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Preface

Vegetables are important sources of vitamins, minerals, and antioxidants providing human
health benefits. Regular intake of recommended amounts of vegetables leads to sound
health. The quality of vegetables greatly depends on the production system and handling
procedures after harvest. In this case, hydroponic systems are now popularly used for pro‐
ducing quality vegetables.

In this book, production and the importance of quality vegetables to human health are dis‐
cussed. The use of hydroponic systems and soilless culture techniques for the production of
quality vegetables is also presented briefly. The roles of different types of vegetables in the
prevention of diabetes, obesity, metabolic syndrome, cardiovascular disease, and cancer are
included. Also included are the nutritional quality and bioactive compounds of freshly
grown vegetables through hydroponics, their preparation and cooking methods for retain‐
ing nutritional qualities, and food formulation using sea vegetables.

Interesting research work on the nutritional quality of vegetables, their role in human dis‐
ease prevention, production methods, and food formulations is brought together in this
book on plant biological science. Publication of this book would have been impossible with‐
out the contribution of many researchers around the world. Our sincere acknowledgment
goes to the authors who contributed their valuable research work to this book.

Dr. Md. Asaduzzaman
Horticulture Research Centre

Bangladesh Agriculture Research Institute
Gazipur, Bangladesh

Dr. Toshiki Asao
Department of Agriculture
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1. Introduction

Vegetables are the important sources of vitamins, minerals, and antioxidants providing 
human health benefits. Regular intake of recommended amount of vegetables leads to sound 
health. On the contrary, insufficient intake of quality vegetables causes several mineral defi-
ciency disease symptoms. Quality of vegetables greatly depends on the production system 
and handling procedures after harvest. In this case, hydroponic systems are now popularly 
used for producing quality vegetables. In these managed culture techniques, plants are grown 
in water or soilless substrates through artificial supply of plant nutrition. In this chapter, 
the importance of quality vegetables to human health will be discussed. Use of hydroponic 
systems and soilless culture techniques for the production of quality vegetables will also be 
discussed briefly.

2. Human health benefits of quality vegetables

The fresh and edible portions of herbaceous plants are generally termed as vegetables, which 
are important component of a healthy diet. They are the important source of vitamins and 
minerals, dietary fibers, and antioxidants. Regular and adequate intake of different kinds of 
vegetables such as edible roots, stems, leaves, fruits, or seeds helps us maintain good health. 
On the other hand, reduced consumption of quality vegetables often causes noncommuni-
cable diseases including cardiovascular diseases and certain types of cancer. It is estimated 
that about 5.2 million deaths reported worldwide were due to inadequate consumption of 
fruits and vegetables in 2013 [1–3]. Research results recommended increased consumption of 
fruits and vegetables for the prevention of these chronic diseases [4, 5]. Vegetables contain low 
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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fats, less sugars, and sodium ions, which are the main focus of healthy diets. In this regards, 
WHO recommended consumption of more than 400 grams of fruits and vegetables per day to 
maintain good health and also reduce the risk of noncommunicable diseases [6].

Vegetables provide mineral nutrients that are vital for good health and maintenance of our 
body. Most of the vegetables have low fat and calories, many mineral nutrients including 
potassium, dietary fiber, folic acid, vitamin A, and vitamin C. Dietary potassium may help 
to maintain healthy blood pressure. In this case, vegetables such as sweet potatoes, white 
potatoes, white beans, tomato products, beet greens, soybeans, lima beans, spinach, lentils, 
and kidney beans are rich in potassium. Dietary fiber from vegetables helps to reduce blood 
cholesterol levels and to lower risk of cardiovascular disease. Vegetables containing vitamin 
A keeps eyes and skin healthy and helps to protect against infections, while vitamin C helps 
heal cuts and wounds and keeps teeth and gums healthy and it aids in iron absorption.

Vegetable rich diets are attributed to overall good health and reduce the risk of cardiovascular 
diseases including heart attack and stroke [7]. Colored vegetables are reported to play protec-
tive roles against certain types of cancer [8, 9]. Dietary fiber from vegetables such as leafy greens 
reduces the risk of heart diseases, obesity and diabetes mellitus, and metabolic syndromes [10].

In the following chapter, different types of vegetables such as leafy greens, root, bulb and 
tubers, legumes, stalks, fruit and flower vegetables are discussed along with their role on 
prevention of diabetes, obesity, metabolic syndrome, cardiovascular disease, and cancer. 
Preparation and cooking methods greatly affect the nutritional quality of vegetables. Thus, 
research results on these preparing and cooking methods will be also discussed in another 
chapter. Health benefits of common fruits and vegetables in the sub-Saharan Africa with their 
consumption status will be reviewed in one of chapter of this book.

3. Production techniques of quality vegetables

Quality of vegetable greatly depends on the horticultural production systems [11], environ-
mental factors [12], and management practices used [13]. Climatic conditions such as mainly 
temperature and light intensity have strong influence on the nutritional quality of vegetables. 
It was reported that, soil type, rootstock used for fruit trees, mulching, irrigation, fertilization, 
and other cultural practices influence composition and quality attributes of the harvested 
plant [14]. Hydroponic cultivation technique ensures production of quality vegetables, as in 
this culture system both plant nutrition and environmental conditions are artificially man-
aged according to the plant need. Growing quality vegetables is easier and safer in hydro-
ponic system compared to conventional soil culture. The great advantages of this system are 
that plant roots are visible and root zone environment can be easily monitored [15]. In this 
system of cultivation, yield of vegetable crop can be maximized though efficient use of all 
resources, and it is believed to be the most intensive form of agricultural enterprises for com-
mercial production of greenhouse vegetables [16–18].

Soilless culture of vegetables uses either inert organic or inorganic substrate through hydroponic 
nutrient application. This culture technique has also been reported to practice in the greenhouse 
as an alternative to conventional filed cultivation of many high-value vegetable crops [19–21]. 

Vegetables - Importance of Quality Vegetables to Human Health2

Under these protected cultivation system, weather factors, amount and composition of nutrient 
solution, and also the growing medium can be managed successfully. Thus, quality of vegetable 
crops grown through soilless culture improves significantly compared to conventional soil cul-
ture [22, 23]. Many other researchers found better taste, uniformity, color, texture, and higher 
nutritional value in fruits grown in soilless culture than in soil cultivation methods [24–26].

In this book, nutritional quality and bioactive compounds in freshly grown vegetable through 
hydroponics will be discussed in detail. Moreover, influence of different soilless substrates on 
the growth, quality, and yield of Slovenian sweet potato cultivar will also be presented. In the 
sea, there are abundant sources of green algae that can be included in the dietary menu as it 
is rich in minerals. The final chapter will describe the methods of sea vegetables utilization in 
the food formulation.

4. Conclusion

Sufficient consumption of quality vegetables can reduce the risk of several noncommunicable 
diseases such as cardiovascular disease, cancers, diabetes, obesity, and metabolic syndromes. 
Inclusion of vegetables in the dietary constituents indicates healthy life. Vegetables provides 
greater amount of dietary fiber, vitamins, minerals, and also phytochemicals or antioxidants. 
In this regards, hydroponics and soilless culture can produce higher quality of vegetables 
compared to traditional soil culture techniques. It is evident that, nutrition-related health 
problems are increasing drastically in the world. Therefore, production of quality vegetables 
and their sufficient consumption should be given priority for human health promotion.
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Abstract

Vegetables are important for human health because of their vitamins, minerals, phyto-
chemical compounds, and dietary fiber content. Especially antioxidant vitamins (vitamin 
A, vitamin C, and vitamin E) and dietary fiber content have important roles in human 
health. Adequate vegetable consumption can be protective some chronic diseases such 
as diabetes, cancer, obesity, metabolic syndrome, cardiovascular diseases, as well as 
improve risk factors related with these diseases. In this chapter, basic information will be 
given about the classification of vegetables, preparation and cooking, and their effects on 
food content of vegetables and effects on health and diseases (diabetes, obesity, metabolic 
syndrome, cardiovascular diseases, and cancer).

Keywords: vegetables, diabetes, metabolic syndrome, cardiovascular diseases, cancer, 
cooking methods, phenolic compounds, antioxidants, fiber

1. Introduction

Vegetables are annual or perennial horticultural crops, with certain sections (roots, stalks, 
flowers, fruits, leaves, etc.) that can be consumed wholly or partially, cooked or raw [1].

Vegetables are important for human nutrition in terms of bioactive nutrient molecules such 
as dietary fiber, vitamins and minerals, and non-nutritive phytochemicals (phenolic com-
pounds, flavonoids, bioactive peptides, etc.). These nutrient and non-nutrient molecules 
reduce the risk of chronic diseases such as cardiovascular diseases, diabetes, certain cancers, 
and obesity [2, 3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 2

Role of Vegetables in Human Nutrition and Disease
Prevention

Taha Gökmen Ülger, Ayşe Nur Songur,
Onur Çırak and Funda Pınar Çakıroğlu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77038

Provisional chapter

DOI: 10.5772/intechopen.77038

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Role of Vegetables in Human Nutrition and Disease 
Prevention

Taha Gökmen Ülger, Ayşe Nur Songur, Onur Çırak 
and Funda Pınar Çakıroğlu

Additional information is available at the end of the chapter

Abstract

Vegetables are important for human health because of their vitamins, minerals, phyto-
chemical compounds, and dietary fiber content. Especially antioxidant vitamins (vitamin 
A, vitamin C, and vitamin E) and dietary fiber content have important roles in human 
health. Adequate vegetable consumption can be protective some chronic diseases such 
as diabetes, cancer, obesity, metabolic syndrome, cardiovascular diseases, as well as 
improve risk factors related with these diseases. In this chapter, basic information will be 
given about the classification of vegetables, preparation and cooking, and their effects on 
food content of vegetables and effects on health and diseases (diabetes, obesity, metabolic 
syndrome, cardiovascular diseases, and cancer).

Keywords: vegetables, diabetes, metabolic syndrome, cardiovascular diseases, cancer, 
cooking methods, phenolic compounds, antioxidants, fiber

1. Introduction

Vegetables are annual or perennial horticultural crops, with certain sections (roots, stalks, 
flowers, fruits, leaves, etc.) that can be consumed wholly or partially, cooked or raw [1].

Vegetables are important for human nutrition in terms of bioactive nutrient molecules such 
as dietary fiber, vitamins and minerals, and non-nutritive phytochemicals (phenolic com-
pounds, flavonoids, bioactive peptides, etc.). These nutrient and non-nutrient molecules 
reduce the risk of chronic diseases such as cardiovascular diseases, diabetes, certain cancers, 
and obesity [2, 3].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In recent years, consumers began to change their eating patterns with the growing interest in 
the effect of foods in staying healthy and maintaining health. “Western” type diets are charac-
terized by increased intake of calories, sugar, saturated fats and animal protein, and reduced 
consumption of vegetables and fruits. When this type of diet is combined with lack of activity, 
the prevalence and frequency of diseases such as obesity, diabetes, and cardiovascular pathol-
ogies also increases [3]. In healthy diets (Mediterranean diet model), eating plant-based foods 
such as fruits and vegetables, cereals, legumes and nuts, replacing butter with healthy oils such 
as olive oil and canola oil, using herbs and spices to add flavor instead of salt, limiting red meat 
to several times a month and eating fish and poultry at least twice a week are recommended. 
Evidence from epidemiological studies and clinical trials shows that the Mediterranean diet 
is associated with many positive health outcomes such as reduced risk of various chronic 
illnesses, reduced overall mortality, and increased likelihood of healthy aging[4].One of the 
most important features of these diets is the high consumption of vegetables, and therefore 
fiber, vitamins, minerals, flavonoids, phytoestrogens, sulfur compounds, phenolic compounds 
such as monoterpenes and bioactive peptides, which have positive effects on health [3]. In this 
chapter, basic information will be presented on the classification of vegetables, their relation to 
health, and the effects of preparation and cooking on nutrient content of vegetables.

2. Classification of vegetables

There are approximately 10,000 plant species used as vegetables in the world. Classification 
of these species can be done by considering a common set of features. It is important for 
food researchers, dietitians, and nutrition educators to subcategorize vegetables by taking 
into account health and nutrition. This sub-categorization will be more useful if it is based on 
similarities in food composition [5]. Vegetables can be classified according to the part of the 
plant used for nutrition and the specific nutritional value [6].

2.1. Green vegetables

2.1.1. Leaf vegetables

This group includes spinach, lettuce, curly lettuce, chard, purslane, chicory, etc. These are 
important minerals (iron and calcium), vitamins (A, C, and riboflavin) and fiber sources.

Young, fresh leaves contain more vitamin C than mature plants. The green outer leaves of 
lettuce and cabbage are richer in vitamins, calcium, and iron than white inner leaves. Thinner 
and greener leaves are more nutritious and usually have lower calories.

2.1.2. Stalk vegetables

The best examples to be given to stalk vegetables are celery and asparagus. They contain minerals 
and vitamins in proportion to the green color. Asparagus is a particularly rich source of folic acid.

Vegetables - Importance of Quality Vegetables to Human Health8

2.1.3. Fruit and flower vegetables

Broccoli, cauliflower, and artichoke are frequently consumed flowering vegetables. Broccoli 
is a good source of iron, phosphorus, vitamins A and C, and riboflavin. Cauliflower is also a 
good source of vitamin C. The nutritional value of the outer leaves of cauliflower and broc-
coli is much higher than the flower buds. They can be consumed raw in salads or cooked. 
Artichoke is a good source of minerals, especially potassium, calcium, and phosphorus, and 
has high dietary fiber content. Tomatoes and peppers are the most common fruit vegetables. 
Both are rich in vitamin C. Other fruit vegetables include cucumber, zucchini, and eggplant. 
A dark green or yellow color indicates high β-carotene content. The darker the yellow color, 
the higher the content of β-carotene.

2.2. Root vegetables

2.2.1. Root, bulb, and tuber vegetables

Carrot, beet, turnip, fennel, onion, radish, and potato are examples of this group of veg-
etables. Yellow and orange varieties are rich in β-carotene, which is the precursor of vita-
min A. Onion is an extraordinary example of root vegetables and contains moderate levels 
of vitamin C.

2.2.2. Legumes

This group includes legumes, peas, and soya beans. This group is rich in saponin and soluble 
fiber [6].

