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Maize endosperm plays important roles in human diet, animal feed and industrial applications. Knowing the mechanisms that regulate maize endosperm development could facilitate the improvement of grain quality. This review provides a detailed account of maize endosperm development at the cellular and histological levels. It features the stages of early development as well as developmental patterns of the various individual tissues and cell types. It then covers molecular genetics, gene expression networks, and current understanding of key regulators as they affect the development of each tissue. The article then briefly considers key changes that have occurred in endosperm development during maize domestication. Finally, it considers prospects for how knowledge of the regulation of endosperm development could be utilized to enhance maize grain quality to improve agronomic performance, nutrition and economic value.
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INTRODUCTION

Cereal grains represent one of the key agricultural innovations upon which human civilization is founded. A distinguishing feature of cereal grains is their large, persistent, starch-filled endosperm that can be used directly as food or feed, ground to flour for many varied uses such as bread or pasta, malted and fermented for beverages or biofuel, or used as feedstock for industrial processes. Early peoples recognized particular grass seeds for their food value and began the process of domestication by selecting for traits that improved their value as crops. Grain size was an obvious trait that enhanced the caloric reward and ease of harvesting, and since endosperm constitutes the bulk of the grain, selection for larger grains inevitably increased endosperm size (Flint-Garcia, 2017).

From a developmental perspective, increasing grain size is a complex problem. From first principles, an increase in grain or endosperm size must entail either an increase in cell number or an increase in average cell size (or both). However, either of these changes could be accomplished by a variety of means: various alterations to the cell cycle or prolonged duration of active cell division. Any such changes require coordination amongst different tissues and cell types, as well as integration with the complex biochemical and physiological processes that occur during grain filling and seed maturation. Hence, selection pressure for grain traits during domestication and continued improvement either acts directly at the level of kernel and endosperm development, or affects changes in processes that then must be integrated into the developmental programs.

Understanding changes that occurred during domestication and improvement at the developmental and genetic level will greatly aid our ability to direct continued improvement and trait development. Methods are now available for identifying loci that were targets of selection as well as for introducing precise changes in the genome. Thus, it should now be possible to use genomic methods to help elucidate the developmental processes that were manipulated to provide the maize grains we have today, and to extend that knowledge into the future for continued improvement. Here we first describe the process of endosperm development from a kernel and cellular perspective, then review what is known of the molecular regulation of endosperm development, and finally we consider how this knowledge can be used for grain improvement.



KERNEL AND CELLULAR ENDOSPERM DEVELOPMENT


Endosperm Development in the Context of Whole Grain Development

The maize grain develops from a fertilized ovule to a mature kernel over the course of 50–60 days (Figure 1). The developing kernel contains tissues of maternal origin, the pericarp and nucellus, as well as those produced by double fertilization, the diploid embryo and the triploid endosperm. Agronomically, kernel development is described from the R1 silking stage to R6 physiological maturity but physiologically, kernel development is divided into the lag, grain-filling, and maturation phases (Egli, 2006; Abendroth et al., 2011). During the lag phase of growth, from 0 days after pollination (DAP) to as late as 15+ DAP, kernel dry weight gain is minimal as the endosperm and embryo develop, differentiate and increase in size. During the lag phase, the endosperm first undergoes free nuclear development, which involves mitotic divisions without cytokinesis, creating a multinucleate coenocyte (Olsen et al., 1995). Subsequent wall formation yields a completely cellular endosperm that further develops by an endosperm-wide proliferation of cells. By the end of the lag phase, mitotic activity becomes restricted to the peripheral layers of the endosperm (Sabelli and Larkins, 2009). Coincident with cell proliferation, four major cell types with specific functions differentiate within the endosperm: aleurone, basal endosperm transfer layer (BETL), embryo surrounding region (ESR) and starchy endosperm (SE) (Randolph, 1936; Kiesselbach, 1949; Leroux et al., 2014; Olsen, 2020). An additional 3–4 cell types develop later (Leroux et al., 2014). By the end of the lag phase, the endosperm accounts for about 60% of the kernel volume. During this phase, the embryo undergoes a formative division to produce the suspensor and embryo proper, then grows and transitions to a bilateral axis, and further develops to the coleoptile stage including establishment of shoot and root apical meristems (Sheridan and Clark, 2017). Also, during the early lag phase, the maternal nucellus tissue at first expands and accounts for a significant portion of the kernel but by ∼12 DAP it degenerates and remains only as the nucellar membrane (Randolph, 1936; Leroux et al., 2014). The exterior pericarp is also expanding and starts to develop thickened walls.
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FIGURE 1. Maize kernel development from pollination to maturity highlighting endosperm growth and development in concert with phases of seed development and development of the embryo. AL, aleurone; BETL, basal endosperm transfer layer; BIZ, basal intermediate zone; CZ, conducting zone; DAP, days after pollination; ENR, endoreduplication; ESR, embryo surrounding region; PC, placenta-chalazal region; PCD, programed cell death; SA, subaleurone; SE, starchy endosperm.


During the linear or grain-filling phase of seed development, (∼12–40 DAP), as endosperm cell proliferation slows, there is rapid water and weight gain as the SE cells expand with deposition of storage compounds and multiple rounds of endoreduplication (Sabelli and Larkins, 2009) (Figure 1). SE cells accumulate carbohydrates in the form of starch and seed storage proteins accumulate in protein bodies. Fully differentiated SE cells begin the process of programed cell death (PCD) (Young and Gallie, 2000; Dominguez and Cejudo, 2014). In the linear phase, the embryo continues growth and development and the pericarp cells begin to die. The final maturation stage of seed development involves PCD of all endosperm cells except the aleurone, final development of the embryo, and kernel desiccation and quiescence.



Initial Endosperm Development and Cellularization

The development of the maize coenocyte begins with the first mitosis 2–5 h after fertilization and within 29 h of pollination (Randolph, 1936; Lowe and Nelson, 1946; Kiesselbach, 1949; Mol et al., 1994). The coenocyte is characterized by a large central vacuole surrounded by a thin layer of parietal cytoplasm. The duration of the coenocyte stage varies in maize lines and under different growth conditions but typically lasts for 2–3 days after pollination during which time nuclear divisions are synchronous (Randolph, 1936; Cooper, 1951; Kowles and Phillips, 1988; Leroux et al., 2014). Studies of genetic sectors indicate the first division identifies the sagittal left and right halves of the endosperm (McClintock, 1978) and this was later captured within a serially-sectioned endosperm (Monjardino et al., 2007). The second division occurs in the perpendicular plane specifying endosperm quarters, the third division specifies 8 longitudinal portions that describe conical sections of the endosperm. When there are only a few nuclei, they are located near the endosperm base but after several more rounds of division they migrate to occupy its full longitudinal extent (Randolph, 1936; Monjardino et al., 2007; Leroux et al., 2014). While no study has been undertaken to fully describe the cytoskeleton and its association with migrating nuclei, images of the maize coenocyte show nuclear cytoplasmic domains with radiating microtubules (Brown and Lemmon, 2007) reminiscent of those described for other cereals (Brown et al., 1996). The number of nuclei achieved during the coenocyte stage is 128–512 and it has been suggested that mitotic arrest at 256 or 512 nuclei is associated with commencement of cellularization (Olsen, 2001); however, Leroux et al. (2014) noted endosperm size not number of nuclei is coincident with cellularization.

