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Abstract

:

The starch-rich endosperms of the Poaceae, which includes wild grasses and their domesticated descendents the cereals, have provided humankind and their livestock with the bulk of their daily calories since the dawn of civilization up to the present day. There are currently unprecedented pressures on global food supplies, largely resulting from population growth, loss of agricultural land that is linked to increased urbanization, and climate change. Since cereal yields essentially underpin world food and feed supply, it is critical that we understand the biological factors contributing to crop yields. In particular, it is important to understand the biochemical pathway that is involved in starch biosynthesis, since this pathway is the major yield determinant in the seeds of six out of the top seven crops grown worldwide. This review outlines the critical stages of growth and development of the endosperm tissue in the Poaceae, including discussion of carbon provision to the growing sink tissue. The main body of the review presents a current view of our understanding of storage starch biosynthesis, which occurs inside the amyloplasts of developing endosperms.
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1. Introduction


The grasses can rightly be regarded as a cornerstone of human civilization. This large family (approximately 12,000 species) of monocotyledonous flowering plants is also called the Poaceae (or Gramineae). The Poaceae includes the cereals, which are domesticated grasses that are cultivated for consumption of their grain by humans and livestock, and the forage grasses, whose vegetative biomass provides a source of digestible energy and nutrients for domesticated ruminant animals. The Poaceae represent a highly successful group of land plants that have colonized all of the continents and climatic belts, with the exception of Antarctica. Growth of both domesticated and wild grasslands (savannah and prairie) therefore represent a significant proportion (up to 40%) of the Earth’s landmass.



Monocotyledonous (Monocot) seeds (more accurately termed caryopses) are particularly rich in starch, as opposed to many dicotyledonous (dicot) seeds that tend to store higher proportions of lipid, protein, and complex carbohydrates (hemicelluloses) in their cotyledons. It has been suggested that the reason for this difference is linked to ancient whole-genome duplication (WGD) events, occurring approximately 70 MYA, prior to the divergence of the Poaceae from within the monocotyledonous (monocot) lineage [1,2]. Following WGD, a dominant starch biosynthesis pathway in the endosperms of Poaceae resulted from preferential retention of starch biosynthetic genes and sub-functionalization of duplicated genes [3,4], and has been preserved throughout crop domestication from early Neolithic times when humans developed from herdsmen to cultivators. However, the major sub-divisions of the Poaceae were evolved by the end of the Pleistocene (Ice Age), probably from aquatic and semi-aquatic ancestors, and many of the subsequent wild forage grasses are ancestors of the modern cereals, originally growing in forest margins and deep shade [5,6]. Humans and their ancestors have utilized the starch-rich endosperms of the Poaceae long before the advent of agriculture [7,8]. Evidence from troglodyte caves in Africa suggests the processing of starches from ancestral relatives of sorghum (Sorghum bicolor L.) over 120,000 years ago [9,10]. In addition, studies of dental calculus from Neanderthal specimens from a wide geographical range show evidence of cooking and ingestion of wild grasses from the Triticeae tribe [11]. For a detailed review of the archaeological aspects of starch consumption by humans and their ancestors, see the mini-review by Copeland in this Special Issue. Subsequent domestication of selected grasses for their starch rich seeds as a source of calories has resulted in increased harvest index, with larger grain sizes and higher starch contents through the breeding of a number of physiological traits. Consequently, many modern cereal endosperms contain over 70% starch [12]. Even cultivated non-cereals within the Poaceae, such as sugarcane (Saccharum officinarum L.), have seen a steady increase in the proportion of storage starch in the endosperm through domestication and plant breeding [13].



The importance of cereals in modern agriculture cannot be understated; the top three crops, in terms of harvested area and production are wheat (Triticum aestivum L.), rice (Oryza sativa L.), and maize (Zea mays L.), and cereals are represented in six out of the top seven crops currently grown worldwide [14]. Indeed, cereal yield has a major impact on world food supply. Starch-derived calories represent the major component of human daily caloric intake [15], and significant proportions of the major cereals that are being used in domestic livestock production (e.g., 38% in the case of maize). The high proportion of starch products that are consumed in the diet mean that this important source of calories has a major impact on human and animal health, in particular, starch quality characteristics, such as relative rates of digestibility influence blood sugar levels and lower gut health [15,16,17,18]. Moreover, a rapidly increasing world population (estimated to be 9.6 billion by 2050) and the loss of agricultural land to urban growth and climate change places unprecedented pressures on global food supplies. In particular, increased affluence in emerging world economies exacerbates these problems as meat consumption increases, placing extra demands on crop yields to meet demand for livestock production. Despite major increases in cereal yields resulting from the green revolution [19], based on current population growth, food production must increase 50% by 2030, and double by 2050 in order to meet the projected demands [20]. It is therefore imperative to understand the basis for, as well as limitations on, yield in the major crops (cereals), in order to produce improved, higher yielding/higher biomass crops and ensure greater food security.



This review outlines the process of starch biosynthesis occurring in grasses and cereals. Particular emphasis is placed on the economically important storage starches produced in the amyloplasts of developing seed endosperm, whose biosynthesis is distinct from that found in other tissues of the plant, and also from storage starch synthesis in dicot plants. Although the pathway of storage starch deposition in the endosperm is similar in all of the major cereals, carbon reserve storage and release in the source leaves differs widely between the different cereal groups. Leaf and stem carbon reserves play a major role in the growth and development of the plant, and prior to and during flowering, strategically localized carbohydrate reserves are critical in determining seed number and final yield ([21], and see recent review by MacNeill et al. [22]). Reserve deposition and release in these photosynthetic tissues mitigates embryo abortion and is therefore a major factor underpinning final grain yield [23,24]. Starch reserves also play a critical role in mitigating abiotic stress, which has important implications for crop productivity (see a recent review by Thalmann and Santelia [25]).



In addition, differences in the physiology and reproductive strategies exist between the major groups of Poaceae. The panicoid grasses (e.g., maize, sorghum and millet) generally conduct C4 photosynthesis and have a maize-like grain structure, whereas in the pooids (e.g., rice, wheat and barley), grain number and seed size are characteristic of source-limited plants [26].



The Poaceae are split into two lineages (or clades, see Figure 1). The PACMAD clade (representing the Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae, Arundinoideae, and Danthonioideae), contains >5700 species including all of the extant C4 grasses, whilst the BEP clade (containing the Bambusoideae, Ehrhartoideae, and the species-rich Pooideae) is distributed mainly in temperate regions and contains exclusively C3 grasses [27]. However, for practical purposes, the Poaceae are often considered to comprise three sub-families, with the major cereals being represented in each [28]. The Panicoideae comprise the tropical and sub-tropical panicoid grasses, and include maize, sorghum, common millet (Panicum miliaceum L.), foxtail millet (Setaria italica L.), and pearl millet (Pennisetum glaucum L.). The Ehrhartoideae are represented by rice, and like the panicoid grasses, store starch and Suc in the leaves. The Pooideae subfamily includes the model plant Brachypodium (the first wild grass with a sequenced genome, [29]), as well as the grasses of the sub-family Festucoideae, such as wheat, barley (Hordeum vulgare L.), rye (Secale cereale L.), and oats (Avena sativa L.). The Festucoideae are temperate grasses, which also include the major forage grasses, such as perennial ryegrass (Lolium perenne L.), cocksfoot (Dactylis glomerata L.), and Italian ryegrass (Lolium multiflorum Lam. ssp. italicum), and predominantly store sucrose in their leaves as well as fructan, and starch is usually a minor (<20%) leaf store [30,31,32]. Plants such as the dicot Arabidopsis or thale cress (Arabidopsis thaliana L.) predominantly store starch in their leaves and show strict control over its nocturnal degradation to ensure a steady supply of carbon to growing tissues until dawn [33]. However, cereal and forage grass leaves and stems, as described above, have variable types of carbon stores. For example, whilst temperate forage grasses store sucrose and fructan in their vegetative tissues (see above), some of the tropical and sub-tropical forage grasses such as the C3 arrowgrass (Echinolaena inflexa Chase) and the C4 molasses grass (Melinis minutiflora Beauv.), which is essential for cattle production on the savannahs of South America, store predominantly starch and sucrose in their leaves [34]. Sugarcane stores small quantities of starch in stems and leaves in addition to the high quantities of sucrose, and in this crop starch reserves are problematic in the subsequent processing of the cane sugar [35]. A number of studies indicate the non-linear rates of degradation and mobilization of these non-starch carbohydrate reserves during the night [36,37,38,39,40]. In the case of fructan-storing forage species such as darnel (Lolium temulentum L.), leaf starch synthesis appears to be limited at the expense of sucrose storage [41,42]. Non-linear rates of carbohydrate accumulation during daylight have also been noted for a number of temperate grass species [43,44,45], although this is not universal, as some, e.g., tall fescue (Festuca arundinacea Screb.), showed linear rates of storage carbohydrate accumulation during the day [46]. Not only do these leaf carbon stores play a major role in determining grain yield in cereals, but they also determine forage grass quality. Recent studies in other pasture plants such as white clover (Trifolium repens L.) point to the importance of leaf starch reserves in augmenting forage quality [47]. Details of leaf carbon metabolism of the various cereals and grasses and its relationship to plant growth is beyond the scope of this review, but it is an important consideration when examining the inter-relationships between sources (leaves, stems, and floral structures) and sinks (endosperm) in these different crops, and is covered elsewhere [48,49,50]. This is particularly important for some cereals of the world, such as sorghum and foxtail millet, which are grown as fodder (biomass) as well as for grain for human consumption [51].



