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Abstract

:

Several kinds of food can be analyzed by the human sensory organs. In this review, we demonstrate the relation and importance of the color and bioactive molecules of food and their health effects. This work focuses on black foods, which can be found in both natural and processed forms, present in our daily life for several years without being noticed. Besides, the chemistry underlying the black color of black foods has not yet been fully understood. More than 130 black foods are reported in the current review, which belong to 3 main groups and 12 sub-groups. In studied black foods, melanins and anthocyanins are the primary pigments, along with other pigments such as chlorophylls, carotenoids, and tannins. The health potential of black foods is also discussed. Due to their high concentration of phytochemical and phenolic compounds, black-colored foods are beneficial in preventing diseases and boosting the immune system. As a promising natural pigment and antioxidant compound source, black foods could be used as functional foods. Several questions on black foods are still open and need more investigation, especially the mechanisms by which the black color is formed in fruits and vegetables.
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1. Introduction


Agri-foods are the foods in different colors that can produce from the animal and plant farming. The color of foods has a massive effect on the food choice of customers by affecting taste thresholds, sweetness perception, food preference, pleasantness, and acceptability [1]. Foods with a natural black color are one of the foods that should be included in the list, with high pigment content and a unique, attractive color, given the fact that natural black color is present in numerous types of foods from fruits, vegetables, and sea-foods to spices and even processed foods. For most of these pigments, structural formulations have been studied; melanins are major phenolic compounds that give black food its color. Melanin is a common biological pigment that can be found in skin, hair, and eyes. It is present in many different biological systems including plants, insects, seafood, and even bird feathers [2]. In plants, melanin is a high molecular weight pigment producing black color through the processes of the oxidation and polymerization of phenols [3]. Several black-colored foods are found with melanin content, such as black garlic and sepia ink [4]; black chicken [5]; black sesame seeds [6]; black oat [7]; or black tea [8].



The black color does not only come from melanins but also anthocyanins. As water-soluble pigments, anthocyanins can form colors ranging from red to purple to black [9]. A high number of anthocyanins can form black color in black fruits and flowers [10]. The concentration of anthocyanins in blackcurrants is up to four-fold greater than other common fruits [11]. Up to now, there have been almost 600 anthocyanins reported in fruits, vegetables, and plants. Anthocyanins in foods are formed from six main anthocyanidins including cyanidin, delphinidin, peonidin, pelargonidin, petunidin, and malvidin [10,12,13]. Cyanidin-based anthocyanins are reported to cause black color in plants by high accumulation [14]. Furthermore, cyanidin-3-glucoside is the most abundant pigment in black foods such as black rice [15], black bean [16], blackberry [17], and black carrot [18,19]. Besides the cultivars, the presence of black anthocyanins is described as a natural defense of the plants in harsh environments by increasing internal temperature and attracting more pollinators [10]. Furthermore, the Maillard reaction and caramelization are involved in the black formation of processed foods and restaurant foods such as black garlic [20], black coffee [21], black sugar [22], or the famous soft drink Coca Cola [23].



Besides color, black-colored foods bring actual benefits to human health [24]. Black foods are the potential sources of phytochemicals that can have a remarkable impact in various major metabolic syndromes including cardiovascular disease, diabetes, obesity, cancer, osteoporosis, and menopausal conditions [25]. Moreover, black foods contain a high number of anthocyanins with high antioxidant properties, which bring anti-inflammatory, vasoprotective, antineoplastic, radiation-protective, chemo- and hepatoprotective benefits [26,27,28]. In some cases, black foods frequently have higher levels of antioxidant activity than those of other colors in the same species, which can apply in food, pharmaceuticals, and the cosmetic industries. In terms of eggplants, black and purple cultivars are reported with greater antioxidant properties and total phenolic contents compared with white cultivars [29]. In Europe and North America, black eggplants are the most important cultivar in the eggplant group, and due to the good effects of black eggplant in terms of hypolipidemic and anti-angiogenic activities, the interest in developing black-colored eggplants is rising day by day [30]. With the abundant sources of phenolic compounds, black-pigmented and black foods hold potential as functional foods and food colorants. Black-colored foods are used as functional foods in several countries. In China, black sesame seeds and mulberries were approved as functional foods due to their health potential [31]. The color extracted from black-colored foods has been used in several dishes over the world. In Asian countries, black rice has been used as a food colorant in bread, ice cream, yogurts, and several other food products. For example, Thai pork sausage is made by using black rice bran as a food colorant [32].



However, the chemistry underlying the black color of black foods has not yet been fully understood. This review paper presents comprehensive knowledge of black foods with real pictures as well as their benefits for human health. It also discusses the chemistry of the black hue in black foods and its potential in various aspects of life.




2. Methodology of This Review and Its Justification


Is the color of food an important indicator for evaluating any agricultural product? Can the science depend on the human senses in the recognition of positive and negative attributes in agro-products instead of laboratory devices? If yes, to what extent is this approach a crucial tool? At first glance, many human senses can be used successfully in the field of food processing, such as smell (olfaction), taste (gustation), and sight or the visual analysis of color. Therefore, research should depend on an integrated approach (human senses and laboratory testing) for determining the quality chain “from field to fork” of various agri-products. Regarding black color, it is a color if we define color not as a selective absorption, but the complete absorption of visible light. Something is black if it absorbs the visible light in the whole range of the wavelength (400–800 nm). Foods communicate with us with their color, smell, texture, and taste. Researchers understand that colors send information about the structure, function, and reactivity of molecules. Therefore, it is very important to understand the relationship between colors, molecular structure, and functions. Life and chemistry are written in the language of electrons, and molecules send messages to us through electromagnetic waves that we should understand. In this review, we explain the connection between the active ingredients of black foods and their health effects. Free radicals are molecules or atoms that violently and at all costs want to acquire electrons. These are taken away from any molecule, and if it is a biologically important molecule, its function is impaired. Antioxidants are compounds that easily and willingly transfer their electrons. They protect important molecules. Antioxidants donate their electrons easily, so their outer electrons can be easily excited. This means that they can absorb lower-energy electromagnetic radiation, such as visible light. Therefore, a significant part of an antioxidant has visible color. Colors indicate the presence of antioxidants in foods. Red fruits absorb green light; orange fruits absorb blue. Black foods absorb at all wavelengths, i.e., they contain many types of very effective antioxidants, and electron donors.



This review attempts to concentrate on listing black foods at present and pigments creating black colors. The database and materials were collected from the most widely used scientific websites including the databases of MDPI, PubMed, SpringerLink, and ScienceDirect, and the specific databases of the European Commission and United States Department of Agriculture (USDA). The information on black foods was collected, analyzed, and listed in tables. All possible black foods were collected and pictures were taken at high resolution, as shown in the figures. The overall knowledge on pigment formation and the health benefits of black foods was elaborated from previous studies with a focus on recent publications.




3. Definition of Black Foods


For a definition of black foods, black color should be talked about first. As the definition of color in physics, black is on the visible spectrum of color because it does not reflect light [33]. Black is formed from two seemingly incompatible but complementary states of the description of black: (1) black results from the absence of visible light; (2) black forms by the complete absorption of visible light. Furthermore, the mixture of three primary pigments at appropriate proportions can result in “black” due to the limited reflection of light. However, it is rare to have complete black in nature. In September 2019, MIT engineers made the darkest material from vertically aligned carbon nanotubes, which was reported to have a 99.995% absorption rate of any incoming light [34].




4. Classification of Black Foods


Black foods can be found anywhere, from berries to meat and even fungi so their presence takes a significant role in biological systems [2]. After screening several types of foods, around one-hundred and fifty foods are listed in Table 1 and Table 2. In terms of the origin of black color, black foods are classified into three main types: (1) natural black food with a black color from origin, (2) black processed foods that have a black color due to processing, and (3) black dishes (gastronomy) that obtain a black color from cooking. This classification is illustrated in Figure 1.



Information in this table was collected from varied sources including of European Commission [35], Food Data Central of United States Department of Agriculture (USDA) [36].
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Table 1. List of natural black foods.






Table 1. List of natural black foods.





	
Groups

	
Family

	
Scientific Name

	
Common Name






	
Fruits

	
Arecaceae

	
Euterpe edulis Martius L.

	
Juçara fruit




	
Arecaceae

	
Euterpe oleracea (L.) Mart

	
Acai berry




	
Burseraceae

	
Canarium tramdenum Dai Yakoyl L.

	
Chinese black olive




	
Ericaceae

	
Vaccinium fuscatum L.

	
Black highbush blueberry




	
Ebenaceae

	
Diospyros nigra L.

	
Black sapote




	
Fabaceae

	
Dialium guineense L.

	
Black velvet tamarind




	
Grossulariaceae

	
Ribes nigrum L.

	
Black currants




	
Grossulariaceae

	
Ribes lacustre L.

	
Black gooseberry




	
Heaths

	
Vaccinium macrocarpon ’Early black’ L.

	
Cranberry ’Early black’




	
Moraceae

	
Morus nigra L.

	
Mulberries




	
Moschatel

	
Sambucus L.

	
Black elderberry




	
Myrtaceae

	
Syzygium cumini (L.) Skeels

	
Black plums/jamelão




	
Oleaceae

	
Olea europaea L.

	
Black olives




	
Punicaceae

	
Punica Granatum L.

	
Black pomegranate




	
Rosaceae

	
Aristotelia chilensis L.

	
Maqui berry




	
Rosaceae

	
Aronia melanocarpa L.

	
Black chokeberry




	
Rosaceae

	
Rubus allegheniensis L.

	
Blackberries




	
Rosaceae

	
Rubus occidentalis L.

	
Black raspberry




	
Rosaceae

	
Prunus serotina L.

	
Black cherry




	
Rose

	
Pyrus communis ’Black Worcester’ L.

	
Black Worcester pear




	
Solanaceae

	
Lycium ruthenicum (L.) Murr.

	
Black Goji berries/wolfberry




	
Vitaceae

	
Othello L.

	
Black grape




	
Vitaceae

	
Vitis vinifera L.

	
Black grape




	
Cereal grains and

legumes

	
Buckwheats

	
Fagopyrum esculentum Moench L.

	
Black buckwheat




	
Poaceae

	
Oryza sativa L.

	
Black rice




	
Poaceae

	
Sorghum bicolor L.

	
Black sorghum




	
Poaceae

	
Avena strigosa (L.) Schreb.

	
Black oat




	
Poaceae

	
Triticum Aestivum L.