Cellularization, which begins ∼ 3 days after pollination (DAP) and proceeds rapidly often being completed as early as 4 DAP, is coincident with the first size increase of the endosperm (Randolph, 1936; Cooper, 1951; Monjardino et al., 2007; Leroux et al., 2014). Anticlinal walls that are perpendicular to the outer endosperm wall form without mitosis to encase each parietal nucleus in a structure called an alveolus. Alveoli have walls on all sides of each nucleus except the face adjacent to the central vacuole. The first alveoli are formed at the base of the endosperm near the embryo, the region of future ESR (Randolph, 1936; Kiesselbach, 1949; Monjardino et al., 2007; Leroux et al., 2014). Within each alveolus, a mitotic division yields sister nuclei and a periclinal wall is deposited between them to produce an outer layer of cells and an inner layer of alveoli. Each alveolus has a successive series of anticlinal wall extension, nuclear mitosis, and periclinal wall deposition forming an externally positioned cell and an internally positioned new alveolus. Although cellularization is completed by successive alveolation in other cereals, maize appears to have a more random final partitioning of the central vacuole in the bulbous base of the endosperm, which may be related to the much larger size and unique shape of the maize endosperm (Leroux et al., 2014).



Cell Proliferation and Cell Type Differentiation

Coenocyte development and cellularization sets up the basic body plan of the endosperm that then increases rapidly in size by cell proliferation and differentiates specialized cell types. During proliferation, endosperm growth occurs throughout the endosperm and is primarily associated with mitotic activity and increase in cell number generating the bulk of the endosperm (Kiesselbach, 1949; Kowles and Phillips, 1985). This contrasts with later stages when mitotic activity slows and becomes restricted to the kernel edge and endosperm growth is predominantly driven by cell and nuclear enlargement associated with storage deposition and endoreduplication (Randolph, 1936; Kiesselbach, 1949; Kowles and Phillips, 1985). Cell proliferation and cell type differentiation occur simultaneously and mitotic activity peaks ∼10 DAP (Kowles and Phillips, 1985). During the cell proliferation and differentiation period, the endosperm grows to exceed 60% of the kernel area (Leroux et al., 2014) and its shape has inverted with a large distal portion where cell divisions are still occurring and a narrower base where divisions have ceased, a shape which it will maintain for the rest of kernel development.

The larger maize endosperm differs from wheat, rice, and barley in that it develops a greater repertoire of specialized cell types (Olsen and Becraft, 2013). It is likely that breeding has impacted the development and functions of each of these cell types. The cell types are identified and described by a combination of their location, cell shape and contents, nuclear division patterns, wall elaborations, gene expression, and function (Table 1). The first cell types to become cytologically identifiable at 4-5 DAP are aleurone, BETL, ESR, and SE (Leroux et al., 2014). Several days later subaleurone (SA), conducting zone (CZ), and basal intermediate zone (BIZ) cells become distinguishable although some authors regard these as subtypes of SE and BETL (Becraft et al., 2001; Chourey and Hueros, 2017) (Figure 2). A last possible cell type, described as an endosperm region, is the endosperm adjacent to scutellum (EAS), only identifiable by location and transcriptome analysis because the cells have no identifiable cytological features that separate them from SE (Doll et al., 2020). Of these cell types, only AL and SE remain prominent at seed maturity.


TABLE 1. Maize endosperm cell type location, characteristics and function.
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FIGURE 2. Light micrographs of maize cell types. (A) Edge of 20 DAP endosperm with aleurone (AL), subaleurone (SA), and starchy endosperm (SE). Within the SE abundant starch (s) and protein bodies (arrowhead) are present. (B) Conducting zone cells when first apparent, about 10 DAP. (C) Embryo surrounding region (ESR) cells at 8 DAP are restricted to surrounding the embryo suspensor (E). (D) Base of endosperm at 10 DAP when BETL cells have developed wall ingrowths (arrowhead) and adjacent basal intermediate zone cells (BIZ) are visible. Bars = 20 μm.


Aleurone and BETL are a single cell layer that is initiated by the first periclinal wall deposition at the beginning of the cellularization process and are in essence the epidermal layer of the endosperm tissue (Figure 1). Aleurone cells cover the surface except for at the base of the endosperm adjacent to the maternal placenta-chalazal region (PC) where the BETL and ESR cells are located. After the first division, the nascent aleurone cells have microtubular preprophase bands that mark the future plane of cell division whereas the underlying cells do not (Brown and Lemmon, 2007). At first, cell divisions are at right angles to each other to maintain a cuboid shape, but later divisions occur predominantly in anticlinal planes so surface expansion can keep pace with increasing kernel volume. When periclinal divisions occur, the inner cell switches from aleurone into SE and positioning rather than lineage has been shown to be important for aleurone cell specification (Becraft and Asuncion-Crabb, 2000; Gruis et al., 2006). Cytologically, aleurone cells become apparent by 5 DAP with development of multiple large vacuoles (Kyle and Styles, 1977). Between 10–15 DAP the cells become more distinct as aleurone by beginning to accumulate protein and membranes within smaller vacuoles, forming abundant lipid bodies, and developing a thickened wall (Kyle and Styles, 1977; Reyes et al., 2011). Protein eventually occupies a large proportion of the vacuoles and they develop the characteristic ultrastructure of aleurone bodies or protein storage vacuoles (PSV). These PSV contain many internal structures including a large protein inclusion containing zeins, α-globulin and legumin-1. The zeins in the vacuole apparently transport from the ER to prevacuolar compartments then to PSVs by an atypical autophagic process (Reyes et al., 2011). PSVs also contain phytic acid crystals, a glycoprotein containing matrix, and intravacuolar membranes (Reyes et al., 2011). Late in development, abundant lipid bodies surround the PSVs and the aleurone cell wall thickens considerably (Kyle and Styles, 1977). The colorful kernels that characterize many maize genotypes are produced by anthocyanin deposition in aleurone cells (or sometimes the pericarp). Aleurone cells typically do not endoreduplicate and they are the only endosperm cells that do not enter PCD during development (Burton and Fincher, 2014); thus, they are the only living endosperm cells at seed maturity. Aleurone cells function in mineral, lipid, and protein storage. At germination the aleurone secretes hydrolytic enzymes that digest the starches and proteins stored in the SE and release sugars and amino acids for use by the growing seedling.

Basal endosperm transfer layer cells are epidermal cells that form an interface between the basal filial tissues and the maternal pedicel tissue (Figure 2). With elaborate wall ingrowths that increase the surface area of the plasma membrane, they typify transfer cells that are important in solute movement across the apoplastic interface from the maternal tissues into the growing grain where they can be used for growth or assimilated into storage compounds (Zheng and Wang, 2010; McCurdy, 2015). Various authors describe the inner several (2–3) cell layers with similar but distinct cytological features as an extension or inner part of the BETL (Kiesselbach and Walker, 1952; Davis et al., 1990; Gao et al., 1998; Monjardino et al., 2013). However, the distinct cytological characteristics and specific gene expression within these inner cells (Leroux et al., 2014; Li et al., 2014) was used to segregate them from the BETL as the basal intermediate zone (BIZ). Future work is needed to fully describe the characteristics and occurrence of the BIZ and CZ cells to understand their identities, locations, and relationships to the well-known adjacent BETL and SE. Here we will describe the BETL using the features of the most basal cell layer.

