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Adlay (Coix lacryma-jobi L.), a crop closed related to maize (Zea mays L.) and sorghum (Sorghum bicolor L.), originated in tropical/subtropical regions of Asia and Africa; southwest China primary center of this plant’s origin, evolution and migration. Adlay is a traditional high-value minor crop used for both medicinal and dietary purposes. Adlay has anti-tumor, anti-bacterial, anti-inflammatory, analgesic, blood sugar-lowering, and blood lipid-lowering effects. To clarify the main bioactive components and phytochemical compounds and to fully explore their utility, this review summarizes the research done on the main functional ingredients of adlay, including amino acids and proteins, oils, vitamins and minerals, polysaccharides, and polyphenols. This study also highlighted the application of genome sequencing to tailor nutrient-rich adlay cultivars and nutraceutical product development. Additionally, the acquisition of high-density genomic data combined with next-generation phenotypic analysis will undoubtedly improve our understanding of the potential genetic regulation of adlay nutraceutical traits. This review provides new insights and ideas for the research of adlay in comparison and evolutionary genomics, and a useful reference for molecular breeding and genetic improvement of this important minor crop.
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1 Introduction

Adlay (Coix lacryma-jobi L.) is a uniquely shaped and colorful heirloom grain that originated in Asia and Africa. Adlay is named in this way because of its teardrop shape, and it is one of the few non-hybrid grains available at present. The main edible and medicinal part of adlay is the seed kernel. It is a green food with high protein, medium fat, and low sugar content. When the fruits mature in the autumn, the plants are harvested, air-dried, and the fruits are then sun-dried to remove the outer husk, yellow-brown seed coat, and impurities, and to collect the seed kernels. White coix seed kernels are wide, or oblong, 4_8 mm long and 3_6 mm wide. The surface is milky white and smooth, with an occasional yellowish _brown seed coat. One end is blunt and round, and the other end is wider and slightly concave with a light brown punctate hilum. The back is round and convex, and there is a wide and deep longitudinal groove on the ventral surface (Figure 1). Its grains provide a creamy, sweet flavor and chewy texture, which is delightful for salads, pilafs, soups, and sides.
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FIGURE 1
Adlay (Coix lacryma-jobi L.) of Southeast Asia. (A) Seedling, (B) inflorescence, (C) immature shelled seeds, (D) ripe hulled seeds, (E) threshed hulled seeds, (F) threshed seeds, (G) field, (H) adlay seed flour, (I) coix seed oil. Photograph by Anjing Gao.


Adlay, an ancient cereal crop, is distributed in India, China, Japan, Korea, Malaysia, Vietnam, and Indonesia, among other regions. Guizhou, Guangxi, Yunnan, and other areas in southwestern and southern China are part of the origin of adlay. The unique geographical environment and climatic conditions of China have created abundant adlay resources (1). Guizhou, due to the “three-dimensional climate” and complex topographical conditions in the mountainous areas, has a diverse ecological environment, and the coix germplasm resources are rich. The color of mature adlay husk varies greatly, with a total of six colors: white, yellow_white, gray, brown, dark brown, and black. Wild adlay grains were encapsulated in a black stony hull and cultivated in a white papery hull. The black stony hull is thick and difficult to dehull, whereas the white papery hull is thin and can be easily removed (Figure 2). China was one of the first countries to use coix seed as a health food, and it has also achieved many results in research on the functional components of coix seed (2). However, at present, the development of functional ingredients from adlay crops is still mainly concentrated on the seeds, and the use of active ingredients from other plant parts is relatively limited (3). A large number of non-seed adlay parts cannot be fully utilized, inevitably leading to low profitability in the adlay industry, which in turn restricts the further development and research on the functional components of adlay (4).
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FIGURE 2
Plant morphology, inflorescence and involucre of adlay germplasm accessions. (A–G) Different young fruits and stigmas. Photograph by XL.


It has high nutritional value and pharmacological effects, including antioxidant, anti-inflammatory, anti-cancer, anti-tumor, hypoglycemic, and analgesic effects (5). The ratio of protein to carbohydrate was relatively high; the content of potassium, iron, calcium and fiber was relatively high; and the content of fat was relatively low. Fermentation and sprouting are effective ways to improve the nutritional value and biological activity of adlay (6–8). Coix seeds can be cooked, roasted, pureed and mixed with breadcrumbs and herbs. It can be shaped into miniature cakes for use as a delicious and nutritious appetizer. In recent years, with the improvement in people’s quality of life, research on functional food ingredients has received increasing attention (9). Research on the chemical composition of adlay began in the 1960s (10). To date, researchers have isolated more than 70 compounds, including lipids, sterols, phenols, from adlay (11, 12). As for the research on the functional components of adlay, early emphasis was placed on the determination and analysis of common nutrient components, such as proteins, amino acids and vitamins in its seeds (13). However, in recent years, the focus has shifted to functional research into the utilization of adlay chemical components, particularly the mining of functional components and pharmacological testing of plant non-seed parts (14). To make full use of the adlay’s resources, it is necessary to fully study its nutritional and medical function components and to clarify utilization forms to maximally exploit their functional roles (2). Here, we summarize the progress made in the studies on adlay origin and germplasm resources, bioactive compounds and healthy benefits, and genome and germplasm resource genetic improvement. We also suggest future development directions to provide a reference for studying metabolic mechanisms and molecular breeding of adlay and further promote its development as a functional health food.