	
Black wheat




	
Poaceae

	
Zea mays L.

	
Black maize kernels




	
Leguminosae

	
Lens culinaris (L.) Medik.

	
Black lentil




	
Legumes

	
Glycine max (L.) Merr.

	
Black soybean




	
Legumes

	
Cicer arietinum L.

	
Black chickpeas




	
Legumes

	
Lathyrus niger L.

	
Black pea




	
Legumes

	
Arachis hypogaea L.

	
Black peanut




	
Fabaceae

	
Macrotyloma uniflorum L.

	
Black horse gram




	
Fabaceae

	
Phaseolus vulgaris L.

	
Black bean




	
Fabaceae

	
Phaseolus vulgaris L.

	
Black turtle bean




	
Vegetables

	
Apiaceae

	
Daucus carota L.

	
Black carrot




	
Brassicaceae

	
Raphanus sativus (L.) var niger

	
Black radish




	
Lauracea

	
Persea americana L.

	
Haas avocado skin




	
Sargassaceae

	
Sargassum fusiforme L.

	
Hijiki seaweed




	
Solanaceae

	
Solanum melongena L.

	
Black eggplant




	
Solanaceae

	
Solanum lycopersicum L.

	
Sun black tomato




	
Solanaceae

	
Petunia L.

	
Black Mamba Petunia/Crazytunia




	
Solanaceae

	
Capsicum Annuum L.

	
Black Hungarian peppers




	
Brassicaceae

	
Brassica oleracea L.

	
Black cabbage




	
Daisy

	
Lactuca sativa L.

	
Lettuce ’Black Seeded Simpson’




	
Nightshade

	
Solanum tuberosum L.

	
Shetland black potato




	
Bangiaceae

	
Pyropia abbottiae L.

	
Black seaweed




	
Nut and seeds

	
Malvaceae

	
Theobroma cacao L.

	
Black Cocoa powder




	
Rubiaceae

	
Coffea L.

	
Coffee beans




	
Asteraceae

	
Helianthus annuus L.

	
Black sunflower seeds




	
Pedaliaceae

	
Sesamum indicum L.

	
Black sesame seeds




	
Poppies

	
Papaver somniferum L.

	
Black opium poppy seeds




	
Mints

	
Ocimum aspberry L.

	
Hoary basil seed




	
Lamiaceae

	
Salvia hispanica L.

	
Black chia seeds




	
Amaranthaceae

	
Chenopodium quinoa (L.) Willd.

	
Black quinoa




	
Juglandaceae

	
Juglans nigra L.

	
Black walnuts




	
Herb and Spices

	
Theaceae

	
Camellia sinensis L.

	
Black tea




	
Orchidaceae

	
Vanilla planifolia L.

	
Dried vanilla beans




	
Piperaceae

	
Piper nigrum L.

	
Black pepper




	
Ranunculaceae

	
Nigella sativa L.

	
Black cumin




	
Ginger

	
Curcuma caesia L.

	
Black turmeric




	
Ginger

	
Kaempferia parviflora L.

	
Black ginger




	
Brassicaceae

	
Brassica nigra L.

	
Black mustard seeds




	

	
-

	
Himalaya black salt




	

	
-

	
Activated charcoal




	
Meat and Seafoods

	
-

	
-

	
Bear black meat (Alaska Native foods)




	
Anoplopomatidae

	
Anoplopoma fimbria L.

	
Black cod




	
Mytilidae

	
Choromytilus meridionalis L.

	
Black mussel




	
Nephropidae.

	
Homarus Gammarus L.

	
Black lobster




	
Ophichthidae

	
Callechelys catostoma L.

	
Black-striped snake eel




	
Sepiidae

	
Sepia officinalis L.

	
Sepia ink




	
Sepiolidae

	
Heteroteuthis dispar L.

	
Squid ink/cephalopod ink




	
Plotosidae

	
Siluriformes L.

	
Catfish




	
Portunidae

	
Scylla serrata L.

	
Black crab




	
Amiidae

	
Amia calva L.

	
Bowfin black caviar




	
Amphiumidae

	
Amphiuma means L.

	
Two-toed amphiuma/conger eel




	
Amphiumidae

	
Amphiuma pholeter L.

	
One-toed amphiuma/conger eel




	
Stichopodidae

	
Apostichopus japonicas L.

	
Sea cucumber




	
Phasianidae

	
Ayam cemani L.

	
Black chicken




	
Fungi

	
Auriculariaceae

	
Auricularia heimuer L.

	
Black wood ear mushroom




	
Cantharellaceae

	
Craterellus cornucopioides Cantharellales L.

	
Black trumpet mushroom




	
Hymenochaetace

	
Ienonotus obliquus L.

	
Chaga mushroom




	
Morchellaceae

	
Morchella elata L.

	
Black morel mushroom




	
Pleurotaceae

	
Pleurotus ostreatus L.

	
Black oyster mushroom




	
Polyporaceae

	
Fomes fomentarius L.

	
Tinder Fungus




	
Psathyrellaceae

	
Coprinopsis atramentaria L.

	
Common ink cap mushroom




	
Tuberaceae

	
Tuber melanosporum L.

	
Black truffle




	
Xylariaceae

	
Xylaria polymorpha L.

	
Dead man’s fingers mushroom
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Table 2. List of black processed foods and black dishes (gastronomy) with some production companies.
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Name

	
Description

	
Production Company/Origin

	
Ref.




	
Fermented Products

	

	

	






	
Black tea

	
Black tea is fully fermented green or white tea, which is consumed throughout the world with unique taste and flavor

	

	
Vietnamese black tea, Phuc Long Co., Vietnam.



	
Traditional stores in China, Vietnam, and Japan






	
[37]




	
Fermented Black garlic

	
Black garlic is made by fermenting fresh garlic for a certain time at high temperatures and humidity

	

	
Domi Fokhagyma Kft., Hungary



	
Miyama Kampo Co., Japan






	
[38]




	
Soy sauce

	
Soy sauce is a Japanese sauce, which is fermented from soybeans

	

	
Kikkoman Soyfoods Co., Ltd., Japan



	
Nestlé Co., Ltd., Switzerland






	
[39]




	
Changsha stinky tofu

	
Changsha stinky tofu is made from fermented brine with bean curd

	

	
Ouyanghengzhi Co., China






	
[40]




	
Black natto

	
Black natto is Japanese fermented black bean

	

	
Akita Prefecture natto specialty shop, Fukujiro, Japan



	
NYrture Food LLC, New York, USA






	
[41]




	
Rice black vinegar

	
Black rice vinegar (kurozu) is traditional Japanese vinegar made from black rice

	

	
Chinkiang black vinegar, Wan Ja Shan Co., Taiwan



	
Kong Yen Foods Co., Ltd., Taiwan



	
Yokoi Co., Japan






	
[42]




	
Century Eggs

	
Century Eggs or black eggs originated from China, created through an alkaline fermentation process with salt, ash, and lime

	

	
Traditional markets in Vietnam, China



	
KCF Co., Thailand






	
[43]




	
Black bean sauce (Douchi/Tochi)

	
Black bean sauce is a sauce made by fermenting salted black soybean, which is most popular in Chinese cuisine

	

	
Lee Kum Kee Co., Ltd., Hong Kong






	
-




	
Hoisin sauce (Tương Đen)

	
A Vietnamese traditional sauce made by mixing fermented black soybean with soy sauce, which is often used with Phở (Vietnamese national soup)

	

	
Cholimex Food Co., Vietnam






	
-




	
Beverages

	

	

	




	
Black Russian

	
The Black Russian is a cocktail of vodka and coffee liqueur

	

	
Served in bars or restaurants






	
-




	
Coke

	
Coke is the most famous carbonated soft drink with a black color, which is produced by The Coca-Cola company with a secret recipe

	

	
The Coca-Cola Company, USA






	
-




	
Confectionery

	

	

	




	
Salty licorice

	
Salty licorice is a type of licorice made from the root extract of Glycyrrhiza glabra, adding ammonium chloride

	

	
Haribo GmbH & Co. KG, Germany



	
Fazer Co., Ltd., Finland






	
-




	
Chinese mesona

	
Chinese mesona can turn into black jelly when cooking, which is the main ingredient of black grass jelly

	

	
Widely uses in Taiwan, Vietnam, and China






	
[44]




	
Rice cakes with Ramie leaves

	
Ramie leaves are used to make rice cake, a traditional Vietnamese cake with the black color

	

	
Traditional markets in Vietnam






	
[45]




	
Traditional Russian Black Bread

	
The most traditional Russian Black Bread is made from rye flour, sourdough starter, salt, and water

	

	
Oroweat Schwarzwalder Co., Ltd., Russia






	
-




	
Black Forest cake

	
Black Forest cake is a German cherry-filled chocolate sponge cake with a rich cherry filling based on the German dessert Schwarzwälder Kirschtorte, literally "Black Forest Cherry-torte"

	

	
Germany






	
-




	
Black jelly eggs

	
A type of candy having a black color made from artificial colors including (red 40, blue 1, yellow 6, yellow 5)

	

	
Mount Franklin Foods LLC, USA






	
-




	
Food ingredients




	
Black seed oil

	
Black seed oil is Indian traditional oil, made from Nigella sativa L. (black cumin)

	

	
Amazing Herbs Co., USA



	
Healths Harmony Co., USA






	
[46]




	
Black garlic mayo

	
Black garlic mayo is a new product of the Heinz company, which was released on Halloween

	

	
Kraft Heinz Foods Co., USA






	
-




	
Black sugar

	
Black sugar is unrefined sugar made by caramelizing sugarcane juice

	

	
Okinawa black sugar can be found in Japan



	
Widely used in Taiwan, China, Japan, Vietnam






	
[47]




	
Black truffle oil

	
Black truffle oil is mixed from extra virgin olive oil with truffle extracts forming a unique flavor with a black color

	

	
Lieber Chocolate & Food Products Co., USA






	
-




	
Black hot sauce

	
An extremely hot sauce made by mixing black pepper and soy sauce

	

	
El Yucateco Co., USA






	
-




	
Functional foods




	
Black currant seed oil

	
Black currant seed oil extracted from seed of black currant Ribes nigrum L.

