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The pathway of starch synthesis in the cereal endosperm is

unique, and requires enzyme isoforms that are not present in

other cereal tissues or non-cereal plants. Recent information on

the functions of individual enzyme isoforms has provided insight

into how the linear chains and branch linkages in cereal starch

are synthesized and distributed. Genetic analyses have led to the

formulation of models for the roles of de-branching enzymes in

cereal starch production, and reveal pleiotropic effects that

suggest that certain enzymes may be physically associated. For

the first time, tools for global analyses of starch biosynthesis are

available for cereal crops, and are heralded by the draft

sequence of the rice genome.
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Abbreviations
ADPG ADP-glucose

ae amylose extender

AGP ADP-glucose pyrophosphorylase

BE branching enzyme

DAF days after flowering

DBE debranching enzyme

DP degree of polymerization

GBSSI granule-bound starch synthase I

Pi orthophosphate

SS starch synthase

su1 sugary1

WSP water-soluble polysaccharide
Wx waxy

Introduction
Cereal crops accumulate starch in the seed endosperm as

an energy reserve. This starch serves as the primary

carbohydrate component in the diets of humans and

livestock, and also has numerous important industrial

applications. Starch comprises two D-glucose homopo-

lymers, amylose and amylopectin. Amylose is essentially

a linear molecule, in which glucosyl monomers are

joined via a-1,4 linkages. Amylopectin, the more abun-

dant polymer in starch, contains linear chains of various

lengths. Approximately 5% of the glucosyl units in

amylopectin are joined via a-1,6 linkages, which intro-

duce chain branches. Amylopectin has a high degree of

structural organization, as exemplified by the non-ran-

dom distribution of linear chains and the clustered

positioning of branch linkages. Regions of high-branch

frequency alternate with regions that are devoid of

branches, enabling intervening linear chains to align

in parallel arrays of double helices (Figure 1; [1,2]). This

conserved architecture is responsible for the semi-crys-

talline nature of starch granules, which allows the dense

packaging of glucose units. A higher-order organization

in amylopectin gives rise to two types of crystalline

structure, A-type and B-type, which differ with respect

to the symmetry and packing of short amylopectin chains

[3,4]. Wildtype cereal starches are 100% A-type, in

which double helices are arranged with a minimal

amount of bound water.

This review covers recent advances in understanding

the enzymatic activities necessary for starch synthesis

and the determination of amylopectin structure, focus-

ing particularly on new information on ADP-glucose

pyrophosphorylase (AGP), starch synthase (SS), starch

branching enzyme (BE) and starch debranching enzyme

(DBE) [1,2,5�]. Biochemical characterizations, expres-

sion analyses, and genetic and transgenic approaches

have combined to provide insight into the roles of specific

enzyme isoforms and factors that potentially regulate

their activities. Furthermore, owing to the sequencing

of the rice genome, genome-based approaches for the

examination of the starch biosynthetic pathway in cereals

are now available for the first time.

AGP is uniquely extra-plastial in the cereal
endosperm
AGP catalyzes the first reaction in starch synthesis, pro-

ducing the activated glucosyl donor ADP-glucose

(ADPG). AGP comprises two large subunits and two

small subunits, each of which is encoded by distinct

genes. The enzyme is now known to be largely extra-

plastidial (i.e. 85–95% cytosolic) in cereal endosperm, but

plastidial in other cereal tissues and in all tissues of non-

cereal plants (Figure 2; [6–9,10��,11]). Recent studies

suggest that distinct cytosolic and plastidial forms of

AGP that are encoded by separate large- and small-sub-

unit genes exist in all cereal endosperms [6,9,10��,12�].
The AGP small subunit gene sequences from various

eudicots and monocots differ primarily in exon 1 [13�].
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The diversity of exon 1 within the cereals suggests that

cytosolic AGP may have evolved more than once.

In cereal endosperm, ADPG synthesized in the cytosol is

transported into plastids via a small inner envelope pro-

tein that, in maize, is encoded by the Brittle1 gene [14].

This BT1 protein is capable of transporting ADPG from

the cytosol into the plastid [15], most likely in exchange

for AMP [16,17].