2 The origin and germplasm resources of adlay


2.1 The origin of adlay

Adlay originated in the tropical or subtropical regions of Southeast Asia and was one of the most important crops in ancient times and even during the Xia-Shang period in China (15). Southwest China is one of the primary centers of the origin, evolution and migration of adlay (16). Adlay is an ancient crop and one of the earliest gramineous plants developed and utilized in China (1). According to documentary records and archaeological findings, adlay has a history of ∼8,000 years of cultivation and domestication in China. As early as the Xia Dynasty to the Spring and Autumn Period and the Warring States Period, the collection and planting of coix has received widespread attention and has become an important food crop (17). China has a history of more than 2,500 years of planting adlay, with a relatively wide range of cultivation, and has accumulated rich experience in adlay planting and field management. Adlay has a wide distribution area, almost all over the north and south, but it is mainly distributed in subtropical regions such as Sichuan, Yunnan, and Guizhou, and it generally grows in wet areas such as ditches, rivers, and fields. Huang et al. (18) confirmed that Guangxi, Hainan, Guizhou, and Yunnan are the primary centers of adlay in China based on the number of coix species and the distribution density of wild species, while the middle and lower reaches of the Yangtze River and Northern provinces (regions) were secondary centers formed by the gradual northward movement, domestication, and selection of coix. Through chromosome detection, it was found that the aquatic coix seed in the southwest of Guangxi had the original base number of chromosomes (2n = 10) i.e., the original diploid, whereas in other areas of China, the chromosome types of coix seed were all tetraploid (2n = 20) germplasms. Therefore, southwestern Guangxi is one of the origins of coix plants (19). The planting area and output of adlay in Guizhou Province ranks first in China, and it has become the largest processing cluster and product distribution center of adlay in China and neighboring countries.



2.2 The germplasm resources of adlay

South Asia, Southeast Asia and their neighboring regions are the regions with the most abundant germplasm resources of adlay in the world. Coix is a short-day crop, but the distribution of germplasm resources is very wide, from low-latitude Southeast Asia to China’s Liaoning, and even South Korea, and Japan. Pandey et al. (20) analyzed 54 accessions of adlay germplasm resources in India. Four groups can be distinguished by the character, size, color, and texture of the involucre, and they believe that northeastern India is a major diversity center of adlay. China has one of the richest types of adlay germplasm resources worldwide. There are five species and four varieties of adlay germplasm in China (21). Coix included five species of C. aquatica, C. chinensis, C. lacryma-jobi, C. puellarum Balansa, and C. stenocarpa (Table 1). Chinese wild coix seedlings were covered with white powdery wax on the back of the flag leaves, especially the stalk epidermis, which can reduce transpiration and prevent water from entering the stems when flooded (Figure 1). This is one of the reasons why it can tolerate waterlogging and drought. Wild coix is a cross-pollinated perennial short-day plant. Under natural conditions, after inter-plant or intra-plant pollination in the wild population, the seeds mature, fall to the ground in autumn, and germinate into new plants in the following spring (22). Simultaneously, new tillers grow at the base of old stems and develop into fertile branches. Directed breeding to improve and utilize wild genetic resources to achieve target traits has become a breeding goal to accelerate the accumulation of good genes and cultivate new adlay varieties (23). The inheritance of color, texture, beak and longitudinal stripes of coix involucre is controlled by one to two pairs of alleles and characterized by gene interaction, gene overlap, and partial segregation inheritance, which can be used as important marker traits for coix genetic improvement (19). Adlay resources contain huge pharmaceutical development value and have broad application prospects. If these resources can be fully developed and utilized and their added value greatly increases, this will not only optimize resource utilization but also promote the large-scale development of the adlay industry (24). The development of basic disciplines, such as the mining and utilization of coix germplasm resources and analysis of genetic basis, has become an important driving force for the improvement of traditional breeding levels (25). Adlay has strong stress resistance, high barren tolerance, and tolerance to extensive cultivation conditions. The demand for environmentally friendly crops and a more diverse food supply for humans and animals provide new opportunities to grow adlay in the drier and warmer environmental conditions predicted in the future. However, towing to the lack of excellent varieties, the yield is low, which severely limits the development of adlay. After years of investigation and collection of adlay germplasm resources, more than 500 resources were collected. Because of various project developments, the destruction of the native resources of wild and aquatic wild adlay resources is also quite serious. Therefore, protection of adlay resources is necessary and urgent.


TABLE 1    Coix genera classification.
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3 Bioactive compounds and health benefits of adlay


3.1 Proteins

The protein content of adlay is remarkably high, especially in the seed kernels, which contain about 20% protein, with some reports of wild-type coix seed containing 31.72% protein content. The coix shell also contains 2.17_2.80% protein. The structure and function of coix seed proteins have always been a focus of research. The quality of coix seed protein is excellent, with gliadin, gluten, globulin, and albumin accounting for 44.74, 37.38, 6.20, and 1.43% of the total protein, respectively. The main components of coix seed protein are gliadin and gluten, which account for 82.12% of the total protein. Gliadin was separated by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gliadins can be divided into α (19 and 22 kD), β (14 kD), γ (16 and 27 kD), and δ (10 kD) according to their molecular weights (26). Comparison of the amino acid sequences of the coix seed protein revealed that the amino acid sequence homology of corn, sorghum and coix seed proteins was more than 50%. Coix seed protein has anti-inflammatory activity, and its mechanism of action may be to regulate the activation of the IKK/NF-κB signaling pathway and control the production and secretion of inflammatory factors. Li et al. (27) confirmed that coix seed gliadin-derived small molecule peptide (CPP) has a significant promoting effect on the proliferation of mouse splenic lymphocytes and shows a dose-effect relationship. Liu et al. (28) isolated an antifungal protein with significant activity against Trichoderma viride from adlay seeds, use a combination of chromatographic focusing and ion-exchange chromatography. Luo et al. (29) used gel filtration chromatography, ion exchange chromatography, and hydrophobic chromatography to quickly separate antifungal proteins in coix seeds and obtained four proteins. Two of the proteins strongly inhibit the growth of T. viride, Poplar canker, and Fusarium graminearum, and they are chitosanases with a high degree of homology. Ruan et al. (22) isolated an antifungal protein with significant activity against Mycosphaerella melonis, Helminthosporium turcicum, Alternaria solani, Phytophthora capsici, Isariopsis griseola, and Colletotrichum gloeosporioides from the coixs seeds by combining aqueous two-phase aqueous extraction, affinity chromatography, and centrifugal ultrafiltration.