	

	
NOW Foods Co., USA






	
-




	
Others




	
Black banana

	
-

	

	
Dr. Aliment Kft., Hungary






	
-




	
Black apple

	
-

	

	
Dr. Aliment Kft., Hungary






	
-




	
Aged black garlic

	
Aged black garlic made by the heat treatment of black garlic for a certain time and at an appropriate humidity

	

	
Dr. Aliment Kft., Hungary






	
[48]




	
Black dishes




	
Black pudding

	
Black pudding is blood sausage made from pork or beef blood

	

	
The Bury Black Pudding Co., Ltd., UK






	
[49]




	
Morcela de arroz

	
Morcela de arroz is a traditional Portuguese and Brazilian blood sausage made with rice

	

	
Portugal and Brazil






	
[50]




	
Jajangmyeon

	
Jajangmyeon is a type of Korean Chinese noodle made with Jajang sauce (a salty black soybean paste)

	

	
Korea






	
[51]




	
Black squid ink pasta

	
Black squid ink pasta is a traditional Italian dish, made by adding squid ink into pasta dough

	

	
Italy






	
-




	
Black bean soup

	
Black bean soup is made by cooking rice with black beans

	
-

	
-




	
Sweet black sesame soup

	
Sweet black sesame soup is made by cooking black sesame paste with sugar and rice. It is often served hot

	

	
Traditional stores in China






	
-
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Figure 1. The overall classification of existing black foods, based on the classification of the European Commission [35], Food Data Central of United States Department of Agriculture (USDA) [36], with appropriate modifications. 
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4.1. Natural Black Foods


With the definition of black foods, there are over 90 foods screened having a black color from their origins, divided into seven main groups of foods including fruits, cereals and grains, vegetables, nut and seeds, herb and spices, meat and seafood, and fungi (Table 1). Black pigments are present in nature due to several reasons, which vary from animals to plants. Black pigments synthesized in fruits and flowers aim to attract the pollinator in winter when snow covers everything. This could be the main reason why most black fruits are found in berry groups that often grow in cold temperatures. Black fruit is the largest group with 21 commodities, which are listed in Table 1, mostly belonging to blackberries, including 13 families. Five representative images of black fruits are shown in Figure 2. Rosaceae, a rose family, is the largest family with five kinds of fruits including the maqui berry (Aristotelia chilensis L), black chokeberry (Aronia melanocarpa L.), blackberry (Rubus allegheniensis L.), black raspberry (Rubus occidentalis L.), and black cherry (Prunus serotina). However, there are some fruits with a black color that grow in warm temperatures, such as the black velvet tamarind (Dialium guineense L.), a native plant in Africa, or the Chinese black olive (Canarium tramdenum Dai Yakovl L.) found in Indochina. In some cases, fruits that are not fully black are still considered black fruits, such as the black sapote with green peel but full of black pulp as well as the Chinese black olive with a hard black skin and brown-black pulp. Referring to Nath et al. [52], a black color in fruits is a sign of maturity and results from the fruit ripening process. The biochemical and molecular changes that occur in the fruit during this time, including changes in hormone levels, gene expression, and metabolic pathways, can result in the accumulation of pigments, including the development of a black color [53]. However, research on the mechanism of black color formation in fruits is still limited by variations among fruit species and the influence of multiple factors from both the environment and genetics.



Contrarily, black formation in leaves and seeds is one way they protect themselves from animals and insects [54]. Black cereal is the second largest group of black foods, with 20 items (Table 1). The Poaceae and Legume families are the two main groups of this kind. The former consists of five commodities including black rice (Oryza sativa L.), black sorghum (Sorghum bicolor L.), black oat (Avena strigosa (L.) Schreb), black wheat (Triticum Aestivum L.), and black maize kernels (Zea mays L.) while the latter includes black soybean (Glycine max (L.) Merr.), black chickpea (Cicer arietinum), black pea (Lathyrus niger), and black peanut (Arachis hypogaea). Some black cereals are the result of breeding from other colored varieties. For example, black wheat is a hybrid between purple and blue wheat [55]. Black cereals with pictures are illustrated in Figure 3. Besides, several herbs and spices can be found with a black color, which are listed in Table 1 and illustrated in Figure 4. Several black herbs and spices are well-known food ingredients that have been used worldwide for decades, such as vanilla (Vanilla planifolia L.) or black cocoa powder (Theobroma cacao L.), black pepper (Piper nigrum L.), coffee (Coffea L.), and black tea (Camellia sinensis L.). However, black mustard seeds (Brassica nigra) are traditional spices in India. Kala Namak (Himalayan black salt) is a rock salt, mined from the Himalayan ranges in the India–Asia collision [56]. In addition, there are two black spices found in the ginger family including black turmeric (Curcuma caesia) and black ginger (Kaempferia parviflora).



In vegetables, 13 food items were found in 10 different families (Table 1). Black vegetables with pictures are illustrated in Figure 5. Many roots own a black hue, such as the black carrot (Daucus carota L.), black radish (Raphanus sativus (L.) var niger), or Shetland black potato (Solanum tuberosum). The Solanaceae family contains the largest number of black vegetables, including the black eggplant (Solanum melongena L.), sun black tomato (Solanum lycopersicum L.), black velvet petunia (Petunia), and black Hungarian peppers (Capsicum Annuum L.). The process of black coloration in black animals is complex, mostly due to genes. However, it can be completely different in marine animals and mammals. Several kinds of black seafood are listed in Table 1, including black lobster (Homarus Gammarus L.); black crab (Scylla serrata L.); black-striped snake eel (Callechelys catostoma L); two-toed amphiuma/conger eel (Amphiuma means L.); one-toed amphiuma/conger eel (Amphiuma pholeter L.); black cod; and ink from Sepia officinalis L. and Heteroteuthis dispar L. Black chicken (Ayam cemani L.) is the only animal listed as a black food, due to its blackness from skin to bond [5]. Fungi are a large group of species that range in color from red and orange to even black. Black pigments from fungi have been extracted to use in textile industries for many years. Nine edible black mushrooms are found in the list in Table 1. Black fungi with pictures are illustrated in Figure 6. While the black wood ear mushroom (Auricularia heimuer L.) is widely found and used in Asia, the black trumpet mushroom (Craterellus cornucopioides Cantharellales L.) and common ink cap mushroom (Coprinopsis atramentaria L.) are found in Europe and North America. As a functional food, the Chaga mushroom (Inonotus obliquus) is used as a traditional medicine in Siberia to treat various gastrointestinal diseases [57]. Black truffle (Tuber melanosporum L.) is the most famous expensive mushroom due to its unique flavor caused by its lipophilic volatile organism [58].



Recently, the potential of black food has been increasingly recognized through the introduction of many new varieties of black crops to meet the needs of customers around the world. More than 200 black rice varieties are recognized worldwide [59]. Four main varieties of black eggplant, Black Beauty’, ‘Black Bell’, ‘Florida Market’, and ‘Long Black’, have been developed [30]. Furthermore, black foods are reported to have greater sources of minerals and dietary fiber than foods with other colors. Black rice has minerals (Ca, P, Fe, and Zn) and dietary fiber, which are higher than brown and white rice [60]. In some cases, black foods are reported to contain a stronger flavor and aroma than the other-colored foods. In comparison with white sesame seeds, black sesame seeds are reported with stronger flavors and aromas due to the higher contents of fatty acids, proteins, and lignans [61]. Additionally, black foods are an abundant source of bioactive compounds. For instance, black cherries are reported to be a greater source of phenolic compounds (7017 mg/kg FW) compared to European bird cherries (124.14 mg/kg FW) while black cherries have been detected with lower amounts of cyanogenic glycosides—toxic compounds—than wild cherries [62]. Another study of Liu et al. [63] compares the phenolic compounds between three quinoa seed varieties (white, red, and black Chenopodium quinoa seeds). Black quinoa seed was detected with the highest total phenolic contents compared to red and white quinoa seeds [63].



In conclusion, 90 black foods found in nature have been divided into seven groups, from fruit to cereals to aquatic animals. The recent recognition of the potential of natural black foods has led to the introduction of many new black crop varieties to meet global customer demand. Black foods have been found to contain high levels of minerals and dietary fiber, as well as a distinct flavor and aroma and high concentrations of bioactive compounds, such as phenolic compounds. These findings highlight the potential health benefits of consuming black foods and the importance of further research in this area.




4.2. Black Processed Foods


Black color formation does not only come from natural biological processes but is also formed from food processing. A list of black processed foods is presented in Table 2 along with many black dishes (gastronomy) that are made from black foods all over the world. The heat-treatment process can affect the development of black color. After aging at a certain temperature and humidity, black garlic is produced owning a unique black color and unique flavors [38]. In another example, Chinese mesona (Mesona chinensis L.) is green at first, but it turns black when making jelly. Chinese mesona is the main ingredient of black grass jelly, a famous dessert in Asia [44]. The special heat treatment of glucose, called caramelization, can also form a black color in foods. For instance, black sugar is unrefined sugar produced from caramelizing sugarcane juice [47]. Furthermore, fermentation can also involve creating a black color and developing taste and smell. For example, a century egg was made through alkaline fermentation with salt, ash, and lime [43] with the real picture in Figure 7. In the case of black tea, fermentation forms its unique black color [37] and generates polyphenolic compounds such as theaflavins (TF), thearubigins (TR), and catechins in comparison with others tea, providing potential health benefits when consumed [64]. Soy sauce is made as a product of the fermentation process of soybean, which creates the natural black-brown color of soy sauce [39] and evokes a unique flavor profile with umami as a dominant taste [65]. Black processed foods can be created from black ingredients such as black seed oil from black cumin (Nigella sativa L.) [46], or rice black vinegar from black rice [42].



In conclusion, black processed food can be made using different types of processes, including fermentation, heat treatment, and the addition of black ingredients. Although black processed foods have a unique flavor and distinctive color, the number of products available is still limited. Therefore, optimizing production processes and diversifying products should be the focus of future studies. Additionally, further research is needed to explore both the positive and negative effects of these foods on human health, as well as the generation of flavor.