Subgroups may differ from country to country and classifications in nutritional guidelines 
are based on nutritional content in different countries. For example, the basic food guide-
lines used in the United States (Basic 7 and Basic 4 Food Groups and Food Guide Pyramid) 
are focused on dark green leafy and dark orange/yellow group vegetables for beta-carotene 
and citrus fruits for vitamin C. Later on, 2010 USDA MyPyramid food guide identified dark 
green leafy vegetables and broccoli, other leafy vegetables, legumes, unique vegetables 
(dark orange, tomato, allium vegetables, etc.) and additional vegetables [Table 1]. In the 
guide prepared by Turkish Ministry of Health (Turkey Nutrition Guide 2015), vegetables 
have been classified as Dark green leafy vegetables (Mediterranean/salad greens such as spin-
ach, chard, quince, blackcurrant, vine leaf, curly, lettuce, spinach, purslane, parsley, cress, 
arugula, mint, sorrel, radish, dill, radica, and curly-chicory (chopped or in salads)), other 
green vegetables (broccoli, okra, fresh beans, fresh peas, green zucchini, artichokes, aspara-
gus, brussels sprouts, varieties of pointed or stuffed peppers, cucumber, and iceberg lettuce 
(chopped or in salads)), Red—orange—blue—purple vegetables (tomatoes, carrots, red pepper, 
radish, winter squash, beet, aubergine, and red cabbage), white vegetables (onion, celery, cab-
bage, cauliflower, leek, mushroom, ground apple, turnip), and starchy vegetables (potatoes 
and fresh corn) [7].
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3. The effect of vegetables on some disease

3.1. Effects on diabetes, obesity, and metabolic syndrome

Diabetes mellitus (DM), obesity, and the metabolic syndrome (MS) are increasing health prob-
lems in recent years in parallel with the increase in unhealthy eating habits and unhealthy liv-
ing behaviors. One of the most basic aspects of the control and management of the disease in 
individuals with these health problems is the regulation of eating habits. In medical nutrition 
therapy applied to these individuals, it is important to meet the energy and nutritional needs 

Vegetable subgroups Important sourcesa Contributesb

Dark green leafy vegetables

and broccoli

Vitamin C

Vitamin K

Folate

Beta-carotene

Lutein + zeaxanthin, flavones

Iron, copper, manganese

Vitamin B6

Phytosterol

Alpha-carotene

Flavonols

TAC

Other leafy vegetables Vitamin C

Vitamin K

Anthocyanidins

Phytosterol

Manganese

Vitamin B6

Folate

Beta-carotene

Lutein + zeaxanthin

TAC

Legumes Copper

Folate

Phytosterol

Flavan-3-ols

Flavonols

TAC

Dietary fiber

Magnesium, iron, zinc, manganese

Vitamin B6

Unique vegetables Vitamin C

Alpha-carotene lycopene

Vitamin B6

Vitamin K

Manganese, copper

Beta-carotene

Additional vegetables Flavonoids Vitamin C

Vitamin K

aProvides >25% DRI or highest mean concentration of component per 100 g.
bProvides >10% DRI or second or third highest concentration of component per 100 g.

Table 1. Summary chart for food ingredients in 2010 my pyramid vegetable subgroups [5].
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of individuals, as well as including foods with functional activities against the complications 
of these diseases in the diet. Phytochemical compounds (carotenoids, alkaloids, terpenoids, 
and phenolics), which are secondary compounds found in vegetables, are thought to be pro-
tective against these diseases.

3.1.1. Root, bulb, and tuber vegetables

Onions and garlic, thanks to the volatile oils, organosulfur compounds, and flavonoids in their 
content, are among the vegetables thought to be protective against DM, obesity, and MS [8]. 
Organosulfur compounds such as S-methyl cysteine and flavonoids such as quercetin in these 
vegetables exert a functional effect by regulating the activities of some enzymes involved in 
carbohydrate metabolism, increasing insulin secretion and sensitivity, and increasing NADP+ 
and NADPH activities [9]. In addition, these vegetables inhibit the enzymes α-glucosidase 
and α-amylase, inhibiting the formation of D-glucose from oligosaccharides and disaccha-
rides and delaying the absorption of glucose from the intestines [10]. Onion and garlic are 
especially protective against dyslipidemia and oxidative stress, which are seen due to DM 
and MS.

Kumar et al. found that obese patients with Type 2 diabetes who used garlic tablets in addi-
tion to metformin had significantly higher fasting blood glucose (FBG), postprandial blood 
glucose, total cholesterol (TC), triglyceride (TG), low density lipoprotein cholesterol (LDL), 
C-reactive protein (CRP), and adenosine deaminase levels compared to those of patients 
using only metformin [11]. In dyslipidemic individuals with Type 2 DM, the use of garlic tab-
lets for 12 weeks significantly decreased TC and LDL levels, while high-density lipoprotein 
cholesterol (HDL) levels were significantly increased [12]. Although there are similar studies 
suggesting that garlic has positive effects on blood glucose level and plasma lipid profile in 
the presence of DM [13], garlic was also found to increase antioxidant enzyme activities in 
DM and reduce bioactive aldehyde levels [14].

It was found that garlic consumption increased adiponectin levels in MS patients [15]. 
Considering that adiponectin has antiatherogenic and antiatherosclerotic effects [16], gar-
lic consumption in MS patients is thought to be protective against cardiovascular diseases 
(CVDs). In addition, it has been determined that garlic has a positive effect on insulin resis-
tance in rats with MS induced by high fructose content feed [17].

In obese rats induced by high-fat diets, garlic supplemented animal feed reduced TG and 
TC levels, as well as body weight and epididymal fat accumulation [18]. Similarly, in obesity 
induced rats with a high-fat diet, garlic reduced visceral and epididymal fat accumulation 
while reducing atherogenic index and cardiac risk factors [19].

It was reported that onion powder added to animal feed in experimental diabetic rats induced 
by aloxane or streptozotocin had a hypoglycemic effect [9, 20]. In a study comparing the effi-
cacy of glibenclamide, which is an oral antidiabetic drug, with onion application at different 
doses in DM rats, it was reported that 300 mg/kg of onion extract application reduced fasting 
glucose levels by 75.4%, whereas 2.5 mg/kg glibenclamide reduced fasting glucose levels by 
76.4% [21].
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3. The effect of vegetables on some disease

3.1. Effects on diabetes, obesity, and metabolic syndrome
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ing behaviors. One of the most basic aspects of the control and management of the disease in 
individuals with these health problems is the regulation of eating habits. In medical nutrition 
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Vegetable subgroups Important sourcesa Contributesb

Dark green leafy vegetables

and broccoli

Vitamin C

Vitamin K

Folate

Beta-carotene

Lutein + zeaxanthin, flavones

Iron, copper, manganese

Vitamin B6

Phytosterol

Alpha-carotene

Flavonols

TAC

Other leafy vegetables Vitamin C

Vitamin K

Anthocyanidins

Phytosterol

Manganese

Vitamin B6

Folate

Beta-carotene

Lutein + zeaxanthin

TAC

Legumes Copper

Folate

Phytosterol

Flavan-3-ols

Flavonols

TAC

Dietary fiber

Magnesium, iron, zinc, manganese

Vitamin B6

Unique vegetables Vitamin C

Alpha-carotene lycopene

Vitamin B6

Vitamin K

Manganese, copper

Beta-carotene

Additional vegetables Flavonoids Vitamin C

Vitamin K

aProvides >25% DRI or highest mean concentration of component per 100 g.
bProvides >10% DRI or second or third highest concentration of component per 100 g.

Table 1. Summary chart for food ingredients in 2010 my pyramid vegetable subgroups [5].
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of individuals, as well as including foods with functional activities against the complications 
of these diseases in the diet. Phytochemical compounds (carotenoids, alkaloids, terpenoids, 
and phenolics), which are secondary compounds found in vegetables, are thought to be pro-
tective against these diseases.
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cholesterol (HDL) levels were significantly increased [12]. Although there are similar studies 
suggesting that garlic has positive effects on blood glucose level and plasma lipid profile in 
the presence of DM [13], garlic was also found to increase antioxidant enzyme activities in 
DM and reduce bioactive aldehyde levels [14].

It was found that garlic consumption increased adiponectin levels in MS patients [15]. 
Considering that adiponectin has antiatherogenic and antiatherosclerotic effects [16], gar-
lic consumption in MS patients is thought to be protective against cardiovascular diseases 
(CVDs). In addition, it has been determined that garlic has a positive effect on insulin resis-
tance in rats with MS induced by high fructose content feed [17].

In obese rats induced by high-fat diets, garlic supplemented animal feed reduced TG and 
TC levels, as well as body weight and epididymal fat accumulation [18]. Similarly, in obesity 
induced rats with a high-fat diet, garlic reduced visceral and epididymal fat accumulation 
while reducing atherogenic index and cardiac risk factors [19].

It was reported that onion powder added to animal feed in experimental diabetic rats induced 
by aloxane or streptozotocin had a hypoglycemic effect [9, 20]. In a study comparing the effi-
cacy of glibenclamide, which is an oral antidiabetic drug, with onion application at different 
doses in DM rats, it was reported that 300 mg/kg of onion extract application reduced fasting 
glucose levels by 75.4%, whereas 2.5 mg/kg glibenclamide reduced fasting glucose levels by 
76.4% [21].
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Studies investigating the effects of onion consumption in the presence of DM on antioxidant 
enzyme levels such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GSH-Px) showed that onion consumption increased the levels of these enzymes [22]. In 
these studies, it was also found that onion reduced bioactive aldehyde levels such as malondi-
aldehyde (MDA) formed by the decomposition of lipid hydroperoxides.

It was reported that onion reduced insulin resistance and improved FBG levels in MS Zucker 
type rats [23]. It was shown that onion extract reduced weight gain, epididymal fat accumula-
tion, and serum TC levels in BALB/c mice that were made obese with a high-fat diet [24]. It 
was reported that a daily onion consumption of 100–120 g significantly decreased TC and 
LDL cholesterol levels of obese women with polycystic ovary syndrome [25].

3.1.2. Leaf vegetables

Purslane and chard are green leafy vegetables thought to have functional activity against 
DM, MS, and obesity. Purslane shows a functional effect due to free oxalic acids, alkaloids, 
omega-3 fatty acids, coumarins, flavonoids, cardiac glycosides, anthraquinone, α-linolenic 
acid, and active compounds in its composition [26], while chard shows its effect via phospho-
lipids, glycolipids, fatty acids (palmitic, stearic, oleic, and linoleic acid), folic acid, ascorbic 
acid, and pectin in its composition [27]. Purslane, described by WHO as one of the most used 
medical plants, is also called “global panacea” [28].

In studies investigating the effects of the use of purslane extract on anthropometric and biochemi-
cal changes in Type 2 DM patients, it was found that consumption of purslane extract significantly 
reduced HbA1c levels [29], TG, TC, LDL, FBG, and post-prandial blood glucose, body weight 
and BMI, whereas it significantly increased HDL levels [30]. In another study, consumption of 
purslane extract significantly increased glucagon-like peptide-1 concentrations, which has posi-
tive effects on beta cell proliferation and insulin secretion, in individuals with Type 2 DM [31].

In rats fed high-fat diets, it was seen that purslane decreased TG, TC, and LDL levels [32] and 
similarly it decreased TC and TG levels in hypercholesterolemic rats [33]. In rats with DM 
induced by streptozotocin, it was shown that purslane had hypoglycemic [34] and antioxi-
dant effects [35].

In Type 1 diabetic rats, chard extracts were shown to reduce blood glucose levels and improve 
beta cell regeneration [27], while significantly decreasing adenosine deaminase levels [36]. It was 
also found that chard decreased elevated MDA levels due to diabetes and increased antioxidant 
capacity [36]. In Type 2 diabetic rats, chard extract was also shown to be effective in increas-
ing insulin secretion and lowering blood glucose levels by increasing GLP-1 and acetylcholine 
levels [37]. It was also found to have a hypolipidemic effect in high fat diet-induced rats [38].

3.1.3. Fruit and flower vegetables

Broccoli and cauliflower are vegetables thought to have protective effects against many dis-
eases thanks to glucosinolates and indole-3-carbinol they contain [39]. Indole-3-carbinol given 
to obesity induced mice by a high fat diet was shown to reduce epididymal fat accumulation, 
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body weight, insulin, leptin, and blood glucose levels, increase adiponectin levels, and 
improve glucose tolerance [39]. Similarly, in Type 2 diabetic rats fed with a high fat diet, 
indole-3-carbinol reduced blood glucose levels, and HbA1c levels, thereby reducing thio-
barbituric acid reactive substances, lipid hydroperoxides and conjugated dienes levels, and 
increased levels of SOD, CAT, and GSH-Px [40]. Positive effects of broccoli on impaired lipid 
profile due to high fat diets were detected [41].

3.1.4. Legumes

Leguminosae family peas and vegetables such as peas and soybeans inhibit alpha-amylase 
enzyme, and show antidyslipidemic and antioxidant effects thanks to phytosterols such as 
B-sitosterol, campesterol and stigmasterol, and linoleic acid they contain [42]. Studies con-
ducted by Helmstädter revealed that different plant extracts of this family improved glucose 
tolerance and glycosuria [43]. Consumption of different species of this family such as Pinto 
beans, Great Northern beans, Navy beans, and Black beans have been reported to reduce the 
risk of obesity, MS, and DM [44].

3.2. Effects on cardiovascular diseases

CVDs are the primary cause of death and illness in the world. The Global Burden of Disease 
Study reported that 29.6% of all deaths in the world were due to CVDs [45]. The main factor 
in these deaths is the increase in unhealthy lifestyle and eating habits. Most of the risk factors 
associated with CVDs are reversible risk factors and non-pharmacologic measures such as 
healthy eating habits and healthy lifestyle changes may help control the risk factors for the 
disease. Increased consumption of vegetables, which are an important part of a healthy diet, 
has been shown to reduce CVD-related mortality rates [46] and improve risk factors [47]. 
Vegetables are protective against CVD thanks to low content of saturated fat, trans fat, and 
cholesterol and being rich in bioactive compounds such as flavonoids, phytoestrogens (lig-
nans, coumestran, isoflavones, resveratrol, and lycopene), organosulfur compounds, soluble 
dietary fibers (β-glucan, pectin, and psyllium), isothiocyanates, monoterpenes, and sterols 
(sitostanol, stigmasterol, and campesterol) [48].

3.2.1. Root, bulb, and tuber vegetables

Epidemiological studies indicate that there is an inverse relationship between garlic con-
sumption and CVD development. Studies in the literature reported that garlic and garlic 
components show cholesterol and lipid lowering effects by inhibiting key enzymes involved 
in cholesterol and fatty acid synthesis (monooxygenase and HMG-CoA reductase) [49], anti-
platelet effect by inhibiting cyclooxygenase enzyme activity [50], and fibrinolytic effect by 
inhibiting lipid peroxidation and hemolysis in oxidized erythrocytes [51]. It was also reported 
that onion and garlic had a blood pressure lowering effect by inducing intracellular nitric 
oxide and hydrogen sulfide production and inhibiting angiotensin-converting enzyme activ-
ity [52]. It was also shown that garlic reduced the levels of reactive oxygen species (ROS) that 
are thought to play a role in the pathogenesis of CVD and increased antioxidant capacity [52].
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Studies investigating the effects of onion consumption in the presence of DM on antioxidant 
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3.1.2. Leaf vegetables

Purslane and chard are green leafy vegetables thought to have functional activity against 
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omega-3 fatty acids, coumarins, flavonoids, cardiac glycosides, anthraquinone, α-linolenic 
acid, and active compounds in its composition [26], while chard shows its effect via phospho-
lipids, glycolipids, fatty acids (palmitic, stearic, oleic, and linoleic acid), folic acid, ascorbic 
acid, and pectin in its composition [27]. Purslane, described by WHO as one of the most used 
medical plants, is also called “global panacea” [28].

In studies investigating the effects of the use of purslane extract on anthropometric and biochemi-
cal changes in Type 2 DM patients, it was found that consumption of purslane extract significantly 
reduced HbA1c levels [29], TG, TC, LDL, FBG, and post-prandial blood glucose, body weight 
and BMI, whereas it significantly increased HDL levels [30]. In another study, consumption of 
purslane extract significantly increased glucagon-like peptide-1 concentrations, which has posi-
tive effects on beta cell proliferation and insulin secretion, in individuals with Type 2 DM [31].

In rats fed high-fat diets, it was seen that purslane decreased TG, TC, and LDL levels [32] and 
similarly it decreased TC and TG levels in hypercholesterolemic rats [33]. In rats with DM 
induced by streptozotocin, it was shown that purslane had hypoglycemic [34] and antioxi-
dant effects [35].