In addition, differences in the physiology and reproductive strategies exist between the major groups of Poaceae. The panicoid grasses (e.g., maize, sorghum and millet) generally conduct C4 photosynthesis and have a maize-like grain structure, whereas in the pooids (e.g., rice, wheat and barley), grain number and seed size are characteristic of source-limited (C3) plants [26].




2. Endosperm Development


The endosperm tissue of cereals and grasses is a component of the grain (caryopsis), a single-seeded, monocarpellate, indehiscent fruit comprising two other genetically distinct tissues, the pericarp (a three-layered structure made up of epicarp, mesocarp, and endocarp, which is fused with the thin seed coat) and embryo. The formation of endosperm through the process of double fertilization is a defining feature of the angiosperms (flowering plants). Unlike many other plant species, the endosperm of the Poaceae is a persistent structure, and its biological role as a food source for the developing embryo of cereal grains make it one of the most valuable natural resources, providing much of the world’s food. In modern wheat and barley cultivars, approximately half for the above ground dry matter is located in the grains at maturity, and, as plants mature post-anthesis, dry matter in above ground organs declines as grains gain mass [52,53]. A lower proportion of biomass is found in grains of wild grasses [54], indicating the increasing importance of the endosperm as a sink organ during crop domestication. A brief overview of endosperm development is presented, which is intended to put the process of starch storage deposition into the wider context of the physiology of the whole plant and its priorities and “decision making”, with respect to carbon partitioning.



Endosperm development has been studied most extensively in the major cereals, most notably maize, which to a large extent has been used as a paradigm for endosperm development in the Poaceae [55,56]. Common elements of this crucial stage of seed development are outlined here, and the reader is referred to a number of reviews and articles detailing the species-specific differences between the major cereals, maize [56], rice [57], wheat [58], barley [59], sorghum [60], and wild forage grasses [61,62,63]. Endosperm development is characterized by three major cytological stages following double fertilization: syncytium (coenocyte) formation, cellularization, and differentiation. Immediately following fertilization the endosperm develops via a commonly observed mechanism, whereby the division of the primary endosperm nucleus, and subsequent divisions of daughter nuclei, is uncoupled from cytokinesis, resulting in a multi-nucleate cell with a central vacuole (the endosperm coenocyte or syncytium) at around two days after pollination (DAP). Newly synthesized anticlinal cell walls enclose peripheral nuclei in tube-like structures termed alveoli, which have an open periclinal face towards the central vacuole and increase surface area for transport of nutrients. It is at this point that cellularization begins, and continual alveolation occurs until the central vacuole is filled with cells (approximately 2.5–4 DAP in maize [64], see Figure 2). Following cellularization, around 4–5 DAP, regions of the developing endosperm differentiate into five cell types; the starchy endosperm, aleurone and sub-aleurone layers [65], basal endosperm transfer layer (BETL, or endospermal transfer cells), and the embryo surrounding region [56]. The BETL is a unique endosperm cell layer that is characterized by an increased basal membrane surface area (transfer cells), and plays a critical role in the provision of carbon from maternal to filial tissues for starch synthesis in the endosperm [66]. The endosperm then undergoes mitotic cell proliferation and endoreduplication from approximately 5–20 DAP, and it is at this stage that genes that are encoding the enzymes of starch biosynthesis are expressed and accumulation of starch and other storage compounds (e.g., storage proteins) occurs [58,67,68]. A number of studies in wheat and maize indicate that the rate and yield potential during the grain filling process correlate well with starch granule number in the endosperm, which in turn is directly related to endosperm cell number [69,70,71,72]. These observations underline the critically important stage of endosperm cellularization in determining seed viability and yield in the grasses and cereals. The period of alveolation and subsequent cellularization and differentiation is acutely susceptible to environmental stresses, as interruptions in water and sugar supply impede cell division and ultimately affect the grain size and final yield [73,74,75].



During caryopsis growth and development the endosperm tissue becomes increasingly hypoxic. Oxygen micro-sensor measurements made within the grains of wheat [76], maize [77], barley [78], as well as seeds of dicots (see review by Radchuk and Borisjuk [79]) have established that hypoxia is the norm in these tissues. Although the outermost cells of the endosperm are partially oxygenated in smaller grains [80], in larger grains oxygen levels decline as tissues grow, and deep within the mature seed are in a state of near anoxia. Far from being a stress, deep hypoxia in the endosperm controls harmful oxidation, and helps to ensure longevity and viability of seeds [81,82,83]. In addition, the hypoxic environment within the developing endosperms of grasses and cereals dictates important aspects of sucrose metabolism (see Section 3 below), and in fact may be advantageous to the storage of starch biosynthesis and sink strength [84].



Later stages of endosperm development, following reserve deposition are characterized by desiccation and programmed cell death; in general in most cereals this occurs around 25 DAP, until maturity and harvest [85,86]. The phase of storage starch deposition within cereal and grass endosperms is the focus of the remainder of this review and is discussed below.




3. Provision of Carbon to the Endosperm


The endosperm cells, which begin to synthesize storage starch following the cell differentiation stage (see above), are heterotrophic, and therefore are dependent upon a supply of sucrose, ultimately derived from distant photosynthetic source tissues and transported in the phloem. The Poaceae, in common with the majority of herbaceous plant species load source-derived sucrose via an apoplastic route [87,88], a mechanism that maintains high concentrations of sucrose in the phloem relative to the surrounding mesophyll cells, and is thought to facilitate high relative growth rates [89,90]. High sucrose contents in the endosperm are thought to act as a buffer against fluctuations in photosynthetic rate, and sucrose translocation to the developing endosperm (and its concentration in the tissue) is maintained throughout the diurnal cycle [91,92]. In grasses and cereals, the embryo and endosperm are physically separated from maternal tissues, and sucrose takes a mandatory apoplastic route through the cell wall prior to direct transport into sink cells of the endosperm via energy-dependent sucrose/H+ co-transporters. In some cases, sucrose is cleaved to glucose (Glc) and fructose by invertase (INV) prior to transport into the endosperm by hexose transporters (see [21] for a review). The site of phloem unloading in maize, and related crops, such as sorghum, is the pedicel and placento-chalaza [93]. In forage grasses and the Festucoid cereals, such as barley and wheat, it is the crease vein [94,95,96], and in rice, it is the vascular system on the ventral side of the ovary [97]. In the classic model that is proposed by Shannon [93,98] for maize kernels, sucrose is cleaved at the phloem unloading zone (pedicel and BETL) by vacuolar and cell wall INVs. Hexoses are transported into the endosperm at the basal BETL membrane by SWEETs. Selection of hexose transporter (so called SWEET) genes has been shown to be a key feature of the domestication of modern maize from the wild grass ancestor teosinte [99]. This pathway operates in young (up to 8 DAP), abortion-sensitive, tissues in maize, and sorghum [100,101], with high Glc:sucrose ratios being associated with cell proliferation in the endosperm [61]. In developing maize endosperm, INV activity is maximal at 3–4 DAP, then declines [102]. The action of INV may be particularly advantageous in the early stages of endosperm development (cellularization and cell expansion) by providing enhanced turgor gradients (Glc and fructose, the products of INV, create lower solute potentials than those of sucrose synthase) for pressure-driven movement of sucrose in the phloem [89], enhanced water movement into sinks for cell expansion, and provision of respiratory substrates for various metabolic processes. In addition, INV may play an important role in tissue- and developmental-specific hexose sugar signaling, which regulate cell cycle and cell division pathways [103,104,105], and in certain dicots, such as Arabidopsis cytosolic INV, is the primary route by which carbon from sucrose is delivered to non-photosynthetic tissues [106].



At later stages of endosperm development hexoses, produced as a result of INV, are used to re-synthesize sucrose via sucrose phosphate synthase (SPS), and the sucrose is then subsequently cleaved by sucrose synthase (SuSy) into UDP-Glc and fructose. Ultimately, these products are used for the synthesis of ADP-Glc, the soluble precursor for starch biosynthesis [21,98]. In some species, such as barley and wheat, there is no evidence for an INV-mediated unloading process [95,96]. As the cereal endosperm develops from a tissue dominated by cell division and expansion to one of storage starch deposition, the role of SuSy in the provision of carbon precursors and determination of sink strength increases [107,108,109]. The switch from INV to SuSy-mediated sucrose metabolism (which is not confined to grasses and cereals, see [110,111]), may be an adaptation to the increasingly hypoxic environment prevailing within the growing sink tissue (see Section 2 above). Hypoxia is known to repress expression of INV [112] and up-regulate SuSy expression [113]. SuSy-dependent sucrose cleavage may reduce ATP costs within the hypoxic environment of the endosperm, as sucrose mobilization via INV requires ATP-dependent phosphorylation of two hexoses, as opposed to one with SuSy-dependent cleavage [114,115,116,117]. However, mutants of either INV or SuSy are still capable of starch accumulation [109,118]. Clearly, there is overlap between the different pathways of sucrose breakdown in the endosperm, highlighting the fact that our understanding of carbon provision for starch biosynthesis in storage organs remains unclear.