4.3. Black Dishes (Gastronomy)


Moreover, black dishes can be cooked from black materials including black natto from black soybean [41]; Jajangmyeon from black soybean paste [51]; black squid ink pasta from squid ink; or many different commercial products with black color due to adding activated charcoal. Black pudding and Morcela de arroz are special dishes cooked with pork or beef blood, which can turn a black color when well-cooked [50,66]. Blood is a rich source of iron and proteins and is often used as a high-protein ingredient in many traditional dishes [67]. Microorganisms are involved in the process of making Changsha stinky tofu, causing the black color [40]. Some black foods are made from the extracts of plant parts, for example, rice cakes with Ramie leaves created from the extracts of Boehmeria Nivea L. leaves with rice [45], or black licorice and salty licorice made from the extracts of roots of the licorice plant Glycyrrhiza glabra. The color extracted from black-colored foods has been used in several dishes over the world. Currently, squid ink (black color) is used to make black pasta, which is famous in Italian cuisine. In Asian countries such as Vietnam, Indonesia, and China, black rice has been used as a food colorant in bread, ice cream, and several other food products [68]. Black rice is also used to make yogurts [69], and Thai pork sausage [32]. Black sweet soup in Chinese culture is made from black sesame seeds. In 2022, black garlic was used to make black mayo in the Halloween campaign of the Kraft Heinz Foods Company (Pennsylvania, United States). Moreover, the fruit peel powder of Jamelão (Syzygium cumini (L.) Skeels) is studied for use as a natural colorant [70].
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Figure 2. Representative images showing black fruits: (A) black plums, (B) black grape, (C) Chinese black olive, (D) black blueberry. Photos by Duyen H.H. Nguyen. 
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Figure 3. Representative images showing black cereals: (A) black horse gram, (B) black bean, (C) black chia seeds, (D) black sunflower seeds, (E) black rice, and (F) hoary basil seeds. Photos by Duyen H.H. Nguyen. 
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Figure 4. Representative images showing black herbs and spices: (A) black coffee, (B) black mustard seeds, (C) Himalayan black salt, (D) black cumin, (E) black tea, (F) black pepper. Photos by Duyen H.H. Nguyen. 
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Figure 5. Representative images showing black vegetables: (A) black radish, (B) black seaweed, (C) black eggplant, and (D) Chinese mesona. Photos by Duyen H.H. Nguyen. 
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Figure 6. Representative images showing black fungi: (A) black trumpet mushroom and (B) black wood ear mushroom. Photos by Duyen H.H. Nguyen. 
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Figure 7. Representative images showing black processed foods: (A) century eggs, (B) black garlic, (C) black banana, (D) Hoisin sauce (Tương Đen), (E) dark chocolate, (F) black sugar, (G) black pudding, and (H) black apple. Photos by Duyen H.H. Nguyen. 
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5. Chemical Perspectives on Pigments of Black Foods


Due to the complexity of natural pigments, black color from many foods is still not clearly defined yet. Black color can be formed from one or the combination of many pigments, which is illustrated in Figure 8. Table 3 lists the reported pigments forming black color in black foods. There are several pigments that are involved in black formation; however, melanins and anthocyanins are mostly presented in studied black foods. Furthermore, black color can be attributed to other pigments including chlorophylls, carotenoids, and tannins. While melanins are heat-stable pigments and mostly have a black to dark brown color [71], anthocyanins, chlorophylls, tannins, and carotenoids can form black color in high concentration [10,72]. Based on the distribution, chemical properties, and application of these components, they can be categorized into three main groups: (1) anthocyanins, (2) melanins, and (3) other pigments such as tannins, chlorophyll, and carotenoids. Furthermore, black formation can be different in terms of processed foods. Two non-enzymatic browning reactions, the Maillard reaction and caramelization, can be involved in creating black. The black color of some black processed foods and black dishes can be formed due to adding activated charcoal as a natural black colorant.



5.1. Melanins in Black Foods and Their Correlation with Black Pigment


5.1.1. Properties and Classification of Melanins


Melanins have been researched over several decades due to their presence very early in most living kingdoms, from the times of the dinosaurs and first primitive creatures [115]. Melanin has drawn the growing interest of the science community due to its unique features applicable to biomedicines and industries, such as ultraviolet-visible (UV-Vis) light, and its stable free radical state [116]. Furthermore, melanin can be used as the potential source of natural black colorants because of its resistance ability to environmental factors such as extreme changing temperatures, high humidity, and radio-protectivity [117]. Melanin has been observed for many years; however, researchers are still not completely familiar with its chemical structures and role in biological systems [118]. There are many factors causing the difficulty in characterizing melanin: (1) melanins are insoluble in a broad range of solvents and pH so that it is hard to purify melanins from natural sources; (2) there is the lack of an accurate method for determining the ratio of melanin- structured units; (3) melanin has a complex molecular structure and organization.



In nature, melanins are divided into three main groups including eumelanin, pheomelanin, and allomelanin [3,4]. These groups are different in their monomer units and synthesis pathways. Eumelanin or nitrogen-containing melanin is commonly found in animals, or microorganisms, and is synthesized by the oxidative polymerization of tyrosine or phenylalanine [4]. Eumelanin and pheomelanin are biopolymers composed of different monomer units from the same precursor dopaquinone, an intermediate for the formation of both eumelanin and pheomelanin [111]. Sulfur-containing units are the biggest difference between pheomelanin and eumelanin, which are found in red hair, feathers, and fowls [111]. Meanwhile, allomelanin or nitrogen-free melanin is one of the pigment compounds with high molecular weight formed by the oxidation and polymerization of phenols with precursors including dihydro-folate, homogentisic acid, and catechol [3,4]. Most melanins are made up of dark brown to black piments (eumelanin and allomelanin), while only pheomelanin forms a yellowish to reddish color [119]. The presence of melanins is critical for animals, plants, and fungi. Eumelanins are needed for metabolism and synthesis in animals, while allomelanin forms to protect seeds from natural enemies.




5.1.2. Animal Melanins in Black Foods


Eumelanins can be easily found in natural biological systems. However, they are only present in certain organs such as the eyes, hair, or skin and are rarely observed throughout the entire animal. Black chromatophores appear in spotting on the skin of several animals such as the butterfly. Melanocytes produce melanosomes that move into the surrounding skin cells, giving the skin a darker color. According to Nganvongpanit et al. [5], there is an exception for black chicken where melanins are found in 33 organs distributed in 10 systems such as the nervous system or skeletal system. Breeds of animals are the major reason causing pigment migration and formation in several organs; however, the melanin-forming pattern is not the same in all organs. Due to the similarity in the structure of eumelanins from different origins, all eumelanins have equivalent optical properties, which can absorb ultraviolet radiation to protect tissue from damage [120].



The presence of eumelanins in black animals is listed in Table 3 for the following species: catfish [111], black chicken [5], the crab Sesarma reticulatum [112], black fish skin [113] and Amphiuma liver [2]. The biochemistry of melanin formation in marine animals is quite similar to the process of plant melanins. L-tyrosine is catalyzed by the enzyme tyrosine into dihydroxyphenyl L-alanine (DOPA), and then DOPA is oxidized to melanin [121]. However, mammalian melanin is converted in a different way due to the lack of tyrosinase in tissue. Dihydroxyphenyl L-alanine oxidase, an enzyme present in the mammalian skin tissue, is involved in the oxidation process of DOPA instead of tyrosine [121]. Eumelanins and hormones in animals have a close relationship. For instance, melanophore-stimulating hormone takes the main role in stimulating melanin synthesis, which results in the black skin of fish [113].




5.1.3. Plant Melanins in Black Foods


Allomelanins in plants are found mostly in fungus, herbs, and some in cereals (Table 3). The synthesis of melanin in plants is correlated with the enzymatic browning reaction happening in plant tissues [3]. However, the chemical structure of plant melanins has not been fully studied in recent years [71]. To detect plant melanins in foods, alkaline and acid extraction are the two most common methods because melanins cannot dissolve in water and in most organic solvents [8]. Besides, allomelanin can lose its color when exposed to strong oxidative agents such as hydrogen peroxide, potassium permanganate, potassium dichromate, and sodium hypochlorite [8]. The melanic nature of black color in several herbs, cereals and seeds has been proved within the following species: black cumin [110], black oat [8], black mustard [3], black sesame seeds [94,95], and black sunflower seeds [2]. Melanins take a major role in the development of seeds. Firstly, the major aim of black formation in seeds is camouflage [54]. Due to the black pigmentation of most wild cereal hulls, black seeds can be invisible to birds and others natural enemies. Furthermore, the accumulation of melanic pigments on the surface of seeds can help seeds absorb more energy to mature and germinate [3]. A comparative study of barley landraces with black and white seeds demonstrated that the former tend to mature earlier than the latter. In comparison between colored barley seeds, the black ones tend to mature earlier than the white seeds [122].



Melanins are not only detected in black seeds but also in black tea (fermented green tea), and create the special black colors for this tea [109]. Melanins could be created through the fermentation process from the abundance of polyphenols and polyphenol oxidase (PPO) in fresh green tea leaves. Tea-melanin has been proved to have strong antioxidant and anticancer activities [109]. Allomelanins can be created by food processing, such as black garlic made from a heat treatment process [4]. A comparative study of melanins in black garlic and eumelanin in sepia ink demonstrated that the former could replace the latter in food additives, food packaging, and biomedical applications due to the similarities in antioxidant activity [4].




5.1.4. Fungal Melanins in Black Foods


Table 3 shows that melanins are found in mostly edible black fungus, while there are no melanins detected in any black fruits or black vegetables. Some mushrooms have been used as natural dye for several years in Europe, Asia, and North Africa [123]. Because of their exceptional properties, fungal melanins have been used widely in the textile, medical, and food industries. Edible fungal melanin can be used as a natural colorant in the food and medicinal industries. Moreover, fungal melanins are insoluble and heat-stable pigments that are only broken down by oxidation and alkaline solution [124].



The presence of melanins brings numerous functions for fungi. In severe environments, the survival ability of fungi could be increased by providing protection against environmental stress [124]. Fungal melanins can withstand harsh conditions, such as those found in Antarctica [125], and even in contaminated nuclear reactors [126]. In addition, fungi can resist UV light, oxidizing agents, and ionizing radiation due to melanins [117]. Melanic pigments in fungus are converted from tyrosine and hydroxylated via quinones by enzymatic browning reactions including oxidations and polymerizations [127]. For example, the melanins of Agaricus bisporus are converted from θ-glutaminyl-4-hydroxybenzene (GHB) by tyrosinase [128]. Therefore, melanins obtained from edible fungus not only work as natural colorants but also enrich functional products with great antioxidant and antimicrobial activity.