Coix seed contains 18 amino acids, eight of which are essential. Coix seeds are rich in glutamate, proline, and leucine, and lysine is the limiting amino acid. The ratio of essential amino acids is closed to that required by the human body, and with some functional amino acids also being present. Functional amino acids refer to amino acids that have special functions in addition to protein synthesis, and mainly include glutamic acid, alanine, branched chain amino acids, tryptophan, sulfur-containing amino acids, and glycine. Both kernels and non-kernels adlay are rich in amino acids (28). The total amount of amino acids in coix seed kernels was as high as 19.72%, which is 2.2 times that in rice kernels. Among them, 6.27% are essential amino acids with a balanced amino acid composition (the average essential amino acid index value was 58.97). Coix seeds contain many types of functional amino acids, with glutamic acid accounting for 25.85%, and branched-chain amino acids (leucine, and valine) for as much as 23.5%; antioxidant amino acids (tyrosine, cysteine, methionine, and tryptophan) account for 10.8%, and the contents of lysine and tryptophan are higher than those in rice, maize and wheat (9). The non-seed part of the adlay also contains 18 amino acids, including seven essential amino acids. The total amount of amino acids and the seven essential amino acids in the endothelium were the highest at, 11.34_13.98 and 3.55_4.26%, respectively. Followed by the roots and exoculum, the total amount of amino acids and the contents of 7 essential amino acids were 4.26_6.75 and 1.37_1.68%, 1.53_6.85 and 0.51_1.75%, respectively (28).



3.2 Adlay polysaccharide (Coixan)

Coixan is an important basic component for the pharmacological activity of coix seeds (30). Coix seeds contain a variety of active polysaccharides, including polysaccharides A, B, and C, neutral dextran 1-7, acid polysaccharides CA-1 and CA-2, and many other ingredients, mainly composed of rhamnose, arabinose, mannose, galactose, dextran, and other monosaccharides, with a molecular weight of approximately 1.5 × 104 (31, 32). Among them, polysaccharide A is composed of rhamnose, arabinose, xylose, mannose, and galactose in a ratio of 1:1:1:11:10; polysaccharide B is composed of rhamnose, arabinose, xylose, mannose, galactose, and glucose in a ratio of 3:18:13:3:10:5; and polysaccharide C is a type of dextran (33). Coixan is a water-soluble, acid-neutral polysaccharide, pH 6.8, which has good heat stability and does not contain nucleic acids or proteins (34, 35). Hong et al. (31) used the phenol-sulfuric acid method to determine the content and quality of polysaccharides from non-seed plant parts (roots, stems, and leaves) and stems of different origins and harvest periods. The polysaccharides content in the roots, stems, and leaves differed slightly and were stable at higher levels (roots 54.374 mg/g, stems 56.9322 mg/g, and leaves 52.7549 mg/g). From June to November, the content of polysaccharides in the stems of adlay showed an increasing trend, and the polysaccharide content of the stem in different producing areas varied widely (26).

Coixan effectively kills and inhibits the growth of cancer cells, significantly lowers blood sugar levels, and improves immune function (18). Coixan is physiologically active; it is a multi-effect free radical and metal ion inhibitor and has a strong anti-cancer effect (36, 37). According to a previous study, coixan can reduce the blood sugar of diabetic mice caused by tetraoxopyrimidine i.e., coixan has the ability to reduce blood sugar, probably by the inhibit decomposition of liver glycogen, glycolysis of muscle glycogen and gluconeogenesis. Coix seed polysaccharides alleviate type 2 diabetes in mice by activating IGF1/PI3K/AKT signaling through gut microbiota- derived short-chain fatty acids (38). Coixan can significantly improve the abnormal morphology of rat T lymphocytes and the abnormal immune adhesion performance of rat red blood cells. Coixan is targeted and widely use in the treatment of malignant tumors; it can also better control the inflammatory response, regulate the abnormal immune function of the body, reduce the pain caused by malignant tumors, and avoid long-term drug treatment causing tumor resistance (36). Coixan can stimulate the immune system by activating upstream immune cells such as dendritic cells (DC), thereby promoting cell proliferation and cytokine release of T lymphocytes, leading to tumor cell death. Coixan also has the effect of reducing drug toxicity and increasing drug efficacy. Coixan can increase the content of short-chain fatty acids in the cecum and plays an anti-complement and immune-regulating role by affecting the activity of macrophages. Liu et al. (39) found that coixan can reduce the serum leptin content in rats while increasing the serum adiponectin content, so that coixan can significantly reduce body weight, improve physical signs, and reduce fasting blood glucose and 2 h postprandial blood glucose levels. Kang and Song (40) injected tetraoxopyrine-treated diabetic mice and adrenaline hyperglycemic mice intraperitoneally with 50 and 100 mg/kg coixan, respectively, to reduce blood glucose levels. The mechanism underlying blood glucose reduction is coixan’s inhibition of the decomposition of liver glycogen and glycolysis of muscle glycogen, thereby inhibiting the gluconeogenesis and reducing blood sugar; it also prevented or treated the occurrence of vascular complications of diabetes. Kim et al. (41) found that coixan can significantly improve immunity in mice and promote lymphocyte transformation while exhibiting activities related to reducing blood sugar and regulating immunity. Manosroi et al. (42) proved that coixan is a good proton (H+) donor that scavenges free radicals and inhibit lipid peroxidation; it can scavenge a variety of free radicals and chelate metals. Coixan can significantly enhance the antioxidant function in mice, inhibit the reduction of spleen and thymus indices in immunocompromised mice, enhance the macrophage phagocytic index and lymphocyte proliferation response, restore the immune function of immunosuppressed mouse models, increase the serum half_hemolysis value (HC50), and effectively alleviate the effects of carbon tetrachloride (CCI4)-induced hepato toxicity (42). Coixan can protect pancreatic β cells and have therapeutic effects on various types of diabetes. Further research on the clinical treatment of diabetes with coixans is warranted.