In Type 1 diabetic rats, chard extracts were shown to reduce blood glucose levels and improve 
beta cell regeneration [27], while significantly decreasing adenosine deaminase levels [36]. It was 
also found that chard decreased elevated MDA levels due to diabetes and increased antioxidant 
capacity [36]. In Type 2 diabetic rats, chard extract was also shown to be effective in increas-
ing insulin secretion and lowering blood glucose levels by increasing GLP-1 and acetylcholine 
levels [37]. It was also found to have a hypolipidemic effect in high fat diet-induced rats [38].

3.1.3. Fruit and flower vegetables

Broccoli and cauliflower are vegetables thought to have protective effects against many dis-
eases thanks to glucosinolates and indole-3-carbinol they contain [39]. Indole-3-carbinol given 
to obesity induced mice by a high fat diet was shown to reduce epididymal fat accumulation, 
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body weight, insulin, leptin, and blood glucose levels, increase adiponectin levels, and 
improve glucose tolerance [39]. Similarly, in Type 2 diabetic rats fed with a high fat diet, 
indole-3-carbinol reduced blood glucose levels, and HbA1c levels, thereby reducing thio-
barbituric acid reactive substances, lipid hydroperoxides and conjugated dienes levels, and 
increased levels of SOD, CAT, and GSH-Px [40]. Positive effects of broccoli on impaired lipid 
profile due to high fat diets were detected [41].

3.1.4. Legumes

Leguminosae family peas and vegetables such as peas and soybeans inhibit alpha-amylase 
enzyme, and show antidyslipidemic and antioxidant effects thanks to phytosterols such as 
B-sitosterol, campesterol and stigmasterol, and linoleic acid they contain [42]. Studies con-
ducted by Helmstädter revealed that different plant extracts of this family improved glucose 
tolerance and glycosuria [43]. Consumption of different species of this family such as Pinto 
beans, Great Northern beans, Navy beans, and Black beans have been reported to reduce the 
risk of obesity, MS, and DM [44].

3.2. Effects on cardiovascular diseases

CVDs are the primary cause of death and illness in the world. The Global Burden of Disease 
Study reported that 29.6% of all deaths in the world were due to CVDs [45]. The main factor 
in these deaths is the increase in unhealthy lifestyle and eating habits. Most of the risk factors 
associated with CVDs are reversible risk factors and non-pharmacologic measures such as 
healthy eating habits and healthy lifestyle changes may help control the risk factors for the 
disease. Increased consumption of vegetables, which are an important part of a healthy diet, 
has been shown to reduce CVD-related mortality rates [46] and improve risk factors [47]. 
Vegetables are protective against CVD thanks to low content of saturated fat, trans fat, and 
cholesterol and being rich in bioactive compounds such as flavonoids, phytoestrogens (lig-
nans, coumestran, isoflavones, resveratrol, and lycopene), organosulfur compounds, soluble 
dietary fibers (β-glucan, pectin, and psyllium), isothiocyanates, monoterpenes, and sterols 
(sitostanol, stigmasterol, and campesterol) [48].

3.2.1. Root, bulb, and tuber vegetables

Epidemiological studies indicate that there is an inverse relationship between garlic con-
sumption and CVD development. Studies in the literature reported that garlic and garlic 
components show cholesterol and lipid lowering effects by inhibiting key enzymes involved 
in cholesterol and fatty acid synthesis (monooxygenase and HMG-CoA reductase) [49], anti-
platelet effect by inhibiting cyclooxygenase enzyme activity [50], and fibrinolytic effect by 
inhibiting lipid peroxidation and hemolysis in oxidized erythrocytes [51]. It was also reported 
that onion and garlic had a blood pressure lowering effect by inducing intracellular nitric 
oxide and hydrogen sulfide production and inhibiting angiotensin-converting enzyme activ-
ity [52]. It was also shown that garlic reduced the levels of reactive oxygen species (ROS) that 
are thought to play a role in the pathogenesis of CVD and increased antioxidant capacity [52].

Role of Vegetables in Human Nutrition and Disease Prevention
http://dx.doi.org/10.5772/intechopen.77038

13



Although epidemiological studies investigating the relationship of onion consumption and 
CVD risk and CVD-related mortality rates are limited, a study conducted in Finland found 
that CVD-induced mortality was lower in individuals with high onion consumption than 
in those with low onion consumption [53]. Similar to garlic, onion also improves cardiovas-
cular health through the sulfurous compounds, and especially flavonoids such as querce-
tin in its content. By cutting an onion, S-alk(en)yl-L-cysteine sulfoxides are converted into 
thiosulfinates and copaenes via the enzyme alliinase and these compounds inhibit platelet 
aggregation [54]. Since platelet aggregation is an important risk factor for the development of 
coronary thrombosis and atherosclerosis, onion consumption may be beneficial in individuals 
with risk factors for CVD. In addition, it was reported that onion consumption in hyper-
cholesterolemic rats reduces CVD risk by decreasing the elevated inflammatory biomarkers 
associated with high cholesterol diet and by increasing the levels of antioxidant enzymes [55]. 
Onion also eliminates risk factors by correcting the dyslipidemia seen in some chronic diseases 
such as DM [9].

3.2.2. Leaf vegetables

Green leafy vegetables increase antioxidant capacity through minerals, vitamins, pulp, 
and phytochemical compounds in their content and protect against oxidative stress which 
is thought to play an important role in the pathogenesis of CVD [56]. In traditional diets 
where consumption of green leafy vegetables is high (Mediterranean and Japanese traditional 
diets), the rate of CVD is lower, and average life span is longer [57]. Moreover, in vegetar-
ian individuals, mortality rates due to ischemic heart diseases and cerebrovascular diseases 
were also found to be lower than in non-vegetarians [58]. In another study, it was found 
that paralysis rates were significantly lower in individuals with higher consumption of green 
leafy vegetables than in individuals with less consumption of green leafy vegetables [59]. 
The incidence of coronary artery disease was also reported to be lower in individuals with 
higher green leafy vegetables consumption [53]. Individuals with more than three portions of 
green leafy vegetable consumption a day were found to have an ischemic heart disease inci-
dence of about 60% less than those consuming less than 1 portion per day [60]. Furthermore, 
green leafy vegetables such as rocket, spinach, and lettuce also reduce blood pressure, inhibit 
platelet aggregation and improve endothelial dysfunction due to their rich inorganic nitrate 
content [57]. Some studies suggest that high nitrate content in the vegetables in this group is 
transformed into nitrite, nitric oxide, and vasodilator-tissue protective secondary compounds 
through symbiotic bacteria in the oral cavity, thereby maintaining cardiopulmonary function 
by lowering blood pressure [61].

3.2.3. Fruit and flower vegetables

The vegetables in this group are rich in sulfur-containing glucosinolates, flavonoids, antho-
cyanins, coumarins, carotenoids, antioxidant enzymes, and terpenes [62]. However, indole-
3-carbinol and sulforaphane, which is a hydrolysis product of glucoraphanin, are thought 
to be the main bioactive compounds that are protective against CVD [63]. In experimental 
animals, sulforaphane protects against ischemic damage to the heart through induction of 
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Nrf2-related phase-II enzymes such as SOD, CAT, and hemoxygenase-1 [64]. Indole-3-carbinol 
and sulforaphane also protect against inflammation by inhibiting cytokine production [63]. 
In some epidemiological studies, it has been argued that consumption of vegetables in this 
group may reduce CVD-related mortality rates [65, 66]. It has been reported that anthocya-
nins extracted from red cabbage have protective effect on blood platelets [67], while broccoli 
sprouts decrease TC and LDL levels and increase HDL levels [68].

3.2.4. Legumes

The vegetables in this group are protective against CVD due to their high saponin and soluble 
fiber content. Another reason why legumes are beneficial for heart health is their low sodium 
and high potassium, calcium, and magnesium content [69]. The soluble pulp reduces the lev-
els of TC and LDL by inhibiting the absorption of bile acid from the intestines and enabling 
the formation of short chain fatty acids, particularly propionic acid, that inhibit the synthe-
sis of cholesterol [70]. It also improves heart health by inhibiting platelet aggregation [71]. 
In long-term observational epidemiologic studies, increased legume consumption has been 
reported to reduce CVD-related mortality and may protect against these diseases [69, 72, 73].

3.3. Effects on cancer

Cancer occurs as cells grow and proliferative without control [74]. Cancer occurs, progresses, 
and spreads as a result of abnormal signals in the body due to genetic or epigenetic effects [75].
Cancer is among the main causes of death in the world. On average, 16% of deaths occur 
each year due to cancer [76]. Lifestyle and many genetic and environmental factors can cause 
cancer. Smoking, consumed foods, solar radiation, and carcinogens in the environment are 
among these factors. The most important step in the treatment of cancer is the prevention 
of cancer. In particular, it is important to use health-related preventive practices in the com-
munities and individuals at risk [75].

Consuming plant-based foods, especially increasing the consumption of vegetables, reduces 
the risk of cancer [74]. The antioxidants in vegetables help reduce the risk of cancer by pre-
venting oxidative damage to the cells in the body [77]. Vegetables have protective effects 
against cancer due to the vitamins, minerals, pulp, and phytochemicals they contain [78]. 
About 14% of deaths worldwide due to inadequate vegetable consumption are caused by 
gastrointestinal cancers [79].

In a meta-analysis, the effects of vegetable consumption on cancer incidence were examined. 
Fruit and vegetable consumption were found to decrease cancer risk independently of each 
other and it was found that an extra portion of vegetables consumed daily resulted in a 3% 
reduction in cancer incidence [80].

A study investigating the relationship between vegetable and fruit consumption and epithelial 
ovarian cancer included 500 cancer patients and 500 control subjects. Cancer patients were found 
to have significantly lower average amounts of vegetables and fruits consumed per day than the 
control group [81]. However, in a cohort study investigating the relationship between vegetable 
and fruit consumption and pancreatic cancer, no significant relationship was found [82].

Role of Vegetables in Human Nutrition and Disease Prevention
http://dx.doi.org/10.5772/intechopen.77038

15
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of cancer. In particular, it is important to use health-related preventive practices in the com-
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Consuming plant-based foods, especially increasing the consumption of vegetables, reduces 
the risk of cancer [74]. The antioxidants in vegetables help reduce the risk of cancer by pre-
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In a meta-analysis, the effects of vegetable consumption on cancer incidence were examined. 
Fruit and vegetable consumption were found to decrease cancer risk independently of each 
other and it was found that an extra portion of vegetables consumed daily resulted in a 3% 
reduction in cancer incidence [80].
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3.3.1. Root, bulb, and tuber vegetables

Vegetables in this group exert their protective effect against cancer through inositol, flavo-
noids, lignans, polyphenols, protease inhibitors, saponins, steroids, triterpenoids, isoflavones, 
phenolic acids, protein kinase inhibitors, sphingolipids, allicin, aline, and allyl sulfides [78].

Onions prevent tumor formation and cancer cells from spreading in many kinds of cancers 
such as stomach, ovary, breast, and colon cancer [83]. It has been shown that onion extract has 
apoptosis-inducing effects in MDA-MB-231 cells that cause breast cancer [84].

Compounds such as thyroallyl found in garlic are effective in preventing cancer. Such com-
pounds in garlic have antioxidant effects that prevent and reduce carcinogens in DNA. They 
are also effective in reducing free radicals, inducing apoptosis, and stimulating the immune 
system [85, 86]. In a meta-analysis, the relationship between all cancer types and garlic con-
sumption was investigated and it was concluded that garlic consumption was protective 
against gastric and intestinal cancers [87].

A controlled study investigating the relationship between onion and garlic consumption and 
gastric cancer included 759 cancer patients and 750 control subjects. As a result of the study, 
both onion and garlic consumption were found to have a negative relationship with cancer [88].

Carrot, which is a good source of flavonoids, polyacetylenes, vitamins and minerals, and caro-
tenes, is also effective in protecting against cancer. Carrots have antioxidant, anticarcinogenic, 
and immune system enhancing properties [89]. In a study, it was determined that carrot 
consumption was negatively related to prostate cancer [90]. In another study conducted on 
rats, carrot consumption was shown to have protective effects against cancer due to the high 
content of carotenoids found in carrots [91].

3.3.2. Leaf vegetables

Green leafy vegetables reduce the risk of cancer due to phytochemicals, vitamin C, vitamin E, 
vitamin K, and vitamin A they contain [92]. The phytochemicals in these vegetables strengthen 
the immune system, protect against carcinogenic substances, reduce inflammation and oxida-
tive stress that causes cancer, reduce DNA damage, prevent the growth of cancer cells, inhibit 
angiogenesis that is effective in tumor growth and regulate hormones [78, 93]. It is thought 
that these effects are exerted especially in cancer types such as breast, skin, lung, and stomach 
[78]. The main phytochemicals believed to be protective against these cancer types are isothio-
cyanates [92]. Apart from these phytochemicals, green leafy vegetables are protective against 
cancer, especially gastrointestinal system carcinomas, due to high pulp content [93].

In this group, spinach shows protective effects against cancer by reducing oxidative stress in 
the body thanks to vitamins A, C, and E, carotenes such as beta carotene and lutein, flavones 
and flavonoids it contains [94, 95].

Broccoli is another vegetable that is effective in protecting against cancer. A number of epide-
miological studies have associated broccoli to low incidence of cancer. Sulfurous compounds 
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found in broccoli are cancer preventive agents [96]. In addition to sulfurous compounds, there 
are carotenes and other antioxidant vitamins in broccoli. But the most effective compounds 
in preventing cancer are the sulfurous compounds in broccoli. These sulfurous compounds 
inhibit cancer formation by reducing free radicals and preventing cell damage [97].

3.3.3. Fruit and flower vegetables

Tomato, a good source of beta carotene and lycopene, reduces free radical damage in the 
DNA that causes cancer and prevents the growth and spread of cancer cells just like green 
leafy vegetables [78]. Lycopene is especially protective against prostate cancer [78, 98].

In an epidemiological study, consuming tomato and tomato products was found to be associ-
ated with a lower incidence of prostate cancer [99].

Results of a study investigating the relationship of tomatoes and tomato products with cancer 
revealed that the consumption of tomatoes and tomato products decreased cancer risk [98].

In another study, lycopene in tomatoes was shown to inhibit the growth and spread of cancer 
cells in lung cancer by reducing oxidative stress and inducing apoptosis [100].

Another vegetable in this group associated with cancer is pepper because of the capsaicin it con-
tains. Capsaicin is thought to prevent cancer cells from growing, developing, and spreading [101].

4. Effect of preparing and cooking methods on vegetables

Vegetables are one of the most important components of human diet and are rich sources of 
β-carotene (provitamin A), thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), 
pyridoxine (B6), folic acid, ascorbic acid (vitamin C), vitamins E and K, minerals (such as iron, 
zinc, calcium, magnesium, and selenium), antioxidants (such as carotenoids, polyphenols, and 
glucosinolates), and fiber [102].

Preparation and cooking methods can greatly affect the nutritional content and acceptability 
of vegetables. There is no consensus in the literature as to what is the best way of preserving 
bioactive compounds while preparing and cooking vegetables [103].