5.1.5. Health Benefits of Melanins in Black Foods and Their Application


In addition to their availability in various black foods, several health benefits of melanins have been reported. According to ElObeid et al. [129], melanins have numerous biological and pharmacological properties such as being photoprotective, immunological, antioxidant, anti-inflammatory. Melanins extracted from natural materials can protect against UV radiation and protect from bacteria [130]. Furthermore, recent research has also suggested that melanin-based therapies may have potential in treating cancer [131]. However, more studies are needed to fully understand the health benefits of melanins, how melanin may affect disease processes, and their potential use as a drug via different routes of administration.



In terms of application in food packaging, melanins have gained attention for developing active food packaging due to their strong UV protection, antioxidant, and antibacterial properties [132]. Various polymers have been used to make active packaging films that contain melanin. For example, melanin from watermelon seeds was mixed with whey protein concentrate to form active food packaging with several properties such as UV blocking, creating a water vapor barrier, mechanical properties and antioxidant activity [133]. Roy et al. [134] reported the combination between melanin and carrageenan forming food packaging with antioxidant, UV-barrier, thermal stability, and mechanical properties. Additionally, melanin has been utilized as a sustainable source for producing metallic nanoparticles and as a stabilizer [132].





5.2. Anthocyanins in Black Foods


Besides melanins, anthocyanins take a major role in forming black appearance in foods, especially in plants. Anthocyanins are accumulated in the outer mesocarp of purple and black fruits as well as in the barrier cells of black leaves. Consistent with the chlorophyll content of the respective genotypes, the chloroplast density is greater in the cells of the black fruit [72]. Anthocyanins are plant secondary metabolites that have been studied well regarding their structure and health-promoting effects [19,135]. Recently, anthocyanins in foods have drawn the significant attention of the science community as a promising natural pigment that can replace artificial colorants. Anthocyanins were detected in 31 black-colored foods along with over 70 listed anthocyanin compounds and highlighted major pigments (Table 3). Most black foods detected with available anthocyanins widely distributed were fruit, vegetable, herb, and spice groups.



5.2.1. Chemical Properties of Anthocyanins in Black Foods


The basic C6-C3-C6 anthocyanin structure is the combination of anthocyanidins (aglycones) linking with sugars, which can be separated into anthocyanidin sugar-free aglycones and anthocyanin glycosides depending on structure [10]. Anthocyanidins are formed from two aromatics that are separated by an oxygenated heterocycle [136]. The sugar moieties are often mono- or disaccharide units such as glucose, galactose, rhamnose, arabinose, rutinose, or xylose [137]. Glucose, galactose, rutinose, and arabinose are the sugars most frequently attached to anthocyanidins, as reported in the study of Bakowska-Barczak et al. [138]. Sugar moieties are typically attached to the hydroxyl group at position 3 of the anthocyanidin. Then, positions 5 and/or 7 are the second priorities [139].



Seventeen anthocyanins exist in nature with difference in the number and position of hydroxyl groups and/or methyl ether groups [140]. However, there are six major anthocyanindin skeletons, which form more than six hundred anthocyanins found in foods, including cyanidin, delphinidin, peonidin, pelargonidin, petunidin, and malvidin [10,12,13]. Chemically, the difference of these compounds comes from the hydroxylation and methoxylation patterns of ring B. There are a large variety of anthocyanins in black foods, which make up six major anthocyanidins including Cyanidin, Malvidin, Pelargonidin, Peonidin, Petunidin, Delphinidin, and sugar moieties including glucose, galactose, xylose, sambubiose, and disaccharide derivates. 3′-subtituted anthocyanins present the most in black foods. However, there are several black foods without any research about their pigments or anthocyanins contained.




5.2.2. Anthocyanins and Their Relation to Black Color in Black Foods


Anthocyanins are also known as water-soluble pigments that can create a great diversity of colors ranging from orange to dark colors. The purple to black color is formed due to the biosynthesis of anthocyanins in fruits [73]. The accumulation of anthocyanins at high concentration can form black color in plants such as in black fruits and black flowers [10]. This formation brings positive effects to plants in two ways: (1) the biosynthesis of black color can increase the internal temperature of plants to reduce the damage of cold weather; (2) pollination can happen easier due to the attractive color in winter. The process of forming black pigments in plants, including anthocyanins or melanins, is aimed to bring the best possible plant development.



In plants, anthocyanins can decide color due to their chemical structure and physico- chemical and environment conditions. The same anthocyanins can create different colors at different pH values. As pH indicators, anthocyanins turn to red at low pH, blue at high pH, or mostly colorless at a middle value. Colors can even be decided by the concentration and the quantity of anthocyanins in foods [141]. The high accumulation of cyanidin-based anthocyanins in plants can form a black color [14]. Black foods are richer in anthocyanins than other colored foods. For example, black wheat is found with 26 different anthocyanins, which is the highest number of anthocyanins compared to other kinds [101]. Furthermore, anthocyanins can turn into black pigments by changing environment conditions. Due to sunlight exposure, red sorghum with a high amount of 3-deoxyanthocyanidin can turn into black sorghum [142]. On the positive side, the presence of black anthocyanins in plants, especially fruits, can save them from damage by abiotic stress. For example, white Ranunculus glacialis flowers cannot make more seeds and are not warmer than dark flowers [10]. During winter, there are two main factors that lead to the formation of dark color in flowers: the increase in the internal temperature of flowers [143] and the attraction of pollinators [10]. Co-pigmentation mechanisms are reported as an interesting unique feature of the antho-cyanin family, where flavones can co-participate in the appearance of color with antho-cyanin by protecting anthocyanin molecules [139]. However, in some cases, this pathway does not work out. Because anthocyanin and flavone have the same biosynthetic pathway, it can be assumed that the absence of flavones contributes to high anthocyanin accumulation by eliminating this competition [14].




5.2.3. Anthocyanins in Black Foods


The total anthocyanin contents (TAC) of black foods were measured in many studies and are listed in Table 4, ranging from 7.01 to 1375 mg/100 g. The TACs of black foods were recorded as significantly higher than other colored foods of the same types. For example, the TAC of the black walnut was approximately 3 times higher than the TAC of the English walnut at 80.62 and 27.10 mg/100 g FW, respectively [102]. There are many varieties of the same black plant species so that the TAC of one black food could be in a range. Awika et al. [100] reported that the TAC of black sorghum (400–980 mg/100 g FW) was significantly higher than the TAC of other sorghums (20–100 mg/100 g FW) when observing five different varieties of black sorghum. Anthocyanins can come from a variety of sources in black foods. Some black foods are a source of one anthocyanidin such as cyanidin in the blackberry, fresh black olive, black chokeberry, and black sapote; some of delphinidin in the black lentil and black eggplant. Some black foods contain multi-anthocyanidins such as the mulberry (cyanidin and pelargonidin), black rice (cyanidin and peonidin), or the black bean (malvidin, petunidin, and delphinidin). Chemical structure of major anthocyanins in black foods was illustrated in Figure 9.



Cyanidin derivatives were detected in all reported black foods except black lentil, black eggplant, and black Hungarian peppers (Table 3). The black appearance was reported as related to the contents of cyanidin-based anthocyanins in plants, besides the absence of flavones and accumulation of total anthocyanins [14]. Veberic et al. [144] reported that cyanidin was most commonly found, identifying anthocyanidin in berry species. In Table 3, cyanidin glycosides are found as the predominant anthocyanidins in several black foods: mulberry, blackberry, acai berry, black currant, fresh black olive, black raspberry, black chokeberry, black cherry, black rice, and black soybean. Furthermore, cyanidin 3-glucoside, cyanidin 3-rutinose, cyanidin 3-sambubinoside, cyanidin 3-xylose, cyanidin 3- arabinoside, and cyanidin 3,5-diglucoside are predominant cyanidin-based anthocyanins in black foods (Table 3). Among the six major cyanidin derivatives detected, cyanidin 3-glucoside is found as the main agent in several black foods, with the largest percentages in the blackberry (86.5%) [75], mulberries (76.6%) [74], black cherry (53.2%) [62], black soybean (75.8%) [104] (Table 4). Cyanidin 3-Rutinoside showed the second highest numbers of appearance, following cyanidin 3-sambubinoside and cyanidin 3-xylose. In the case of black olives, there are two main anthocyanins detected in fresh black olives, cyanidin 3-rutinoside (50.88%) and cyanidin-3-glucoside (49.2%), which account for over 90% of total anthocyanins [83]. However, these compounds cannot be detected after the fermentation process, but the black color still remains [83]. Other pigments could have been synthesized during processing; however, those pigments have not been figured out yet.



After cyanidin, delphinidin glycosides are the second most commonly detected anthocyanin compounds in black foods. Delphinidin derivatives were identified in nine black foods including the maqui berry, black plum, black currant, black bean, black lentil, black soybean, black eggplant, black Hungarian pepper, wolfberry (Table 3). The high accumulation of delphinidin is involved in the black pigmentation of the fruits and leaves of selected genotypes along with chlorophyll and carotenoid pigments [72]. The black lentil is a potential source of delphinidin derivatives, with two anthocyanins identified: delphinidin 3-glucosylarabinosidelphinidin and delphinidin 3,5- diglucoside [91]. Delphinidin 3-glucoside, delphinidin 3,5-diglucoside, delphinidin 3- rutinoside, and delphinidin 3-sambubinoside are the four main delphinidin derivatives in black foods (Table 3). Delphinidin 3-glucoside accounts for the majority of total anthocyanin content of the Othello grape skin (40.6%) [145] while delphinidin 3,5-diglucoside is found as the largest percentage of TAC in black plums (45%) [82] and the maqui berry (12.4%) [76] (Table 4). The only anthocyanin found in the black Hungarian pepper, Capsicum annuum L. is delphinidin-3-p-coumaroylrutinoside-5-glucoside [72].