3.3 Coicis oil, coixenolide and coixol

Liu et al. (2) used thin-layer chromatography and gas chromatography-mass spectrometry (GC-MS) to separate and identify coix seed lipids and determined that the neutral part of the coix seed lipid is mainly composed of triglycerides (>85%), followed by glycerin monoesters, diglycerides and fatty acid hydrocarbon esters. Functional lipids are fats with special physiological functions that are both beneficial and medicinal. They mainly include polyunsaturated fatty acids, phospholipids, and structural greases (18). Adlay seeds have high fat content and are rich in functional lipids. Among them, the highest content of fatty acids is in bran, up to 36%; followed by adlay seed kernels, with a fat content of up to 7%, which is 5.8 times that in rice (43). Fatty acids are also present in the shells of seed kernels. Adlay fat consists of over 83% unsaturated fatty acids (oleic and linoleic acid), which are beneficial to the humans’ body (Table 2). This also includes palmitic acid, myristic acid, coix acid, coix ester, fat-soluble hormone, stearic acid, and other functional lipids (44). This type of fat has high value for human health.


TABLE 2    Total phenolic content, ORAC values, PSC values, EC50 of cellular antioxidant activities and CAA values of different fractions derived from defatted Job’s tears seed meal, comparisons and compound standards (mean ± SD, n = 3).
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Coicis oil (Kanglaite in a clinical setting) is a fatty oil extracted from adlay seeds. Coicis oil contains coixenolide, palmitic acid, stearic acid, octadecenoic acid, myristic acid, and palmitate (45, 46). Coix seed volatile oil contains 69 components, the main of which are hexanal, hexanoic acid, 2-ethyl-3-hydroxy-hexylbutrate, γ-non-aldactone, nonanoic acid, octanoic acid, ethylpalmitate, methyllinoleate, vanillin, and ethyl linoleate (47). At low concentrations, coicis oil has a stimulatory effect on breathing, and on cardiac striated and smooth muscles, which can significantly dilate pulmonary blood vessels and improve blood circulation in the lungs (39, 48). At high concentrations, this effect is inhibited (49, 50). Zhang et al. (51) reported that coicis oil can inhibit blood vessel formation in liver tumor tissues, thereby reducing the nutrient supply, inhibiting cancer cell proliferation and tumor growth, and improving the body’s immune response against tumors. Kanglaite injection can affect the human pancreatic cancer cell cycle, regulate gene expression, and has analgesic effects (52, 53). Kanglaite can prevent cells in the G2/M phase of the cell cycle from proceeding to the next phase, reduce the number of cells entering the G0 and G1 phases, and decrease the percentage of cells in the S phase, thereby reducing mitosis and inhibiting tumor cell proliferation. It has been widely used as an adjuvant treatment for breast, liver, lung, pancreatic, and nasopharyngeal cancers (39, 54–62) (Figure 3). Zhang et al. (51) used the MTT method to determine the anti-tumor activity of extracted coix seed oil (CSO) and found that it has inhibitory effects on colon cancer cells (SW480), human breast cancer cells (MCF7), human liver cancer cells (SMMC7721), human lung cancer cells (A549), and Myeloid leukemia cells (HL-60). Among them, the inhibition rates of these tumor cells were 95.52, 85.02, 91.83, 92.54, and 72.89%, respectively. Coix seed oil significantly inhibited the proliferation, migration and invasion of gastric cancer SGC-7901 cells, possibly by downregulating the PRMT5-PI3K/AKT signaling pathway to inhibit the activation of various anti-apoptotic molecules, induce apoptosis and suppress invasion and metastasis (63) (Figure 3). CSO induced MMP depolarization, increased mitochondrial permeability transition pore opening, increased ROS production, and further increased mitochondrial damage. In addition, CSO down-regulated the expression of p-AKT and p-PI3K proteins, up-regulated the protein expression of cleaved caspase-9, Bax, cleaved caspase-3, and cytochrome c, and down-regulated the expression of Bcl-2 by up-regulating PTEN gene (64) (Figure 3). CSO may have an anti-tumor effect on mice bearing 4T1 tumor by regulating arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, and mutual conversion of pentose and glucuronic acid and pyruvate metabolism (54).


[image: image]

FIGURE 3
Schematic diagram of physiological mechanisms of coix seed oil. CSO, Coix seed oil; AKT, Serine/threonine kinase; ARA, Arachidonic acid; GF, Growth factor; NF-kB, Nuclear factor-kappa B; PIP2, phosphati-dylinositol-4,5-bisphosphate; PIP3, Phosphatidylinositol 3,4,5, triphosphate; PI3K, Phosphatidylinositol 3-kinase; RTK, Receptor tyrosine kinase; Bcl-XL, B-Cell Leukemia/Lymphoma XL.


Coixenolide was the first discovered component of adlay and was found to have antitumor activity; it is produced by the condensation of one molecule of 2, 3-butanediol and two molecules of unsaturated fatty acids (cis-hexadecenoic acid and trans-octadecenoic acid). Coixenolide participates in cell function and regulates cell growth. It has moisturizing and anti-aging effects on skin. It can be used in skin-rejuvenating cosmetics to enhance the skin’s anti-aging function, make the skin smooth and fine, and significantly reduce the formation of facial wrinkles. Coixenolide can inhibit the growth of cancer cells and kill them (55). Coixenolide can increase the radiosensitivity of human nasopharyngeal carcinoma cells and selectively enhance the cytotoxic effects of the chemotherapeutic drugs pingyangmycin and 5-fluorouracil (5-FU) (65). Qu et al. (66) used coixenolide to treat 60 patients with advanced nasopharyngeal carcinoma with distant metastases, and the effective treatment rate was 86.7%.