The cytosolic localization of AGP in cereal endosperm

may have functional significance for partitioning large

amounts of carbon into starch when sucrose is plentiful

[10��]. In plants that have exclusively plastidial AGP,

the sucrose-to-starch pathway involves plastid import of

hexose phosphates that can also be used in pathways

other than starch synthesis. In cereals, however, carbon

entering the plastid as ADPG is committed to starch

synthesis and cannot be diverted into other metabolic

pathways within the plastid.

The importance of the regulation of AGP in cereal

endosperm is unclear. As in other plant organs, AGP in

cereal endosperm is regulated positively by 3-phospho-

glycerate (3-PGA) and negatively by orthophosphate (Pi)

[18]. Evidence that this is important for the regulation of

starch synthesis in cereals comes from studies of trans-

genic wheat containing maize AGP genes that contain

point mutations that confer stability to subunit interac-

tions and reduce Pi inhibition [19]. Analysis of a small
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Diagrammatic representations of amylopectin structure. (a) The connections of glucosyl units by a-1,4 and a-1,6 glycoside linkages. (b) Cluster model

of amylopectin structure. Solid lines represent glucan chains, dashed lines represent the boundaries of amylopectin side-chain clusters in which

adjacent linear chains associate as double helices. Side chains are represented by amorphous structures. Modified from [2].
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Schematic diagram depicting hexose transport from the cytosol into

non-cereal or cereal plastids. The pathway to starch follows a similar

route within plastids of both plant types.
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number of these transgenic wheat plants showed they

expressed a more stable and enzymatically active AGP

that, in some cases, was associated with increased seed

weight and total biomass. However, there is also evidence

that the regulation of AGP in cereal endosperm is less

important than in other organs such as leaves. First, AGP

in cereal endosperm is less sensitive to 3-PGA and Pi than

AGP in other tissues [20]. Second, AGP in cereal endo-

sperm may be insensitive to redox regulation [21], unlike

AGP from potato tubers, which is subject to powerful

redox regulation [22].

Individual starch synthase isoforms have
unique roles in starch synthesis
SSs utilize ADPG to elongate linear chains by the for-

mation of a-1,4 linkages. Cereal endosperms contain at

least five SS isoforms that are categorized according to

conserved sequence relationships [23]. Four isoforms,

termed SSI, SSIIa, SSIIb, and SSIII, are believed to have

unique functions in amylopectin synthesis, although their

precise roles have not been identified. A granule-bound

isoform, GBSSI, which is encoded by the Waxy (Wx) locus

in cereals, functions specifically to elongate amylose

[24,25]. wx mutants typically lack amylose and have

starches comprised solely of amylopectin. Although

GBSSI activity and Wx gene dosage are linearly propor-

tional, Wx dosage is not proportional to amylose content,

as shown in early studies of maize [26] and more recent

analyses of Triticum monococcum, a diploid wheat [27].

This suggests that amylose content may be responsive

to factors besides GBSSI. Recent evidence suggests that

such regulatory factors include the availability of small

malto-oligosaccharides as primers or the availability of

ADP-glucose as substrate [28].

Several wx mutants of barley synthesize small amounts of

endosperm amylose, provoking an investigation of

whether barley endosperm, like that of wheat, expresses

two GBSSs. A second barley isoform, GBSSIb, has been

identified that shares 96.5% identity with wheat GBSSII

and 65.3% identity with barley GBSSI [29��]. As in wheat,

however, this second isoform is not expressed primarily in

endosperm but in tissues such as pericarp that accumulate

starch transiently.

Elucidation of the roles of the soluble SS isoforms is

essential to an understanding of amylopectin synthesis. A

recent study of SSI glucan-binding affinities indicates

that the entire carboxy-terminal region of this enzyme is

required for starch binding, although the amino-terminus

is not [30��]. Furthermore, SSI binding affinity increases

dramatically with the length of linear substrate chains,

and is inversely proportional to the catalytic capability of

the enzyme. These results, together with information

from previous studies of altered amylopectin in maize SS

mutants, suggest a model to account for the roles of

different SSs in determining the distribution of amylo-

pectin chain lengths [31–33]. According to this model,

SSI is primarily responsible for the synthesis of the

shortest chains, that is, those with a degree of polymer-

ization (DP) of 10 glucosyl units or less. Further exten-

sion to produce longer chains that extend between

clusters is catalyzed by SSII and/or SSIII, and may

involve the introduction of branches before extension

can proceed [30��].