Glycosides of peonidin present in several black foods including black fruits (acai berry, black plum, black cherry, cranberry ’early black’), black cereals (black rice, black wheat, black maize kernels, and black soybean), and black vegetables such as the Shetland black potato (Table 3). However, they only present in trace amounts in most of the listed black foods. Peonidin 3-glucoside is noticed with the largest portion of total anthocyanin content, with 34.5% in black rice [98] (Table 4), while these pigments are found in small amounts in the maqui berry [76], acai berry [77], black cherry [62], black wheat [101], black maize kernels [103], black soybean [104]. Peonidin 3,5-diglucoside is detected in both black wheat [101] and black plum [78]. In terms of identified black foods, peonidin 3-galactoside and peonidin 3-arabinoside are only found in cranberry ’early black’ [92]. Pelargonidin glycosides present in seven black fruits including the black soybean, black maize kernels, black wheat, black elderberry, black raspberry, black grape, and mulberry, whereas pelargonidin 3-glucoside presents in all the listed foods except black raspberry (Table 4). Pelargonidin 3-sambubinoside is only found in black elderberry [93] and pelargonidin 3-rutinoside is detected in black raspberry [85] as the unique pelargonidin derivative



Petunidin derivatives were found as the major anthocyanins in the black soybean, black bean, black plum, wolfberry, while only a trace amount was detected in the Shetland black potato, black wheat, and ′Summer black′ grape (Table 3). In the black plum (Jamelao), petunidin 3,5- diglucoside accounted for the largest percentage of total anthocyanin content with 42%. Petunidin 3-glucoside was the predominant petunidin-based pigment in the black bean [99] and black soybean [104] while it presented in black wheat [101] and the black grape [79] in small amounts. Furthermore, in the wolfberry, petunidin was detected as the main anthocyanin with 11 derivatives including Petunidin-3-O-rhamnoside (p-coumaroyl)-5-O-glucoside, Petunidin-3-rutinoside (cis-p coumaroyl)-5-O-diglucoside, Petunidin-3-rutinoside (trans p- coumaroyl)-5-O-diglucoside, Petunidin-3-O-rutinoside (caffeoyl)-5-O-glucoside, Petunidin- 3-O-rutinoside (feruloyl)-5-O-glucoside (p-coumaroyl), Petunidin-3-O-rutinoside (cis p- coumaroyl)-5-O-glucoside, Petunidin-3-O-rutinoside (trans-p-coumaroyl)-5-Oglucoside, Petunidin-3-O-rutinoside (cis feruloyl)-5-O-galactoside, Petunidin-3-O-rutinoside (cis feruloyl)- 5-O-glucoside, Petunidin-3-O-rutinoside (trans-feruloyl)-5-O-galactoside, Petunidin-3-O- rutinoside (trans-feruloyl)-5-O-glucoside [87]. Glycosides of malvidin were only detected in five black foods: black wheat, black bean, black grape, wolfberry, and black plum. Malvidin 3-glucoside was detected as a major anthocyanin in the ′Summer black′ grape [79] and black bean [103], while malvidin 3,5-diglucose was identified in black plum [78], and black bean [103] in trace amounts. Furthermore, 3-deoxyanthocyanins were only detected in black sorghum (Sorghum bicolor L.); they are more stable than other anthocyanins, including epigeninidin, apigeninidin- 5-glucoside, 7-Omethyl apigeninidin, luteolinidin, luteolinidin-5-glucoside, and 5- methoxy-luteolinidin [104].
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Figure 9. Chemical structure of major anthocyanins in black foods. 
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Table 4. Total anthocyanin content and percentages of main anthocyanin compounds reported in black foods.
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12.4

	
17.2

	
T

	
[76]




	
Acai berry

	
na

	
25

	
67.4

	
-

	
-

	
-

	
T

	
[146]




	
Othello grape skin

	
na

	
17.8

	
-

	
-

	
40.6

	
-

	

	
[145]




	
Black currants

	
476

	
7.1

	
40.2

	
-

	
14.0

	
-

	
T

	
[81,147]




	
Juçara fruit

	
290

	
42.7

	
53.1

	
-

	
-

	
-

	
-

	
[78]




	
Black chokeberry

	
195,876 (DW)

	
2.2

	
-

	
65.5

	
-

	
-

	
-

	
[148]




	
Black cherry

	
402

	
53.2

	
44.3

	
-

	
-

	
-

	
1

	
[62]




	
Black rice

	
na

	
34

	
32.8

	

	
-

	
-

	
34.5

	
[97,98]




	
Black soybean

	
na

	
75.8

	
-

	
1

	
8.8

	
-

	
1.1

	
[104]








Abbreviations: TAC, Total anthocyanin content; Cy, Cyanidin; Glu, Glucoside; Pg, Pelargonidin; Pn, Peonidin; Pt, Petunidin; Gal, Galactoside; De, Delphinidin; (-) Not detected, T: Trace amounts, less than two of total anthocyanin composition; na: Data currently not available; DW, dry weight; FW, fresh weight.












5.2.4. Health Benefits of Anthocyanins and Their Application


In recent years, anthocyanins have become famous because of their vast applications, potential health benefits and abundant natural sources. Anthocyanins are powerful antioxidants that help protect cells against damage from free radicals, which can contribute to the development of chronic diseases such as cancer, heart disease, and diabetes [149]. Li et al. [150] reported anthocyanins with anticancer, anti-inflammatory, anti-obesity and antidiabetic properties. Anthocyanins have also been studied for their potential neuroprotective effects. One study found that the consumption of blueberry anthocyanins improved cognitive function in older adults, suggesting a potential role for these compounds in preventing age-related cognitive decline [151].



In addition to their potential health benefits, anthocyanins also have numerous applications in the food and cosmetic industries. These pigments are used as natural colorants in a wide range of products, including beverages and confectionery [152]. Anthocyanins are also used as natural pigments in cosmetic products [153]. Some studies have suggested that anthocyanins may have potential as natural preservatives in food products, with research indicating that they may help extend the shelf life of certain foods [154].





5.3. Maillard Reaction, Caramelization and Their Relation to Black Color


Black color formation in black processed foods and black dishes could be contributed to by the Maillard reaction. The Maillard reaction is a famous chemical reaction that occurs in the presence of amino acids with reducing sugars at high temperature over a certain time. According to Murata et al. [155], the black and brown colors of the Maillard reaction are formed by melanoidins, the major Maillard reaction products (MRPs), as well as several kinds of low-molecular-weight pigments. However, due to the complexity of the melanin structure, it is not surprising that the structure of melanoidins is still not yet defined. Several low-molecular-weight pigments were listed as the precursors of melanins in the Maillard reaction [155]. Black garlic [20] as well as black coffee [21] were reported as containing MRPs.



Beside the Maillard reaction, caramelization also takes a role in forming the black color of black processed foods and black dishes. Both reactions are non-enzymatic browning reactions that create dark brown color at a high temperature. However, the Maillard reaction relates to the presence of amino acids, while caramelization is the pyrolysis of sugars. In the listed black foods (Table 3), black sugar [22] was recorded as a product of the caramelization process. Caramel is the largest “natural” colorant group that can be found [23]. According to MacDougall et al. [21], up until the present, caramel color cannot be classified into “synthetic “or “natural” food colorants due to its origins. However, caramel color or caramelization is used widely as an indispensable technique in Asian dishes because of its distinct color and taste. At present, the structure of caramelization products has not been elucidated, except for isosacchrosan, a pigment at the early stage of caramelization [21]. There are four main types of caramel that have been found, including ammonia caramel, sulfite caramel, sulfite ammonia caramel, and plain caramel. Ammonia caramel is often found in beer and bakery goods, while ammonia sulfite is found in the production of soft drinks such as coke [23]. Non-enzymatic browning reactions (the Maillard reaction and caramelization) take the main role in forming black color in foods, especially in cooking and processing, such as in black coffee [21] or black sugar [22]. However, the formation of black tea is totally different [8], and comes from an enzymatic reaction.




5.4. Tanins


Tannins are a class of polyphenolic compounds that are widely distributed in plants and are present in a number of natural foods [80]. Tannins are found in several black foods including blackberries [75,80], black currants [80], black grapes [80], black walnut [102], black tea [80,108], and black cumin [109]. They are known to impart an astringent taste and bitter aftertaste and might contribute to the black or dark color in these foods [80,108,156]. However, this is not the case with anthocyanins and melanins; black appearance does not reflect the presence of tannins in foods. According to Dykes et al. [157], some black sorghum varieties do not contain condensed tannins, while the presence of condensed tannins relates to genes. Tannins are involved in the browning reaction in foods, which should be considered in black food production [80].




5.5. Other Pigments in Black Foods


Carotenoid and chlorophyll are also present in black foods as pigments (Table 3). Along with the high accumulation of anthocyanins or melanins, the presence of these pigments can enhance the color intensity of black foods. Among several black foods, chlorophyll is only found in black Hungarian peppers [72]. The combination of anthocyanin, chlorophyll, and carotenoids to form black and purple colors was reported in the study of Lightbourn et al. [72], with different colors for Capsicum annuum L.




5.6. Activated Charcoal


Activated charcoal should be mentioned in this part because it has been used for several year as a food ingredient to create black color in processed food and restaurant foods. Activated carbon is a type of processed carbon owning internal porosity [158]. Due to the porous structure, activated carbon is easily soluble in liquid as a food ingredient. Until now, activated charcoal has been used as a food ingredient in confectionery and beverages. According to the European Commission [35], activated charcoal can be used in food at 1 g per quantified portion. Furthermore, activated charcoal can help to reduce excessive flatulence after consumption [35].





6. Health Benefits of Black Foods


Black foods deserve attention not only because of their distinctive color but also their abundance of bioactive phenolic compounds mentioned above, such as anthocyanins, chlorophylls, carotenoids, or melanins. Phenolic compounds are a group of substances with high antioxidant properties useful for preventing several diseases such as cancers and diabetes [159]. According to Middleton et al. [160], phenolic compounds when tested on an animal model could control tumor development in the initial stage of many types of cancers such liver and colon cancer, or leukemia. The health benefits of several black foods are reported in Table 5 with a study model. Most black foods contain a large number of anthocyanins and melanins, so that studied black foods were mostly reported with high antioxidant, anti-inflammatory, and anticancer activities (Table 5). In comparison with other fruits and vegetables, berries were stated to be the richest sources of antioxidant activity [161]. Black berries were reported with antioxidant and anti-inflammatory activities including the acai berry [162], black chokeberry [89,163], blackberry [164], black currant [11], maqui berry [165], black elderberry [166], and mulberry [167].