Some vegetables are subjected to peeling in order to remove their shell or skin and make them 
more digestible. Minerals and other nutrients are affected by peeling. This can also cause 
severe loss of certain vitamins. It is known that peeling before boiling increases the loss of 
ascorbic acid, folic acid, or other vitamins of group B. Chopping vegetables can also change 
the bioavailability of bioactive compounds such as vitamins, carotenoids, polyphenols, and 
flavonoids [104].Thawing, cutting, and crashing citrus vegetables can also disrupt antioxidant 
glucosinolates due to the presence of myrosinase enzyme found in these vegetables [105].

Cooking improves the flavor of vegetables and enables the nutrients in the vegetables to be 
more easily used by the digestive system. However, cooking results in some physical and 
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Some vegetables are subjected to peeling in order to remove their shell or skin and make them 
more digestible. Minerals and other nutrients are affected by peeling. This can also cause 
severe loss of certain vitamins. It is known that peeling before boiling increases the loss of 
ascorbic acid, folic acid, or other vitamins of group B. Chopping vegetables can also change 
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chemical changes in vegetables [106]. The effect of cooking procedure may vary depending on 
the various factors such as cooking technique, temperature, leakage into the cooking environ-
ment, solvent used for extraction, surface area exposed to water and oxygen, and pH [107]. In 
addition, each food matrix contains different compounds; therefore the same cooking tech-
nique may have different effects depending on the type of vegetable [108].

The most commonly used cooking methods are steaming, roasting, boiling, frying, sautéing, 
sous vide, microwave, and pressure cooking [109]. Cooking techniques affect polyphenol con-
tent and antioxidant activity levels in vegetables. Heat treatment can lead to a change in the 
chemical structures of vegetables, leading to the breakdown of cells and the degradation of 
some phenolic compounds from biological structures, the release of phenolics from the food 
matrix, and the conversion of insoluble phenolics to more soluble forms [110, 111]. In addi-
tion, the phenolic compounds are soluble in water. Thus, water-based cooking techniques 
often lead to loss of phenolics by leaking [103].

It has been reported that food processing has negative effects due to oxidation dependent 
losses in carotenoids and positive effects as it provides increased bioavailability [112]. Among 
the causes of increased carotenoid concentration in heat treatment may be greater extract-
ability, enzymatic breakdowns, and incalculable moisture losses. Heat treatment also causes 
inactivation of enzymes and degradation of structures in the food matrix leading to increased 
bioavailability [113, 114].

The losses of minerals during preparation and cooking stages of vegetables are closely related 
to their solubility. Minerals are generally stable against a large number of conditions encoun-
tered during cooking, such as heat, oxidation, acidity or alkalinity. Potassium is an abundant 
mineral found in vegetables, and because of its high solubility in water, it is easily lost by 
leakage during cooking. Calcium and magnesium are usually present in an attached form in 
plant tissue and are therefore not easily lost by leakage. The loss of vitamin C is due in part 
to oxidative degradation during preparation and cooking and partly due to the leakage of the 
vitamin into the water used for cooking. The amount of vitamins degraded during cooking 
may be quite small compared to the amount lost due to leakage [115]. Due to its solubility 
and reactivity, folate is susceptible to potentially large losses during food processing and stor-
age. The chemical stability of folates in plant-based foods may be adversely affected by heat, 
oxygen exposure, and light intensity. Since folate is highly soluble, its losses occur by leakage 
through the water used for washing, boiling, and cooking [116].

4.1. Root, bulb, and tuber vegetables

Onion is the richest source of quercetin, which is a flavonoid, and it is most widely used 
source in diet. Gennaro et al. found a 21% reduction in total quercetin uptake after onion 
peeling [117].

In another study on onions, the effects of boiling, microwaving, frying, and warm holding 
onion at 60°C for 1–2 hours on flavonoid amounts were investigated and peeling and boiling 
were found to decrease flavonoid levels in onion by up to 50%. It was found that other cooking 
methods and warming treatments did not have a significant effect on flavonoid amount [118].
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Regarding the effects of cooking on onions, Lombard et al. found a 7% increase in flavonol 
concentration when sautéed, a 25% increase when oven baking, and an 18% decrease when 
boiled. They also stated that less than 5 minutes of cooking can result in retention of more 
than 80% of flavonols [119].

Potato contains various phenolic compounds, mainly chlorogenic acid and caffeic acid. 
There are several studies showing that cooking reduces [120], does not affect [121] or 
increases [122–125] phenolic compounds in potato. The reason for the increase in phenolic 
compounds during cooking is attributed to the increase in the extractability of these com-
pounds from the cellular matrix of potato due to the textural changes in its starch structure 
during cooking [122].

Carrot is one of the important root vegetables rich in bioactive compounds such as carotenoids 
and dietary fiber. Bembem and Sadana investigated the effects of different cooking methods 
(boiling, steaming, pressure cooking, microwaving, and sautéing) on total phenolic content 
(TPC), total flavonoid content (TFC), total carotenoid and β-carotene content and antioxidant 
activity, and found that sautéing was the method that increased total carotene, β-carotene, 
and TPC the most. They reached the conclusion that sautéing and microwaving were the most 
appropriate ways of cooking carrots [126].

When the effect of boiling and steaming of frozen carrot on phenolic compound content was 
investigated, it was determined that phenolic content of carrot was significantly decreased at 
the end of the boiling process, whereas there was an increase in the steaming method [127]. 
The decrease during boiling may be due to the leakage of phenolic compounds into the boil-
ing water.

4.2. Leaf vegetables

In a study investigating the effect of different cooking methods (boiling, steam cooking, and 
microwave cooking) on phytochemical content and total antioxidant capacity (TAC) of cab-
bage and black cabbage, which are part of the Brassicaceae family and are rich sources of 
vitamins and phytochemical compounds such as carotenoids and polyphenols, it was found 
that the best method in preserving the nutritious quality of vegetables was steam cooking. It 
was also shown that fresh vegetables preserved phytochemical compounds and TAC better 
than frozen samples [128].

Chang et al. studied the losses in nutritional value of several green leafy vegetables includ-
ing Chinese cabbage (Brassica pekinensis var. Cephalata), swamp cabbage (Ipomoea aquatica), 
spinach (Spinacia oleracea), Ceylon spinach (Basella rubra), red spinach (Amaranthus gangeticus), 
white spinach (Amaranthus viridis), and Tapioca sprouts (Manihot utilissima) when they were 
treated with boiling or deep frying for 4 and 8 minutes, and found that frying reduced lutein 
content in all vegetables by 8–89%, and boiling reduced lutein content by 0–428%. When 
8 minutes boiling procedure was compared with the 4 minutes procedure, β-carotene reten-
tion in vegetables other than Chinese cabbage and spinach changed between 18 and 380%, 
whereas in the frying procedure β-carotene retention increased by 2–3 times except spinach 
[129]. The difference in cooking conditions (time and temperature), the type of vegetables, 
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chemical changes in vegetables [106]. The effect of cooking procedure may vary depending on 
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In another study on onions, the effects of boiling, microwaving, frying, and warm holding 
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and the interaction between cooking methods and vegetable type may be the cause of differ-
ences observed in carotenoid composition.

4.2.1. Fruit and flower vegetables

Alvi et al. investigated the effects of peeling on tomato, which contains vitamins A, C, and E, 
as well as various phytochemical compounds including lycopene, and found a reduction of 
18.3% in fiber, 25.4% in calcium, 32.6% in magnesium, 6.4% in phosphor, 2.9% in potassium, 
28.9% in ascorbic acid, and 17.2% in folic acid after peeling [130].

Dolinsky et al. found that the cooking method that maximized the polyphenol concentra-
tion and antioxidant capacity of tomatoes was steaming, and that microwaving significantly 
reduced the polyphenol content in tomatoes, and recommended microwave cooking less than 
other cooking methods (boiling, steaming, and pressure cooking) [131].

Pepper (Capsicum annuum L.) is considered to be an excellent source of antioxidants and is 
very rich in ascorbic acid and other phytochemicals. In a study conducted with six species 
of pepper, three different cooking methods were used (frying, boiling, and microwaving) 
and antioxidant properties of peppers after cooking procedures were evaluated. Reductions 
in radical scavenging activity (RSA) and total phenolic contents (TP) were observed after all 
cooking procedures, but the reductions after frying and microwaving were not statistically 
significant when compared to the initial RSA and TP levels. After a 5-minutes boiling, a 77% 
reduction compared to initial RSA levels was obtained, and when the boiling time increased 
to 30 minutes, the RSA totals decreased significantly compared to raw peppers. Significant 
reductions were also observed in TP after 5 and 30 minutes of boiling [132]. Based on these 
results, it can be said that the most suitable heat treatment method for peppers are microwave 
use and frying. If boiling is to be performed, shorter cooking time, less water usage, and 
consumption of cooking water can also reduce the amount of antioxidants that can be lost.

Artichoke, which is characterized by a complex antioxidant profile, contains many bioactive 
compounds such as glycosides and phenolic compounds, especially caffeicinic acid. Ferracane 
et al. applied boiling, frying, and steam cooking methods on artichoke and found an increase 
in overall caffeicinic acid concentration due to the formation of different dicaffeicinic acid 
isomers in cooked artichokes compared to raw ones. However, a higher increase in the con-
centration of dicaffeicinic acid was observed in steamed and fried artichokes compared to 
those boiled. In addition, flavonoid concentrations were reduced in all cooking processes and 
this reduction was largest in frying [133].

In a study comparing vitamin C content of raw, boiled, and microwaved broccoli and cau-
liflower, significant reductions in vitamin C contents were found after cooking processes. 
Boiling process caused more vitamin C loss compared to microwaving. After 6 minutes of 
boiling, vitamin C levels decreased by 64.5% in broccoli, by 70.7% in white cabbage, and 
by 66.8% in cauliflower [134]. Based on the results, it can be said that microwaving may be 
preferred instead of boiling to reduce vitamin C losses.
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Yuan et al. investigated the effects of steaming, microwaving, boiling, frying, and boiling followed 
by frying processes on vitamin C levels in broccoli. At the end of the study, it was found that in all 
procedures except the steaming method, loss of vitamin C was significant compared to initial lev-
els and the highest loss was obtained in boiling followed by frying (38%) and boiling (33%) [135].

When we look at other studies conducted with broccoli belonging to the Brassicaceae family, it is 
also seen that steaming is the best way to preserve nutritional quality of broccoli [107, 136–138].

It is known for a long time that loss of nutrients in vegetables occurs during the preparation 
and cooking stages. Knowing the conditions that cause these losses can help limit the losses 
and increase the nutritional quality of the foods.

5. Conclusion

Numerous preclinical studies carried out in recent years have identified beneficial protec-
tive and enhancing effects of vegetables on health, resulting from the nutritional and non-
nutritional phytochemical contents of vegetables. These phytochemicals have the ability to 
modify the cellular function by modulating transcription factors and altering gene expres-
sion, cellular metabolism, and cellular signaling. The World Health Organization (WHO) 
recommends daily intake of 5–8 portions (400–600 g) of fruits and vegetables to reduce the 
risk of micro nutrient deficiency, cardiovascular diseases, cancer, cognitive impairment, and 
other nutritional health risks.

In order to make optimum use of the nutritional content of vegetables, choosing the right 
methods of preparation and cooking is as important as the consumption of adequate amounts 
of vegetables. To minimize nutritional losses, vegetables should be chopped right before 
cooking, if possible by hand or by metal tools while making the minimum contact possible, 
each vegetable should be cooked with the method and time that is most appropriate for that 
vegetable, and consumed as soon as possible.
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and the interaction between cooking methods and vegetable type may be the cause of differ-
ences observed in carotenoid composition.

4.2.1. Fruit and flower vegetables
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reduced the polyphenol content in tomatoes, and recommended microwave cooking less than 
other cooking methods (boiling, steaming, and pressure cooking) [131].
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of pepper, three different cooking methods were used (frying, boiling, and microwaving) 
and antioxidant properties of peppers after cooking procedures were evaluated. Reductions 
in radical scavenging activity (RSA) and total phenolic contents (TP) were observed after all 
cooking procedures, but the reductions after frying and microwaving were not statistically 
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reductions were also observed in TP after 5 and 30 minutes of boiling [132]. Based on these 
results, it can be said that the most suitable heat treatment method for peppers are microwave 
use and frying. If boiling is to be performed, shorter cooking time, less water usage, and 
consumption of cooking water can also reduce the amount of antioxidants that can be lost.

Artichoke, which is characterized by a complex antioxidant profile, contains many bioactive 
compounds such as glycosides and phenolic compounds, especially caffeicinic acid. Ferracane 
et al. applied boiling, frying, and steam cooking methods on artichoke and found an increase 
in overall caffeicinic acid concentration due to the formation of different dicaffeicinic acid 
isomers in cooked artichokes compared to raw ones. However, a higher increase in the con-
centration of dicaffeicinic acid was observed in steamed and fried artichokes compared to 
those boiled. In addition, flavonoid concentrations were reduced in all cooking processes and 
this reduction was largest in frying [133].

In a study comparing vitamin C content of raw, boiled, and microwaved broccoli and cau-
liflower, significant reductions in vitamin C contents were found after cooking processes. 
Boiling process caused more vitamin C loss compared to microwaving. After 6 minutes of 
boiling, vitamin C levels decreased by 64.5% in broccoli, by 70.7% in white cabbage, and 
by 66.8% in cauliflower [134]. Based on the results, it can be said that microwaving may be 
preferred instead of boiling to reduce vitamin C losses.
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Yuan et al. investigated the effects of steaming, microwaving, boiling, frying, and boiling followed 
by frying processes on vitamin C levels in broccoli. At the end of the study, it was found that in all 
procedures except the steaming method, loss of vitamin C was significant compared to initial lev-
els and the highest loss was obtained in boiling followed by frying (38%) and boiling (33%) [135].

When we look at other studies conducted with broccoli belonging to the Brassicaceae family, it is 
also seen that steaming is the best way to preserve nutritional quality of broccoli [107, 136–138].

It is known for a long time that loss of nutrients in vegetables occurs during the preparation 
and cooking stages. Knowing the conditions that cause these losses can help limit the losses 
and increase the nutritional quality of the foods.

5. Conclusion

Numerous preclinical studies carried out in recent years have identified beneficial protec-
tive and enhancing effects of vegetables on health, resulting from the nutritional and non-
nutritional phytochemical contents of vegetables. These phytochemicals have the ability to 
modify the cellular function by modulating transcription factors and altering gene expres-
sion, cellular metabolism, and cellular signaling. The World Health Organization (WHO) 
recommends daily intake of 5–8 portions (400–600 g) of fruits and vegetables to reduce the 
risk of micro nutrient deficiency, cardiovascular diseases, cancer, cognitive impairment, and 
other nutritional health risks.

In order to make optimum use of the nutritional content of vegetables, choosing the right 
methods of preparation and cooking is as important as the consumption of adequate amounts 
of vegetables. To minimize nutritional losses, vegetables should be chopped right before 
cooking, if possible by hand or by metal tools while making the minimum contact possible, 
each vegetable should be cooked with the method and time that is most appropriate for that 
vegetable, and consumed as soon as possible.
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Abstract

A fruit is defined as the edible part of a plant that consists of the seeds and surrounding
tissues, while vegetables are plants cultivated for their edible parts. Fruits and vegetables are
important sources of micronutrients and dietary fibres and are components of a healthy diet,
which help in preventing major diseases. Due to the fact that fruits and vegetables have
health promoting properties, they contribute to dietary guidance. This chapter defines the
basic concepts related to health benefits of fruits and vegetables, reviews the previous
literature on health benefits of fruits and vegetables and enumerates the health benefits of
some common fruits and vegetables. It also examined the dietary recommendation of fruits
and vegetables in less developed countries as well as present situation of fruits and vegeta-
bles consumption with particular reference to sub-Saharan Africa.