BETL cells begin elongation and wall ingrowth deposition ∼6 DAP (Kiesselbach and Walker, 1952; Charlton et al., 1995; Kang et al., 2009; Monjardino et al., 2013; Leroux et al., 2014). Before basal wall ingrowth begins there is already a polarized distribution of mitochondria with many of them located adjacent to the lower wall (Kang et al., 2009). As the plasma membrane invaginates and ingrowths begin to form, there is an increase in mitochondria, Golgi, and trans-Golgi-network vesicles indicating high secretory activity (Davis et al., 1990; Charlton et al., 1995; Kang et al., 2009; Monjardino et al., 2013). Within the kernel, there is a gradient of development of BETL cells from near the embryo to the abgerminal side of the endosperm (Hueros et al., 1999).

Developing cells take on the full complement of cytological features after ∼12–16 DAP with an asymmetric distribution of nucleus and dense cytoplasm at the distal end above prominent wall ingrowths adjacent to the PC (Kiesselbach and Walker, 1952; Davis et al., 1990; Kang et al., 2009). The cytoplasm contains variously shaped nuclei, numerous mitochondria, Golgi, and enlarged vesicles; whereas, cytoplasm interstices among the wall ingrowths are packed with ER and abundant mitochondria (Davis et al., 1990; Kang et al., 2009). Plasmodesmata are located in the primary cell wall in between ingrowths and interconnect BETL cells but are absent between BETL cells and the underlying PC (Davis et al., 1990; Monjardino et al., 2013). The wall ingrowths have a complex architecture with abundant parallel, rib-like projections called flange ingrowths that anastomose along their length (Davis et al., 1990; Talbot et al., 2002; Monjardino et al., 2013; McCurdy, 2015). In the lower region of the cells, these flange wall ingrowths are interconnected by lateral extensions so wall material more or less fills the cell volume (Davis et al., 1990; Talbot et al., 2002; Kang et al., 2009). The interconnecting wall architecture is equated to reticulate wall ingrowths (Monjardino et al., 2013); although others view them as an elaboration of the flange outgrowth (Talbot et al., 2002; McCurdy, 2015). Regardless of their origin, this secondary interconnection of flange ingrowths only exists in the first cell layer BETL and not BIZ cells. Using a variety of detection methods, lignin was found in BETL cell walls within both types of wall ingrowth (Rocha et al., 2014).

Basal intermediate zone cells become apparent later than the BETL about the same time as the adjacent CZ, around 8–10 DAP (Kiesselbach and Walker, 1952; Leroux et al., 2014). Cells are more elongate than the adjacent BETL and have oblique ends, sometimes being described as prismatic (Figure 2). They have moderately dense cytoplasm, abundant vesicles, and nuclei slightly larger than the adjacent BETL (Kiesselbach and Walker, 1952; Davis et al., 1990; Leroux et al., 2014). Flange wall ingrowths get progressively shorter and fewer in number within the cells adjacent to the CZ (Davis et al., 1990; Kang et al., 2009; Monjardino et al., 2013). Adjacent cells often have the wall ingrowths at the same location giving cross sections of the cells a distinctive appearance. The walls in between the ingrowths have many plasmodesmata these being most abundant in cells near the CZ, (Davis et al., 1990; Gao et al., 1998; Monjardino et al., 2013). It has been suggested that cell wall features, ingrowths and abundant plasmodesmata, might serve the function of radial distribution of solutes (Davis et al., 1990).

Embryo surrounding region cells are the earliest endosperm cells to differentiate, as early as 4 DAP and can even be apparent as the last of the central vacuole becomes cellular. They are located adjacent to the embryo and completely encircle the embryo at first but by 7 DAP they only form a semi-circle of cells located around the suspensor of the embryo (Figure 2) (Schel et al., 1984; Opsahl-Ferstad et al., 1997). ESR cells are small, isodiametric, and have dense cytoplasm with small vacuoles. Cytoplasmic characteristics that suggest high metabolic activity include: large nuclear to cell volume, prominent mitochondria, an abundant network of rER with large intracisternal spaces and Golgi associated with many vesicles. Around 15 DAP, ESR cells are the first cells in the endosperm to undergo PCD as the embryo expands (Dominguez and Cejudo, 2014). Proposed functions of the poorly understood ESR include, pathogen defense, embryo/endosperm signaling, nutrient transport from endosperm to embryo and perhaps protecting the embryo from fluxes of auxin (Cossegal et al., 2007; Chen et al., 2014).

Starchy endosperm functions as the major nutrient storage site in the endosperm and occupies the greatest portion (by volume or weight) of the kernel. SE cells differentiate from the inner cells produced by the cellularization process and new cells formed by peripheral divisions in the aleurone/subaleurone layers (Figure 2). Accordingly, cell differentiation, endoreduplication and storage deposition within them occurs in a developmental pattern from the kernel crown to base and the center to the edge with the oldest, largest, and most developed SE cells in the endosperm center (Kiesselbach, 1949; Kowles and Phillips, 1988). Beginning ∼10 DAP as SE cells enlarge, they cease mitosis and undergo multiple rounds of endoreduplication that increase the DNA content and nuclear size (Kowles and Phillips, 1985). It is at this time that the cells begin to accumulate starch and storage proteins. Endoreduplication, characterized by DNA replication without chromatid separation, yields multiple copies of the nuclear DNA and 4–5 cycles of endoreduplication (up to 192C) is common (Sabelli and Larkins, 2009; Dante et al., 2014). There is a positive relationship between C-value, nuclear size and cell size and in 16 DAP endosperm, the centrally-located largest cells, with the highest C-values, were fewest in number (less than 7% of the total cells) but accounted for 60% of the endosperm volume (Vilhar et al., 2002). Starch granules that account for ∼70% of the final kernel dry weight are semi-crystalline structures synthesized from densely-packed amylose and amylopectin (Hannah, 2007). Protein storage in the SE cell involves both the prolamin zeins, which are synthesized and accumulate in rER derived protein bodies, and globulins that accumulate in PSV (Khoo and Wolf, 1970; Lending and Larkins, 1989; Woo et al., 2001; Arcalis et al., 2010). Zeins account for over 60% of the kernel protein and are high in proline and glutamine but low in several essential amino acids (lysine, methionine, and tryptophan) significantly affecting the nutritional value of seeds. Zeins fall within 4 classes and the presence and abundance of different classes within protein bodies affects protein body size and association with the starch granules affecting physical characteristics of kernel (Holding, 2014). The nascent protein body forms with deposition of γ-zeins within small protein bodies. In larger, more mature protein bodies, γ- and β-zeins localize to a peripheral position after abundant α-zein and δ-zein is deposited in the internal portion (Lending and Larkins, 1989; Woo et al., 2001; Guo et al., 2013). Gene expression patterns of developing endosperm shows γ- and β-zeins transcripts occur throughout the endosperm at 10 DAP whereas α-zein transcripts are confined to the germinal edge reiterating the central to edge pattern of kernel development (Woo et al., 2001). Endoreduplication and storage deposition continue until the cells undergo PCD, which begins in central SE cells about 16 DAP (Young et al., 1997).