Furthermore, some black foods were recorded with different health benefits. For example, the black chokeberry (Aronia melanocarpa L.) was reported as having a supportive influence on the profiles of lipids, fasting plasma glucose, and blood pressure, which could prevent chronic diseases such as diabetes and cardiovascular disease [89]. Consuming a certain amount of black elderberry over a period of time might induce the positive effect of reducing total cholesterol content [163]. Moreover, the study of Kaume et al. [9] mentioned that consuming blackberries every day in certain amounts can prevent neurodegenerative diseases such as Alzheimer’s disease. The study of Muñoz-Falcón et al. [30] described developing black-colored eggplants and their benefits for human health. Black eggplants have been used widely in Europe and North America due to the good effects of black eggplant in terms of hypolipidemic and anti-angiogenic activities. The extract of black pomegranate can prevent the growth of the melanoma cell line and is antiangiogenic and antiproliferative [168]. Many black processed foods have been proved to have great benefits to human health. The study of Sato et al. [169] reported that fermented black garlic contained 10-fold higher antioxidant activity in comparison with fresh garlic in vitro. Black tea has been found to have antioxidant, anticancer, and anti-obesity properties through in vivo testing and clinical trials [170]. The review of Jayachandran et al. [171] comprehensively described the health benefits of soy sauce and black natto including anti-diabetic, anti-cancer, anti-inflammatory, and antioxidant activities.
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Table 5. Pharmacological and Medicinal Activities of Black foods.






Table 5. Pharmacological and Medicinal Activities of Black foods.





	
Black Foods

	
Study Model

	
Pharmacological and Medicinal Activities (Disease)

	
Ref.




	
Fruits






	
Acai Berry

	
na

	
Anti-cholinesterase, antioxidant capabilities (Alzheimer’s Disease)

	
[162]




	
Black chokeberry

	
In vivo/In vitro on human cells and animals

	
Reducing the total cholesterol content, preventing diabetes and cardiovascular disease

	
[89,163]




	
Blackberry

	
na

	
Anti-inflammatory, antiviral, anti-proliferant, and anticarcinogenic properties

	
[164]




	
Black currant

	
Clinical trials on humans

	
Therapeutic potential for hypertension and other cardiovascular diseases, cancer, diabetes, and eye-related disease.

	
[11]




	
Black plum

	
In vitro

	
Antibacterial, antifungal, antiviral, anti-genotoxic, anti-inflammatory, anti-ulcerogenic, cardioprotective, anti-allergic, anticancer, chemopreventive, radioprotective, free radical scavenging, antioxidant, hepatoprotective, anti-diarrheal, hypoglycemic, and antidiabetic effects

	
[172]




	
Maqui berry

	
Clinical trials on humans, animal/In vitro/In vivo

	
Antioxidant, anti-inflammatory, anti-atherogenic, anti-carcinogenic, cardio-protective effects

	
[165]




	
Black pomegranate

	
Clinical trials on humans, animal/In vitro/In vivo

	
Antioxidant, anti-inflammatory, prevent skin photoaging, prevent cardiovascular disease, prevent diabetes

	
[168]




	
Black olive

	
Clinical trials on humans/In vitro

	
Antioxidant, anti-inflammatory, reduce risk of stroke, type 2 diabetes alleviation, anticancer, improve digestive system, improve immune response

	
[63]




	
Black elderberry

	
Clinical trials on humans, animal/In vitro

	
Antioxidant, reduce oxidative stress, antiviral, antitumor

	
[166]




	
Mulberry

	
Clinical trials on animals

/In vitro/In vivo

	
Antioxidant, antiatherosclerosis, immunomodulatory, antitumor, antihyperglycemic, hypolipidemic, neuroprotective activity

	
[167]




	
Black velvet tamarind

	
In vitro

	
Antioxidant

	
[173]




	
Black sapote

	
na

	
Antioxidant, anti-inflammatory, anticancer activity, reduce hypertension, improve antiallergenic effect, prevent Alzheimer’s

	
[106]




	
Jucara fruit

	
In vivo, animal

	
Antioxidant capacity, anti-inflammatory, prebiotic effect, reduction of cardiovascular risk

	
[174]




	
Vegetables




	
Black eggplants

	
na

	
Anti-angiogenic activities

	
[30]




	
Cereals

	

	

	




	
Black quinoa seeds

	
In vitro

	
Antioxidant, anti-inflammatory, and antitumor activities

	
[63]




	
Black bean

	
In vitro

	
Technological functionality and antidiabetic potential by inhibiting α-glucosidase, α-amylase, DPP-IV, and glucose uptake.

	
[175]




	
Black walnut

	
Clinical trial on humans

	
Antioxidant, anti-inflammatory, reduce cardiovascular disease

	
[102]




	
Black chia seed

	
Animal Lab

	
Antioxidant

	




	
Fungus

	

	

	




	
Black truffle

	
na

	
Antioxidant, anti-inflammation, immunomodulatory, antitumor, anti-depressant

	
[176]




	
Black trumpet mushroom

	
na

	
Anti-inflammatory, antimugagenic, cytotoxic, hypoglycemic, antioxidant

	
[177]




	
Black oyster mushroom

	
na

	
Hepatoprotective, antiviral, anti-lipidemic, anti-aging, anti-neoplastic, anti-inflammatory, antitumor, immuno-modulatory, anti-mutagenic, hypotensive, antioxidant, anti-diabetic, anti-arthritic, hypocholesterolemic

	
[177]




	
Black processed foods




	
Black tea

	
Humans/In vitro/In vivo

	
Antioxidant, anticancer, anti-obesity

	
[170]




	
Fermented black garlic

	
Animals/In vitro

	
Antioxidant, anticancer, antiobesity, hepatoprotective, anti-inflammatory, antiallergic, alleviating dyslipidemia, a cardioprotective effect

	
[38,48]




	
Soy sauce

	
na

	
Antioxidant, anti-diabetic, anticancer, anti-inflammatory, anti-hyperlipidemic, blood pressure maintenance, immunostimulatory activity, neurostimulatory effect, bone health maintenance, prevents osteoporosis

	
[171]








na: Data currently not available.












7. Challenges with Black Food Production


Despite the numerous potential benefits of black processed foods, such as improved visual appeal, high antioxidant content, and the generation of unique flavors, there are also some limitations that must be considered when it comes to their production. One of these challenges is the potential release of harmful substances during the production process. The Maillard reactions that occur during black food production have the potential to produce harmful substances such as 5-hydroxymethylfurfural (HMF) and acrylamide, which have been shown through scientific studies to pose a risk to human health [178,179]. The effective control of these substances is crucial to ensuring the safety of our food supply. Furthermore, despite some research on the benefits of black foods, there is still a lack of complete understanding of the mechanism behind the formation of black pigments and the influence of environmental and genetic factors. While activated charcoal is often used in black dishes for its color, there are some concerns that need to be addressed. It is crucial to note that there is limited scientific evidence to support the potential health benefits of consuming activated charcoal in food. Additionally, consuming large amounts of activated charcoal regularly can interfere with nutrient and medication absorption, which can negatively impact health [180]. It is crucial to use activated charcoal in food in moderation, and it may be worthwhile to consider alternative methods of achieving black coloration. This approach can help to promote the consumption of healthy and nutritious foods while minimizing the risks associated with activated charcoal intake.



Therefore, it is important to further research to fully understand the production and safety of black foods associated with the developing of new production methods that minimize the release of harmful substances.




8. General Discussion


Black foods have not received much attention to date, although they have a lot of potential in their diverse varieties, massive number of natural pigments, and human health benefits (Figure 10). Recently, the potential of black food has been increasingly recognized through the introduction of many new varieties of black crops to meet the needs of customers around the world. More than 200 types of black rice are recognized worldwide [59]. Four main varieties of black eggplant are developed in Europe and North America for commerce [30]. Furthermore, black foods are reported with greater sources of minerals and dietary fiber than foods with other colors. Black rice has minerals (Ca, P, Fe, and Zn) and dietary fiber that are higher than in brown and white rice [60]. In some cases, black foods are reported to contain a stronger flavor and aroma than normal-colored foods. In comparison with white sesame seeds, black sesame seeds are reported with stronger flavors and aromas due to higher contents of fatty acids, proteins, and lignans [61]. In dry conditions, dark-colored flowers have more scent than light-colored blossoms [181]. Another study of Liu et al. [63] compares phenolic compounds between three quinoa seed varieties (white, red, and black Chenopodium quinoa seeds). Black quinoa seeds are detected with the highest total phenolic contents compared to red and white quinoa seeds. Around one-hundred and fifty black foods are listed in this review with representative pictures, and categorized into three main groups (natural black foods, processed black foods, and black dishes). Six sub-classes are listed as natural black foods (fruits, vegetables, cereals, herbs, meat, seafood, fungi), whereas six sub-classes include black processed foods (fermented foods, beverages, confectionary, food ingredients, functional foods, and heat-treatment products). Therefore, black food can be found in any type of food material and food product.



Black foods need to be discussed in terms of sources and safety for human health. Melanins and anthocyanins are major pigments found in black foods with high potential health benefits and antioxidant activities. While melanin is a brown to black heat-stable pigment, cyanidin derivatives are seen in close relation to black color accumulation. Animals and plants show different pathways to synthesizing black color, with the involvement of different pigments. In several countries, some black foods have been used as functional foods for health treatments or natural food colorants. In addition, black foods are also a promising source of phenolic compounds that could be used in food and the pharmaceutical and cosmetics industries. Besides, the Maillard reaction and caramelization involve the formation of black processed foods, which can create unique flavors and tastes. All the compounds that form black foods are safe and even good for health, while the Maillard reaction and caramelization are seen as the major chemical reactions applied in gastronomy. Due to the high concentration of black pigments, black foods are reported with several health benefits, for example, antioxidant, anti-inflammatory, and anti-cancer properties.




9. Conclusions and Future Perspectives


This review provides an overview of black foods and chemical perspectives of black food formation in general. Black foods can be found anywhere in nature, for example as fruits, vegetables, cereals, herbs, and even fungi, or produced through processing, for example black vinegar, or cooking as with black garlic or black pudding. Then, the chemical aspects of black color in black food are considered. In animals, black color mostly comes from melanin, while both melanin and anthocyanin are involved in the formation of black plants. Melanin, a heat-stable pigment, is the potential source of natural black colorants because of its resistance to environmental factors such as extreme changing temperatures, high humidity, and its radio-protectivity. Meanwhile, anthocyanins are water-soluble pigments that are phenolic compounds with high antioxidant activities. Both melanin and anthocyanins in black foods could be used as functional foods or natural food colorants in the food, biomedical, and textile industries. However, there are still many unsolved questions and aspects that need to be clarified. Currently, many black foods have not been noticed and studied, especially in terms of the chemical compounds and pigment compounds contained in black foods. The relevance of other pigments in the intensity of black color has still not been figured out yet. In conclusion, black foods have garnered attention for their unique visual appeal; however, it is imperative to engage in further research to determine the potential effects of their consumption on human health. This includes considering both the composition and processing of black foods in order to make informed and evidence-based decisions in promoting a nutritious and well-balanced diet.
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Figure 8. The illustration of the source of black color in natural black foods and processed black foods. 
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Figure 10. A summary of black foods, and their potential for human health. 