Keywords: health, consumption, dietary guidance, fruits, vegetables

1. Introduction

A fruit is the mature ovary of a plant or the succulent edible part of woody plants, while
vegetables are the edible portions of a plant that can be eaten such as the leaves, stem, tubers,
roots and bulbs, the sweet and fleshy product of a tree or other plant that contains seed and
can be eaten as food [1]. Nutritionally, fruits and vegetables are energy-dense foods containing
vitamins, minerals, fibre and other bioactive compounds [2–5].

According to Mintah et al. [6], a fruit is the edible and fleshy seed-associated structures of
certain plants, which could be sweet (such as apples, oranges, grapes, strawberries, juniper
berries and bananas) or non-sweet (such as lemon and olives) in their raw forms [7, 8].
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Moreover, FAO [9] revealed that “increasing fruit and vegetable consumption is a major public
health challenge at the moment”. The statement was made due to the micronutrient deficien-
cies being experienced worldwide which lead to nutritional disorders such as weakened
immune systems, birth defects, mental and physical retardation, among others. These nutri-
tional deficiencies occur as a result of low consumption of fruits and vegetables and also
probably because of low knowledge of the nutritional values of fruits and vegetables [10, 11].
Thus, the relevance of this chapter is on the health benefits of fruits and vegetables.

2. Basic concepts related to health benefits of fruits and vegetables

There are several implications of the colours of fruits and vegetables, as observed during the
Pacific Regional Workshop on Promotion of Fruits and Vegetables for health in 2014. The
purple/blue colour of fruits and vegetables signifies their antioxidant properties and their
ability to reduce the risks of cancer, stroke and heart disease. Beetroot and eggplant are good
examples. Red colour in fruits and vegetables reduces the risk of cancer and improves heart
health (as observed in tomato, watermelon, radish and red grapes). Orange/yellow-coloured
ones contain carotenoids that help in maintaining healthy eyes (e.g. carrot, lemon, pineapple).
Phytochemicals having antiviral and antibacterial properties as well as potassium are found in
brown/white fruits and vegetables such as banana, garlic, onion and ginger, among others. In
addition, the green-coloured fruits and vegetables have phytochemicals having anticancer
properties such as broccoli, green apples, spinach, green pepper, lettuce and cucumber [12].

2.1. Health benefits of fruits and vegetables

Benefits obtainable from consumption of fruits and vegetables are greater life span [13], impro-
ved mental health [14], better cardiovascular health [15], reduced risks of some cancers [16] and
weight management [17], among others.

In a study conducted in the USA, lower risk of obesity was observed among healthy middle-
aged women who consume fruits and vegetables [18].

Specifically, fruits contain sufficient potassium, which are needed to reduce the effect of bone
loss and occurrence of kidney stones [19]. Fruits assist in proper functioning of the brain as
it stimulates the memory recall [6] and supplies the human body with fibre needed for a
healthy digestive system [19, 20]. Fruits are also rich in dietary nutrients such as potassium,
antioxidants and folic acid [21–23]; consumption of fruits guarantees optimum health, gives
instant energy to the body and provides vitamins and minerals that are beneficial to body
functioning [24].

In addition, vegetables are important as they help improve overall health, protect the vital
organs of the body, assist in weight control, and promote healthy skin and hair. They also give
abundant antioxidants that help keep diseases away from the body and aid in digestion by
preventing constipation, haemorrhoids and diarrhoea [25].
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2.2. Health benefits of some common fruits in sub-Saharan Africa

Citrus: Some of the fruits in this category are lime, lemon, orange, tangerine, pomelo and
grape. They contain flavonoids, which are thought to contain some anticancer properties [24].
Flavonoids are antioxidants that could neutralise free radicals, protect from heart diseases and
improve blood flow through the coronary arteries [26]. Citrus fruits are high in vitamin C and
contain folate as well as thiamin. Vitamin C protects the body from free radicals that could
destroy the body and helps in wound healing and holding blood vessels, tendons, ligaments
and bone together. Thiamin is an important component of metabolism, while folate is required
for cell division [27].

Mango: Mangoes are low in calories, high in fibre and can help avoid constipation while the
fibre assists in metabolism by aiding the absorption of vitamins. The peels contain enzymes,
which aid breaking down of carbohydrates, fats and proteins to form easily absorbable by the
body. Mangoes contain magnesium, an electrolyte mineral that helps in regulating blood
pressure, and vitamin A, a protective role in eye health, and help to protect the DNA structure.
In addition, it helps in reducing age-related cognitive decline as well as damage from danger-
ous radiations. Consumption of mangoes prevents some forms of cancer due to its component
—mangiferin that helps in functioning of the immune system. It also prevents the body from
some diseases such as anaemia, asthma and atherosclerosis. Mangoes are good for repairing
brain tissues as they reduce the effect of anxiety, depression and insomnia. Furthermore,
consumption of mangoes improves the joint and skin; it also strengthens the bone [28].
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Pawpaw: Pawpaws have low calorie content, soluble dietary fibre and do not contain cho-
lesterol. They are high in vitamin C, vitamin A and flavonoids. Vitamin A helps to maintain
healthy skin and eyes; folic acid, thiamin (vitamin B1), riboflavin and pyridoxine are all
useful in body metabolism. Pawpaw seeds are also used in the treatment of stomach ache
and ringworm infections [29].

Pineapple: They contain calcium, potassium, carbohydrates, crude fibre and vitamin C
(ascorbic acid, an effective antioxidant that aids the body’s absorption of iron). It contains
copper, which regulates the heart rate and blood pressure [30]. The vitamin C in pineapple
also retards the development of urinary tract infections in pregnant women. Pineapples con-
tain malic acid which boosts immunity and assists in maintaining oral health. They have
natural anti-inflammatory properties and aids digestion. They are also a good source of
manganese, a mineral that is required for building bones and connective tissues in the body
[31]. Consumption of pineapple juice helps build healthy bones and restore the immune
system. Moreover, consumption of pineapples helps the body to get rid of nausea, constipa-
tion, throat infections and intestinal worms.

Banana: It contains vitamins A, B6, C and D as well as potassium (that prevents muscle
spasms). Banana helps the body to fight against ulcers; it is also useful in the treatment of
anaemia, burns, wounds and arthritis. It aids constipation and presents a good relief for
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diarrhoea. Its main benefits include mood improvement, weight loss and promotion of the
human muscles and bones [32].

Avocado: These fruits are creamy with high content of mono-unsaturated fats and are rich in
dietary fibre and high in calories. They contain tannis which has anti-inflammatory and anti-
ulcer properties. It also contains vitamins (A, E, K, folate, thiamin, niacin), minerals (iron,
copper, magnesium, manganese) as well as potassium, which help regulate the heart rate and
blood pressure [33].

African star apple: This fruit helps in lowering the blood sugar and cholesterol; a good
treatment for toothache, constipation and sore throat. It is a good source of vitamin C which
is a natural antioxidant and helps in weight loss. African star apple is low in carbohydrate,
proteins, crude fibre and fat [34].
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Soursop: Soursop is used in the treatment of several ailments such as worms and parasites
and as astringent for diarrhoea and dysentery. It is also used to cure cancer, improve the
body’s immune system, liver problems, kidney disease, urinary tract infections and pre-
vents bacterial infections. Its consumption increases the milk production after childbirth in
lactating mothers; its high vitamin C content is useful in slowing down the ageing process.
It is rich in dietary fibre and contains calcium and magnesium needed for strong bones;
contains vitamin B1 which aids in body metabolism and prevents nerve damage. It also
has vitamin B2 which is needed for proper functioning of the nervous system and the
body’s energy production [35].

Sweetsop/sugar apple: Consumption of this fruit facilitates milk production in lactating
mothers, contains high amounts of folate required by pregnant women. It reduces the risk
of heart attack and stroke as a result of the presence of high amount of magnesium.
Vitamins A, B and C found in sweetsop makes it a good antioxidant and are needed for
healthy skin. It regulates blood pressure level due to the presence of potassium in the
fruits. Thiamin in sweetsop helps fight fatigue and weakness of the body. Its high content
of calcium and magnesium assists in the promotion of healthy and strong bones; the niacin
in sweetsop also controls body cholesterol level. The fruit also has anticancer properties,
treats toothache and infections, prevents anaemia, promotes digestion and detoxifies the
body [36].
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African Bush mango: It is good for weight management, regulates cholesterol level and pre-
vents constipation. This fruit is a rich source of potassium, iron, energy, protein, carbohydrates,
ascorbic acid, sodium, dietary fibre, magnesium, calcium and phosphorus [37].

Breadfruit: Consumption of breadfruits improves eye and bone health, immune system and
physical cognitive condition [38]. It is high in carbohydrates, minerals, vitamins [39] and carot-
enoids [40]. Its consumption also protects the body against cancer, vitamin A deficiency, diabetes
and heart disease. It is low in fat and cholesterol; a ready source of omega-3 and omega-6 fatty
acids that regulate sebum production in the scalp and prevents hair loss. Consumption of
breadfruit juice also improves the glowing of the skin, and the dietary fibre content of the fruit
prevents heartburn, acidity, ulcer and gastritis as it eliminates toxic compounds from the gut [41].

Guava: It is a super fruit rich in vitamins and minerals due to the bioactive compounds present
in it. It has anti-allergenic, antimicrobial, anti-thrombotic and anti-artherogenic effects [42]. It
also has antioxidants that help protect the body cells from damage.
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Cashew: These nuts have high fat and calorie content and contain copper, which is useful for
bone growth, nerve function and glucose metabolism. Most of the fat in cashew is in unsatu-
rated form (oleic acid), which reduces triglycerides that could raise the risk of heart disease.
Magnesium found in cashews is essential for energy generation, while zinc is important for
reproduction and the immune system [43]. Consuming the nuts also prevents cancer and gall
stones, strengthens the bones and promotes weight loss [44].

Passion fruit: Its health benefits include promotion of intestinal health due to its high dietary
fibre content; also it treats insomnia, helps during asthma attacks, kills cancer and reduces
anxiety. It also aids weight loss and helps unwind the nerves. One serving of passion fruit
provides the human body with the entire daily vitamin C requirement [45].

Apples: Apples are rich in vitamins and minerals. Consuming these fruits aid weight loss,
enhances brain health, provides antioxidants, reduces the risk of metabolic syndrome and
prevents some forms of cancers [46].
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Dates: Dates have high caloric content, low protein and fat content, moderate sources of vitamin
A, adequate amounts of pyridoxine, niacin, pantothenic acid, riboflavin and vitamin K. They are
also rich in minerals such as magnesium, manganese, selenium, potassium, copper, iron and
calcium. The fruit cures anaemia, treats sexual weaknesses, night blindness, constipation and
diarrhoea, prevents abdominal cancer and strengthens the human bones. It also helps maintain a
healthy nervous system owing to the presence of potassium found in the cells and body fluids
needed for the control of the body’s heart rate and blood pressure level. Its iron content makes it
suitable for pregnant women as it prevents haemorrhage after birth; it has anti-ageing benefits
due to the presence of antioxidants that deals with harmful free radicals in the body [47].

2.3. Health benefits of some common vegetables in sub-Saharan Africa

Tomatoes: They contain the highest level of lycopene among all fruits and vegetables; lyco-
pene is an antioxidant, which helps the body to get rid of free radicals that are harmful to it.
Consumption of tomatoes helps in preventing various forms of cancers, reduces cholesterol
level and thus reduces blood pressure due to the presence of vitamin B and potassium.
Vitamin D in tomatoes keeps the hair shiny and strong, and it also helps improve vision.
Chromium in tomatoes helps diabetic patients to keep the blood sugar level under control [48].

Okra: Okra is a vegetable that contains vitamins (A, B1, B2, B3, B5, B6, B9 and C) and minerals
(calcium, iron, phosphorus, potassium, magnesium, sodium and zinc). They also contain amino
acids that are beneficial to health; lower cholesterol level; aid free bowel movement and reduce
the risk of gastrointestinal problems. Consuming okra also contributes to active lifestyle. Okra
contains antioxidants that remove free radicals from the body and potassium which helps
reduce clotting and atherosclerosis. It has vitamin A that protects skin health, and high vitamin
C content that induces the creation of white blood cells, which assists the immune system [49].
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Eggplant: They have low carbohydrate and high fibre content, which helps the body manage
blood sugar level. Its magnesium, calcium, phosphorus and potassium content helps to main-
tain the body’s electrolyte balance. It helps to prevent birth defects in pregnant women due to
its rich source of folic acid. It also contains iron and calcium that are both essential for bone
health and aids in weight loss due to its low cholesterol content. Furthermore, it aids digestion
because of its high dietary fibre content; iron and copper in eggplant also make it good in
combating anaemia [50].

Cucumber: They contain sterols that can reduce cholesterol levels and as such, it is good in the
treatment of both low and high blood pressure. Its consumption relieves arthritis pains and
gout as well as promotes joint health. They are a good source of silica, which strengthens the
connective tissues. Moreover, consuming cucumbers relieves bad breadth, helps in weight loss,
aids digestion, fights some forms of cancer and helps rehydrate the body [51].

Pepper: They are appetite stimulants beneficial to people with starvation disorders. It also has
antibacterial and anti-carcinogenic effects as well as good anti-inflammatory properties when
applied topically [52].
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Watermelon: It has low calorie and a good source of vitamins and minerals. It provides
lycopene, a powerful antioxidant along with vitamins A and C that have antioxidant and
anti-ageing properties. It is an anti-inflammatory food that helps in limiting body stress,
relieves pain, detoxifies the body and keeps skin healthy. It boosts immunity, manages high
blood pressure, helps preventing kidney stones, boosts eye health, relieves acid reflux and
helps fighting cancer [53].

Beets: Consumption of beets promotes cardiovascular well-being; it has high fibre content and
improves exercise performance. The presence of antioxidants in beets is helpful in diabetic
management, and it also boosts sex drive in men and women [54].

Garlic: Consumption of garlic helps reduce the risk of cancer and cardiovascular diseases,
stimulates the immune function, restores physical strength and enhances detoxification [55].
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Onion: Onions protect the body from cardiovascular diseases, some infections and stomach
cancer; it also improves lung function. It contains quercetin, which thins the blood, lowers
cholesterol level, fights asthma, prevents blood clot, and acts as a sedative and an anti-
inflammatory and anti-viral vegetable. Consumption of vegetables helps to detoxify the body,
cures insomnia, improves the digestive system and memory and enhances strong nervous
system [56].

Ginger: It is used to treat nausea and vomiting, lowers blood pressure, regulates blood glucose
levels and also alleviates rheumatoid arthritis. It has antioxidant, antimicrobial and anticancer
properties [57].
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2.4. Dietary recommendations of fruits and vegetables

Vegetables in particular are divided into food groups; the recommended daily intake is based
on these groupings. The United States Department of Agriculture made it known that for these
food groups, recommended daily intake should depend on the age, gender and level of
activity of an individual. Vegetables have five subgroups which are as follows:

• Dark green vegetables, for example, broccoli

• Dark leafy green vegetables, for example, spinach

• Starchy vegetables, for example, green peas

• Beans and peas, for example, lentils

• Red and orange vegetables, for example, tomato, red pepper, carrot

• Other vegetables, for example, cabbage, beets, avocado, mushrooms

On the other hand, fruits are not divided into specific subgroups, but they also have recommended
daily intake.