Subaleurone cells are located just inside the aleurone in all portions of the endosperm except the base near the BETL. Early workers described the area as cambial-like because periclinal divisions generate linear files of cells that contribute the last cells to the edge of the SE (Randolph, 1936; Kiesselbach, 1949; Cooper, 1951). Subaleurone cells are small in size and the cytoplasm is characterized by numerous mitochondria, proplastids, some aleurone-like lipid bodies and ER but little starch and few protein bodies are present (Khoo and Wolf, 1970; Lending and Larkins, 1989). In mature kernels, the subaleurone is still distinct from the adjacent SE as the cells are smaller, the protein bodies are larger, and the cells lack large starch grains (Duvick, 1961; Khoo and Wolf, 1970).

Endosperm adjacent to scutellum may be a new cell type defined by location and transcriptome but the cells are cytologically indistinguishable from the adjacent SE (Doll et al., 2020). EAS is first detectable at 9 DAP as 2–3 layers of cells whose transcriptome has an enrichment of transporter genes compared to the rest of the endosperm. This area is identifiable until about 20 DAP and presumably facilitates nutrient supply or communication across the endosperm-embryo interface.

Conducting zone cells have received little cytological study and descriptions are all very brief and appear to include BIZ, BETL, and/or SE (Kiesselbach and Walker, 1952; Davis et al., 1990; Monjardino et al., 2013). Several authors have noted a core of elongate cells within the base of the endosperm extending above the BETL and suggested they were vascular-like and had a conducting function (Brink and Cooper, 1947; Cooper, 1951; Charlton et al., 1995). Recently, several studies have more completely described the CZ as a distinct cell type apart from BETL and BIZ cells (Leroux et al., 2014; Zheng et al., 2014). The cells are extremely elongate with tapering end walls and are distinct from neighboring cells by their much larger size, granular cytoplasm, prominent enlarged nuclei, few starch grains, lack of wall ingrowths, and gene expression profiles. At ∼ 24 DAP, these cells are thought to begin to degenerate.




MOLECULAR AND GENETIC REGULATION OF ENDOSPERM DEVELOPMENT

Although the endosperm is composed of several distinct tissues and multiple cell types, each of which contributes uniquely to the biology of the grain, the majority of molecular work has focused on understanding the BETL, aleurone, SE and the ESR, which will each be considered here.


Regulation of Basal Endosperm Transfer Layer Cell Development

The first cells to form during endosperm cellularization give rise to the BETL and aleurone, however, evidence suggests that BETL specification may begin earlier, perhaps in the megagametophyte (Gutierrez-Marcos et al., 2006). The baseless1 (bsl1) mutant causes patterning defects in the embryo sac, which subsequently manifest during endosperm development as disorganized BETL, including mispatterned basal gene expression. Furthermore, several gene transcripts show basal-specific accumulation beginning in coenocytic endosperm prior to cellularization. This suggests that BETL specification begins prior to endosperm cellularization and maybe in the embryo sac before fertilization. Following cellularization, the transfer cells differentiate and form a morphological gradient along the basal-apical axis, grading into the BIZ and CZ, and along the germinal-abgerminal axis (Gómez et al., 2009). As discussed below, this pattern might be associated with concentration gradients of inducing factors such as hormones or sugars.


Myb Related Protein1 Is a Central Regulator of Basal Endosperm Transfer Layer Cell Fate

MRP1 is a transcription factor (TF) and a determinant of BETL cell fate because ectopic expression of MRP1 was sufficient to cause early aleurone cells to acquire BETL identity (Gómez et al., 2009). MRP1 is specifically expressed in the BETL and directly activates expression of several other BETL-specific genes, collectively known as basal endosperm transfer layer (betl) genes (Gómez et al., 2002; Barrero et al., 2006). Several betl genes encode peptides that are secreted into surrounding pedicel tissue and have antifungal properties suggesting they are protective for the seed (Cai et al., 2002).

A transcriptomic analysis identified MRP1 as a hub gene for the BETL compartment and among the genes in the expression module were six additional BETL-specific TFs, which may in turn regulate additional downstream BETL-specific genes (Zhan et al., 2015). Other MRP1 targets of particular note include maternally expressed gene-1 (meg1) and two cytokinin response regulator (RR) genes, ZmTCRR1 and ZmTCRR2 (Gutiérrez-Marcos et al., 2004; Muniz et al., 2006, 2010; Gómez et al., 2009).



MEG1 and Imprinting Control Basal Endosperm Transfer Layer Development

MEG1 is expressed specifically in the BETL and encodes a small cysteine-rich secreted peptide proposed to function as a developmental signaling molecule (Gutiérrez-Marcos et al., 2004; Costa et al., 2012). Indeed, meg1 RNAi caused a severe reduction in BETL development in the basal endosperm, while ectopic expression of MEG1 also caused ectopic BETL formation; hence, MEG1 is necessary and sufficient for BETL differentiation (Costa et al., 2012). These treatments were accompanied with a corresponding reduced expression, or ectopic expression of MRP1, respectively. Thus, MEG1 and MRP1 both act as determinants of BETL fate and their expression is regulated by a feedback loop of mutual reinforcement.

MEG1 is an imprinted gene where maternally inherited copies are expressed while the paternal allele is silenced by DNA methylation (Gutiérrez-Marcos et al., 2004). Imprinting is often hypothesized as being involved in controlling resource allocation (Rodrigues and Zilberman, 2015). To test this hypothesis, a synthetic Meg1 gene (synMeg1) was constructed where codon replacement produced a coding region with little nucleotide sequence similarity to the endogenous gene. This was then placed under the control of the bet9 promoter, which is BETL-specific but is not imprinted. Transgenic maize showed a dosage dependent increase in the extent of BETL cell differentiation and a concomitant increase in kernel size and weight, whereas, synMeg1 under the control of the native (imprinted) Meg1 promoter did not produce this effect (Costa et al., 2012). These results are consistent with imprinting of Meg1 regulating resource acquisition in the kernel by limiting BETL development.



Hormone Signaling and Basal Endosperm Transfer Layer Development

Several lines of evidence suggest that cytokinin (CK) phytohormone may be important for BETL development and/or function. CKs are often associated with sink formation and they accumulate in developing maize kernels, peaking during the period of maximum grain filling. The accumulation pattern mirrors expression of ZmIPT2, which encodes isopentenyltransferase, a CK biosynthetic enzyme. ZmIPT2 is most strongly expressed in the BETL, where the highest CK levels occur (Brugiere et al., 2008).

The CKs signal via a pathway where histidine kinase (HK) receptors signal via histidine phospho-transfer protein (HP) to regulate the activity of response regulators (RRs) that control expression of downstream factors (To et al., 2008). There are two types of RRs; type-B RRs are MYB family TFs that function as positive effectors of CK signaling, whereas, type-A RRs are negative regulators of CK signaling. In response to CK, HPs phosphorylate type–B RRs, which activates them and allows them to control CK-regulated gene expression. One type–B RR target is activation of type-A RR expression. A pair of type-A RR genes, ZmTCRR1 (Zea mays Transfer Cell Response Regulator1) and ZmTCRR2, are specifically expressed in the BETL (Muniz et al., 2006, 2010). Gene expression is highest during the period of maximum BETL differentiation suggesting a possible role in directing BETL development. The protein products of these genes are not restricted to BETL cells but accumulate along a concentration gradient into the CZ, coincident with the gradient in cell morphology.