Coixol, also known as adlay amide, has a melting point of 151.5_152.5°C and is soluble in acetone-petroleum ether. It was first isolated from adlay roots by Japanese scholars (67). Since then, researcher have discovered a variety of pharmacological effects of coixol, such as sedation, anti-inflammation, inhibition of multiple synaptic reactions, cooling as an antipyretic, lowering blood sugar concentration, muscle relaxation, anticonvulsant, and antithrombotic effects (33). The content of coixol in the same plant part of adlay from different habitats differs (53). Coixol may have an anti-tumor effect on mice bearing 4T1 tumor by regulating arachidonic acid metabolism, biosynthesis of unsaturated fatty acids, and mutual conversion of pentose and glucuronic acid and pyruvate metabolism (68). Adlay’roots, stems and leaves can be used for medicinal purposes instead of harvesting during the flowering and fruiting periods (ca. July_October). Coixol exerts anti-inflammatory effects by suppressing the expression of pro-inflammatory mediators in vitro. The mechanism of this effect was in part related to its ability to suppress NF-κB, MAPK pathways, and NLRP3 inflammasome activation in lipopolysaccharide- induced RAW 264.7 cells (33).



3.4 Polyphenols

In recent years, phenolic substances such as p-coumaric acid, vanillic acid, chlorogenic acid, tannic acid, catechol, and ferulic acid have been isolated from adlay husk. Thirteen free polyphenols were identified, and their structural formulae are shown in Figure 4. Flavonoids in adlay can inhibit the release of histamine and exert anti-inflammatory effects. Chang et al. (69) isolated the flavonoid eriodictyol from the chaff of adlay. Luo et al. (36) isolated 15 types of flavonoids, including ketones, dihydrochalcones, chalcones, flavanones, and isoflavones from coix bran, all of which had anti-inflammatory effects. A study done on adlay seed polyphenols mainly focused on total polyphenols content and their antioxidant activity (70). Adlay seeds contain both free and conjugated polyphenols (71). In humans, conjugated polyphenols can reach the colon and be released by Escherichia coli, which has certain health effects (72). Conjugated polyphenol content accounts for 45.28% of the total polyphenol content, and there is a significant correlation between the total polyphenol content of adlay seeds and total antioxidant capacity (R2 = 0.935) (44). Chen et al. (72) demonstrated that edible polyphenol extracts of coix seeds can effectively enhance the activity of T cells in the body and produce natural killer cells. Xiong et al. (73) found that a new phenolic compound from adlay protected HepG2 cells from oxidative stress by increasing antioxidant enzymes regulated by the Nrf2/ARE pathway. The phenolic compounds contained in coix bran can inhibit lipopolysaccharide stimulation of IL-6 and TNF-α secretion by mouse peritoneal macrophages, and have a clear anti-proliferative effect on tumor cells (74). The results of enzyme kinetics showed that the inhibition type of the coix phenolic acid compound on α-glucosidase was non-competitive. The inhibitory activity of total phenolic acids (1.0 mg/mL) against α-glucosidase was as high as 87.5%.
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FIGURE 4
Polyphenols of adlay (Coix lacryma-jobi L.). (1) P-Hydroxybenzoic acid, (2) vanillic acid, (3) syringic acid, (4) ferulic acid, (5) p-coumaric acid, (6) caffeic acid, (7) erucic acid, (8) vanillin Acid, (9) 2-hydroxyphenylacetic acid, (10) coixol, (11) 4-ketopinol ester, (12) syringaresinol, (13) catechin. Photograph by JY.




3.5 Vitamins and minerals

In recent years, the effects of vitamins and minerals on human health have received increasing attention (43). All parts of the adlay plant are rich in vitamins. The vitamin E and niacin contents of adlay are mainly concentrated in the seeds. Chang et al. (46) reported for the first time that the content of tocopherols in coix seed oil ranged from 0.64_1.57 mg/g, which was higher than that in olive oil (0.26_1.0 mg/g). The contents of vitamins E, C, B1, B2, B6, B12, folic acid, and niacin in the seed coat were higher than those in the seed kernel. The nutritional value of brown coix (coix in red coat) is higher than that of white coix (11). Additionally, vitamins B1, B2, and B12 were the highest in the roots, and vitamins B6 and folic acid were mainly concentrated in the leaves (75). Adlay is also rich in minerals including calcium, magnesium, phosphorus, iron, zinc, and manganese, which are necessary for human beings. The mineral contents in the roots and leaves were relatively high, whereas they were low in the seed shell and skin. Phosphorus and zinc contents were the highest in the seed kernels, reaching 1.93 and 0.15 mg/g, respectively. The contents of copper, iron and chromium in the root are the highest, being 0.01, 1.46, and 0.04 mg/g, respectively; the contents of potassium, calcium, sodium, and magnesium are the highest in the leaf, being 4.18, 15.65, 1.90, and 5.85 mg/g, respectively. Yu et al. (76) assessed mercury (Hg), lead (Pb), cadmium (Cd), arsenic (As), chromium (Cr), and 116 pesticides in coix seeds. The results showed that the pollution index and risk assessment of heavy metal and pesticide residues indicated that coix seeds were safe for consumption.



3.6 Other active ingredients

Adlay seeds contain a variety of sterols, including feruloyl-stigmasterol, ferulyl-brassinosterol, brassicol, α-, β-, and γ-sitosterol, and stigmasterol (77). Feruloyl- stigmasterol and ferulyl-brassinosterol can induce ovulation in golden hamsters at 200 μg/day. β-Sitosterol had anti-cancer, anti-blood cholesterol, antitussive and anti-inflammatory effects (74). Triterpenoids have good immune, hypoglycemic and hypolipidemic effects; protect liver function; and have antiviral and antitumor effects (40). Triterpenoid ring-opening compounds in coix, such as squalene and lower blood sugar, have anti-tumor activity and scavenge free radicals. Chang et al. (46) isolated two triterpenoids, friedelin, and isoarborinol, from adlay kernel. The average content of GABA in coix seeds, determined by high-performance liquid chromatography, was 20.8 mg/100 g of seeds. GABA is a non-protein amino acid that is widely present in nature and has various roles in regulating body functions, such as lowering blood pressure, improving brain function, serving as an anti-convulsant, preventing and treating epilepsy, activating kidney and liver functions, and promoting sperm fertilization (27). Amen et al. (78) isolated melanogenesis inhibitors with anti-melanoma activity from the methanol extract of yellowed adlay seedlings. In addition to the above-mentioned functional components, researchers have also isolated alkaloids, eight lactam compounds, lignin compounds, indole compounds, and spironolactones from adlay chaff. Amides and lignans were isolated from coix bran. Alcohol compounds, five kinds of benzoxazinone compounds, and adenosine were isolated from the coix roots (75). Coix seed can be used to treat a variety of cancers through different treatment pathways, fight against advanced cancer complications and cachexia, relieve symptoms such as pain, muscle, and fat loss, and improve the quality of life of patients (12). The therapeutic mechanism of coix seed for tumor in various studies in recent years are summarized in Table 3.