In grass and cereal endosperms, UDP-Glc pyrophosphorylase (UGPase) is highly active in metabolizing UDP-Glc to glucose 1-phosphate (Glc1P) for starch synthesis [119,120,121]. Formation of Glc1P (used in starch synthesis, see Section 4 below) from the UDP-Glc produced in the sucrose cleaving SuSy reaction requires UGPase, a step requiring inorganic pyrophosphate (PPi) [119,122,123]. Under low oxygen conditions in the endosperm, the limitations on ATP production may favour PPi-driven glycolysis by PPi-dependent phosphofructokinase [104,114,124], as well as cytosolic reactions that are capable of generating ATP, such as pyruvate kinase [125,126]. It should be noted, however, that direct evidence for PPi-driven glycolysis in cereal endosperm is lacking. The demands for PPi within the endosperm in terms of driving ATP production from glycolysis, and Glc1P from UDP-Glc metabolism may be met and balanced by the reversible reaction catalysed by ADP-Glc pyrophosphorylase (AGPase), which produces PPi and ADP-Glc from Glc1P and ATP (see Figure 3). AGPase is uniquely localized in the cytosol in grasses and cereals, and it is a key enzyme of starch biosynthesis. Its provision of PPi for other cytosolic reactions (above) ensures that its catalytic activity favours ADP-Glc formation and essentially couples its activities to sucrose breakdown (see Section 4 below). In addition to the hypoxic conditions that are prevailing in the endosperm that appear to be conducive to starch synthesis, some aquatic members of the Poaceae, such as the common cattail or bulrush (Typha latifolia L.), and the common reed (Phragmites australis Cav.) produce large quantities (~70% by weight) of storage starch in their submerged rhizomes [127,128] under highly hypoxic conditions. Mutations in key steps in the provision of carbon for ADP-Glc formation outlined above, namely, miniature 1 (min1) for INV, shrunken 1 (sh1) for SuSy, and either shrunken 2 or brittle 2 (sh2 or bt2) for AGPase, underline the importance of cytosolic ADP-Glc as a precursor for storage starch synthesis in the endosperms of the Poaceae [98,109,129,130].



Early stages of endosperm development in grasses and cereals are characterized by transient starch reserves in maternal tissues that are immediately surrounding the endosperm, such as the pedicel in maize and the pericarp layers in forge grasses and cereals. Studies in the major crops have shown that these reserves of starch (and other non-structural carbohydrates such as arabinoxylans and mixed-linkage β-glucans [131]) accumulate around the time of cellularization and differentiation. However, they are exhausted during the early stages of reserve starch deposition in the endosperm [21,132,133,134], and are therefore important in providing carbon at the early, critical stages of endosperm development.



In addition to the enzymes thata are involved in sink metabolism (above) and the starch biosynthetic enzymes discussed in the proceeding section, studies in rice and maize endosperms have revealed a number of proteins that are involved in controlling endosperm development and starch formation. Mutations in the so-called FLOURY ENDOSPERM (FLO) proteins in rice indicate that control of the process of starch synthesis is exerted at multiple locations in the endosperm. For example, FLO2 positively adjusts the expression level of starch synthesis-related genes via interaction with bHLHs transcription factors [135]. FLO4, encoding a pyruvate orthophosphate dikinase, was shown to regulate carbon partitioning between starch and lipid biosynthesis in the developing endosperm, aleurone, and scutellum tissues [136]. Other FLO proteins influence starch granule size and morphology, and are discussed in the sections below. A number of transcription factors have recently been identified as controllers of the starch biosynthetic pathway. Recent work in maize has shown that the endosperm-specific transcription factors opaque2 (O2) and prolamine box binding factor (PBF) that are involved in regulating storage protein (zein) deposition in the endosperm, also regulate starch quantity through effects on gene expression of key starch biosynthetic genes [137]. In rice, a basic leucine zipper transcription factor (OsbZIP58) regulates the expression of some of the major genes involved in the starch biosynthetic pathway [138].




4. General Pathway of Starch Biosynthesis


Starch is synthesized inside plastids of higher plants as a water-insoluble, osmotically inert, carbon store employed for both short-term storage (e.g., over a diurnal cycle in chloroplasts of photosynthetic tissues, such as leaves), or longer-term for the next generation (e.g., storage starch of seed endosperm amyloplasts). Starch is a polyglucan that is composed of linear α-(1→4)-linked glucans and α-(1→6)-linked branches, and is made up of two polymers, amylose, a near-linear molecule comprising approximately 25% of the granule in most plants, and amylopectin, which is highly branched [139]. The organized positioning and frequency of α-(1→6)-branch points in amylopectin contributes to the water-insolubility of starch granules. Starch granules show huge diversity in their size and morphology, characteristics that are often species and tissue dependent [139]. Details of starch structure and granule architecture are presented in a review by Bertoft in this Special Issue.



The basic pathway of starch synthesis occurring in plants involves the synthesis of a soluble precursor, followed by the coordinated reactions of α-(1→4)-linked glucan chain elongation, branching at α-(1→6) positions, and debranching of specific branch linkages. Synthesis of the nucleotide diphosphate sugar precursor ADP-Glc from ATP and Glc1P is catalysed by AGPase. α-(1→4)-linked glucan chains are formed by ADP-Glc-dependent transferases, called starch synthases (SS), α-(1→6)-linked branch points introduced by starch branching enzymes (SBE), and debranching is catalysed by debranching enzymes (DBE) (see Figure 3). Each of the major enzyme classes that are mentioned above is divided into different subunits and isoforms, with some enzymes becoming physically associated with the growing starch granule (granule-associated proteins). In particular, the cereals and grasses are characterised by further sub-division of some enzymes into different tissue-specific isoforms, in some cases, with different sub-cellular compartmentalization (see [140]). Assignment of function for the various isoforms of the different enzyme classes in the pathway of starch synthesis has largely been through analysis of mutants. However, caution in the interpretation of such data should be exercised, since limited biochemical data is available for many enzymes, many isoforms of the different enzyme classes have overlapping catalytic activities on α-glucan substrates, and many enzymes form heteromeric protein complexes (see below). Details of the operation of these enzymes in storage starch synthesis in the endosperm amyloplasts are discussed below. For details on starch formation and turnover in chloroplasts of source tissues the reader is directed to more general recent reviews of the starch metabolic pathway in plants [141,142].




5. Starch Deposition in the Endosperm


The starch biosynthetic pathway in endosperms of the cereals produces storage starch, which is the major caloric component of human and many livestock diets. The pathway by which this important commodity is produced is found in other members of the Poaceae and is distinct from other plant species, and also from the pathway of transient starch biosynthesis that is occurring in photosynthetic tissues of these plants. Much of our knowledge of this important biochemical pathway is derived from studies on economically important cereal crops (maize, wheat, barley, and rice), which represents a relatively small proportion of the Poaceae, and little by way of empirical data is available for wild and forage grasses. Indeed, the germplasm of ancestral cereals and forage grasses holds much promise for the future improvement of modern cereals with respect to important agronomic traits, such as resistance to biotic and abiotic stresses (see recent reviews: [143,144,145]). Therefore, although most of the work cited with regard to the starch biosynthetic pathway refers to modern cereals, it is reasonable to extrapolate these data to include the closely-related wild and forage grasses.



5.1. AGPase: The First Committed Step in Starch Biosynthesis


The AGPase reaction represents the first committed step of starch biosynthesis, and therefore plays a pivotal role in regulating carbon flux, from sucrose to starch, in the developing endosperm through the provision of ADP-Glc [146]. AGPase is a heterotetrameric enzyme made up of two large subunits (AGP-L) and two small subunits (AGP-S). In cereals, most of the endosperm AGPase (70–90%) is extra-plastidial, located in the cytosol [147,148,149,150], and a minor portion is found in amyloplasts. Genetic studies in maize, rice, and barley have shown that the predominant cytosolic isoform of AGPase is responsible for controlling the flow of carbon into storage starch in the endosperm [150,151,152,153]. ADP-Glc that is produced in the cytosol is transported into the amyloplast for starch synthesis via an ADP-Glc/ADP antiporter (termed BT1) located in the plastid inner envelope membrane [154,155,156]. The presence of extra-plastidial AGPase is not confined to domesticated cereals, but seems to be a unique feature of the endosperms of the Poaceae. Cell fractionation and metabolite analyses have determined that the majority of AGPase in the barley subspecies Hordeum spontaneum L. (a progenitor of modern barley), wild barley (Hordeum murinum L.), wild oat (Avena fatua L.), and darnel was extra-plastidial [157]. It is argued that cytosolic AGPase, being coupled to sucrose breakdown via SuSy (see above Section 3, and Figure 3) allows for efficient starch synthesis when sucrose is plentiful, but confers metabolic flexibility, such that carbon is also available for other biochemical pathways when sucrose is limited [119,157]. The AGPase reaction is reversible (see Figure 3) and forward and reverse reactions are close to equilibrium. However, for starch formation to occur, the ADP-Glc-forming reaction is favoured by the removal of PPi. In the cytosol, ADP-Glc formation by cytosolic AGPase is probably driven by PPi-consuming reactions, such as UGPase and PPi-dependent phosphofructokinase (see Section 3 above), whilst plastidial formation of ADP-Glc is driven via cleavage of PPi by inorganic pyrophosphatase [158]. However, many other cytosolic reactions in addition to AGPase generate PPi, and high steady state levels of PPi have been measured in in the cytosol of barley endosperm [159]. Consequently, the exact mode of operation of a cytosolic AGPase under such conditions is still an open question. Plastidial isoforms of AGPase (in chloroplasts of the Poaceae and other plants, and in storage tissues of other plants) are subject to allosteric regulation by 3-phosphoglycerate (3-PGA, activator) and inorganic phosphate (Pi, inhibitor) [146], as well as redox modulation; activation occurring via reduction of an intermolecular disulphide bridge between the AGP-S subunits at conserved cysteine residues [160,161]. However, the major cytosolic AGPase in the endosperm of Poaceae is far less sensitive to allosteric modulation [148,149,162,163] and lacks the cysteine residues that are required for reductive activation. A detailed review of the regulatory properties of AGPase and their exploitation for crop improvement can be found elsewhere [164,165].