It remains unclear whether these RR-like genes are in fact involved with CK signaling. There is no experimental evidence for CK regulation and the TCRRs contain some sequence features not found in bona fide RRs (Muniz et al., 2010). As mentioned, ZmTCRR1 and ZmTCRR2 are direct targets of regulation by MRP1. Intriguingly, MRP1 contains a motif similar to the GARP motif found in type-B RRs, suggesting either that MRP1 is a type-B RR performing an as yet undiscovered role in CK signaling, or that this represents a regulatory system descended from canonical RRs but no longer connected to hormone signaling.



Sugar Induction of Basal Endosperm Transfer Layer Differentiation

One of the major functions of the BETL is sugar transport and interestingly, several studies have revealed that sugar plays an essential role in promoting BETL differentiation. Proteins involved in sugar import include SWEET sugar transporters and invertase, which cleaves sucrose to glucose and fructose. The miniature1 (mn1) gene is a BETL-specific gene that encodes a cell wall invertase, and ZmSWEET4c is also a BETL-specific gene encoding a plasma membrane hexose transporter (Sosso et al., 2015). Mutations in both genes impair sugar transport into developing kernels causing substantial decreases in grain size (Miller and Chourey, 1992; Cheng et al., 1996; Kang et al., 2009; Sosso et al., 2015). Notably, mutants in both genes show dramatically decreased BETL formation showing that sugar flux is required to promote BETL cell differentiation. Furthermore, the expression of ZmSWEET4c and mn1, as well as MRP1, are all sugar inducible, particularly with glucose, and expression of all these genes is decreased in the zmsweet4c mutant (Barrero et al., 2009; Sosso et al., 2015). What emerges is a feed-forward model where sugar induces the expression of sugar transport machinery as well as BETL differentiation, which then facilitates increased sugar transport into the endosperm and further reinforces this system (Sosso et al., 2015).

Transport of other classes of molecules is also critical; the choline transporter-like protein1 (ZmCTLP1) is encoded by the small kernel 10 (smk10) gene. Mutations of smk10 disrupt BETL differentiation, decrease kernel size, and cause extensive alterations in endosperm lipid composition and content (Hu et al., 2021).




Regulation of Aleurone Development

Aleurone is a metastable cell type requiring continuous positional cues to establish and perpetuate aleurone identity (Becraft and Asuncion-Crabb, 2000). Genetic studies identified several factors that are likely involved in signaling aleurone fate. Mutants of defective kernel 1 (dek1) lack aleurone, showing it is essential for aleurone development (Becraft and Asuncion-Crabb, 2000; Becraft et al., 2002; Lid et al., 2002). DEK1 is a plasma membrane-localized protein consisting of several domains. An intracellular region includes a calpain-family proteinase domain whose cysteine protease activity is stimulated by Ca++ (Wang et al., 2003; Tian et al., 2007). A transmembrane domain contains a series of 21–24 membrane-spanning helices, depending on the molecular prediction, interrupted by a “loop” that is either cytoplasmic or extracellular, depending on the model (Lid et al., 2002; Kumar et al., 2010). This transmembrane domain is required for mechanosensitive Ca++ channel activity, leading to the hypothesis that tension on epidermal (aleurone) cells may trigger Ca++ (Tran et al., 2017). This in turn would activate the proteinase and regulate aleurone cell fate through cleavage of yet unidentified signal transduction substrates.

CRINKLY4 (CR4) is a plasma membrane receptor-like kinase that is likewise involved in promoting aleurone fate through an unknown signaling mechanism (Becraft et al., 1996; Jin et al., 2000). Mutants of cr4 impair aleurone development often producing mosaic kernels partially lacking aleurone (Becraft et al., 1996; Becraft and Asuncion-Crabb, 2000). Genetic evidence suggests that the DEK1 and CR4 signaling pathways converge although the molecular details remain obscure (Becraft et al., 2002).

Whereas most wild type maize lines contain just a single layer of aleurone cells, mutants in the supernumerary aleurone 1 (sal1) gene produce multiple aleurone layers, indicating SAL1 is normally required to restrict aleurone formation (Shen et al., 2003). SAL1 is a class E vacuolar sorting protein, related to human CHMP1, involved in internalization and sorting of plasma membrane proteins into multivesicular bodies for degradation (Spitzer et al., 2009). The SAL1, DEK1 and CR4 proteins colocalized in endosomes suggesting that SAL1 may limit DEK1 and CR4 levels by protein degradation (Tian et al., 2007). This was hypothesized to limit levels of DEK1 and CR4 signaling and thus restrict the number of aleurone layers.

The thick aleurone1 (thk1) mutation also causes multiple aleurone cell layers indicating THK1 is another negative regulator of maize aleurone cell fate (Becraft and Yi, 2011). The thk1 gene encodes a homolog of NEGATIVE ON TATA-LESS1 (NOT1), a protein that acts as a scaffold for the CARBON CATABOLITE REPRESSION4-NEGATIVE ON TATA-LESS (CCR4-NOT) complex that mediates many mRNA-related processes, including RNA-turnover, transcription initiation and elongation, translation, and RNA quality control (Wu et al., 2020). The mutant of thk1 alters expression of genes associated with cell division, cell communication, hormone response, and plant epidermis development, which may contribute to generating multiple aleurone cell layers (Wu et al., 2020). Interestingly, the thk1 mutant is epistatic to dek1; double mutants showed multiple aleurone layers like thk1, even though dek1 mutants are unable to form aleurone, indicating THK1 is a likely component of the signaling system downstream of DEK1 (Becraft and Yi, 2011).

The naked endosperm (nkd) mutant is a duplicate factor that disrupts aleurone differentiation, producing endosperm with multiple layers of peripheral cells only partially differentiated as aleurone (Becraft and Asuncion-Crabb, 2000). The corresponding genes, nkd1 and nkd2, encode INDETERMINATE DOMAIN (IDD) family C2H2 zinc finger TFs, ZmIDDveg9 (NKD1) and ZmIDD9 (NKD2), respectively (Colasanti et al., 2006; Yi et al., 2015). The NKD1,2 TFs regulate genes important for several aspects of aleurone function including, cell growth and division, anthocyanin accumulation, lipid storage, pathogen defense and abscisic acid (ABA) response (Gontarek et al., 2016; Gontarek and Becraft, 2017).

NKD1,2 and THK1 may co-regulate aleurone cell development. Triple mutants of nkd1;nkd2;thk1 reveal an additive relationship between nkd1,2 and thk1 on controlling the number of aleurone cell layers, and an epistatic relationship on aleurone cell differentiation (nkd1,2 is epistatic to thk1); triple mutants have many layers of partially differentiated aleurone (Becraft and Yi, 2011). This indicates that NKD1,2 and THK1 may negatively regulate aleurone cell fate through independent pathways, and that NKD1,2 is required for aleurone cell differentiation downstream of THK1. A co-expression network analysis between nkd1,2 and thk1 mutants suggests that NKD1,2 and THK1 may co-regulate cell cycle and division to restrict aleurone development to a single cell layer, whereas NKD1,2, but not THK1, may regulate auxin signaling to maintain normal aleurone differentiation (Wu and Becraft, 2021).

