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Abstract The path of carbon from sucrose to
starch in developing grains appears to be different
in wheat (Triticum aestivum) and sorghum (Sor-
ghum bicolor). In this paper we present indirect
evidence in support of this hypothesis. Detached
ears, carrying actively metabolising grains, were
cultured in complete liquid media manipulated with
respect to inorganic phosphates and organic acids.
14C-incorporation studies indicated a higher level of
metabolism of sucrose before starch formation in
sorghum grain as compared to that in wheat grain.
Starch and protein contents drastically decreased in
sorghum grain in response to exogenously-supplied
inorganic phosphate and inorganic pyrophosphate.
In contrast, these inorganic phosphates had no such
effect on starch and protein accumulation in wheat
grain, a-ketoglutarate and citrate in sucrose-free
culture medium increased the starch content of
wheat grain. Conversely, these organic acids mark-
edly decreased the starch content of sorghum grain.
This difference in the response of wheat and sor-
ghum grains to inorganic phosphates and organic
acids leads us to suggest that whereas triose phos-
phates act as precursors of starch in sorghum grain,
hexose phosphates and/or adenosine 5'-diphospho-
glucose may act as direct precursors of starch in
wheat grain. This hypothesis is supported by the
observation of higher specific activities of some
selected glycolytic enzymes, such as phosphoglucoi-
somerase, ATP-dependent phosphofructokinase,
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INTRODUCTION

In the past, three types of sugar metabolites have
been proposed to enter amyloplasts and to serve as
precursors of starch synthesis. In the 1980s, triose
phosphates, in analogy with chloroplasts, were
thought to enter amyloplasts of non-photosynthetic
tissues in diverse species such as soybean
(MacDonald & apRees 1983), potato tubers
(Mohabir & John 1988), maize (Liu & Shannon
1981; Echeverria et al. 1988), and rice (Nakamura
et al. 1989) endosperms. Towards the end of the
same decade and in the early 1990s another hypoth-
esis emerged which emphasised a direct entry of
hexose phosphates into amyloplasts for its subse-
quent use in starch synthesis in Chenopodium
rubrum cells, potato tubers, faba bean, maize, and
wheat {Triticum aestivum) endosperms (Keeling et
al. 1988; Hatzfeld & Stitt 1990; Viola et al. 1991).
The specificity of hexose phosphate for transfer
differs with the source of amyloplasts, e.g., glucose-
1-phosphate in wheat grains (Tyson & apRees 1988;
Tetlow et al. 1994), potato tubers (Kosegarten &
Mengel 1994) and glucose-6-phosphate in pea
embryos (Hill & Smith 1991), pea roots (Borchert
et al. 1993), and cauliflower buds (Neuhaus et al.
1993). The third possible route involving transfer of
adenosine 5'-diphosphoglucose (ADPG) across
amyloplast was suggested in cultured sycamore cells
(Pozueta-Romero et al. 1991). The nature of starch
biosynthetic pathway in non-photosynthetic starch-
storing organs has also recently been reviewed by
Smith et al. (1995). The great deal of confusion re-
garding the type of sugar metabolite entering the
amyloplast is probably because of: (1) the difficult
procedure of isolation of intact amyloplasts; and (2)
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the possibility of contamination of these prepara-
tions with other fractions.

The key point in the regulation of starch and
sucrose synthesis in photosynthetic cells is the ex-
change of cytosolic inorganic phosphate with triose
phosphate from chloroplasts (Heldt et al. 1977;
Heber & Heldt 1981). The existence of a similar
triose phosphate translocator is expected in the
amyloplast envelope because of ontogenetic and
anatomical similarities between the two plastids.
Inorganic phosphate is also thought to regulate the
activities of several enzymes involved in starch and
sucrose metabolism in vivo (Dickinson & Preiss
1969; Hannah & Nelson 1975; Fuchs & Smith
1979). However, most of these studies have been
done in in vitro systems. Organic acids such as ot-
ketoglutarate and citrate are well known glycolytic
inhibitors and gluconeogenic activators. As both
glycolysis and gluconeogenesis are involved in the
supply of precursors of starch and sucrose synthe-
sis, it is important to know how these processes
influence starch synthesis.