Recommended daily intake of vegetables for women of aged 50 and below is two and a half
cup of vegetables, while men of the same age group require three cups of same vegetables.
Once above 50 years, both men and women should reduce their daily intake by half a cup.

Recommended daily intake for fruits includes two cups of fruits for women up to 30 years of
age and men of all ages, while beyond 30 years, women should reduce their daily intake to one
and a half cup [58].

In less developed countries, minimum intake of 400 g of fruits and vegetables is required per
day to prevent diseases and alleviate micronutrient deficiencies [2].

A study by [59] noted that recommended dietary guidelines should consider the consumer’s
age, sex as well as their physical activity level. The study showed a slight reduction in the
percentage of adults in the United States who eat fruits and vegetables as opposed to the
previous situation. According to the study, increased awareness on the benefits of fruits and
vegetables consumption and educating people to change their eating behaviour are measures
that could be put in place to ensure that people follow the recommended dietary guidelines.
Other approaches could be employed such as farm-to-school programme, school gardening
project and community projects.

2.5. Fruits and vegetables consumption in sub-Saharan Africa

There have been studies which examined fruits and vegetables consumption among different
segments of the population in various parts of sub-Saharan Africa.

Fruits and vegetables consumption among younger population (adolescents in school) was
examined by [60] in Cotonou, the Republic of Benin. It had earlier been observed in the area
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Fruits and vegetables consumption among younger population (adolescents in school) was
examined by [60] in Cotonou, the Republic of Benin. It had earlier been observed in the area
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that most urban adults aged 35–64 years consume less than the recommended daily intake,
while among school going adolescents, a mean daily intake of 97 g was observed for fruits and
vegetables. This prompted a focus group discussion on the factors that determine fruits and
vegetables in selected public and private schools in Cotonou. The choice of schools considered
the parental income, class of the school children; as such, the schools were sampled from the
most-disadvantaged and better-off neighbourhoods. From the discussion with the school
students, they had not received information on consumption of fruits and vegetables (nutrition
education) in school. They felt that unhealthy foods (sweets and biscuits) were as nutritious as
fruits and vegetables. Two-thirds of students in the private schools opined that their parents
purchased fruits and vegetables for them at home; on the other hand, only few of those in
public schools attested to this. Moreover, parental influence was a major determinant of
adolescent students’ consumption of fruits and vegetables. Personal factors that influenced
their consumption were preferences, their nutritional and health knowledge of the fruits and
vegetables as well as cultural beliefs. Most of the students did not consume fruits and vegeta-
bles on a daily basis except for tomato and onions, which are mostly used in daily meals. Other
factors such as food safety, cost of fruits and vegetables, medical prescription and media
influence determine the adolescent students’ consumption. The study concluded that to
increase fruits and vegetables consumption among adolescents while in school, food vendors
selling these products should be in and around the school. Also, parents play a major role,
while adolescents from poor families should be targeted.

Another study by [61] also assessed the knowledge and consumption of fruits and vegetables
among secondary school students in Lagos state, Nigeria. Most of the students have a good
knowledge of the nutritional and health benefits of fruits and vegetables. However, only 5.45%
of the students consumed the recommended daily intake of 400 g or five servings per day. As
observed by the students, factors that could ensure adequate consumption of fruits and
vegetables are parental intake, encouragement and supervision, availability and accessibility
of fruits and vegetables at home. Therefore, the study opined that the school children should
be encouraged to maintain healthy eating habits as they grow older.

In South Africa, Peltzer and Phaswana-Mafuya [62] conducted a study on fruits and vegetables
consumption among older adults aged 50 years and above. It was a nationally conducted
survey involving 3840 participants. The results of the survey showed that 68.5% of the older
adults experienced insufficient fruits and vegetables intake as observed in their mean daily
intake of four servings per day. Predictors of insufficient fruits and vegetables consumption
included being a male, having low educational level, being overweight, lack of religious
involvement, lower quality of life, daily tobacco use and being a black African/coloured
participant. The study thus recommended public education and campaigns for increased fruits
and vegetables consumption among older adults in South Africa.

In Ghana, Kpodo et al. [63] examined the consumption pattern and preferences of polytechnic
students for fruits and vegetables. The study was conducted among 449 students with most of
them (59.6%) consuming vegetables at least thrice a day, while only one-third of them con-
sumed fruits 1–3 times daily. The most frequently consumed fruits among the polytechnic
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students were banana, mango and watermelon; while the least consumed were apples and
pawpaw. For vegetables, tomato and onion were most frequently consumed; availability,
convenience and cost were the three factors that mostly influenced the choice of vegetables
consumed. Most of them purchase fruits (38.6%) and vegetables (45.8%) just sufficient for one
serving, and they consumed these fruits and vegetables mostly for their known health benefits.
Most preferred fruits included bananas, apples and watermelons, while vegetables such as
carrots, tomatoes and onions were mostly preferred by the students for consumption. In
essence, the study recommended that the fruits and vegetables mostly preferred by the stu-
dents should be made available and accessible to them so as to change their eating habits. This
is to ensure that they improve their consumption of fruits and vegetables.

Furthermore, a study by Layade and Adeoye [64] carried out an assessment of fruits and
vegetables consumption among students of tertiary institutions in Oyo state, Nigeria. The study
showed that the most preferred fruits by the students were banana and watermelon, while the
least preferred were pawpaw and cashew. For vegetables, pumpkin leaves were the most
preferred, while Celosia argentea was the least preferred vegetable. Health benefits, taste and
availability were the major reasons for the students’ preferences. Few of the students consumed
the recommended daily intake of fruits and vegetables. Factors that affected the consumption of
fruits and vegetables among the respondents were students’ allowance, sex, parents allowance,
availability and access. The study, therefore, recommended awareness creation to promote
adequate consumption of fruits and vegetables among the study population.

Fruit intake level and its adequacy as well as determinants were examined by Ilesanmi et al.
[65] among in-school adolescents in Nigeria. Fruit consumption among the female adolescents
is lower than recommended. Adolescents with parents having high socioeconomic status had
adequate fruit intake. The students’ most preferred fruit was apple; while the study also
showed that level of awareness of the benefits of fruits consumption for ensuring good health
should be increased. Fruits should also be made available and affordable among adolescents to
increase their consumption.

Also, a study was conducted by Mintah et al. [6], which examined the factors hindering fruits
consumption among students in a public university in Ghana. Findings showed that high price
and satiety were the most hindering factors for fruits and vegetables consumption. The low fruit
intake was adjured to the fact that the consumption of fruits did not yield satisfaction for the
students, that is, they could not eat fruits to alleviate hunger. Sixty five percent of the students
did not consume up to the recommended daily intake of fruits and vegetables of 2–4 servings per
day according to USDA 1992. Fruits such as oranges, apples, pineapple, pawpaw, banana,
mango, pear, tangerine and watermelon were available to the students. The most preferred fruits
were in descending order: pear, tangerine, apple, banana, guava, watermelon and pineapple.
This study prescribed awareness creation and education on fruits consumption to improve
public health, specifically among the university students and the general public as well.

In addition, Banwat et al. [66] assessed the consumption of fruits and vegetables among adults
in an urban-slum in Jos Nigeria. Most of the respondents have fair knowledge of nutritional
values; their knowledge of the nutritional values of fruits and vegetables was significantly
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involvement, lower quality of life, daily tobacco use and being a black African/coloured
participant. The study thus recommended public education and campaigns for increased fruits
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convenience and cost were the three factors that mostly influenced the choice of vegetables
consumed. Most of them purchase fruits (38.6%) and vegetables (45.8%) just sufficient for one
serving, and they consumed these fruits and vegetables mostly for their known health benefits.
Most preferred fruits included bananas, apples and watermelons, while vegetables such as
carrots, tomatoes and onions were mostly preferred by the students for consumption. In
essence, the study recommended that the fruits and vegetables mostly preferred by the stu-
dents should be made available and accessible to them so as to change their eating habits. This
is to ensure that they improve their consumption of fruits and vegetables.

Furthermore, a study by Layade and Adeoye [64] carried out an assessment of fruits and
vegetables consumption among students of tertiary institutions in Oyo state, Nigeria. The study
showed that the most preferred fruits by the students were banana and watermelon, while the
least preferred were pawpaw and cashew. For vegetables, pumpkin leaves were the most
preferred, while Celosia argentea was the least preferred vegetable. Health benefits, taste and
availability were the major reasons for the students’ preferences. Few of the students consumed
the recommended daily intake of fruits and vegetables. Factors that affected the consumption of
fruits and vegetables among the respondents were students’ allowance, sex, parents allowance,
availability and access. The study, therefore, recommended awareness creation to promote
adequate consumption of fruits and vegetables among the study population.

Fruit intake level and its adequacy as well as determinants were examined by Ilesanmi et al.
[65] among in-school adolescents in Nigeria. Fruit consumption among the female adolescents
is lower than recommended. Adolescents with parents having high socioeconomic status had
adequate fruit intake. The students’ most preferred fruit was apple; while the study also
showed that level of awareness of the benefits of fruits consumption for ensuring good health
should be increased. Fruits should also be made available and affordable among adolescents to
increase their consumption.

Also, a study was conducted by Mintah et al. [6], which examined the factors hindering fruits
consumption among students in a public university in Ghana. Findings showed that high price
and satiety were the most hindering factors for fruits and vegetables consumption. The low fruit
intake was adjured to the fact that the consumption of fruits did not yield satisfaction for the
students, that is, they could not eat fruits to alleviate hunger. Sixty five percent of the students
did not consume up to the recommended daily intake of fruits and vegetables of 2–4 servings per
day according to USDA 1992. Fruits such as oranges, apples, pineapple, pawpaw, banana,
mango, pear, tangerine and watermelon were available to the students. The most preferred fruits
were in descending order: pear, tangerine, apple, banana, guava, watermelon and pineapple.
This study prescribed awareness creation and education on fruits consumption to improve
public health, specifically among the university students and the general public as well.

In addition, Banwat et al. [66] assessed the consumption of fruits and vegetables among adults
in an urban-slum in Jos Nigeria. Most of the respondents have fair knowledge of nutritional
values; their knowledge of the nutritional values of fruits and vegetables was significantly
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determined by their sex and educational status. Most of them (69.2%) consumed adequate
quantity of fruits and vegetables. Respondents gave the cost of food items and seasonal
availability of fruits and vegetables as reasons for the low consumption. Thus, to improve the
intake of fruits and vegetables in the study area, the mass media and health talks by health
workers could be used to educate respondents on the need for them to increase their consump-
tion. Moreover, to reduce the expenses on fruits and vegetables purchase, households were
encouraged to have home gardens where they can produce the crops, which will ensure their
availability and all year round consumption of fruits and vegetables.

The reviewed studies have shown the various factors affecting consumption of fruits and vegeta-
bles across different subpopulations within sub-Saharan Africa. Studies that were conducted
among students (adolescents and tertiary institution students) revealed that consumption of fruits
and vegetables was due to the knowledge of health benefits derived from them [60, 61, 63, 64].
Moreover, the reviewed studies recommended awareness creation [6, 64], public education cam-
paign [62] and encouraging households to have home gardenswhere they can have access to fresh
fruits and vegetables at reduced costs [66]. Most of the studies revealed that consumption of fruits
and vegetables in the region is still below the recommended daily intake of five servings per day.

3. Conclusion

This chapter discussed the definition of fruits and vegetables, the concept of colour in fruits
and vegetables and recommended daily intake of fruits and vegetables across the globe (which
is the same world over). It also outlined the benefits of some common fruits and vegetables in
the sub-Saharan region. In the same vein, the situation of fruits and vegetables consumption
within the region was reviewed. The chapter thus concludes that, there is still more to be done
in order for households in the region to meet the recommended daily intake of fruits and
vegetables. As studies have highlighted, awareness creation and public campaigns in the form
of health talks concerning the health benefits of consuming fruits and vegetables are important
for the entire population to realise their benefits. In addition, a review of the health benefits of
these fruits and vegetables shows that increasing their consumption will keep the entire
household healthy. This is because consuming fruits and vegetables has been seen to prevent
and cure several diseases which could be noticed among all the different population strata.
This could be highlighted during awareness campaigns and health talks so as to encourage the
public to consume more fruits and vegetables.
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Abstract

Hydroponic systems for vegetable production are nowadays essential to maximize pro-
ductions and increase yields. Although the technical issues concerning the production 
are well explored and discussed, less information is available about the impact of hydro-
ponic methods in the nutritional status of fresh vegetables and in particularly in their 
levels of bioactive compounds. Therefore, the aim of the current chapter is to provide 
accurate and updated information about their effects on compositional and bioactive 
properties of vegetables, comparing with conventional production mode. This chapter 
will be divided as the following sections: (1) introduction (introduction to the theme), (2) 
hydroponics and quality of vegetable produces, and (3) conclusion. With this chapter, we 
hope to present an updated and credible discussion, compare hydroponic versus conven-
tional vegetables production mode, and present new consumers and producer trends.

Keywords: hydroponics, conventional production, nutrients, bioactivities

1. Introduction

Hydroponics can be briefly defined as cultivation of plants without soil [13]. In short, hydro-
ponics, a Greek word meaning “hydro” (water) and “ponos” (labor) is the method of growing 
plants in different types of substrates (chemically inert), sand, gravel, or liquid (water), in 
which nutrients are added, but no soil is used [13, 14].

Actually, Europe is considered the biggest market for hydroponics in which France, the 
Netherlands, and Spain are the three top producers, followed by the United States of America 
and Asia-Pacific region. These systems are becoming increasingly widespread over the world, 
and according to the most recent report [15], it is expected to reach a world growth of 18.8% 
from 2017 to 2023, corresponding to a global hydroponic market USD 490.50 Million by 2023.
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According to growers, hydroponic systems help them in expanding their ability for a continu-
ous production in a short growing period, require less space, and plants can be produced any-
where, i.e., in a small spaces with a controlled growth environment [16]. Growers often reply 
that hydroponics always allows them to have higher productivities and yields without any 
constrains of climate and weather conditions [17]. In addition, growers often claimed that qual-
ity of hydroponic produces is superior because it uses a highly controlled environment and 
enables a more homogeneous production without any loss of water and nutrients. Moreover, 
hydroponics is not dependent on seasonality, and therefore, their productivities are higher and 
homogenous throughout the year [18]. Growers also often report that hydroponic productions 
are easier, and since they do not require cultural operations such as plowing, weeding, soil fer-
tilization, and crop rotation, they are light and clean [19]. However, the scientific evidences are 
often contradictory and different disadvantages are reported to justify their rejection: high ini-
tial costs, high technical and plant physiology knowledge, periodic work routines, and efficient 
electrical systems [4, 19, 20]. It is also necessary and effective to control nutritional solutions 
and take daily measurements of liquid nutrients to avoid excess salinization and control micro-
bial diseases and pests to avoid any loss of production [4]. Nonetheless, growers often argue 
that this technique allows the possibility to grow healthier food and helps in the reduction of 
wastes. An example of this waste reduction can be seen in lettuce, the most hydroponically 
cultivated crop in the world, in which about 99% of their hydroponic leaves are valid and they 
can be sold to a value approximately of 40% more expensive than a lettuce grown traditionally 
[4]. Moreover, with hydroponics, there is a better opportunity to place the fresh produces in 
the market since their average nutritional quality and consumer’s acceptance are higher [21]. 
In addition, growers reported that with hydroponics, some of the negative impacts of conven-
tional agriculture are avoided including high and inefficient use of water, large land require-
ments, high concentrations of nutrients and pesticides, and soil degradation accompanied by 
erosion [22, 23]; issues that are much more in the nowadays concerns of consumers.