TABLE 3    Main pathway and effective components of coix seed in treatment of cancer.
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4 Genome and germplasm resources genetic improvement of adlay

The availability of high-quality genome sequences and population genomics resources would greatly promote research on adlay and its comparison with other important cereal crops, especially sorghum and maize, as well as future genome-assisted breeding of adlay.


4.1 Gene and genome of adlay

Adlay transcription factors and functional genes were cloned and identified successively. Vettore et al. (79) isolated the homologous gene Opaque 2 of maize from adlay. This gene encodes a basic domain-leucine zipper (bZIP),DNA-binding factor. Dante et al. (80) cloned the DapA gene from adlay. The gene contains two introns and encodes dihydrodipicolinate synthase (DHPS) composed of 326 amino acids, which is similar to corn DHPS (up to 95%). Yoza et al. (81) cloned the cysteinase inhibitor gene (cystatin) from the cDNA library constructed from mature coix seeds. Its cDNA was 757 bp long and encoded 135 amino acids. Wei et al. (82) cloned 3-ketoacyl-CoA synthase (KCS), in which the full-length KCS gene was 1,548 bp encoding 515 amino acids, from cDNA of Coix lachrymal-Jobi L. Gene expression analysis showed that there were significant differences in β-Ketoacyl CoA synthetase genes (KCS) in adlay isolates with different fat contents. Hachiken et al. (83) used PCR to isolate the full-length coding sequence of the waxy gene from non-waxy coix varieties, which is a key gene in the amylose synthesis pathway. Comparing the full-length gene sequences of two non-waxy varieties and three waxy varieties, it was found that a 275 bp fragment was missing in the coding region of the gene in waxy varieties. PCR analysis revealed that this deletion is common in coix varieties in Japan and Korea. Compared to Oryza sativa, Sorghum bicolor, and other field crops, research on coix genomics and molecular biology is limited and there is currently no reference genome. Ottoboni et al. (84) cloned the adlay α-coixin gene using map-based cloning. The full-length cDNA sequence was 798 bp and encoded 265 amino acids. The α-coixin protein consists of an N-terminus containing a signal peptide, ten highly conserved tandem repeats of 15_20 amino acids flanked by polyglutamine domains, and a short C-terminus. Overexpression of this gene revealed that the content of lysine in coix gliadin was higher, almost 2.5 times that of zein, and the tryptophan content was also significantly higher than that in zein. To date, few draft genomes and de novo sequencing have been performed to discover genes responsible for nutritional traits and their molecular mechanisms, which are insufficient for the efficient utilization of existing germplasms for molecular breeding of adlay.

The discovery and utilization of functional genes with higher medicinal ingredients and protein-level traits would help to breed new elite coix cultivars. Liu et al. (16) reported a whole genome draft of adlay, with a size of approximately 1.619 Gb, of which 75.39% were repetitive sequences, and a total of 39,629 protein-coding genes were annotated. Liu et al. constructed a genetic map of adlay and located some important traits, such as the strength of the adlay husk. Anatomical and transcriptomic analyses revealed that the soft shell of adlay is formed by inhibition of cell division and wall biogenesis. They also revealed that seed shell stress resistance is controlled by two major quantitative trait loci QTLs that are related to shell thickness and color, respectively. Guo et al. (1) drew a draft genome of the forage type Daheishan adlay de novo, and through comparative genome analysis adlay and sorghum were found to have the closest relationship. Evidence from transcriptome sequencing indicates that the expression of genes involved in cell division and cell wall synthesis is suppressed in cartons. Population phenotype correlation analysis and backcross population background clearance analysis both indicated that Ccph1 controlled seed shell thinning, Ccph2 controlled seed shell color whitening, and white shells had more accumulation of mineral elements than black shells, which may have made the shells more brittle and crumblier. Genomics combined with population maps, genetic maps, and transcriptome databases provides a powerful platform for adlay evolution and functional genomics studies and will facilitate molecular breeding of this important crop. Kang et al. (17) generated a draft genome of C. lacryma-jobi var. ma-yuen Korean cultivar “Johyun” via the de novo assembly method, using PacBio and Illumina sequencing data. A total of 3,362 scaffold sequences were assembled with a length of 1.28 Gb, accounting for 82.1% of the estimated genome size (1.56 Gb). Genome integrity was confirmed by the presence of 91.4% BUSCO angiosperm genes and mapping ratio of 98.3% Illumina paired-end reads. They found that approximately 77.0% of the genome is occupied by repetitive sequences, most of which are Gypsy- and Copia-type retrotransposons. Evidence-based genome annotation predicted 39,574 protein-coding genes, 85.5% of which were functionally annotated. In recent years, the development of molecular biology technology, especially the cost reduction and wide application of high-tech technologies such as deep sequencing and proteomics, has provided rare opportunities for systematic research on adlay.