A recent study suggests that adequate iron content is critical for proper aleurone development (He et al., 2021). The shrunken4 (sh4) gene of maize encodes a YELLOW STRIPE-LIKE2 (ZmYSL2) metal transporter that controls iron abundance in aleurone cells. The sh4 mutant causes loss of aleurone cell identity accompanied with decreased iron accumulation. The basis for this requirement is unknown but it seems likely that iron may be an essential cofactor for one or more components of the aleurone cell fate machinery. Interestingly, the GO term “iron ion binding” was over-represented among DEGs of nkd mutant aleurone (Gontarek et al., 2016).



Regulation of the Embryo Surrounding Region

The ESR is a poorly understood tissue and little is known about how its development is regulated. Weighted gene coexpression network analysis (WGCNA) identified an ESR-specific gene coexpression module, which was enriched for genes involved in cell–cell signaling, consistent with the proposed function of these cells in signaling between the endosperm and embryo (Zhan et al., 2015). ESR-specific promoters were identified and several putative cis elements were identified, but most appear to be shared amongst other endosperm cell types (Bonello et al., 2000; Zhan et al., 2015). Several TFs were identified with high module membership scores for the ESR-specific module, which are good candidates for testing experimentally (Zhan et al., 2015).

No bona fide ESR mutant has yet been reported. This could be because disruption of the ESR is lethal, because such mutants are too subtle, or because of genetic redundancy. The shohai (shai) mutant disrupts the formation of the embryo pocket, a cavity in the endosperm that is normally filled by the embryo (Mimura et al., 2018). In non-concordant kernels, a Shai wildtype endosperm rescued the development of mutant embryos whereas, wildtype embryos caused the formation of a normal embryo pocket in mutant endosperms. Thus, SHAI is involved in signaling between the endosperm and embryo, and as a TF of the RWP-RK family, is a good candidate for controlling ESR development. To date, a detailed analysis of the ESR has not been reported for this mutant.



Molecular Regulation of Starchy Endosperm Development

The SE is the most economically valuable part of a grain and, as such, considerable effort has been expended to understand the molecular and biochemical regulation of SE development, particularly as it pertains to protein and starch accumulation. Yet, despite this attention, little is known about the regulation of SE cell fate. Among TFs that regulate SE development, OPAQUE-2 (O2) is a basic leucine zipper (bZIP) TF that has long been recognized as key to regulating the biosynthesis and accumulation of nutrient materials in SE. First shown to activate the expression of the 22-kD α-zein gene (Schmidt et al., 1990, 1992), a genome-wide transcriptional regulatory network study showed that O2 also regulates several additional zein storage protein genes, genes for carbon fixation (PPDK1 and PPDK2), and additional downstream transcription factors (GBF and Myb-like TFs) (Li et al., 2015). Further, proteomic studies showed that protein levels of Granule-Bound Starch Synthase I (GBSSI), Starch Synthase IIa (SSIIa), and Starch Branching Enzyme I (SBEI) were reduced in o2 mutants, indicating that O2 may also play an important role in starch biosynthesis, albeit indirectly (Jia et al., 2013; Zhang et al., 2016).

PROLAMIN-BOX BINDING FACTOR1 (PBF1) is a TF that can bind to the prolamin-box in promoters of the 27-, 22, and 19-kD zein genes (Wang et al., 1998). Moreover, starch content was reduced in pbf1 RNAi knockdown mutants, suggesting that PBF1 also affects starch accumulation (Zhang et al., 2016; Qi et al., 2017). Compared with the o2 or pbfRNAi single mutants, the o2; pbfRNAi double mutant caused further reduction of zein protein and starch content suggesting that O2 and PBF function additively and synergistically to regulate gene networks in SE development (Zhang et al., 2015, 2016).

In addition to O2-PBF1 interactions, O2 also interacts with other TFs, including O2 HETERODIMERIZING PROTEINS (OHPs), ZmbZIP22 and ZmMADS47, forming a complex that regulates expression of zein genes (Li and Song, 2020; Dai et al., 2021). Two NAC transcription factors, ZmNAC128 and 130, are also involved in regulating zein and starch biosynthetic genes (Zhang et al., 2019).

NKD1,2 are involved in SE development in addition to their roles in aleurone formation. Laser-capture microdissection RNA sequencing (LCM RNAseq) showed the nkd1,2 genes are expressed in both aleurone and SE. The nkd1,2 mutants have an opaque, floury endosperm phenotype accompanied by widespread changes in expression of genes regulating starch biosynthesis, storage proteins or other cellular components (Yi et al., 2015; Gontarek et al., 2016).

In addition to nutrient biosynthesis and accumulation, endoreduplication and PCD are important features of SE development. As the endosperm transitions from the cell division to nutrient accumulation phases, the cell cycle transitions from mitotic cell division to endoreduplication (Larkins et al., 2001). Cyclin-dependent Kinases (CDKs) are key regulatory factors affecting endoreduplication, among which A-type CDK (CDKA) functions in S-phase and B-type CDK (CDKB) functions to promote G2 to M phase transition. Endoreduplication may be triggered by induction of CDKA and inhibition of CDKB (Grafi and Larkins, 1995; Sabelli, 2012). RETINOBLASTOMA-RELATED (RBR) proteins and CDK inhibitor (CKI) proteins are additional cell cycle regulators that may control the transition to endoreduplication. An rbr1 mutant with decreased expression resulted in enhanced endoreduplication suggesting RBR1 is a negative regulator (Sabelli et al., 2013). Two different families of CKIs have been implicated to regulate endoreduplication, Kip-related proteins (KRPs) and SIAMESE (SIA) proteins (Coelho et al., 2005; Zhang et al., 2020). Members of both families are expressed at appropriate times in SE and overexpression of KRP1 in maize callus promoted endoreduplication. Hormones also appear to influence endoreduplication, with auxin promoting the initiation and maintenance of endoreduplication, whereas, cytokinin inhibited proliferating cells from entering the endoreduplication cycle (Sabelli, 2012).

Beginning at around 12-16 DAP, SE cells undergo PCD (Young and Gallie, 2000) with the initiation of PCD promoted by ethylene and sugar accumulation (Bhave et al., 1990; Young et al., 1997). The maize ABA-insensitive viviparous1 (vp1) mutant showed increased levels of ethylene and accelerated progression of PCD, indicating that ABA might inhibit PCD via negatively regulating ethylene synthesis (Young and Gallie, 2000). Cell cycle regulation also interfaces with PCD as the rbr1 mutant enhanced PCD, suggesting negative effects of RBR1 on both PCD and endoreduplication in maize SE (Sabelli, 2012). The details of the connections among hormones, cell cycle control factors, endoreduplication, and PCD are still unclear and require further characterization.