Since starch synthesis in the endosperm drives sink strength (see Section 3 above), it is perhaps not surprising that AGPase has been the focus of much attention in attempts to increase cereal yields. Most efforts involved the over-expression of AGPase via seed-specific promoters in major cereals [166,167,168,169,170,171]. However, in all of the above cases, the cause of yield gains was unexpected; increased seed number (rather than seed size) through reduced ovule abortion, or increased biomass of maternal tissues. Such studies point to limitations in source strength, and underline the importance of carbon provision to the developing endosperm (see Section 3 above). Increases in seed weight through increased starch deposition have been achieved through the manipulation of regulatory properties [172,173,174] and structure: function relationships of the AGPase enzyme (for a review, see [165]).




5.2. Elongation of α-Chains by Starch Synthases


Starch synthases (SS) belong to the glycosyltransferase family of enzymes and catalyze the transfer of a Glc residue derived from ADP-Glc onto the non-reducing end (C4) of an α-(1→4)-linked glucan primer [175]. The ADP that is released from this reaction is exported from the amyloplast in counter-exchange for cytosol-derived ADP-Glc via the BT1 transporter. At least five classes of SS are found in the developing endosperm, each with distinct catalytic properties with respect to substrate preferences and α-glucan product that is formed [176]. The SSs share structural characteristics with each other, and other glycosyltransferases, e.g., glycogen synthases, including a highly conserved K-X-G-G-L motif in the C-terminal domain that is responsible for substrate binding [176,177,178,179]. Variation amongst the SS isoforms is found in the N-terminus upstream of the catalytic core, and varies in length from 2.2 kDa in granule-bound starch synthase I to approximately 135 kDa in maize SSIII [180]. The SS genes are generally split into two groups, the first being primarily involved in amylose synthesis (GBSSI) and are exclusively localized to the starch granule, and the second group (SSI to IV) found as soluble enzymes in the stroma, as well as the starch granule, whose role is confined to amylopectin biosynthesis.



5.2.1. Granule Bound Starch Synthase I


The amylose component of starch is synthesized by a single, specialized SS termed granule-bound starch synthase I (GBSSI) so named because of its exclusive localization within the granule matrix. GBSSI is encoded by the Waxy locus in cereals [181,182], functioning in the endosperm and pollen tissues, specifically to synthesize amylose [183]. GBSSI elongates amylose via the processive addition of Glc from ADP-Glc [184], leading to an essentially linear polymer of up to DP 6000 [185]. In addition to its role in amylose biosynthesis, GBSSI may also be responsible for the extension of long glucans (termed extra-long chains) of amylopectin [186]. Mutations in the Waxy locus leading to loss of GBSS activity results in amylose-free (Waxy) starches in a number of cereals [187,188,189], and in maize there is a clear relationship between Waxy gene dosage and GBSSI activity, and resulting amylose content of the storage starch [190,191]. Loss of amylose in cereal starch has, in some cases, slight effects on structural and physical properties of granules [192,193,194], yet other reports indicate no apparent structural effects [195,196,197]. Expression of GBSSI in cereals and their pre-domesticated ancestors is confined to the endosperm and other storage tissues, whereas a related isoform of GBSS (GBSSII), which is encoded by a separate gene, is responsible for amylose synthesis in leaves and photosynthetic tissues, which accumulate transient starch [198,199,200]. GBSSI is the most abundant granule-associated protein [201,202]. Recent studies in maize have shown that a transcription factor, termed ZmEREB94, regulates the expression of GBSSI, SSI (see below) and AGP-L [203]. In vitro studies with GBSSI from dicot sources indicate that the enzyme is active within an existing granule matrix, indeed, catalytic activity appears to be stimulated in the presence of high concentrations of crystalline amylopectin [204] and in the presence of malto-oligosaccharides (MOS) [205], which are probable substrates. The operation of GBSSI within the highly confined environment of the granule matrix is thought to account for the long, linear structure of amylose, since other starch biosynthetic enzymes (e.g., SBEs) may not have access to this substrate. GBSSI activity, and, ultimately, amylose content may also be affected by ADP-Glc availability, as the enzyme has a lower affinity for ADP-Glc than the soluble SSs [206]. A study in rice endosperm showed that GBSSI is able to form oligomers, and that oligomerization is promoted by increasing the physiological concentrations of ADP-Glc and post-translational protein phosphorylation [207]. Interestingly, other groups have noted the phosphorylation of GBSSI in the starch granules of maize endosperm [208]. Although the catalytic activity of GBSSI is solely responsible for constructing the amylose polymer, recent research by Seung et al. [209] has shown that the formation of amylose probably requires at least one other non-enzymatic protein. GBSSI does not appear to possess a starch binding domain, and interacts with a protein containing a carbohydrate-binding module (CBM48) via short coiled-coil domains on each interacting protein. The CBM48-containing protein, termed Protein Targeting To Starch (PTST), was first identified in Arabidopsis, but it appears to be present in all plant species, and directs GBSSI to the starch granule via its CBM48 domain [209]. Loss of PTST results in loss of GBSSI from the starch granule and no amylose, demonstrating that it is an essential component of amylose biosynthesis.




5.2.2. Soluble Starch Synthases


Three isoforms of SS (SSI, SSIIa, SSIII) are found in the amyloplast stroma, and are involved in amylopectin biosynthesis by elongating pre-formed α-glucans of varying length (MOS) that are produced from the actions of other enzymes (e.g., other SSs, the actions of debranching enzymes, disproportionating enzyme, or starch phosphorylase; see below). Each of the three SSs has optimal chain lengths of substrate and products, but all share some overlap in these characteristics. The limited biochemical studies with cereal endosperms show that SSI and SSIII account for the majority of extractable and measurable catalytic activity of SS. Biochemical studies with SSI and genetic studies with ssI mutants from cereal endosperm indicate that this isoform is primarily responsible for the elongation of short glucan chains, utilizing α-glucan chains of DP 6–7 and producing elongated products of DP 8–12 [206,210,211,212]. SSI from barley endosperm shows no affinity for maltotriose or maltotetraose [213]. A recent study in wheat, in which SSI expression was suppressed using RNAi technology, showed increased amounts of very short (DP 6–7) chains, significantly reduced amylose levels, and altered granule morphology, including reductions in the small B-granule population [214]. This study also indicates that the effects of SSI suppression in cereals appear to be more severe than in other plants, such as Arabidopsis. The DP 6–7 chains utilized by SSI may well be the products of SBEII (this enzyme class preferentially produces α-(1→6)-branched chains of DP 6–7; see below), and the products of SSI (chains of DP 8–12) are ideal substrates for SSII (in cereal endosperms this isoform is sub-divided into SSIIa, to differentiate it from SSIIb found in photosynthetic tissues). The role of SSIIa in cereal endosperms has largely been elucidated through analysis of mutants. In maize endosperm, SSIIa is the product of the sugary2 gene, which is a mutation resulting in more short chains of DP 6–10, fewer chains of DP 12–30, leading to the general conclusion that SSII is responsible for production of intermediate-length glucan chains [215]. Despite SSII being a minor component of the measurable SS activity in cereal endosperm, the loss of SSIIa leads to major effects on starch structure, including reduced starch content, reduced amylopectin chain-length distribution, altered granule morphology, and reduced crystallinity, and increased amylose content [216,217]. Indeed, various mutations (including single nucleotide polymorphisms) in SSIIa are responsible for altered rice starch quality (cooking quality characteristics reflected in variations in gelatinization temperature (see [218])) and are the basis for the distinction between indica and japonica types [219,220,221,222,223,224]. Mutations of SSII in dicot storage tissues, such as pea (Pisum sativum L.) and potato (Solanum tuberosum L.), produce similar starch phenotypes as their counterparts in monocots (see [141]), suggesting that functional specificity of some SS isoforms was established prior to the divergence of the monocots and dicots. Both SSI and SSII are also localized within the starch granules [202,221,225], and have been shown to interact with other enzymes of starch biosynthesis, notably the SBEII class in cereal endosperm, as well as SSIII [226,227,228]. Loss of SSIIa in cereal endosperms, e.g., in wheat, barley, or the sugary2 mutant of maize leads to the loss of other proteins from the starch granule [229,230,231], and studies by Liu et al. [231] showed that SSIIa was a central component of a protein complex with SSI and SBEIIb, and is involved in mediating the movement of all the components of this protein complex into the starch granule. The SSI/SSIIa/SBEIIb protein complex is probably involved in synthesis of amylopectin clusters (see review of starch structure by Bertoft in this Special Issue).



The function of SSIII in starch biosynthesis appears to extend beyond its catalytic activity, and probably includes the involvement in the regulation of other starch biosynthetic enzymes through protein-interaction and starch-binding domains located at the N-terminus.