Worldwide consumers are increasingly interested in having more environment-friendly fresh 
vegetables due to the strong and well-established inverse relationship between vegetable con-
sumption and the risk of many types of chronic and degenerative diseases like cancer, cardio-
vascular, and neurological disorders [1]. Because of this growing consumer interest, the content 
of health-promoting compounds is becoming a vital consideration for fruit and vegetable grow-
ers. In fact, fresh vegetables and fruits are rich sources of bioactive compounds with significant 
health benefits, and these beneficial compounds can be influenced by several key factors includ-
ing genotype selection and environmental conditions (light, temperature, humidity, atmospheric 
CO2). Contrary to the conventional agricultural system, hydroponic relies on the manipulation 
of nutrients, which according to different authors allows having produces with high accumula-
tion of some beneficial nutrients [3, 5]. However, questions about their safety are often raised.

There are considerable research studies regarding conventional and hydroponic production 
separately, but few have compared the impact of both on the nutritional quality of fresh veg-
etables. In this context, with this chapter, we discuss with updated information on the differ-
ences between of hydroponics and conventional production and the impact of hydroponics 
in the nutritional composition and bioactive compound levels. We debate their impact, limita-
tions, and success.
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2. Hydroponics and quality of vegetable produces

2.1. Hydroponic systems: Definition of hydroponics and brief description of main 
hydroponic systems

Hydroponic production is the method of growing plants under soilless (i.e., soil less) condi-
tions with nutrients, water, and an inert medium (gravel, sand, pearlite among others) [13, 14].

From the perspective of plant science, there are no differences between soilless and soil-grown 
plants, because in both systems, the nutrients must be dissolved in water before plants can 
absorb them [24]. The differences reside in the way of nutrients that are available to the plants. 
In hydroponics, the nutrients are dissolved in water and the solution goes into the plant roots, 
which uptake the water with minerals toward different parts of plant. In the soil-based pro-
duction, the elements stick to the soil particles, pass into the soil solution, where they are 
absorbed by the plant roots [24, 25].

There are different types of hydroponics, depending on how they are characterized. One crite-
rion is to classify as closed or open hydroponic systems [25, 26]. The hydroponic systems that 
do not use growing media are usually referred as closed systems, while hydroponic systems 
with growing media in a container may be closed or open depending on whether the nutrient 
solution is recirculated (closed) or is introduced on every irrigation cycle (open). In the closed 
systems, the nutrient concentrations are constantly recycled, monitored, and adjusted, while 
in open systems, the nutrient solution is discarded (but stored) after each nutrition cycle.

Another approach to classify hydroponic systems is to classify them based on the movement 
of the nutrient solution: active or passive [26, 27]. Active means that nutrient solution will be 
moved, usually by a pump, and passive relies on a wick or the anchor of the growing media. 
Others characterize the hydroponics with recovery or nonrecovery criteria [26, 27]. Recovery 
is when the nutrient solution will be reintroduced into the system, while nonrecovery means 
that nutrient solution is applied to the growing media and vanish after that.

Although there is a large diversity of criteria, there are three fundamental things for plants: (1) 
water/moisture, (2) nutrients, and (3) oxygen. All these different types of hydroponics must 
deliver those three important fundamental things to achieve success in plant production. 
Despite this diversity, the criteria most commonly used by growers, farmers, private compa-
nies, and researchers categorize hydroponic systems into six different types [26–28]: Nutrient 
film technique (NFT), wick system, ebb and flow (flood and drain), water culture, drip sys-
tem, and aeroponic system. Table 1 summarizes the main characteristics of each system.

2.2. Bioactive compounds

2.2.1. Definition of “bioactive compounds”

According to Biesalski et al. [2], it is widely accepted that bioactive compounds can be defined as es-
sential and nonessential compounds that occur in nature as part of the food chain and with positive 
effect on human health. Bioactive compounds consist of chemicals found in small volumes in plants 
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are easier, and since they do not require cultural operations such as plowing, weeding, soil fer-
tilization, and crop rotation, they are light and clean [19]. However, the scientific evidences are 
often contradictory and different disadvantages are reported to justify their rejection: high ini-
tial costs, high technical and plant physiology knowledge, periodic work routines, and efficient 
electrical systems [4, 19, 20]. It is also necessary and effective to control nutritional solutions 
and take daily measurements of liquid nutrients to avoid excess salinization and control micro-
bial diseases and pests to avoid any loss of production [4]. Nonetheless, growers often argue 
that this technique allows the possibility to grow healthier food and helps in the reduction of 
wastes. An example of this waste reduction can be seen in lettuce, the most hydroponically 
cultivated crop in the world, in which about 99% of their hydroponic leaves are valid and they 
can be sold to a value approximately of 40% more expensive than a lettuce grown traditionally 
[4]. Moreover, with hydroponics, there is a better opportunity to place the fresh produces in 
the market since their average nutritional quality and consumer’s acceptance are higher [21]. 
In addition, growers reported that with hydroponics, some of the negative impacts of conven-
tional agriculture are avoided including high and inefficient use of water, large land require-
ments, high concentrations of nutrients and pesticides, and soil degradation accompanied by 
erosion [22, 23]; issues that are much more in the nowadays concerns of consumers.

Worldwide consumers are increasingly interested in having more environment-friendly fresh 
vegetables due to the strong and well-established inverse relationship between vegetable con-
sumption and the risk of many types of chronic and degenerative diseases like cancer, cardio-
vascular, and neurological disorders [1]. Because of this growing consumer interest, the content 
of health-promoting compounds is becoming a vital consideration for fruit and vegetable grow-
ers. In fact, fresh vegetables and fruits are rich sources of bioactive compounds with significant 
health benefits, and these beneficial compounds can be influenced by several key factors includ-
ing genotype selection and environmental conditions (light, temperature, humidity, atmospheric 
CO2). Contrary to the conventional agricultural system, hydroponic relies on the manipulation 
of nutrients, which according to different authors allows having produces with high accumula-
tion of some beneficial nutrients [3, 5]. However, questions about their safety are often raised.

There are considerable research studies regarding conventional and hydroponic production 
separately, but few have compared the impact of both on the nutritional quality of fresh veg-
etables. In this context, with this chapter, we discuss with updated information on the differ-
ences between of hydroponics and conventional production and the impact of hydroponics 
in the nutritional composition and bioactive compound levels. We debate their impact, limita-
tions, and success.
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2. Hydroponics and quality of vegetable produces

2.1. Hydroponic systems: Definition of hydroponics and brief description of main 
hydroponic systems

Hydroponic production is the method of growing plants under soilless (i.e., soil less) condi-
tions with nutrients, water, and an inert medium (gravel, sand, pearlite among others) [13, 14].

From the perspective of plant science, there are no differences between soilless and soil-grown 
plants, because in both systems, the nutrients must be dissolved in water before plants can 
absorb them [24]. The differences reside in the way of nutrients that are available to the plants. 
In hydroponics, the nutrients are dissolved in water and the solution goes into the plant roots, 
which uptake the water with minerals toward different parts of plant. In the soil-based pro-
duction, the elements stick to the soil particles, pass into the soil solution, where they are 
absorbed by the plant roots [24, 25].

There are different types of hydroponics, depending on how they are characterized. One crite-
rion is to classify as closed or open hydroponic systems [25, 26]. The hydroponic systems that 
do not use growing media are usually referred as closed systems, while hydroponic systems 
with growing media in a container may be closed or open depending on whether the nutrient 
solution is recirculated (closed) or is introduced on every irrigation cycle (open). In the closed 
systems, the nutrient concentrations are constantly recycled, monitored, and adjusted, while 
in open systems, the nutrient solution is discarded (but stored) after each nutrition cycle.

Another approach to classify hydroponic systems is to classify them based on the movement 
of the nutrient solution: active or passive [26, 27]. Active means that nutrient solution will be 
moved, usually by a pump, and passive relies on a wick or the anchor of the growing media. 
Others characterize the hydroponics with recovery or nonrecovery criteria [26, 27]. Recovery 
is when the nutrient solution will be reintroduced into the system, while nonrecovery means 
that nutrient solution is applied to the growing media and vanish after that.

Although there is a large diversity of criteria, there are three fundamental things for plants: (1) 
water/moisture, (2) nutrients, and (3) oxygen. All these different types of hydroponics must 
deliver those three important fundamental things to achieve success in plant production. 
Despite this diversity, the criteria most commonly used by growers, farmers, private compa-
nies, and researchers categorize hydroponic systems into six different types [26–28]: Nutrient 
film technique (NFT), wick system, ebb and flow (flood and drain), water culture, drip sys-
tem, and aeroponic system. Table 1 summarizes the main characteristics of each system.

2.2. Bioactive compounds

2.2.1. Definition of “bioactive compounds”

According to Biesalski et al. [2], it is widely accepted that bioactive compounds can be defined as es-
sential and nonessential compounds that occur in nature as part of the food chain and with positive 
effect on human health. Bioactive compounds consist of chemicals found in small volumes in plants 
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(leaves, roots, shoots, bark) and foods such as fruits, vegetables, nuts, oils, cereals, and grains [29]. 
Bioactive compounds result from secondary metabolites of plants and are not essential for their daily 
functioning but play a significant role in the defense, attraction, signaling, and competition and thus 
are often named as secondary plant metabolites [30, 31].

2.2.2. Types and main groups of bioactive compounds in vegetables

Bioactive compounds may be classified according to different criteria. The most common 
classification used by literature is based on their pharmacological and toxicological effect. 
However, this is more relevant to the clinicians, pharmacist, or toxicologists and not for plant 
biologists, agronomists, or other researchers involved in plant-related studies. For these last 
groups, it is normal to classify them according to biochemical pathways and chemical classes.

Table 2 summarizes the main classes of bioactive compounds often found in plants and foods.

Hydroponic 
system

Description

Aeroponics This is the most sophisticated and high-tech method, in which plants are suspended in special 
trails. Nutrients are sprayed, every few minutes, directly to the roots, which provide a light layer 
of nutrients. This system requires a regular monitorization of pumps to avoid any failure.

Deepwater culture 
(DWC)

In a DWC system, a reservoir is used to hold the nutrient solution. The roots of plants are 
suspended the nutrient solution in order to get a constant supply of water, oxygen, and nutrients. 
In this system, an air pump is used to oxygenate the water, preventing the roots from drowning.

Drip system In this system, the nutrient solution is set apart in a reservoir, and the plants are grown separately 
in a soilless medium. Drip systems dispense nutrients at a very slow rate, through nozzles, and 
the extra solutions can be collected and recirculated, or even allowed to drain out. With this 
system, it is possible to simultaneously grow several kinds of plants.

Ebb and flow Also known as “flood and drain,” is the less-commonly used system in hydroponics. This system 
utilizes a grow tray and a reservoir that is filled with a nutrient solution. A pump periodically 
floods the grow tray with nutrient solution, which then slowly drains away. In this system, plants 
are normally grown in mediums like rockwool or gravel, but if they need a substantial amount of 
moisture, this is substituted with vermiculite or coconut fiber due to their high capacity of excess 
moisture retention between floodings.

Nutrient film 
technique (NFT)

Similar to aeroponics, the nutrient film technique (NFT) is the most popular hydroponic system. 
In this method, a nutrient solution is pumped constantly through channels in which plants 
are placed. When the nutrient solutions reach the end of the channel, they are sent back to the 
beginning of the system. This makes it a recirculating system, but unlike DWC, the plants roots 
are not completely submerged, which is the main reason for naming this method NFT.

Wick system This is the easiest and simple method of hydroponics. It is a completely passive system, which 
means that nutrients are stored in a reservoir and moved into the root system by capillary action. 
With this system, we can find a diverse variety of growing medium such as perlite, vermiculite, 
coconut fiber, and other formulations.

The wick system is easy and inexpensive to set-up and maintain. The biggest drawback of this 
system resides in the poor oxygenation of plant roots and the large amount of nutrient solution 
that is required to reach efficiently to the plant root system.

Table 1. Main types of hydroponic systems and their respective characteristics, according to growers, farmers, private 
companies, and researchers [18–20].
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Chemical class Health benefits Example of primary food 
sources

Vitamins

(C, E, and K)

Antioxidative protection of cells and membranes against 
reactive oxygen species (ROS), protection of lipoproteins, 
stabilization of cell membrane structures, modulation of 
immune response, inhibition of tumor growth in humans.

Fruits and vegetables.

Glycosides

(cardiac glycosides, 
cyanogenic glycosides, 
glucosinolates, and 
anthraquinone glycosides)

Recent reports provide a large number of evidences about 
the chemopreventive role of different type of glycosides 
against cancers (bladder, prostate, esophagus, and stomach) 
and cancerous deleterious degenerative diseases. The 
glucosinolates, one of the most relevant group of glycoside 
compounds, are capable to activate enzymes involved in 
the detoxification of carcinogens, thus providing protection 
against oxidative damage.

Cruciferous vegetables, 
garlic, leek, onion.

Phenolics

(natural monophenols and 
polyphenols including 
phenolic acids, flavonoids, 
aurones, chalconoids, 
flavonolignans, lignans, 
stilbenes, curcuminoids, and 
tannins)

The specific action of each phenolic is difficult to assess, 
because organisms absorb only a small part of it and in 
addition, they may suffer transformations. Epidemiological 
studies have claimed that polyphenols are capable of 
scavenging reactive oxygen species (ROS), inhibiting the 
peroxidation lipids from cellular membranes, preventing the 
LDL cholesterol from oxidation, and protecting DNA from 
mutations and oxidations.

Fruits and vegetables, 
tea, cocoa, wine, grapes, 
peanuts.

Carotenoids

(carotenoids endowed 
with provitamin A activity, 
which are vital components 
of the human diet)

Although their bioactive mechanisms are still poorly 
understood, the heath importance of carotenoids is 
normally discussed in terms of antioxidant properties. 
Carotenoid-rich diets are correlated with a significant 
reduction in the risk of certain cancers, and heart and 
degenerative diseases. Epidemiological studies have shown 
that carotenoids may have anticancer and antimutagenic 
properties.

Green, orange, red, and 
yellow vegetables.

Plant sterols

(phytosterols)

They regulate the fluidity and permeability of the 
phospholipid bilayers of plant membranes. Plant sterols have 
been hypothesized to have anticancer, antiatherosclerosis, 
anti-inflammation, and antioxidant activities.

Cruciferous vegetables, 
spinach, rice, soybean, 
wheat germ, wheat bran, 
nuts, and vegetable seeds.

Alkaloids

(morphine, cocaine, solanine 
caffeine)

Morphine, cocaine, solanine, and caffeine are the most 
relevant alkaloids in plants. Besides the toxicity and their 
addictive effect, morphine and cocaine have been used 
in different formulations as anesthetics. The caffeine, the 
most known alkaloid and in high concentrations, is toxic 
and protects the plant seedlings from pests and plagues 
and prevents the germination of any other plants in the 
area (allopathic effects). In humans, caffeine has also been 
thought to reduce the risk of diabetes and heart disease, and 
recently, it has been associated with prevention of Alzheimer 
and Parkinson’s diseases.