In the present paper, we studied the effect of in-
organic phosphate, inorganic pyrophosphate, oc-ke-
toglutarate, and citrate on the conversion of sucrose
to starch by feeding these compounds to detached
ears in liquid culture medium. This technique mim-
ics in vivo conditions of cellular metabolism and in
our laboratory it has already generated important
information on regulation of sucrose metabolism in
cereals (Singh et al. 1978; Singh & Asthir 1988;
Singh et al. 1991; Goyal et al. 1990; 1993;
Randhawa & Singh 1994) and legumes (Maclachlan
& Singh 1983; Singh & Maclachlan 1983; Singh et
al. 1994). Based on our present results, we propose
that whereas triose phosphates may act as precur-
sors of starch synthesis in sorghum (Sorghum
bicolor) grain, hexose phosphates, or ADPG may be
involved as direct precursors of starch synthesis in
the wheat grain.

MATERIALS AND METHODS

Plant material and chemicals
Developing grains of wheat (Triticum aestivum L.
var. WL1562) and sorghum (Sorghum bicolor L.
var. X988) were used. All biochemicals, including
enzymes, were from Sigma Chemicals Co. St. Louis,
Mo, United States. [U-l4C]sucrose (uniformly la-
belled 14C sucrose) (21.5 GBq mmol1) was from the
Bhabha Atomic Research Centre, Bombay, India.

Liquid culturing of detached ears
The detached ears of wheat and sorghum were cul-
tured in complete liquid medium (Goyal et al. 1990,
1993). To study the effect of inorganic phosphates
on starch metabolism in the developing grains, 0-
15 mM inorganic phosphate as KH2PO4 and 0-15
mM inorganic pyrophosphate as Na2P2O7 were in-
cluded in the culture medium. Similarly, a-ketoglu-
tarate and citrate were supplied to the detached ears
through liquid culture medium, between 0 and 100
mM concentrations. Each experiment was carried
out in six replicates.

Carbohydrate analysis
Total free sugars were extracted from fresh grains
with hot ethanol (Singh & Asthir 1988) and meas-
ured by the method of Dubois et al. (1956). Starch
was extracted from the sugar-free residue as reported
by Singh & Juliano (1977) and was measured by the
method of Pucher et al. (1948). The relative propor-
tions of glucose, fructose, and sucrose were deter-
mined as described elsewhere (Singh & Maclachlan
1983; Singh et al. 1991).

Extraction and analysis of inorganic
phosphate and inorganic pyrophosphate
Fresh grains (1 g) were homogenised in 5 ml 0.1M
Tris-HCl buffer (pH 7.0) and centrifuged at 15 OOOg
for 20 min. The pellet was washed twice with the
extraction buffer in order to extract inorganic phos-
phate quantitatively and inorganic phosphate was
determined in the pooled supernatant (Taussky &
Shorr 1953). Inorganic pyrophosphate was extracted
from grain samples by the method of Viola & Davies
(1991) and estimated colorimetrically (Heinonen et
al. 1981).

Extraction of enzyme
For glycolytic enzymes, fresh grains were homog-
enised cold in a chilled pestle and mortar in 50 mM
Tris-HCl buffer (pH 8.0) containing 5 mM MgCl2,
1 mMEDTA, 1% PVP, and 20 mM 13-mercaptoe-
thanol. The homogenate was centrifuged at 15 OOOg
for 40 min. The pellet was washed twice with ex-
traction buffer and the supernatants filtered through
four layers of cheese cloth, pooled, and dialysed
against extraction buffer (but without PVP) for 8 h.
The dialysate was used for assaying the activities of
phosphoglucoisomerase, ATP-dependent phospho-
fructokinase, fructose 1,6-bisphosphate aldolase,
and triose phosphate isomerase.

For alkaline inorganic pyrophosphatase, fresh
grains were extracted as above in 0.1M Tris HC1