SSIII represents a high proportion of measurable SS activity in cereal endosperms such as maize, barley, and rice, and is second only to that of SSI [211,217,232]. Two tissue-specific isoforms of SSIII exist, and are encoded by separate genes, SSIIIa in the endosperm, and SSIIIb in the leaf [233,234]. In common with other enzymes of the starch biosynthetic pathway, the catalytic function of SSIII has largely been deduced from mutant studies. Cereals lacking SSIII show a marked reduction in longer, cluster-spanning B-chains (for nomenclature of glucan chains in amylopectin see review by Bertoft in this Special Issue), as well as alterations in the short (A and B) chains, suggesting that the primary role of this enzyme is amylopectin synthesis [235,236]. Maize mutants lacking SSIII produce an endosperm with a glassy, dull appearance (and are termed du1 mutants) [237], a phenotype that is only conspicuous in Waxy (amylose-free) backgrounds [180]. Analysis of amylopectin from du1 maize and rice show altered granule morphology and crystallinity, and a reduction in long glucan chains (DP ≥ 30), suggesting a role for SSIII in their elongation [197,235,238,239]. In vitro biochemical studies with partially purified SSIII from maize endosperm support this notion, as the enzyme displays a higher affinity for amylose (longer glucan chains) when compared with amylopectin and glycogen [240]. A proposed function of SSIII, therefore, is in the provision of long glucan chains extending between amylopectin clusters [241]. However, the impact of loss of SSIII appears to be highly variable and dependent upon genetic background, and suggests that SSIII plays other, perhaps regulatory, roles in the synthesis of the starch granule. SSIII appears to play some overlapping role with SSIV in relation to starch granule bio-genesis, since it plays a key role in granule initiation in plants lacking SSIV, and is capable of unprimed glucan formation in the presence of ADP-Glc [242]. Some of the alterations in amylopectin (and granule) structure in cereal endosperms lacking SSIII, e.g., modified short glucan chains and increased amylose content, may be accounted for by the indirect effects of SSIII on other genes of starch synthesis. Studies in various cereals lacking SSIII also report enhanced protein contents and activities of SSI and GBSSI and reduced SBEIIa activity [217,232,235,243,244,245], leading to the suggestion SSIII is a regulator of other genes of starch synthesis. SSIII is the largest of the SS isoforms (for example, rice SSIII is a 230 kDa polypeptide [234]) and possesses a long amino acid extension at the N-terminus, termed the SSIII homology domain (SSIIIHD). The SSIIIHD contains starch-binding domains, two coiled-coil domains and a consensus motif for binding 14-3-3 proteins. The SSIIIHD is involved in protein-protein interactions with other starch biosynthetic enzymes (see below) and glucan binding [226,227,246,247].



SSIV is the most recently discovered form of higher plant SSs [234], and it is phylogenetically related to SSIII [248]. In addition to structural similarities with other SSs (e.g., two ADP-Glc-binding domains etc.), SSIV possesses a unique (SSIV-specific) N-terminus, which includes two coiled-coil domains and a putative 14-3-3 protein binding domain [248]. Two isoforms of SSIV exist in plants, SSIVa and SSIVb, which are differentially expressed in endosperm and leaf tissues, respectively [248]. In vitro studies with SSIV indicate that glucan chain elongation requires the presence of pre-existing glucan, and the enzyme is particularly active with maltotriose [242]. The precise role for SSIV in starch biosynthesis is not clear, since the effects of loss of the enzyme are different in the limited studies and plants, and may be related to whether the tissue is synthesizing transient (leaf) or storage starch (endosperm). Initial studies on SSIV used an ssIV T-DNA insertion mutant of Arabidopsis (which makes transient starch in its leaves) to attempt to elucidate its function. This reverse genetics approach showed that ssIV mutants accumulate a single large starch granule, as opposed to the normal approximately 4–5 ellipsoid granules per chloroplast, and mutant granules showed alterations in central (hilum) structure [249,250], indicating a role for SSIV in controlling the number of starch granules within a plastid. An ssIII/ssIV double mutant failed to produce starch, indicating a role for both of these SSs in granule initiation in Arabidopsis leaf chloroplasts [242,251]. For a review of starch granule initiation the reader is referred to a review by D’Hulst and Mérida [252]. Recently, a role for plastidial starch phosphorylase (SP, see below) has been proposed for starch granule initiation in chloroplasts, in addition to SSIII and SSIV [253,254]. However, studies with ssIV mutants in the endosperm of japonica rice show very different effects on storage starch synthesis. An ssIV mutant lacking SSIVb showed no noticeable effect on endosperm starch content or structure, although a ssIII/ssIV double mutant, though being able to produce starch, formed single, loose spherical granules, as opposed to compact, compound granules that are characteristic of many members of the Ehrhartoideae (e.g., Oryza and Microlaena (=Ehrharta) species, see Figure 1) [255]. The function of SSIV may require an unusual sub-plastidial environment, as localization studies in Arabidopsis chloroplasts showed SSIV interacts with fibrillins that are hydrophobic proteins localized to plastidial lipid bodies, termed plastoglobules [256]. The interaction was dependent upon the coiled-coil-containing N-terminal domain specific for SSIV [256,257]. The localization of SSIV in lipid/membrane structures may also provide a clue as to its function in storage starch biosynthesis. It was hypothesized by Toyosawa et al. [255] that SSIV may localize to the membrane-like environment of cross walls (septa) dividing compound starch granules in the Ehrhartoideae. The septa of compound granules contain plastid division proteins such as FtsZ, Min, and PDV2 [258], and the loss of SSIV in the rice mutant (above) may disrupt normal compound granule formation, as observed in the ssIV mutant [255]. The small number of studies in a limited set of species means that it is difficult to draw firm conclusions as to the specific role of SSIV in starch biosynthesis, and it may be that its role and influence on granule initiation varies depending on the nature of the starch being produced (transient or storage). Also, other enzymes, e.g., SP have been implicated in granule initiation (see below).





5.3. Branch Linkage Formation by Starch Branching Enzymes


The positioning and frequency of branch points in amylopectin are key distinguishing features of higher plants starches, contributing to their water-insoluble properties and varied structural characteristics. SBEs catalyse a non-reversible reaction generating α-(1→6) branch linkages in α-(1→4)-linked glucans by hydrolytic cleavage of internal α-(1→4) bonds and transfer of the released reducing ends to C6 hydroxyls to form the branched structure of amylopectin [259]. The action of SBE creates a new non-reducing end oligosaccharide chain, which can be elongated by SSs, and this action can also stimulate SS activity [260,261]. The actions of different SBE isoforms in conjunction with specific SSs (above) has a profound impact on amylopectin cluster characteristics and granule architecture [262,263,264,265], and genetic studies in Arabidopsis have shown that specific SBE isoforms are required to complement the loss of endogenous SBEs in order to form crystalline competent starch [266]. SBEs are related to the α-amylase super-family of enzymes [267], and are able to generate α-(1→6)-linkages on both linear and branched glucan substrates via two types of reaction; following cleavage of the α-(1→4)-linkage SBEs can transfer the cleaved glucan to an acceptor chain which is either part of the original glucan chain (termed intra-chain transfer), or part of an adjacent glucan chain (known as inter-chain transfer) [268,269]. All of the branching enzymes are structurally similar and possess a conserved central (β/α)8-barrel catalytic A-domain, which is flanked by more variable N- and C-termini [270]. The N-terminus contains a CBM48 α-glucan binding domain, whose distance from the catalytic A-domain is important in determining the length (DP) of the chain transferred [271,272], and the C-terminal domains govern substrate preference and chain transfer rate [273]. Based on amino acid sequence relationships, SBEs are split into two classes, termed class I (B family) and class II (A family). A more general, comprehensive review of branching enzymes can be found elsewhere [274].



Grasses and cereals, in common with most other higher plants, possess both class I and class II SBEs. Class I SBEs generally exist as single isoforms and are expressed predominantly (but not exclusively) in the developing endosperm [275]. Phylogenetic analysis indicates SBEI evolved prior to the monocot-dicot divergence (i.e., approximately 200 million years ago [276]), and its retention in higher plants suggests that it is an important component of starch biosynthesis and plant fitness [277]. In cereals, SBEI is expressed later in endosperm development than the SBEII isoforms [273,278,279,280]. The minimum chain length requirement for branching differs between the SBEI and SBEII classes. Data for maize endosperm show that for SBEI, it is DP 15, and for the SBEII class enzymes, it is DP 12 [281]. In addition, the two SBE classes also differ in their preference for the length of α-glucan chain transferred. Maize SBEI shows a preference for transferring relatively longer glucan chains (up to DP 30, with the majority being DP 10–13), and a high affinity for amylose as a substrate [273,281,282]. The SBEII class transfers shorter chains (DP 6–14) and prefers amylopectin as a substrate [283]. Similar distinctions between chain-length transfer and substrate preferences of the two SBE classes has been demonstrated in other cereals [279,284].



Loss of SBEI activity in cereals has minor measurable effects on storage starch synthesis and composition in the endosperm [275,285,286]. However, the loss of SBEI in a SBEIIb-deficient background in maize caused increased branching of amylopectin [287], and the researchers postulated that this result was suggestive of a regulatory role for SBEI in influencing the catalytic activity of other SBE isoforms. Indeed, physical interactions between SBEI and SBEIIb have been reported in endosperm amyloplasts from a number of sources [288,289,290,291]. SBEI’s role in determination of amylopectin structure may be rather more subtle, as suggested by one recent study showing reduced germination efficiency of SBEI-deficient maize kernels [292]. This work suggests that SBEI somehow produces a granule structure that is more accessible to α-amylases produced in the aleurone layer for the degradation of starch reserves during germination.