4.2 Germplasm resources genetic improvement of adlay

The diversity of coix germplasm resources is the basis for variety improvement and selection of new varieties. In research, it can accurately and quickly identify and evaluate germplasm resources, which can speed up breeding success. Wang et al. (71) cut the immature inflorescence of adlay into small pieces of approximately 1 cm and cultured them in vitro on N6 medium containing 1_2 mg/L 2, 4-D, and 3_5% sucrose to obtain calli. Then the embryogenic callus was transferred to MS medium supplemented with 0.5 mg/L KT and 0.01 mg/L NAA to obtain adlay (2n = 20) regeneration plants. Li et al. (27) selected the base section of seedling leaves as explants and obtained good-growing embryogenic calli on N6 medium containing high concentrations of proline and low concentrations of 2,4-D. Then, regenerated shoots were obtained on MS medium containing 6-BA, KT, and GA3. Zhang et al. (51) used the aerial roots, seed embryos, and tender stems of the dwarf and early maturing coix variety “Qiandong No. 1” as materials to induce and differentiate embryogenic calli, and cultivate detoxified adlay regenerated plants. Zhang et al. (51) believed that aerial roots were the most suitable explants for inducing embryo calli and embryoid bodies and are superior to mature embryos and tender stems. KT is the main factor influencing the differentiation of adlay buds and t generation of detoxified seedlings.

The use of molecular markers to conduct genetic diversity analysis of adlay germplasm resources and analysis of the genetic relationship between adlay and other gramineous crops has been comprehensively studied, which can provide important references for the collection, evaluation, utilization, and protection of adlay germplasms (85). At present, the variety of adlay cultivated in production is single, there is a lack of new high-quality adlay varieties, and insufficient improvement and innovative utilization of adlay germplasm resources, and wild adlay germplasm resources are also sharply reduced. Therefore, studying the genetic diversity of adlay germplasm resources is important for the discovery and selection of excellent adlay germplasm resources. Traditional hybrid breeding methods are time-consuming and laborious, whereas genome editing technology can efficiently and quickly allow for site-directed mutations and precise breeding (86). With the continuous advancement of functional genomics research, the functions of several adlay genes have been elucidated, and specific genes can undergo site-directed mutations or modifications through genome editing technology to produce expected target traits (1, 16). The use of genome editing technology can also achieve coix site-specific modification of multiple sites, quickly forming a superposition of multiple traits. Furthermore, adlay quantitative trait loci can be edited using genome editing tools. Using genome editing tools to directly edit endogenous genes can efficiently obtain haploid induction lines. Genome editing technology can also be used as directed evolution and forward genetics screening tool to identify and screen genotypes and phenotypes from the adlay whole genome.




5 Summary and perspectives

Coix seeds from cultivated plants are both edible and medicinal (24). Coix seed is rich in protein, fat, amino acids, and trace elements, and has high nutritional value. It also has anti-tumor, anti-inflammatory, anti-viral, anti-bacterial, hypoglycemic, and immune-regulatory functions. With the completion of adlay genome sequencing, future, functional research and the development of coix varieties can proceed in several directions. Large-scale development and utilization of genetic resources are necessary conditions for developing nutritional traits and cultivating nutrient-rich commercial coix varieties. These needs include: (i) reliable and high-throughput screening of genetic resources for nutritional traits and biologically active compounds, (ii) multilocation testing to quantify the genotype and environmental interactions of nutritionally important traits, and (iii) strengthening the use of unexplored wild coix seeds for nutritional development. The rapid emergence of “multi-level genetic and omics development” may play a key role in supplementing the development methods for the nutritional traits of the aforementioned coix. However, compared with the main crops, the use of different omics to intervene in the nutrition development and breeding program of adlay is relatively lagging. The latest advances in plant molecular breeding, such as “genome selection,” “genome editing through CRISPR-Cas9” and “rapid breeding,” will shorten the breeding time and improve nutritional traits and yield. Making full use of multilayered omics tools in coix breeding can narrow the gap with the main crops that have been intensively bred for more than a century. In short, improving the nutritional potential of adlay plays an important role in changing modern cropping systems according to the needs of future consumers.

The functional roles of the ingredients must be exploited through products. The purpose of functional ingredient research is to make use of these ingredients (87). Initial research clarified the content and function of the ingredients, and then the functional components were developed for use (88). Although there are some gene reports in adlay, most of them remain at the level of bioinformatics or expression analysis. Actual gene function, metabolism, and regulation have not been well analyzed, and the corresponding genetic transformation and other technical means need to be improved. The main directions of future coix breeding include the following:

The first is the overall layout of the collection and preservation of coix germplasm resources, especially wild coix resources, to broaden the diversity of resources for variety cultivation, and to form a dominant germplasm resource group. The second is to integrate innovative breeding technologies such as genome-wide selection and gene editing, and to combine the ideal plant type with the future super hybrid coix molecular design model to innovate third-generation coix heterosis utilization technology. The third is to use big data such as whole genome data, germplasm phenotype data, local climate, soil, and biotic and abiotic resources, to create a technical system for intelligent design of new germplasm adaptive to the ecological region. The fourth is to be guided by industrial needs, breed new varieties of coix suitable for live broadcast, mechanized production, and environment-friendly; cultivate new varieties of high-quality coix with functions such as rich iron, zinc, and selenium that meet the needs of different groups of people. The fifth goal is to further strengthen the research and development of biological breeding and promote the industrialization of biological breeding. Based on the genome, phenotype, artificial intelligence, and big data, the target genes can be edited to produce the desired phenotypes. Thus, our aim is to predict the utilization value of stock germplasm resources at the genome-wide level, quickly aggregate excellent alleles, realize the intelligent, efficient, and targeted creation of new germplasm, and promote the industrialization of biological breeding.
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Stigmasterol, B-sitosterol

Corresponding disease | Pharmacological action

Cervical cancer

Inhibit tumor microangiogenesis

'Pathway of action

Inhibit the secretion of vascular endothelial factor and its

receptor activity

Coixan

Non-small cell lung cancer

Induce cancer cell apoptosis

Activate the endogenous mitochondrial apoptosis pathway,
activate the apoptotic proteins Caspase-6 and Caspase-9, and
promote cell apoptosis