Quantitative trait loci (QTL) mapping of the japonica and

indica rice varieties, which differ in the functional and

structural properties of their starch, supports this model

[34��]. In comparison with indica amylopectin, japonica
amylopectin is enriched in chains that have a DP of 10 or

less and has fewer intermediate chains (DP13–22). Ume-

moto and coworkers [34��] established that the gene on

chromosome 6 that encodes SSIIa is responsible for these

varietal differences. They suggest that SSIIa plays a role

in the elongation of short chains of DP <10 that leads to

the production of intermediate chains, and that SIIa

activity is hindered in japonica rice. Because chains of

DP13–22 typically form double helices, their reduced

frequency in japonica may account for the functional

differences between the starches of japonica and indica.

Contributions of individual BE isoforms to
the determination of starch structure
BEs generate a-1,6 linkages by cleaving internal a-1,4

bonds and transferring the released reducing ends to C6

hydroxyls. There are two classes of BE (BEI and BEII) that

differ in terms of the lengths of chains transferred in vitro,

with BEII transferring shorter chains than BEI [35,36]. In

cereals, there are two closely related forms of BEII (BEIIa

and BEIIb) [37�,38]. These also differ in chain-length

specificity in vitro, with BEIIb transferring shorter chains

than BEIIa during extended incubation [37�].

The temporal and spatial patterns of expression vary

between BE isoforms. BEI and BEIIa are expressed in

the endosperm and several other cereal tissues, whereas

BEIIb is only expressed in the endosperm and reproduc-

tive tissues. In rice, BEIIa expression was detected ear-

liest at 3 days after flowering (DAF) and maximally at 5–7

DAF [37�]. BEIIa expression is also maximal at mid-

development in wheat grains [38]. In contrast, BEI and

BEIIb transcripts are most abundant later, at 7–10 DAF in

rice [38].

There is good evidence that the different BE isoforms

have distinct roles in endosperm starch synthesis. First,

analysis of the amylopectin of BEI mutants reveals subtle

deficiencies in intermediate and long chains. This sug-

gests a role for BEI in the formation of chains of these

lengths, and indicates that neither BEIIa nor BEIIb can

compensate for the loss of BEI activity [5�,39]. Second,

the altered amylopectin structure in mutants that lack

BEIIb suggests a unique role for this isoform. BEIIb
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mutants of maize and rice were historically designated

‘amylose-extender’ (ae) because they have an apparent

increase the relative proportion of amylose to amylopec-

tin in the endosperm. Recently, however, rice ae; wx
double mutants that lack amylose were shown to produce

greatly elongated amylopectin chains that may previously

have been mistaken for amylose [40��]. Furthermore, the

rice ae mutation has been shown to cause a 50% decrease

in SSI in addition to eliminating BEIIb activity, suggest-

ing that in vivo the BEIIb and SSI proteins may interact

[40��]. Mutational analysis of BEIIa genes in maize and

rice, however, indicates that loss of this isoform affects

neither the composition of endosperm starch nor the fine

structure of amylopectin [5�,41]. Therefore, either BEIIa

does not have a critical role in amylopectin synthesis in

the endosperm or other BE isoforms can compensate for

its absence.

A model for the sequential action of BE isoforms derives

from the heterologous expression in yeast of all three

maize BEs, singly and in all combinations [42��]. This

model suggests that BEII may act before BEI on pre-

cursor polymers because both maize BEII isoforms com-

plement the loss of glycogen BE and produce glucans

with unique chain distributions and branch frequencies,

but BEI has no effect unless both BEIIa and BEIIb are

also present.

Potential DBE functions
Mutations in many species indicate that starch synthesis

involves DBEs in addition to SSs and BEs. Two DBE

families exist in plants, isoamylase-type and pullulanase-

type. Both types hydrolyze a-1,6 linkages, but they differ

in substrate specificity. Orthologous mutations of maize

and rice (sugary1 [su1]) and barley (isa-1) affect genes that

encode an isoamylase-type DBE, and correlate with the

accumulation of a polymeric water-soluble polysaccharide

(WSP) termed phytoglycogen and reduced starch content

[43–45,46��]. The su1 mutations also condition reduced

pullulanase-type activity.