Cereals are characterized by subfunctionalization of the SBEII class into SBEIIa and SBEIIb isoforms, discrete gene products, which each display specific tissue expression patterns [280,293,294]. Analysis of one of the wild grass progenitors of modern wheat, Tausch’s goatgrass (Aegilops tauschii Coss., also known as Aegilops squarrosa), and the model grass Brachypodium distachyon, indicates that the subfunctionalization of the class II SBEs also occurs in wild grasses [280,295]. SBEIIb is expressed specifically in the endosperm tissue, whilst SBEIIa appears to be expressed ubiquitously [296]. The SBEIIb isoform appears to have a more narrow range of glucan transfer preference (DP 6–7) than SBEIIa, and this may be related to the differences in the fine structure of starches from different sources depending on the relative proportions of the two SBEII isoforms [284]. The relative proportions of SBEIIa and SBEIIb is a function of the tissue and the species in which they are expressed, and examination of the expression patterns of the SBEIIs in three major cereals highlights this point. In developing wheat endosperm, SBEIIb is expressed at much lower levels than the IIa isoform [297,298]. By contrast, in maize endosperm, SBEIIb is the predominant form, being expressed at approximately 50 times the level of the SBEIIa [294], and it is the most abundant protein in the amyloplast stroma [299], whereas in barley, both isoforms are expressed to an equivalent degree in the endosperm [300,301]. Studies with barley at very early stages of endosperm development (0–1 DAP) indicate that SBEIIa is the only detectable SBE isoform, and it has been suggested that SBEs and SP (see later) play a role in granule initiation [302]. SBEII isoforms appear to play a major role in determining amylopectin structure, since the loss of SBEII activity produces clear starch phenotypes. The major SBEII isoform in maize endosperm is SBEIIb, and its loss produces the well-known amylose extender (ae−) mutation, resulting in a 20% reduction in starch synthesis and severely altered starch granule morphology. In addition, ae− starch granules are deeply fissured and irregularly shaped [244,303]. Since SBEIIa is a minor component of SBE activity in the endosperm of maize and rice, its loss has relatively minor affects on endosperm starch [304,305], and it appears to play a more prominent role in transient starch synthesis in the chloroplast [292]. The ae− mutation in maize and rice produces a so called ‘high-amylose’ starch, which is characterized by long internal chain lengths of amylopectin, and less frequently branched outer chains compared with normal starches [306], leading to alterations in granule packing and a less ordered structure than wild-type [307]. High-amylose starches are also called resistant starches, as they are more resistant to α-amylase digestion than normal starches. Because of the relative expression of SBEIIa and SBEIIb in wheat endosperm, the production of high-amylose wheat starch involves the suppression of both genes encoding SBEIIa and SBEIIb, resulting in starches containing >70% amylose [297]. RNAi suppression of all three SBE isoform activities in barley such that most of the measurable activity is lost, resulting in a severe high amylose starch phenotype [308]. In both wheat and barley, the suppression of SBEII isoforms through TILLING and RNAi technologies has resulted in high amylose endosperm starches [309,310,311].



SBEs are partitioned between the plastid stroma and the starch granule. A proportion of all SBEs is embedded in the starch granule matrix and form part of the group of proteins known as granule-associated proteins [201,202,312,313,314]. The precise mechanism that is responsible for granule-association of SBEs and other enzymes, such as isoforms of SS (see above), is not completely understood, and may vary for different enzymes and enzyme complexes. Evidence suggests that some granule-associated proteins become entrapped in the granule through association in heteromeric protein complexes, the formation of which is controlled by protein phosphorylation [289,315,316]. All SBE isoforms in cereal endosperms are found in protein complexes in association with other starch biosynthetic enzymes, e.g., SSs, and many of the protein complexes identified contain SBEs (for recent reviews on protein complexes associated with starch biosynthesis see [228,317]. The precise function of the various protein complexes identified in amyloplasts remains unclear. However, the assembly of protein complexes of starch biosynthetic enzymes alters the kinetic characteristics of enzymes, such as the SBEs, e.g., increasing substrate affinity [231,288,318] and the association of SBE and SS isoforms in catalytically functional protein complexes may enable the formation of optimally branched glucan structures that are required for the formation of the semi-crystalline starch granule. Association of SBEs and SSs may also be important in optimising the ratios of these activities, as a number of studies have shown that imbalance in the SS:SBE ratio reduces the crystallinity of the resultant granule [265,319].




5.4. Debranching Enzymes


Debranching enzymes (DBEs) hydrolyze α-(1→6)-branch linkages in polyglucans, and in many biological systems this activity is associated with glucan degradation and the release of carbohydrate storage reserves. However, plants and algae have recruited and adapted this class of enzymatic activity for the biosynthesis of starch, such that they are considered as an essential component of the starch biosynthetic machinery. Two groups of DBEs exist in plants; the isoamylase-type (of which, three forms exist in angiosperms; isoamylase-1 (ISA1), isoamylase-2 (ISA2), and isoamylase-3 (ISA3)), and all debranch α-(1→6)-linkages in amylopectin, and the pullulanase-type (also known as limit-dextrinase, LDA), which can debranch pullulan (a fungal polymer of malto-triose residues), but whose precise substrate preference in plants is unknown. Like SBEs, DBEs are part of the α-amylase “super-family” of enzymes and possess a starch-binding domain, and both groups of DBEs in higher plants share a structurally similar N-terminal domain. In the ISA enzymes the function of the N-terminal domain may be to facilitate interactions between ISA1 and ISA2 (see below) [320]. The main function of both ISA3 and LDA is in the process of starch degradation and turnover [321,322,323,324], which is outside the scope of this review, and therefore these enzymes will not be discussed further.



The loss of ISA1 leads to marked phenotypes (termed sugary mutants) in many cereals and their progenitors. sugary mutants lacking ISA1 activity, or the non-catalytic ISA2, show reduced starch content and accumulation of a disordered water-soluble polysaccharide, termed phytoglycogen, which suggests an important role for these isoforms in forming crystalline-competent starch granules [325,326,327,328,329,330]. Consequently, an attractive model for the role of ISA1 and ISA2 in starch biosynthesis is in so-called pre-amylopectin trimming, whereby ISA isoforms trim/remove inappropriately spaced and positioned α-(1→6)-branch linkages that are formed on the surface of the growing granule [331] by the actions of SSs and SBEs. In this model, trimming of α-(1→6)-branch points on such structures by ISAs allows for glucan chains to assemble into a water insoluble structure via the formation of parallel double helices [332], leading to polysaccharide aggregation [333,334]. In this model, loss of ISA1 or ISA2 creates an abundance of branch points leading to unfavourable conditions for the formation of crystalline lamellae, resulting in the less ordered phytoglycogen. Recent structural studies with ISA1 from the green alga Chlamydomonas reinhardtii indicate that the enzyme has a relatively low affinity towards tightly spaced branches, supporting its proposed role in glucan trimming model [335]. Nevertheless, although ISA mutants accumulate large quantities of phytoglycogen (in maize, this is the basis of some “sweetcorn” varieties), many of these mutants are able to synthesize some starch [320,336], indicating that ISA activity is not a mandatory requirement for crystalline-competent amylopectin formation. Other studies suggest that glucan chain composition is important in the process of granule formation, for example, some japonica rice lines (with reduced SSIIa, see above) with isa1 mutation completely lack starch [337]. However, studies in the model plant Arabidopsis show that leaf starch synthesis is completely lost, and is replaced by phytoglycogen in a isa1/isa2/isa3/lda mutant lacking all DBEs [338]. In addition, the study by Streb et al. [338] also re-enforces the conclusions drawn from previous studies in maize and rice that all of the DBEs show some degree of overlap in their activities with regard to amylopectin biosynthesis [321,339,340]. Interestingly, loss of α-amylase3 (AMY3) in the isa1/isa2/isa3/lda mutant background partially restored starch synthesis [338]. This important finding supports earlier findings that are mentioned above, that ISA1 and ISA2 are non-essential for amylopectin synthesis, but rather, their role is in assistance and promotion of the formation of water-insoluble glucan structures. In addition, the study by Streb is in agreement with previous studies in Arabidopsis suggesting that phytoglycogen is prone to degradation by amylolytic enzymes [341], and formation of semi-crystalline amylopectin at the surface of the nascent granule protects the structure from degradative enzymes during starch synthesis. The degradative role of DBEs may also serve another function, breaking down branched glucans, which could act as initiation/nucleation sites for new starch granules. Evidence in support of this “clearing” role comes from studies in barley and rice, whereby the loss of ISA activity leads to an increase in starch granule initiation [327,342], which is consistent with the idea that ISAs suppress the sites of new granule initiation, yet are probably not directly involved in initiating granule synthesis.



ISA1 is catalytically active, whereas ISA2 lacks amino acid residues that are essential for catalytic activity, rendering it likely non-catalytic. In some species, ISA1 and ISA2 operate exclusively as a heteromeric complex, with both of the isoforms being required for catalytic activity [322,341,343,344]. ISA2 appears to act in a regulatory role, modifying catalytic properties of ISA1 and stabilizing the heteromeric complex [343,345]. However, in cereal endosperms such as maize and rice, homomeric complexes of ISA1 are found together with the heteromeric ISA1/ISA2 complex [346,347]. It appears that in cereal endosperm, the ISA1 homomer is sufficient for normal starch synthesis, as isa2 mutants in rice and maize show no significant alterations to storage starch synthesis [346,347]. Despite the operation of the ISA1 homomer in cereal endosperm, studies with the rice endosperm ISA1/ISA2 heteromer indicate increased thermostability and affinity for phytoglycogen compared with the ISA1 homomer [348]. The presence of the ISA1/ISA2 heteromer in addition to the ISA1 homomer may impart flexibility in relation to environmental challenges.