Transcription Networks and Endosperm Development

Different endosperm cell types have distinct transcriptomes and recent studies have begun to unravel the gene regulatory networks (GRNs) that underlie endosperm development and function (Zhan et al., 2015; Gontarek et al., 2016; Zhang et al., 2016; Feng et al., 2018; Ji et al., 2021; Wu and Becraft, 2021). Some of the key TFs known to regulate specific processes during endosperm development were discussed above. In addition, there are extensive inter-regulatory relationships among many of these TFs. These involve direct regulation of target genes as well as indirect regulation via downstream TFs. NKD1 and NKD2 directly regulate each other’s expression as well as directly promote expression of other important TFs including O2 and PBF1 (Gontarek et al., 2016). The DOF3 TF gene is also regulated by NKD1 and NKD2 but most likely indirectly. DOF3 in turn directly regulates the expression of NKD1 and NKD2 (Qi et al., 2017) while O2 promotes expression of NKD2 (Zhan et al., 2018). NKD2 is also regulated by OPAQUE11 (O11, a bHLH TF), which also regulates the expression of DOF3, O2, and PBF (Feng et al., 2018). O2 also transactivates ZmGRAS11, a GRAS-family transcription factor without a DELLA domain, which then directly regulates the expression of ZmEXPB12, a cell wall loosening protein important for cell expansion (Ji et al., 2021). This suggests that O2 not only regulates grain filling, but also controls cell expansion in developing endosperm. ZmABI19 is a B3 domain TF that regulates expression of multiple key TF genes, including O2, PBF1, ZmbZIP22, NAC130, and O11, indicating an important role in maize seed development and grain filling (Yang et al., 2021). Furthermore, a recent study proposed a model for O2 nuclear translocation mediated by the SnRK1-ZmRFWD3 pathway (Li et al., 2020). At high sucrose levels, the sucrose-responsive protein kinase SnRK1 phosphorylates ZmRFWD3, an E3 ubiquitin ligase, leading to ZmRFWD3 degradation. At low sucrose levels, SnRK1 is inhibited, and ZmRFWD3 is released to ubiquitinate O2, facilitating O2 localization into the nucleus. This model links sucrose signaling dynamics with storage protein biosynthesis during grain filling.

A striking point is that many of the known regulators function in multiple cell types and despite advances in our understanding of gene networks, it is still unclear at the GRN level what determines the different cell fate decisions during endosperm development. O2 and PBF are well known TFs important in SE (Zhang et al., 2015; Gontarek et al., 2016) but the o2 gene is expressed in maize aleurone (Zhan et al., 2018) and a double knockdown of the rice o2 and pbf homologs, RICE SEED b-ZIPPER 1 (RISBZ1) and RICE PROLAMIN BOX BINDING FACTOR (RPBF), caused multiple layers of disordered aleurone (Kawakatsu et al., 2009). The o11 mutant, with striking effects on SE size and decreased starch and protein accumulation, also shows multiple layers of irregular aleurone cells (Feng et al., 2018). Similar phenotypes were also observed upon RNA interference of maize dof3, which also caused decreased starch accumulation as well as aleurone irregularities (Qi et al., 2017). Conversely, the nkd mutant was first recognized for its effect on aleurone development but further analysis showed the nkd genes also regulate key functions in the SE (Zhang et al., 2015; Gontarek et al., 2016). Thus, there are complex networks of regulatory interactions amongst TF genes that control both SE and aleurone development (Figure 3). The specific features of these networks that lead to the different cell identities during development remain elusive at this time.
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FIGURE 3. Regulatory interactions among TFs in aleurone and SE, and their potential association with corresponding nutrient compounds. These TFs and associated pathways could be targets for bioengineering to optimize maize seed quality.





ENDOSPERM DEVELOPMENT AND APPLICATIONS TO IMPROVE GRAIN QUALITY

“Grain quality” encompasses a variety of traits that vary depending on the specific end use of the grain. They include traits such as grain size, composition, hardness, nutritional value, pathogen resistance, and so on. Knowledge on the regulation of grain development can be used to improve grain properties in two basic ways, either to alter metabolic pathways within the existing cellular context or to alter cellular development. Both cellular development and metabolic pathways were altered during the domestication process without the benefit of understanding the underlying biology. In modern times, the latter approach has received much more attention with significant efforts to understand and manipulate the amount and properties of stored starch, protein and lipids. However, altering cellular development may offer the potential to manipulate grain properties in other ways. Examples of key genes that may be of value for grain improvement are listed in Table 2.


TABLE 2. Examples of key genes associated with maize kernel quality.
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Maize Domestication Altered Grain Development

Maize was domesticated around 9,000 years ago from Zea mays ssp. parviglumis, a grassy teosinte plant native to Mesoamerica (Piperno et al., 2009). Maize and teosinte have striking morphological differences, including kernel characteristics. As reviewed by Flint-Garcia (2017), teosinte grains are small and encased in a hard fruitcase, whereas, modern maize grains are naked and typically about 10 times larger than teosinte. Increased grain size is accompanied by changes in composition, notably an increase in starch content. Elimination of the fruitcase was a critical step in domestication, making the collection and processing of grains for food much easier. Elimination of the fruitcase also removed a physical restriction, which allowed for the dramatic increase in grain size. Modification of this trait was accomplished by mutations and selection of the teosinte glume architecture1 (tga1) gene (Wang et al., 2015). Signatures of selection are also found in the starch biosynthesis genes, su1, ae1, and bt2 (Whitt et al., 2002). For other grain traits, the genetic basis is less clear. Signatures of selection are found in over 1,000 genes indicating that domestication involved the accumulation of many small effects (Wright et al., 2005).



Grain Improvement Based on Regulation of Metabolic Pathways

There are myriad metabolites in the endosperm that contribute to kernel quality and it is beyond the scope of a single review to cover them all. Here we will mention notable examples for the major classes of storage compounds: starch, protein and oils.


Starch

Starch is a deceptively complex molecule and structural variations can lead to variation in quality properties such as gelling temperature and digestibility. Starch metabolism is an example of a system where simple genetic changes can have profound impacts on grain quality and end use. Three examples will be mentioned here:

Sweet corn is the most familiar example of altered starch impacting grain characteristics. Mutations in enzymes of the starch biosynthetic pathway impede the incorporation of glucose subunits into starch and thereby cause an accumulation of free sugars in the endosperm. Such grain would not be suitable as feed or most other uses but is valued for human consumption. The sugary1 (su1), shrunken2 (sh2) and brittle1 (bt1) genes are examples of loci where single gene mutations can confer the sweet corn character and form the basis of cultivar breeding programs (Lertrat and Pulam, 2007).

Waxy starch is deficient in amylose content. Normal maize endosperm starch is a mixture of amylopectin and amylose in about a 75%:25% ratio. The amylose content influences many starch properties such as gelatinization temperature, pasting and retrogradation, all important for cooking, sizing and other applications (Jane, 2004). Amylose is produced by the granule-bound starch synthase I (GBSSI) protein, encoded by the waxy1 (wx1) gene. Loss-of-function wx1 mutations produce “waxy” starch nearly devoid of amylose, whereas GWAS identified an allele of wx1 associated with high amylose content (Li et al., 2018).

ADPglucose pyrophosphorylase (AGPase) is a rate limiting enzyme that catalyzes the first committed step in starch biosynthesis. Overexpression or enhanced thermostability of the AGPase enzyme can lead to increased starch production and grain yield (Li et al., 2011; Hannah et al., 2017). Interestingly, overexpression increased yield through increased seed size, while the thermostable variant increased yield through increased seed number.



Storage Proteins and Quality Protein Maize

Normal maize zeins are characterized by low content of several essential amino acids, most notably lysine, which limits the nutritional value of maize grain in human diets or livestock feed. Mutants of o2 cause decreased α-zein content accompanied by elevated lysine levels (Mertz et al., 1964). Unfortunately, the improved nutritional composition is associated with unfavorable grain characteristics, including soft and chalky kernel texture, increased susceptibility to insects or fungi, low yields, and unappealing flour characteristics (Villegas, 1994; Habben and Larkins, 1995). To overcome these issues, breeders identified modifier loci that improve grain characteristics while maintaining high lysine content. Such modified o2 lines are called Quality Protein Maize (QPM) (Prasanna et al., 2001).