Figure 10. A summary of black foods, and their potential for human health.



[image: Sustainability 15 03852 g010]







[image: Table] 





Table 3. Pigment compounds found in black foods.
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Black Foods

	
Pigments

	
List of Pigments

	
Ref.




	
Fruits

	

	

	






	
Mulberries

	
ACN

	
Cy 3-Glu, Cy 3-Ru, Pg 3-Glu, Pg 3-Ru

	
[73,74]




	
Blackberries

	
ACN

	
Cy 3-Glu, Cy 3-Ru, Cy 3-Xy, Cy 3-(Ma)Glu

	
[17]




	
Tannins

	
ellagitannins

	
[75]




	
Maqui berry

	
ACN

	
De 3-Glu, De 3,5-diGlu, De 3-Sam, De 3-Sam-5-Glu, Cy 3-Glu, Cy 3,5-diGlu, Cy 3-Sam, Cy 3-Sam-5-Glu

	
[76]




	
Acai berry

	
ACN

	
Cy 3-Ru, Cy 3-Glu, Cy 3-Sam, Pn 3-Glu

	
[77]




	
Black plums

	
ACN

	
De 3,5-diGlu, Cy 3,5-diGlu, Pt 3,5-diGlu, Pn 3,5-diGlu, Mv 3,5-diGlu

	
[78]




	
Summer black grape

	
ACN

	
Pn 3-(6-p-Co)Glu, Pn 3-Glu, Cy 3-(6-p-Co)Glu, Cy 3-(6”-acetyl-Ga), Cy 3-(6-p-Co)Glu-5-Glu, Cy 3,5-diGlu, Cy 3-Glu, Cy 3-Ar, Mv 3-(Co-D-Glu), Mv 3-Glu, De 3-(Co-D-Glu), De 3-(6”-acetyl-Ga), De 3- Glu, De 3-Ar, De 3,5-diGlu, Pt 3-(Co-D-Glu), Pt 3-Glu, Pg 3-Glu

	
[79]




	
Tannins

	
Tannin

	
[80]




	
Black currants

	
ACN

	
De 3-Glu, De 3-Ru, Cy 3-Glu, Cy 3-Ru

	
[17,81]




	
Tannins

	
Tannin

	
[80]




	
Juçara fruit

	
ACN

	
Cy 3-Glu, Cy 3-Ru, Cy 3-Sam, Pg 3-Glu, Cy 3-Rh, Pg 3-Ru

	
[82]




	
Fresh black olives

	
ACN

	
Cy 3-Ru, Cy 3-Glu

	
[83]




	
Black raspberry

	
ACN

	
Cy 3-Glu, Cy 3-Sam, Cy 3-Ru, Cy 3-xylosylRu, Pg 3-Ru

	
[84,85,86]




	
Wolfberry

	
ACN

	
Pt 3-Ru(Co)-5-Glu, De 3-Ru(Co)-5- diGlu, Pt 3-Ru(Cf)-5-Glu, De 3-Ru (Co)-5-Glu, Pt 3-Ru(Fr)-5-Glu, Pt 3-Ru(Fr)-5-Ga Mv 3-Ru(Fr)-5-Glu

	
[87,88]




	
Black chokeberry

	
ACN

	
Cy 3-Ga, Cy 3-Glu, Cy 3-Ar, Cy 3-Xy

	
[89,90]




	
Black cherry

	
ACN

	
Cy 3-Glu, Cy 3-Ru, Cy 3-Ar, Pn 3-Glu

	
[62]




	
Cranberry ’Early black’

	
ACN

	
Cy 3-Ga, Pn 3-Ga, Cy 3-Ar, Pn 3-Ar

	
[91,92]




	
Black elderberry

	
ACN

	
Cy 3-Sam-5-O- Glu, Cy 3,5-diGlu, Cy pentoside-hexoside, Cy 3-Ga, Cy 3-Sam, Cy 3-Glu, Cy 3-Ru, Cy SammalonylGlu, Cy-dipentoside, Pg-3-Glu, Pg-3-Sam, Cy-SamacetylGlu, Cy-xylosyl-dihexoside, Cy-3-Sam-5-Glu, Cy-3-Sam-5-Glu, Cy-3-Sam

	
[93]




	
Cereals

	

	

	




	
Black sesame seeds

	
ACN

	
na

	
[94,95]




	
Melanin

	
melanin

	
[96]




	
Sunflower seeds

	
Melanin

	
allomelanins

	
[2]




	
Black rice

	
ACN

	
Cy 3-Glu, Pn 3-Glu, Cy 3,5-diGlu, Cy 3-Ru

	
[97,98]




	
Black bean

	
ACN

	
De 3-Glu, Pt 3-Glu, Mv 3-Glu, De 3,5-diGlu, Pt 3,5-diGlu, Mv 3,5-diGlu, De 3-Ga, Pt 3-Ga and Mv 3-Ga

	
[16,99]




	
Black sorghum

	
ACN

	
Apigeninidin, luteolinidin, luteolinidin-5-Glu, and 5-methoxyluteolinidin

	
[91,100]




	
Black lentil

	
ACN

	
De 3-glucosylAr, De 3,5-diGlu

	
[91]




	
Black oat

	
Melanin

	
melanin

	
[7]




	
Black wheat

	
ACN

	
De 3-Sam, De 3-Glu, Pg 3-(6”-malonylGlu), De 3-Ru, Cy 3-Glu, Cy 3-Ru, Cy 3-(2-xylosylRu), De 3-(6”-malonylGlu), Cy 3-(6”-succinyl-Glu), Cy 3-(3”,6”-dimalonylGlu), Pt 3-Ru-5-Glu, Cy-3-Ru-3′-Glu, Pn 3,5-diGlu, Mv 3-(6”-p-caffeoylGlu), Mv 3-Ru-5-Glu, De 3-caffeoylGlu, Pn 3-Ru-5-Glu, Mv-3-Ru, Pn 3-Ru, Pg-3-Ru, Mv-3-Glu, Pg 3-Glu, Pn-3-Glu, Cy 3-(6”-malonylGlu), Pt 3-Glu, Cy 3-(6”-feruloylGlu)-5-Glu

	
[55,101]




	
Black walnut

	
Tannin

	
Condensed tannin (proanthocyanin B2)

	
[102]




	
ACN

	
na

	
[102]




	
Black maize kernels

	
ACN

	
Cy 3-Glu, Pg 3-Glu, Pn 3-Glu, Cy 3-malonylGlu, and Cy 3-dimalonyGlu

	
[103]




	
Black soybean

	
ACN

	
De 3-Glu, Cy 3-Glu, Pt 3-Glu, Pg 3-Glu, catechin-Cy 3-Glu, De 3-Ga, Cy 3-Ga, Pn 3-Glu

	
[104]




	
Black peanut

	
ACN

	
Cy 3-sophoroside, Cy 3-glucosylRu, Cy 3-Sam, Cy 3-xylosylRu

	
[105]




	
Vegetables

	

	

	




	
Black eggplant

	
ACN

	
De 3-Glu, De 3-Ru, De 3-Ru-5-Ga and De 3-Ru-5-Glu

	
[16,24]




	
Black carrot

	
ACN

	
Cy 3-xylosylglucosylGa, Cy 3-xylosylGa, the sinapic, ferulic and coumaric acid derivatives of Cy 3-xylosylglucosylGa

	
[18,19]




	
Black sapote

	
Carotenoid

	
β-carotene, lycopene

	
[106]




	
ACN

	
Cy 3-Ga, Cy 3-Glu, Cy 3-Ar, Cy 3-Xy

	
[106]




	
Black Hungarian peppers

	
ACN

	
De 3-Co-Ru-5-Glu

	
[72]




	
Chlorophyll

	

	
[72]




	
Carotenoid

	
β-carotene, lycopene

	
[72]




	
Shetland black potato

	
ACN

	
Pn 3-Ru-5-Glu, Pt 3-Co-Ru-5-Glu, Pn-3-Co-Ru-5-Glu

	
[107]




	
Herbs and Spices

	

	

	




	
Black tea

	
Melanin

	
Melanin

	
[8]




	
Tannin

	
Tannin

	
[108]




	
Black cumin

	
Tannin

	
Tannin

	
[109]




	
ACN

	
na

	
[109]




	
Melanin

	
Melanin

	
[110]




	
Black mustard

	
Melanin

	
Melanin

	
[3]




	
Black ginger

	
Melanin

	
Melanin

	




	
Meats and Seafoods




	
Black chicken

	
Melanin

	
Eumelanin

	
[5]




	
Sepia ink

	
Melanin

	
Eumelanin

	
[2,4]




	
Squid ink

	
Melanin

	
Eumelanin

	
[2]




	
Catfish

	
Melanin

	
Eumelanin, pheomelanin

	
[111]




	
The crab Sesarma reticulatum

	
Melanin

	
Eumelanin

	
[112]




	
Black fish skin

	
Melanin

	
Eumelanin

	
[113]




	
Fungus

	

	

	




	
Black truffle

	
Melanin

	
Allomelanin

	
[58]




	
Dead man’s fingers mushroom

	
Melanin

	
Allomelanin

	
[114]




	
Chaga mushroom

	
Melanin

	
Allomelanin

	
[114]




	
Tinder Fungus

	
Melanin

	
Allomelanin

	
[114]




	
Black processed foods




	
black garlic

	
Melanin

	
Allomelanin

	
[4]




	
MRPs

	
MPs

	
[20]




	
Coke

	
Caramel

	
Amonia caramel

	
[23]




	
Soy sauce

	
MRPs

	

	




	
Black sugar

	
Caramel

	
Caramel

	
[22]




	
Soy sauce

	
MRPs

	
MRPs

	




	
Roasted coffee

	
MRPs

	
MRPs

	
[21]








Abbreviations: ACN, anthocyanin; Ar, arabinoside; Cy, Cyanidin; Glu, Glucoside; Ru, Rutinoside; Pg, Pelargoni- din; Xy, Xyloside; Sam, Sambubinoside; Pn, Peonidin; Pt, Petunidin; Mv, Malvidin; Gal, Galactoside; De, Delphinidin; Co, coumaroyl; MRPs, Maillard reaction products; na, Data currently not available. Bold are the prominent compounds.
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