5.5. Starch Phosphorylase


Starch phosphorylase (SP) catalyses a reversible (equilibrium) reaction in either a biosynthetic direction, transferring glucosyl units from Glc1P to the non-reducing end of α-1,4-linked glucan chains producing Pi, or a degradative (phosphorolysis) reaction, whereby Pi is utilized to produce Glc1P from the removal of Glc from an α-1,4-linked glucan chain. SP was initially thought to be the major activity that is responsible for α-glucan elongation during starch synthesis [349]. Plants possess both a plastidial form (referred to as Pho1 or L-form) that is characterized by high affinity for MOS and amylopectin, and inhibited by ADP-Glc [350,351], and a cytosolic (Pho2 or PhoH) form of SP, which in vitro, has a high affinity for glycogen and high molecular weight heteroglycan [299,352]. The cytosolic SP is probably involved in metabolism of α-glucans that are resulting from starch degradation and are therefore not directly involved in starch biosynthesis. The precise role for SP in starch biosynthesis is not at all clear. SP is present in all tissues synthesizing starch, and its expression in developing endosperm tissue of a number of cereals is closely correlated with periods of active starch accumulation [299,353,354]. Genetic studies in rice indicate a role for SP in starch accumulation. Rice mutants lacking Pho1 show shrunken endosperm and altered starch granule characteristics when plants were grown at low temperature, possibly indicating a role for SP in starch accumulation under different environmental conditions [355], although a down-regulation of Pho1 expression in barley had no major effects on starch biosynthesis [354]. In addition, studies of SP from other plant tissues show no compelling evidence for a role in transitory starch turnover [356,357]. SP might be expected to be driven in either a synthetic or a degradative direction by the relative concentrations of its soluble substrates. Metabolite analysis of barley and wheat endosperm tissues indicate high Pi:Glc1P ratios during starch synthesis [159,358], which would suggest that, under these circumstances, the SP reaction favours phosphorolysis (α-glucan degradation). Further support for the notion of SP acting in a phosphorolytic role comes from studies with maize endosperm amyloplast Pho1, which showed increased phosphorolysis in the presence of MOS [299]. However, studies with rice endosperm Pho1 have shown that the SP reaction, in fact, favours α-glucan synthesis, even in the presence of a high Pi:Glc1P ratio ([359] Hwang 2010). Studies with barley and rice Pho1 indicate that the protein is expressed at very early stages of endosperm development (0–3 DAP) [302,360], leading to the suggestion that SP plays a role in granule initiation. Early stages of endosperm development are characterized by relatively low ADP-Glc levels, in part as a result of an active ADP-Glc pyrophosphatase [361], and allowing for SP to elongate short MOS (DP 4–19). Moreover, recent studies with the rice and barley Pho1 indicate that the enzyme is capable of producing and extending MOS solely from Glc1P (i.e., in the absence of α-glucan primer [302]. If SP plays a role in granule initiation, as indicated by these studies (and those of Malinova et al. [254] in the above Section 5.2.2), it is not yet clear whether this is in concert with the SSIII/SSIV-mediated pathway or if the two pathways operate separately under different circumstances. It has been argued that SP and SBE activities acting in concert produce branched glucans resistant to phosphorolysis in the early stages of endosperm development and potential initiation points for granule synthesis to continue [302,362]. Interestingly, Pho1 from a number of cereal endosperms has been shown to form protein complexes with SBE isoforms [288,291,363] which supports a role for SP in starch biosynthesis. Unlike many of the SSs and SBEs, SP is not normally found to be associated with the starch granule. However, SP is found associated with starch granules in the amylose extender (ae−) mutant of maize, which lacks SBEIIb. In ae− maize, SBEI and SP associate with SS isoforms in place of SBEIIb and become entrapped in the starch granule [208,310].



Phosphorylases from a number of plant tissues occur as homotetrameric or homodimeric assemblies [302,364,365,366]. Elution profiles of maize Pho1 from gel permeation chromatography is consistent with a homotetrameric form of SP, although evidence suggests SP may exist as monomers or lower complexity multimers when associating with other enzymes of starch synthesis [315,363].



Another role for Pho1 could be in controlling MOS availability, which is required for amylose synthesis (see above), and acting in a “clearing” role similar and complementary to that proposed for the DBEs by Zeeman. One proposal is that d-enzymes (see below) work in conjunction with SP, contributing to starch synthesis via phosphorolysis [367]. According to this model, short chain MOS liberated by DBEs during starch synthesis (see above) are converted to longer-chain glucans by d-enzyme (see below), which in turn are available for phosphorolysis by SP, liberating Glc1P for ADP-Glc synthesis by plastidial AGPase. In fact, the phosphorolytic reaction of SP is stimulated by the presence of d-enzyme [368,369], and recent biochemical experiments in rice endosperm have demonstrated rice Pho1 and d-enzyme form a protein complex, which alter the substrate affinities for each component of the complex (see section below) [370]. A role for SP in controlling MOS availability is not mutually exclusive with the proposed role of SP in granule initiation.




5.6. Disproportionating Enzyme


As discussed above, MOS generated through the actions of DBEs or SP can be further utilized by plastidial 1,4-α-d-glucan:1,4-α-d-glucan, 4-α-d-glucanotransferase (disproportionating enzyme, d-enzyme). d-enzyme is found in all starch-containing organs of plants [371], but as with SP, its role is not completely clear, and may well be multifarious. Like SP, d-enzyme is found in both the cytosol and the plastid, making the latter isoform relevant in starch synthesis and turnover in the plastid. d-enzyme transfers two glucosyl units from malto-triose onto a longer α-glucan chain, resulting in a glucosyl monomer, which may become available for export from the plastid via the Glc transporter in the inner envelope membrane [372,373]. Knock-out mutants of d-enzyme in chloroplasts show reduced rates of nocturnal starch degradation [374], indicating that this enzyme plays a part in starch turnover. However, the actions of the enzyme also indicate that it may play a role in starch synthesis via the modification of MOS as generated by DBEs and or SP (see Figure 3). Analysis of d-enzyme levels in the developing endosperm of wheat is consistent with a role in starch biosynthesis [375]. In vitro both the wheat and rice endosperm d-enzyme was able to use maltoheptaose as a donor for the addition of glucans to amylopectin or glycogen [375,376]. Recent studies with the rice endosperm d-enzyme, which is able to form a protein complex with SP, shows that SP is able to utilize the products of transglycosylation (Glc and maltotriose), substrates that it would otherwise be incapable of utilizing on its own [370]. The precise role of d-enzyme in developing endosperm tissues remains unclear.




5.7. Reversible Phosphorylation of α-Linked Glucans


All of the plant starches contain differing amounts of covalently-linked phosphate, the only known in vivo modification of starch. Starch phosphorylation is mediated by two plastidial dikinases, glucan water-dikinase (GWD) and phospho-glucan water-dikinase (PWD), which transfer the β-phosphate from ATP onto a glucosyl residue of an α-glucan. The majority of phosphate residues on starch are in the C6 position [377], catalyzed by GWD, and a minor proportion (20–30% of total) of glucosyl residues are phosphorylated in the C3 position by PWD, which acts on the pre-phosphorylated α-glucan that is produced by GWD [378,379,380]. A very minor proportion of glucosyl residues are phosphorylated in the C2 position by an unknown mechanism. The proportion of phosphate on starch is generally low (0.1–0.4%), and storage starches of cereal endosperms have the lowest levels of phosphorylation (generally less than 0.01%), with transient leaf starches showing higher degrees of glucan phosphorylation, and the highest levels of starch phosphorylation being observed in potato (Solanum tuberosum L.) tuber (approximately 0.5%) [377,381]. The introduction of phosphate groups into α-glucan chains causes structural alterations, probably via electrostatic interactions between neighbouring phosphate residues, leading to local hydration and solubilization of crystalline structures. Such activity allows for hydrolytic enzymes to act, and it is thought that this modification helps control starch turnover [380], since plants that are lacking GWD activity show an excess of leaf starch at the end of the night [382]. However, phosphate deposition on glucans also occurs during grain development and storage starch biosynthesis in cereals such as wheat and barley [360,383], possibly allowing accessibility for both hydrolytic and biosynthetic activities, making the role of GWD and PWD in starch metabolism more complex. Manipulation of α-glucan phosphorylation of cereal starch has resulted in unexpected results. For example, the down regulation of GWD in wheat endosperm resulted in a remarkable increase in plant biomass and a 29% increase in grain yield [383]. Over-expression of potato GWD in rice endosperm resulted in alterations in starch granule morphology and physicochemical characteristics [384].





6. Starch Granule Growth, Size and Morphology


Some of the enzymes that are involved in the pathway of starch biosynthesis may well be involved in granule initiation as discussed, although a complete picture of the factors that are controlling granule initiation and granule size remain unclear. Granule formation emanates from a central location, termed the hilum, and is thought to be essential for granule initiation/priming [385]. The structure of the hilum is not known, but it appears to be made up of less organised polyglucan, as glycogen-like structures are associated with the priming of insoluble starch-like polyglucans [386]. To date, there is no evidence for auto-glucosylation activity by SSIII or SSIV acting in a priming role analogous to glycogenin or prokaryotic glycogen synthase. Radially-oriented microtubules appear to grow out of the hilum, and these become the channels that terminate as openings (pores) on the granule surface of many cereal starch granules [387,388,389], including both A- and B-type granules of the Festucoid grasses [390]. Analysis of these channels in the endosperm of maize shows that there are actin-like and tubulin-like (FtsZ) proteins present, along with proteins that are involved in starch biosynthesis, such as AGPase and SS [391]. The presence of FtsZ in these channels is interesting, given its involvement in plastid division and the determination of granule morphology (see Section 5.2.2 above on SSIV, and this section below), and it also implies physical connections between the cytosol, plastid stroma, and starch granule. Analysis of developing endosperm cells of wheat suggests that at initial stages of granule deposition, the enzymes of starch biosynthesis associate with plastid tubuli. In addition, there appears to be a direct relationship between starch granule volume and amyloplast tubule volume [58].