Several genes involved in QPM have been identified through QTL mapping. A gene encoding 27 kD γ-zein was linked to the kernel texture phenotype of QPM and RNAi knockdown and genome-wide deletion of γ-zein genes resulted in an opaque and soft kernel phenotypes suggesting that soft kernel texture caused by α-zein deficiency could be compensated by γ-zeins (Lopes et al., 1995; Wu et al., 2010; Yuan et al., 2014). Another QTL mapped to wx1 (BABU et al., 2015). This is consistent with a proteomic study that found elevated GBSSI activity and altered starch structure in QPM endosperm (Gibbon et al., 2003). These studies suggest that kernel texture derives from complex interactions among proteins, starches and possibly other molecules, and that deficiencies in one molecule can sometimes be compensated by another. These and other QTLs have facilitated marker assisted breeding programs for improved amino acid balance (Gupta et al., 2013; Hossain et al., 2018). Continued study might provide insights for additional strategies to produce improved protein maize lines.



Improving Oil Content

Maize oil (corn oil) is mainly used in cooking. Its high smoking point and low saturated fatty acid content make it favorable for frying and human consumption. Also, it may help reduce cholesterol absorption, which could increase the percentage of beneficial high-density lipoproteins (HDL) in blood (Singh et al., 2013). Corn oil is primarily derived from the embryo and the primary determinant of oil percentage is the weight ratio of embryo to endosperm (Yang et al., 2010). Within the endosperm, aleurone cells have the highest oil content. Oil quality is determined by the relative amounts of various fatty acids with different physical characteristics and flavors. Oil quantity (yield) and composition are both of interest for grain improvement. As such, kernel oil content is a complex trait influenced by many factors (Yang et al., 2012; Fang et al., 2021).

QTL-mapping studies identified numerous loci for kernel oil concentration and fatty acid composition. Significantly, many are enzymes involved in the oil metabolic pathway (Yang et al., 2012; Li et al., 2013; Fang et al., 2021). These represent targets for marker assisted breeding or metabolic engineering, and several of them have been utilized to enhance oil content.

A high-oil QTL (qHO6) was associated with an 18.7% increase in oil concentration (in the embryo) as well as altered oil composition with 61.3% more oleic acid and 24.4% less linoleic acid (Zheng et al., 2008). This QTL mapped to a gene encoding acyl-CoA: diacylglycerol acyltransferase (DGAT1-2), a rate limiting enzyme in triacylglycerol synthesis. Transgenic expression of a “normal-oil” DGAT1-2 allele increased embryo grain oil by 9.3%, while transgenics containing the “high-oil” allele with a phenylalanine inserted at position 469 dramatically increased oil content by 27.9% (Zheng et al., 2008).

Key TFs could also be promising targets for oil improvement. The maize wrinkled1 gene encodes a HAP3 subunit of the CCAAT-binding factor, and regulates carbon flux between starch and oil biosynthesis during kernel development. Overexpression increased kernel oil content by up to 46% and decreased starch content by approximately 60% (Shen et al., 2010). As knowledge of the molecular basis of oil production accumulates, it is reasonable to expect new strategies to improve maize kernel oil content.




Grain Improvement Based on Regulation of Cellular Development

Different cell types have varying functions and biochemical compositions. As such, altering the cellular content of a grain has the potential to substantially impact grain characteristics. By and large, this strategy has not been extensively pursued. Here we consider 2 cell types with considerable potential for impacting grain quality, BETL and aleurone.


Basal Endosperm Transfer Layer

As the cell type responsible for transporting metabolites from maternal tissues into the endosperm for incorporation into storage products, virtually all grain yield depends on BETL function. As described earlier, expanded expression of MEG1 caused expanded differentiation of the BETL and resulted in larger kernels (Costa et al., 2012). BETL cells contain an assortment of transporters, including sugars, amino acids, ions and hormones (Thiel, 2014), expressed as part of a BETL gene co-expression module (Zhan et al., 2015). Sugar transport is perhaps the most critical function of the BETL (Cheng et al., 1996; Kang et al., 2009; Sosso et al., 2015). Sugar translocation during grain filling has been subject to selection pressure during domestication. The sweet4c gene shows signatures of selection (Sosso et al., 2015). Furthermore, mn1 is more highly expressed in maize than in teosinte, and in rice, the mn1 homolog underwent selection during domestication and produced increased grain size and yield upon transgenic overexpression (Wang et al., 2008).

These results support the potential for improving grain size or composition by manipulating BETL development or function. Expanding BETL formation could increase overall solute import and enhance kernel size. Modulating the relative expression levels of various classes of transporters could enhance grain filling or shift grain composition. More complete understanding of the MRP1 transcriptional network will be instrumental in achieving these goals (Dai et al., 2021).



Aleurone

As reviewed, the aleurone has many important properties including storage compound remobilization during germination, dietary benefits, mineral storage and pathogen defense (Becraft and Yi, 2011; Gontarek and Becraft, 2017). Commercial maize has a single layer of aleurone and increasing the number of layers could potentially improve certain grain characteristics. Mutants such as thk1 (Yi et al., 2011) and the multiple aleurone layer (MAL) trait present in the Coroico landrace (Wolf et al., 1972) suggest it should be possible to develop maize cultivars with multiple layers. Transcriptomic analysis of thk1 endosperm indicated elevated levels of gene expression for pathways associated with aleurone cells, including lipid metabolism, starch degradation, cell wall formation (Wu et al., 2020). Thus, desirable compounds of normal aleurone are likely present at elevated levels in the mutant raising the possibility for enhanced dietary value. The multiple layers of aleurone in barley contributes to the high level of amylase that catalyzes the rapid conversion of starch to fermentable sugars during the malting process. Multiple aleurone layers might potentially lead to new uses for maize grains in malting.

Conversely, eliminating aleurone may be advantageous in certain situations. White rice has the lipid-rich aleurone layer milled off to prevent the grain from going rancid under storage. Similar benefit could potentially be realized from aleurone-free maize grains. Also, phytic acid in aleurone is a major source of phosphate pollution associated with manure runoff which could potentially be alleviated by aleurone-free grain. Such kernels are conferred by the dek1 mutant (Becraft et al., 2002; Lid et al., 2002).

Existing single gene mutants with the desired aleurone traits combine unfavorable kernel characteristics, including embryo and endosperm defects. To be of practical value, these undesirable effects must be uncoupled from the target traits, similar to what was accomplished with QPM. Further studies on the regulation of endosperm gene expression and GRNs may help facilitate this goal.




Perspectives

This review summarized studies of maize endosperm development at tissue, cellular and molecular levels, discussed how maize seed development was influenced by domestication, and introduced some current and potential applications to improve maize seed quality based on this knowledge. For future directions, some of the key regulators influencing endosperm development summarized in this article (Table 2) could potentially be utilized for breeding to improve seed quality. Recently, gene network analyses have been applied to maize endosperm development studies (Zhan et al., 2015), providing a powerful tool to predict central regulators of gene expression modules. These regulators could play important roles in biological processes or metabolic pathways of interest, or could act as modifiers or co-factors to interact with known regulators. Based on the predicted information and modern genetic approaches, we may enhance target phenotypes or suppress undesirable side effects more efficiently than conventional breeding approaches.
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