Many su1 alleles are known that vary phenotypically. In

maize, su1-allele-specific pleiotropic effects were observed

on other enzymes, particularly BEIIa (Figure 3; [47��]).
The presence of a catalytically inactive SU1 eliminates

several of these effects, indicating that the SU1 polypep-

tide has both enzymatic and non-enzymatic functions and

suggesting that some starch biosynthetic enzymes may

function in a complex. Dinges et al. [47��] also found that a

very small amount of SU1 activity is sufficient for the

synthesis of near-normal quantities of amylopectin. In

barley, allelic isoamylase-type DBE mutations (termed

isa1) have been described recently [46��]. isa1 mutants

synthesize phytoglycogen and have profoundly defective

granule structure and initiation. Mutant granules are

small, irregular in shape, often compound, and are pro-

duced during only one wave of granule initiation rather

than during the two waves that normally occur. Evidence

to support a biosynthetic role for isoamylase comes from

the pattern or expression for iso1, the wheat ortholog of

su1. This cDNA is expressed maximally in developing

wheat grains and not at all in mature grains [48].

The pullulanase-type enzyme, termed ZPU1 in maize,

participates in starch degradation in the endosperm.

In addition, it appears to provide a function that over-

laps with that of the isoamylase-type DBE during

biosynthesis [49]. Recent biochemical characterization

of ZPU1 indicates it is an endo-acting enzyme that

cleaves only very short branch chains, and is subject to

activation by changes in redox status and inhibition in

the presence of high sugar concentrations [50�]. Sugar

accumulation is an effect of su1 mutations, and so this

Figure 3
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Pleiotropic effects within DBE-deficient mutants are revealed by the

activity gel analysis of the activities of starch-modifying enzymes. Total

proteins from maize kernels harvested 20 days after pollination were

separated on 15 cm native polyacrylamide gels, then electroblotted to

starch-containing gels. The activities of starch-modifying enzymes were

visualized by staining with an iodine solution. (a) Analysis of isoamylase-

type DBE mutant alleles. 50 mg protein from wildtype (lane 1) or
homozygous mutant su1 kernels (su1-R4582::Mu1, lane 2; su1–starchy,

lane 3; and su1–Ref, lane 4) was analyzed. (b) Analysis of a pullulanase-

type DBE mutant. 100 mg protein from wildtype (lane 1) and homozygous

zpu1–204 kernels (lane 2) was analyzed. Specific isoform activities are

indicated by arrows. BEIIa activity is missing in the su1–starchy and

zpu1–204 samples. Modified from [47��,49].
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may account for the secondary loss of pullulanase-type

activity in su1 mutants.

Although mutations that result in isoamylase-type DBE

deficiencies can have dramatic effects on starch synthesis,

the exact roles of isoamylase- and pullulanase-type DBEs

in starch synthesis are not yet known. Several models

could explain the function of DBE in starch synthesis

and phytoglycogen accumulation. The glucan-trimming

model suggests that DBEs directly participate in amylo-

pectin synthesis, selectively removing branches that are

inappropriately positioned [2,5�]. Accordingly, DBE

activity would be required for maintenance of the cluster

structure of amylopectin, for the dense packing of linear

chains, and for growing chains to crystallize onto the

granule surface. The recent observation of numerous

short chains on the surface of premature granules, which

suggests an intermediary structure, is consistent with this

model but does not provide direct support [51�]. An

alternative model suggests that DBEs eliminate soluble

glucan from the stroma, thereby removing a substrate that

competes for BE and SS binding [52]. DBE deficiency,

therefore, would result in WSP accumulation at the

expense of amylopectin. The observation of increased

granule number in isoamylase-type DBE mutants could

be explained by their more frequent nucleation of nascent

granules from WSP, regardless of the origin of the soluble

glucan. Alternatively, the data are also consistent with a

function for DBEs in destroying a specific primer for

granule initiation [46��].

