52 0.32 0.53 0.57 0.34 NS 0.53 0.44 0.29 0.26 

INVERTASE 

0700 4.54 3.68 1.92 0.85 0.54 4.48 1.32 1.71 0.53 0.27 

1100 5.24 3.86 2.10 0.92 0.49 4.05 1. 73 1.58 0.66 0.34 

1500 5.84 3.82 2.28 1.47 0.40 4.73 1.18 1.52 0.55 0.48 

1900 6.21 4.21 2.65 0.93 0.33 4.33 1.22 0.89 o. 70 0.24 

MEAN a 5.46 3.89 2.24 1.04 0.44 4.40 1.36 1.43 0.61 0.33 

LSDo.o5 
b 0.53 NS 0.44 0.37 0.18 0.30 0.43 0.31 NS 0.08 

~eans are averages taken over daily cycles. 

b 
LSD0.05 represents the least significant difference at the 5%level of 

probability between daily times of sampling. NS, nonsignificant diE-

ference at the 5% level of probability. 
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Table 5. Daily patterns in UDPG pyrophosphorylase and ADPG 

pyrophosphorylase activity of wheat kernels at various 

growth stages during 1985 and 1986. 

Days after anthesis 

Daily 1985 1986 
cycle 

10 15 20 25 30 10 15 20 25 30 

umoles UDPG (ADPG) -1 . -1 gfw m1n 

UDPG PYROPHOSPHORYLASE 

0700 1. 72 1.53 1.16 0.51 0.54 0.93 0.59 0.87 0.62 o. 71 

llOO 1.65 1.59 0.98 0.50 0.46 0.84 0.46 0.70 0.66 0.59 

1500 1.40 1.48 0.81 0.52 0.40 o. 72 0.31 0.79 0.63 0.43 

1900 1.51 1.27 0.82 0.46 0.34 0.54 0.66 0.74 0.67 0.33 

MEAN a 1.57 1.47 0.94 0.50 0.44 0.76 0.51 0.78 0.65 0.52 

LSD0.05 
b 0.14 NS 0.08 NS 0.03 0.18 0.08 NS NS 0.11 

ADPG PYROPHOSPHORYLASE 

0700 1.40 1. 71 1.20 0.62 0.56 0.94 0.69 0.98 0.74 0.72 

1100 1.30 1.59 1.03 0.66 0.51 0.90 0.51 0.82 0.79 0.56 

1500 1.33 1.50 0.87 0.56 0.41 0.94 0.54 0.69 0.55 0.58 

1900 1.38 1.41 0.90 0.55 0.30 o. 75 0.67 o. 70 0.80 0.40 

MEANa 1.35 1.55 1.00 0.60 0.45 0.88 0.60 0.80 o. 72 0.57 

LSD0.05 
b NS 0.14 0.09 NS 0.03 0.13 0.04 0.21 0.14 0.09 

~eans are averages taken over daily cycles. 

b 
LSD0.05 represents the least significant difference at the 5% level of 

probability between daily times of sampling. NS, nonsignificant dif-

ference at the 5% level of probability. 
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Table 6. Daily patterns in sugar content of wheat kernels 

at various growth stages during 1985 and 1986. 

Days after anthesis 

Daily 

cycle 1985 1986 

10 15 20 25 30 10 15 20 25 30 

mg sucrose g ODW -1 

0700 30.1 19.3 9.2 12.0 11.4 11.3 10.2 10.2 10.2 9.1 

1100 23.1 17.9 8.6 10.4 10.9 12 .o 8.8 10.4 8.7 8.5 

1500 25.9 16.6 9.3 11.0 12.5 12.4 10.2 9.5 9.5 8.5 

1900 25.1 15.7 11.8 11.8 13.5 11.5 11.1 9.7 9.2 8.7 

2400 16.1 12.4 11.1 12 .o 10.4 8.6 8.8 9.5 9.2 

MEAN a 26.1 17.1 10.3 11.3 12.1 11.5 9.8 9.7 9.4 8.8 

LSD0.05 
b NS 1.6 1.2 0.8 1.3 NS 1.3 0.6 0.8 NS 

mg glucose g ODW -1 

0700 8.9 2.4 0.9 1.0 0.8 2.7 1.3 0.6 0.6 0.4 

1100 7.6 3.6 1.6 0.8 0.5 2.6 1.1 0.8 0.8 0.6 

1500 6.6 2.5 1.7 1.1 0.8 2.8 1.0 1.2 0.7 0.4 

1900 6.0 3.7 1.9 0.7 0.9 2.2 1.7 1.0 0.9 0.4 

2400 3.6 1.4 0.8 0.6 1.3 0.7 0.7 0.6 0.5 

MEAN a 7.3 3.2 1.5 0.9 0.7 2.3 1.2 0,9 0.7 0.5 

LSDo.o5 
b NS 0.2 0.3 0.1 0.2 0.6 0.3 0.1 0.1 NS 

mg fructose g ODW -1 

0700 26.4 9.3 3.3 2.0 1.5 12.9 4.6 2.5 1.6 1.1 

1100 25.5 11.7 4.9 1.7 0.8 14.0 5.0 2.9 2.0 l.O 

1500 20.6 9.2 4.6 2.1 1.3 12.1 4.8 2.7 1.8 0.9 

1900 19.9 10.2 4.5 1.8 1.1 10.5 5.3 2.3 1.8 0.9 

2400 10.8 4.1 1.7 0.9 8.5 3.4 1.9 1.6 0.9 

MEAN a 23.1 10.2 4.3 1.9 1.1 11.6 4.6 2.5 1.8 1.0 

LSDo.o5 
b 5.3 0.9 0.5 0.2 0.3 2.6 1.1 0.4 0.3 NS 

~eans are averages taken over daily cycles. 

bLSD0•05 represents the least significant difference at the 5% level of 

probability between daily times of sampling. NS, nonsignificant dif-

ference at the 5% level of probability. 
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Table 7. Daily patterns in starch content of wheat kernels 

at various growth stages during 1985 and 1986. 

Days after anthes.is 

Daily 

cycle 1985 1986 

10 15 20 25 30 10 15 20 25 30 

mg g ODW -1 

0700 437.9 489.6 588.6 611.5 606.3 463.2 516.2 538.3 552.3 578.5 

1100 442.2 
-....! 

507.3 587.6 596.1 580.5 498.6 516.2 553.2 577.9 565.9 
U1 1500 446.5 511.8 577.6 601.2 587.9 473.5 508.4 542.1 556.3 559.1 

1900 450.9 531.0 580.1 615.3 575.4 466.1 529.6 546.8 545.0 556.1 

2400 -- 518.1 593.2 595.4 588.3 509.9 508.5 546.5 566.3 559.8 

MEAN a 444.4 511.5 585.4 603.9 587.1 482.3 515.8 545.4 559.6 563.9 

Lsoo.o5 
b NS 12.1 NS 9.7 NS 18.2 NS NS 18.8 16.0 

~eans are averages taken over daily cycles. 

bLSD0 _05 represents the least significant difference at the 5% level of probability between 

daily times of sampling. NS, nonsignificant difference at the 5% level of probability. 
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