There is huge variation in the sizes of starch granules from different plant species [392,393], and granule size is an important factor for many food and industrial applications [394,395]. Three major starch granule morphologies exist within the Poaceae: (1) compound granules, which are made up of tightly packed polygonal granules arranged in spherical-like structures with membranous cross walls termed septa, and are typically found in rice and other members of the Ehrhartoideae [258] and Bambusoideae [396]; (2) simple granules, discrete granules of varying size (2–30 μm) and shape, e.g., polyhedral, lenticelullar, or spherical, and found in maize and sorghum [392,397]; and, (3) granules with a bimodal size distribution, typically a mix of small spherical (B-type) and large lenticellular (A-type) granules, and are generally found in the Festucoid family of temperate grasses, such as goatgrass (Aegilops peregrina Hack.), and cereals such as wheat, barley, and rye [398,399,400,401]. Evidence suggests that compound starch granules represent the ancestral state in the Poaceae, e.g., Sorghum italica is the earliest diverging lineage within the PACMAD clade, and is the only member of this group with compound granules in the endosperm ([1,402,403,404] (see Figure 1) and simple or bimodal granules occur in only more recently diverged lineages. Brachypodium is phylogenetically closer to wheat (bimodal starch granules) than maize (simple starch granules) [405], yet shows only small B-type (and C-type) granules in the endosperm [398,406]. In the grasses and cereals of the Festucoid family, large lenticular-shaped A-type granules (10–35 μm diameter) are formed early in endosperm development, whilst the smaller, near-spherical B-type granules (averaging 5–9 μm in diameter) are formed later [407,408,409]. A third, smaller, class of starch granules (<5 μm, termed C-type granules) in cereals such as wheat has been suggested [410]. Isolating and quantifying C-type granules is technically difficult, and has therefore led to their inclusion as B-type granules in many studies. Studies with ancestral grass species indicates variations in starch granule size characteristics, for example, analysis of endosperm starch from a range of Aegilops species revealed marked differences in starch characteristics when compared with related cultivated species, such as wheat. Aegilops starches showed lower proportions of small B-granules in the endosperm [411]. Analysis of A- and B-type starch granules from developing wheat endosperm indicates that they have distinct physicochemical properties [408,409,412,413,414] and their biosynthesis may involve different groups of enzymes and protein complexes [290]. In wheat endosperm, it has been proposed that the various classes of starch granules (the large A-type, and smaller B- and C-type granules) are produced in different cell types during different stages of endosperm development [58,400,408]. Other studies have shown that the smaller B-type granules that are present in wheat and barley form inside protrusions from the amyloplast, termed stromules [415,416]. The selective advantage that is conferred upon temperate grasses in producing a bi/trimodal distribution of starch granules in the endosperm is unclear. However, there may be a selective advantage in forming smaller-sized granules, e.g., it may offer a more efficient means of packing more stored carbohydrate in cells, or allow for more efficient germination under specific environmental conditions. Different size classes of starch granule in the same plant, such as in the Festucoid grasses, is unwanted for some applications, e.g., fermentation where uniformed size is preferred, or other applications involving sedimentation where small B-type granules are lost as industrial waste [143]. The mechanisms underlying starch granule size and morphology are not clearly understood, as evidenced by the wide range of perturbations leading to altered granule size and morphology. In cereals, granule number and morphology is affected by isoamylase-type DBEs, as mutations in ISA in barley endosperm were related to the loss of A- and B-granules and appearance of compound starch granules [321,327]. Down-regulation of a pullulanase-type DBE inhibitor activity in barley causes a reduction in the small (B-type) granules, reduces amylose content, alters amylopectin glucan chain-length distribution, and reduces starch content [417]. QTL mapping studies in the wild wheat Aegilops peregrina identified a gene locus, termed Bgc-1 that is located on the short arm of chromosome 4S, which appears to control the initiation or synthesis of B-granules [418]. Recent deletion studies in bread wheat detected orthologous Bgc-1 regions, which, when deleted, result in the loss of B-granules in the endosperm, but interestingly, no yield penalty [419]. The SS isoforms involved in granule initiation (SSIII and SSIV, see above) clearly play a role in determining granule size and number, but other proteins are likely to be involved. For example, studies on plastid division proteins, such as FtsZ, suggest that the modulation of plastid division through varied FtsZ expression resulted in an altered plastid number and resultant changes in starch granule size and number. Plants with low plastid division had fewer, but larger, starch granules [420]. In rice endosperm, a plastidial CBM48-containing protein (FLO6) interacts with ISA1 and appears to be important in determining granule morphology and amylopectin structure, possibly through guiding ISA1 to the nascent starch granule [421]. Other FLO mutants affecting starch granule morphology include FLO7, which acts at the periphery of the growing rice caryopsis through an unknown mechanism [422]. Other mutants that are linked to altered granule morphology, such as the plastid-localized substandard starch grain4 (SSG4), point to intriguing links between the functioning of basic plastid biological processes and starch formation [423].




7. Conclusions


Storage starch biosynthesis in the endosperms of cereals forms the basis of yield in the most important crop plants of the world. This review has outlined the current state of knowledge of this key metabolic pathway in cereals and other members of the grass family, and its relationship to other critical aspects of grass biology, such as endosperm development and carbon supply to the growing grain. Knowledge of the starch metabolic pathway is expanding rapidly, beyond that of the core reactions, including newly discovered non-catalytic proteins and regulatory elements. Improved knowledge of the pathway opens up potentially new targets for breeding and plant biotechnology to increase yields and starch quality and functionality. The feasibility of in planta modifications needs to be balanced against the possible use of microbes or chemical methods for starch modification (see [424]). The wild ancestors of the domesticated cereals and forage species offer rich sources of germplasm for crop improvement, either directly, utilizing genes that are associated with starch yield and quality [143], or indirectly, through the improvement in other agronomic traits, such as resistance to biotic and abiotic stresses.
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Figure 1. Major starch producing cereals of the world and their relationship to other agriculturally important Poaceae (grass) species. The grass family, clade, subfamilies, tribe, and species are shown on the top, and the starch granule morphology type in the endosperm on the bottom. The compound starch granule type in the endosperm is thought to represent the ancestral state. Grass species are grouped according to their major agronomic utility; yellow: cereals, green: forage grasses, brown: non-forage crops harvested for vegetative biomass, purple: model organisms. Note that many cereals are also grown as forage. Common names for respective major species members are given below in parentheses. * Some primitive Panicoid grasses, e.g., Sorghum italica, show compound granules (the presumptive ancestral starch granule morphology). PACMAD: clade representing the Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae, Arundinoideae, and Danthonioideae; BEP: clade representing the Bambusoideae, Ehrhartoideae, and Pooideae. 
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Figure 2. Diagrammatic representation of the cellularization process occurring in the developing endosperms of the Poaceae. (a) shows the fertilized triploid nucleus (orange) and central vacuole (yellow), (b), multinucleate cell with large central vacuole, (c), cellularization, formation of a radial microtubule system (RMS) emanating from the surface of endosperm nuclei, (d), cell wall formation; each nucleus is surrounded by a tube-like wall structure termed the alveolus, (e), continued growth of alveoli, and (f) mitotic division. Image adapted from reference [64]. 
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Figure 3. Outlines the starch biosynthetic pathway operating in the heterotrophic tissue of the developing endosperms of the Poaceae utilizing sucrose derived from photosynthetic tissues. Examination of this pathway reveals the major distinction of the pathway of storage starch synthesis in grasses and cereals is in the provision and delivery of the carbon precursor ADP-Glc. Cereals and grasses possess a cytosolic form of ADP-Glc pyrophosphorylase (AGPase) in addition to the plastidial isoform found in other tissues and plant species. ADP-Glc is imported to the amyloplast via counterexchange with ADP by the transport protein BT1. Inorganic pyrophosphate (PPi) consumption by UDP-Glc pyrophosphorylase (UGPase) and PPi-dependent phosphofructokinase (PFK), and generation of Glc1P (from UGPase) and ATP (glycolysis) favours formation ADP-Glc via the cytosolic AGPase reaction. Inside the amyloplast the major enzymatic reactions involved in starch synthesis are enclosed in boxes; red, starch synthases (SS); green, starch branching enzymes (SBE); and blue, debranching enzymes (DBE), including limit dextrinase (LDA). Enzyme activities whose precise role in the overall pathway is not clear are enclosed in an orange box; starch phosphorylase (SP), disproportionating enzyme (DPE), glucan water-dikinase (GWD), and phospho-glucan water-dikinase (PWD). Starch biosynthetic enzymes in the white box are isoforms found tightly associated with the starch granule (granule-bound proteins). All other enzymes in the cytosol are represented as white boxes. AGPase, ADP-Glc pyrophosphorylase; INV, invertase; SuSy, sucrose synthase; UGPase, UDP-Glc pyrophosphorylase. 
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