Protein modifications that potentially
regulate starch biosynthesis
Little is known about factors that regulate starch bio-

synthesis in cereals. Recent research suggests that some

regulation occurs through protein modifications, which

are also implicated in the control of other pathways.

Reduction of the activity of SPK, a calcium-dependent

protein kinase, in developing rice endosperm reduced

the starch content and increased the sucrose content of

the grain [53�]. SPK phosphorylates sucrose synthase, the

enzyme that provides substrate for AGP, and thus may

regulate starch synthesis. For some enzymes, regulation

of activity is a two-step process, involving protein phos-

phorylation followed by the formation of a complex with

14-3-3 proteins [54]. Sehnke and co-workers [55] found

that reduction of the accumulation of granule-associated

14-3-3 proteins results in an increase in starch accumula-

tion. One target for these 14-3-3 proteins is believed to be

SSIII, which has a 14-3-3-binding motif. These findings

suggest that phosphorylation and 14-3-3 binding serve to

inactivate SSIII.

Some measure of coordination and regulation of starch

biosynthetic enzymes is increasingly thought to occur

through specific protein–protein interactions. Such inter-

actions have long been suggested on the basis of observa-

tions of increased phenotypic severity in double mutants

relative to single mutants of maize [56]. Furthermore,

biochemical analyses of pleiotropic enzymatic effects of

mutations, such as the observed reduction in SSI activity

in ae rice grains, lend support to this hypothesis [40��].
Recent analyses of an array of starch-metabolizing

enzyme activities in maize DBE mutants identified

allele-specific effects of su1 and zpu1 mutations on the

activity of BEIIa in developing maize kernels [47��,49]. In

each case, the effect was a complete loss of the activity of

BEIIa, but no change in the size or abundance of the

BEIIa protein. This suggests that BEIIa functionality was

lost in the mutants as the result of altered interactions

with the DBEs.

Conclusions and future directions
Our understanding of starch synthesis in cereal endo-

sperms has advanced recently as we have gained insights

into the specific functions of individual enzyme isoforms.

A cytosolic form of AGP that is unique to cereals may

serve to commit excess carbon to starch production. Roles

for SSI, SSIIa, and all three BEs in chain-length deter-

mination and branch placement have been proposed. The

pleiotropic effects of BE and DBE mutants complicate

the analyses, and have led to additional hypotheses con-

cerning their functions. Future research in this area will

identify direct interactions among starch biosynthetic

enzymes, as well as modifying factors that regulate

enzyme activity.

Tools for genome-based analyses of starch biosynthesis

are now available for cereal crops. Comparative genomics

will allow us to distinguish components of the starch-

synthesizing machinery that are conserved among all

plant species from those that are unique to cereals, and

to identify those components that differ between cereal

species. This may eventually help to explain species

differences in starch granule shape and size, and thus

provide the potential for biotechnological advances.

The draft sequence of the rice genome [57,58�,59] pro-

vides a foundation for characterizing other cereals, which

is based on extensive genome synteny and sequence

conservation, and enables expression patterns at the

protein and transcript levels to be fully examined.

Recently, a comprehensive proteomics study in rice ana-

lyzed tissue-specific expression in metabolic pathways

[60�]. This work showed that two small-subunit AGP

isoforms are common to leaves and seeds, whereas two

large-subunit isoforms are seed-specific and a third large-

subunit isoform is present exclusively in leaves. Another

study involved a microarray analysis of gene expression in

developing maize endosperm in response to the su1
mutation [61]. Few differences between the mutant

and the wildtype were identified, supporting previous

findings that the pleiotropic effects of su1 are mediated

post-transcriptionally [47��,62]. This work emphasizes
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the need to focus on protein interactions and modifica-

tions in the future. Other global analyses of starch synth-

esis have taken evolutionary approaches, providing, for

example, an in-depth study of allele geneology at the wx
locus in rice [63] or a comprehensive study of nucleotide

diversity in the starch pathway of maize [64�]. Both of

these studies indicate that selective pressures for starch

quality or yield act particularly strongly on genes that

are involved in starch production. As bio-informatics

resources become increasingly available, such genome-

based approaches to starch metabolism promise to pro-

vide a more complete understanding of starch synthesis in

the cereal endosperm.
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