Triglycerides, Coixenolide,

Pancreatic cancer

Induce cancer cell apoptosis

Down-regulate the expression of BCL-2 protein, increase the

HL-60

Coixol expression of Fas gene, and promote cell apoptosis; activate the
PTEN tumor suppressor gene and regulate the PI3K/AKT
pathway

Coixenolide Promyelocytic leukemia cell line | Induce cancer cell apoptosis Appear apoptotic bodies, activate the apoptotic protein

Caspase-3, induce mitochondrial apoptosis and lead to cell
apoptosis

Coixan; Triglycerides,
Coixenolide, Coixol;
Triglycerides, Coixenolide,
Coixol and Erlotinib

Non-small cell lung cancer

Inhibit cancer cell metastasis

Down-regulate the expression of S100 calbindin A4; Inhibit the
enzyme activity of MMPs and enhance the activity of TIMPs;
Inhibit the expression of proliferation protein, invasion protein,
matrix protein and JAK2/STAT?3 signaling pathway

Triglycerides, Coixenolide,

Coixol

Laryngeal cancer cell line Hep-2

Inhibit cancer cell metastasis

Inhibit the expression of invasion and transfer factors

Stigmasterol, B-sitosterol

Uterine fibroids

Inhibit cancer cell proliferation

Reduce the expression of vascular endothelial factor and inhibit
the secretion of female sex hormones; Inhibit the sex hormone
diethylstilbestrol/medroxyprogesterone 17 acetate-induced

myometrial hyperplasia

Triglycerides, Coixenolide,
Coixol

Gastric cancer cell line SCG-7901

Inhibit cancer cell proliferation

Inhibit the expression of Bcl-2 gene to block cancer cells in the
Gl1 cycle

Coix Seed Ethanol Extract

Non-small cell lung cancer A549

Inhibit cancer cell proliferation

Inhibit the expression of cyclin A and block the proliferation of
cancer cells during the G1/S transition of the cell cycle

Coix Seed Oil Extract

Lewis lung cancer C57BL/6

Anti-cachexia

Regulate NF-kB-MuRF1 and AMPK-HSL pathways, inhibit the
increase of inflammatory factors and phosphorylated HSL,

thereby avoiding fat and muscle loss

BCL-2, B-cell Lymphoma 2; P1

[EN, phosphatase and tensin homolog deleted on chromosome ten; PI3K/AKT, phosphoinositide 3-kinase/protein kinase B; MMPs, matrix

metalloproteinase; TIMPs, tissue inhibitor of metalloproteinases; JAK2/STAT3, just another kinase2/signal transducer and activator of transcription 3; NF-kB-MuRF1, nuclear factor
of kappa B/muscle ring finger proteinl; AMPK-HSL, adenylate activated protein kinase-hormone sensitive lipase (13, 30, 36, 45, 47, 48, 51, 55, 56, 59, 65, 66, 69, 72).
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Extract and ORAC (pmol PSC (wmol CAA (pmol Cytotoxicity®
comparisons? TE/qg) TE/qg) QE/qg) (mg/ml)
CAE 22.96 + 1.66b° 695.25 + 15.14" 147.03 £ 8.31%¢ 29.80 + 1.11%¢ 157.88 £ 2.26° >5

BE 43.84 +2.94° 717.65 + 33.88" 185.59 + 15.92¢ 41.38 + 0.55¢ 113.70 + 3.98¢ >5

AF 9.8 +0.83 138.47 & 15.87° 64.41 = 6.50% 19.55 + 1.01% 244.12 £+ 3.11f >5

SF1 6.34 +0.61* 88.45 & 11.50* 35.00 + 3.76* 10.67 £ 0.59* 441.10 + 5.578 >5

SF2 134.60 = 5.064 1932.67 + 62.07¢ 1037.88 + 28.56¢ 97.66 + 9.024 48.342.55° 123+0.16
SF3 183.42 + 3.27° 2500.76 %+ 65.10° 1454.45 + 72.55° 153.57 £ 8.51° 30.68 + 1.46" >5

BHT - - 60.56 = 3.73% - - -

Ve - 2071.78 + 53.454 2705.09 + 140.79f 196.21 + 14.95 24.02 + 0.82% 0.87 %+ 0.09

Compound
standards

ORAC (mol
TE/g)

PSC (wmol TE/qg)

CAA (mol QE/g)

EC50 (Mg/ml)

Cytotoxicity®
(mg/ml)

Vanillic acid 5972.42 + 137.70¢ 565.39 £ 13.04* 156.816.06* 30.01 = 0.744 >0.1
Ferulic acid 5683.99 + 119.02¢ 2367.95 + 111.21° 259.21 £+ 12.69* 18.17 £ 0.83¢ >0.1
Rutin 2658.83 + 242.30* 2199.71 + 126.55" 1143.88 + 80.98" 4124 0.11° >0.1
Quercetin 4615.05 + 116.51° 5010.43 £ 61.79¢ 3313.69 £ 146.70¢ 1.42 £ 0.06* >0.1
Vanillin 6552.47 & 214.804 No activity No activity No activity >0.1
p-Coumaric acid 6975.22 & 210.364 No activity No activity No activity >0.1

Bars with no letters in common are significantly different (p < 0.05). TPC, total phenolic content; ORAC, oxygen radical absorbance capacity; PSC, peroxyl radical scavenging capacity;
CAA, cellular antioxidant activity; ECsg, concentration for 50% of maximal effect; CAE, crude acetone extract; BE, n-butanol fraction; AE, aqueous fraction; SF1, sub-fraction 1; SF2,

sub-fraction 2; SF3, sub-fraction 3; Vc, ascorbic acid; BHT, butylated hydroxytoluene.
2Comparisons are butylated hydroxytoluene (BHT) and ascorbic acid (Vc).

bConcentration at which the absorbance decreased by more than 10% when compared to the control was considered to be toxic.

“Values with different letters are significantly different (p < 0.05) (70, 86).
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