Papaveraceae (poppy 
family), coffee, cocoa, tea, 
Solanaceae (nightshade 
family), sweet peppers, 
chili peppers, jalapeno 
peppers eggplant, 
tomatoes, potatoes

Atropa belladonna (deadly 
nightshade), Datura spp. 
(thorn apples).

Saponins Among other properties, saponins are referred as having 
cardioprotective and hepatoprotective effects. Saponins 
have been observed to reduce blood cholesterol, stimulate 
the immune system, and inhibit the growth of cancer cells.

Beans, grains, chickpeas, 
oats, quinoa, asparagus, 
soy, red wine, and 
melons.

Table 2. Main classes of bioactive compounds commonly found in plants, classified according to chemical class criteria 
[1, 2, 24–26].
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(leaves, roots, shoots, bark) and foods such as fruits, vegetables, nuts, oils, cereals, and grains [29]. 
Bioactive compounds result from secondary metabolites of plants and are not essential for their daily 
functioning but play a significant role in the defense, attraction, signaling, and competition and thus 
are often named as secondary plant metabolites [30, 31].

2.2.2. Types and main groups of bioactive compounds in vegetables

Bioactive compounds may be classified according to different criteria. The most common 
classification used by literature is based on their pharmacological and toxicological effect. 
However, this is more relevant to the clinicians, pharmacist, or toxicologists and not for plant 
biologists, agronomists, or other researchers involved in plant-related studies. For these last 
groups, it is normal to classify them according to biochemical pathways and chemical classes.

Table 2 summarizes the main classes of bioactive compounds often found in plants and foods.

Hydroponic 
system

Description

Aeroponics This is the most sophisticated and high-tech method, in which plants are suspended in special 
trails. Nutrients are sprayed, every few minutes, directly to the roots, which provide a light layer 
of nutrients. This system requires a regular monitorization of pumps to avoid any failure.

Deepwater culture 
(DWC)

In a DWC system, a reservoir is used to hold the nutrient solution. The roots of plants are 
suspended the nutrient solution in order to get a constant supply of water, oxygen, and nutrients. 
In this system, an air pump is used to oxygenate the water, preventing the roots from drowning.

Drip system In this system, the nutrient solution is set apart in a reservoir, and the plants are grown separately 
in a soilless medium. Drip systems dispense nutrients at a very slow rate, through nozzles, and 
the extra solutions can be collected and recirculated, or even allowed to drain out. With this 
system, it is possible to simultaneously grow several kinds of plants.

Ebb and flow Also known as “flood and drain,” is the less-commonly used system in hydroponics. This system 
utilizes a grow tray and a reservoir that is filled with a nutrient solution. A pump periodically 
floods the grow tray with nutrient solution, which then slowly drains away. In this system, plants 
are normally grown in mediums like rockwool or gravel, but if they need a substantial amount of 
moisture, this is substituted with vermiculite or coconut fiber due to their high capacity of excess 
moisture retention between floodings.

Nutrient film 
technique (NFT)

Similar to aeroponics, the nutrient film technique (NFT) is the most popular hydroponic system. 
In this method, a nutrient solution is pumped constantly through channels in which plants 
are placed. When the nutrient solutions reach the end of the channel, they are sent back to the 
beginning of the system. This makes it a recirculating system, but unlike DWC, the plants roots 
are not completely submerged, which is the main reason for naming this method NFT.

Wick system This is the easiest and simple method of hydroponics. It is a completely passive system, which 
means that nutrients are stored in a reservoir and moved into the root system by capillary action. 
With this system, we can find a diverse variety of growing medium such as perlite, vermiculite, 
coconut fiber, and other formulations.

The wick system is easy and inexpensive to set-up and maintain. The biggest drawback of this 
system resides in the poor oxygenation of plant roots and the large amount of nutrient solution 
that is required to reach efficiently to the plant root system.

Table 1. Main types of hydroponic systems and their respective characteristics, according to growers, farmers, private 
companies, and researchers [18–20].
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(C, E, and K)

Antioxidative protection of cells and membranes against 
reactive oxygen species (ROS), protection of lipoproteins, 
stabilization of cell membrane structures, modulation of 
immune response, inhibition of tumor growth in humans.

Fruits and vegetables.

Glycosides

(cardiac glycosides, 
cyanogenic glycosides, 
glucosinolates, and 
anthraquinone glycosides)

Recent reports provide a large number of evidences about 
the chemopreventive role of different type of glycosides 
against cancers (bladder, prostate, esophagus, and stomach) 
and cancerous deleterious degenerative diseases. The 
glucosinolates, one of the most relevant group of glycoside 
compounds, are capable to activate enzymes involved in 
the detoxification of carcinogens, thus providing protection 
against oxidative damage.

Cruciferous vegetables, 
garlic, leek, onion.

Phenolics

(natural monophenols and 
polyphenols including 
phenolic acids, flavonoids, 
aurones, chalconoids, 
flavonolignans, lignans, 
stilbenes, curcuminoids, and 
tannins)

The specific action of each phenolic is difficult to assess, 
because organisms absorb only a small part of it and in 
addition, they may suffer transformations. Epidemiological 
studies have claimed that polyphenols are capable of 
scavenging reactive oxygen species (ROS), inhibiting the 
peroxidation lipids from cellular membranes, preventing the 
LDL cholesterol from oxidation, and protecting DNA from 
mutations and oxidations.

Fruits and vegetables, 
tea, cocoa, wine, grapes, 
peanuts.

Carotenoids

(carotenoids endowed 
with provitamin A activity, 
which are vital components 
of the human diet)

Although their bioactive mechanisms are still poorly 
understood, the heath importance of carotenoids is 
normally discussed in terms of antioxidant properties. 
Carotenoid-rich diets are correlated with a significant 
reduction in the risk of certain cancers, and heart and 
degenerative diseases. Epidemiological studies have shown 
that carotenoids may have anticancer and antimutagenic 
properties.

Green, orange, red, and 
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They regulate the fluidity and permeability of the 
phospholipid bilayers of plant membranes. Plant sterols have 
been hypothesized to have anticancer, antiatherosclerosis, 
anti-inflammation, and antioxidant activities.

Cruciferous vegetables, 
spinach, rice, soybean, 
wheat germ, wheat bran, 
nuts, and vegetable seeds.

Alkaloids

(morphine, cocaine, solanine 
caffeine)

Morphine, cocaine, solanine, and caffeine are the most 
relevant alkaloids in plants. Besides the toxicity and their 
addictive effect, morphine and cocaine have been used 
in different formulations as anesthetics. The caffeine, the 
most known alkaloid and in high concentrations, is toxic 
and protects the plant seedlings from pests and plagues 
and prevents the germination of any other plants in the 
area (allopathic effects). In humans, caffeine has also been 
thought to reduce the risk of diabetes and heart disease, and 
recently, it has been associated with prevention of Alzheimer 
and Parkinson’s diseases.

Papaveraceae (poppy 
family), coffee, cocoa, tea, 
Solanaceae (nightshade 
family), sweet peppers, 
chili peppers, jalapeno 
peppers eggplant, 
tomatoes, potatoes

Atropa belladonna (deadly 
nightshade), Datura spp. 
(thorn apples).

Saponins Among other properties, saponins are referred as having 
cardioprotective and hepatoprotective effects. Saponins 
have been observed to reduce blood cholesterol, stimulate 
the immune system, and inhibit the growth of cancer cells.

Beans, grains, chickpeas, 
oats, quinoa, asparagus, 
soy, red wine, and 
melons.
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2.3. Hydroponic and accumulation of bioactive compounds

Soil farmers experience these same types of variations with respect to soil health and fluc-
tuations in environmental conditions. For example, water quality and variations in tempera-
ture and humidity can place stress on crops potentially changing their biochemical makeup 
regardless of the growing method being used. Because of these variations, studies to date 
comparing the nutritional content of produces grown hydroponically to soil grown have had 
mixed results, with some studies showing no difference between the two methods, while oth-
ers showing that soilless systems fared either better or worse than soil-grown controls in the 
nutrient levels being tested. As you can imagine, experimental design and conditions vary 
widely between these studies and depend on how they were designed affecting the outcome 
and the significance of the findings.

Different studies have claimed that vegetables produced from hydroponics have better quali-
ties than those from conventional soil-based cultivation [32, 33]. On the other hand, other 
studies have claimed that the exact differences between qualities of vegetables grown in soil 
or hydroponics are difficult to establish [10, 34, 35]. Nonetheless, all authors in general seem 
to agree that hydroponic systems can be the best alternative when arable soil is scarce or their 
types are not ideal for the desired crop.

Although there are diverse and contradictory opinions, the general view of researcher seems 
to be that hydroponic can enhance the content of bioactive compounds. Recent studies have 
shown that in some high-value fresh vegetables, the hydroponic systems allow having higher 
nutritional quality due to high accumulation of bioactive compounds. Premuzic et al. [36] 
found an increment of macro- and micronutrients as well as in antioxidants in hydroponic 
tomatoes, compared to soil-based production. Selma et al. [37] found that hydroponic sys-
tem was more effective in controlling microbial contamination as well as higher antioxidant 
compounds, since this method of production allowed a better maintenance of visual quality, 
control of browning, and more effective in controlling microbial contamination as compared 
with lettuces cultivated in soil. Pedneault et al. [38] in Achillea millefolium found an accumu-
lation of flavonoids in plants grown in hydroponic systems (0.43% dry weigh) compared to 
field-grown plants 0.38% dry weight). Also, Sgherri et al. [3] found that hydroponic cultiva-
tion of basil (Ocimum basilicum cv. Genova) improved the antioxidant activity of both aqueous 
and lipid extracts, increasing the contents of vitamin C, vitamin E, lipoic acid, total phenols, 
and rosmarinic acid. Table 3 presents some examples of studies about the accumulation of 
bioactive compounds under hydroponic systems.

Based on the results obtained by the different authors, it seems evident that all of them reported 
as common reasons for the enhancement of bioactive compounds under hydroponics—the 
tight control over the entire process of cultivation, particularly the amount and composition 
of nutrients and environmental conditions of temperature, humidity and light, and water 
salinity. Hydroponic operations, including the water recirculation systems, may provide ideal 
conditions for enactment of secondary metabolites, particularly when plants are placed under 
osmotic or salt stress, which boost the natural bioactive compounds of plants. Moreover, the 
saturation of light and temperatures by leaf receptors, often used in these systems, contributes 
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to maximize photosynthesis and subsequent carbohydrate production that will be used for dif-
ferent biochemical mechanism including bioactive compounds biosynthesis, enhancing their 
content. For example, Greer and Weston [39] found that in a controlled environment with lower 
temperatures, the content of anthocyanin in berries increased. Other authors observed an incre-
ment of phenolic acids, flavonoids, and anthocyanins when the ratio of day/night temperature 
and day/night length was modified from low to high [40]. Also, in a recent study [41] with 
rocket salads (Eruca sativa, Eruca vesicaria, and Diplotaxis tenuifolia), it was found that setting 
long day lighting (16 h light, 8 h dark) at an intensity of 200 μmol m−2 s−1, with a daytime tem-
peratures of 20°C and night-time temperatures of 14°C, caused an enhancement in the content 
of polyphenols and glucosinolates. Likewise, day/night temperatures and day/night length, the 
nutrient solutions, the type of lights, and the levels of CO2 can be used to enhance the content 
of bioactive compounds. Nutrient solutions with high electrical conductivity (EC) were shown 
to be efficient in the increment of lycopene (from 34 to 85%) in tomato cultivars [42]. In a study 

Crop Results Reference

Basil The hydroponic cultivation improved the contents of vitamin C, vitamin E, lipoic 
acid, total phenols, and rosmarinic acid, as well as their antioxidant activities.

[3]

Lettuce Hydroponics offered 11 ± 1.7 times higher yields compared to conventionally 
produced, but also required 82 ± 11 times more energy.

[4]

Lettuce Levels of alpha-tocopherol here were higher in hydroponics compared to 
conventional soil-based production.

[5]

Lettuce The content of lutein, beta-carotene, violaxanthin, and neoxanthin were lower 
in hydroponics compared to the soil-based production, due to less exposure 
of hydroponics to sunlight and temperatures, which had significant impact on 
carotenogenesis decreasing their levels.

[6]

Lettuce Hydroponics-grown lettuce had significantly lower concentration of microorganisms 
compared to other in-soil-grown lettuce.

[7]

Onion Total flavonoids were similar between hydroponics and soil-based cultivation. [8]

Red paprika The content of carotenoids capsorubin and capsanthin was higher in hydroponics 
(4.50 and 46.74 mg/100 g dry weight, respectively) compared to convention soil 
culture (2.81 and 29.57 mg/100 g dry weight, respectively).

[9]

Strawberry Fruit yield per plant was 10% higher in hydroponic raspberries compared to soil-
grown raspberries.

[10]

Sweet potato Carotenes, ascorbic acid, thiamin, oxalic and tannic acids, and chymotrypsin and 
trypsin inhibitors were higher under hydroponics.

[11]

Tomato No significant differences between hydroponic and nonhydroponic tomatoes in the 
levels of lycopene content (averaging 36.15 and 36.25 μg/g, respectively).

[11]

Tomato Highly controlled conditions of electrical conductivity (EC) and salinity of water, pH, 
and nutrients provide optimum condition for enhancing the levels of sugars, Brix, 
pH, and organic acids, which are quality criteria of consumer acceptance toward 
tomato.

[12]

Table 3. Comparative results between hydroponics and conventional soil-based production.
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2.3. Hydroponic and accumulation of bioactive compounds
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studies have claimed that the exact differences between qualities of vegetables grown in soil 
or hydroponics are difficult to establish [10, 34, 35]. Nonetheless, all authors in general seem 
to agree that hydroponic systems can be the best alternative when arable soil is scarce or their 
types are not ideal for the desired crop.

Although there are diverse and contradictory opinions, the general view of researcher seems 
to be that hydroponic can enhance the content of bioactive compounds. Recent studies have 
shown that in some high-value fresh vegetables, the hydroponic systems allow having higher 
nutritional quality due to high accumulation of bioactive compounds. Premuzic et al. [36] 
found an increment of macro- and micronutrients as well as in antioxidants in hydroponic 
tomatoes, compared to soil-based production. Selma et al. [37] found that hydroponic sys-
tem was more effective in controlling microbial contamination as well as higher antioxidant 
compounds, since this method of production allowed a better maintenance of visual quality, 
control of browning, and more effective in controlling microbial contamination as compared 
with lettuces cultivated in soil. Pedneault et al. [38] in Achillea millefolium found an accumu-
lation of flavonoids in plants grown in hydroponic systems (0.43% dry weigh) compared to 
field-grown plants 0.38% dry weight). Also, Sgherri et al. [3] found that hydroponic cultiva-
tion of basil (Ocimum basilicum cv. Genova) improved the antioxidant activity of both aqueous 
and lipid extracts, increasing the contents of vitamin C, vitamin E, lipoic acid, total phenols, 
and rosmarinic acid. Table 3 presents some examples of studies about the accumulation of 
bioactive compounds under hydroponic systems.

Based on the results obtained by the different authors, it seems evident that all of them reported 
as common reasons for the enhancement of bioactive compounds under hydroponics—the 
tight control over the entire process of cultivation, particularly the amount and composition 
of nutrients and environmental conditions of temperature, humidity and light, and water 
salinity. Hydroponic operations, including the water recirculation systems, may provide ideal 
conditions for enactment of secondary metabolites, particularly when plants are placed under 
osmotic or salt stress, which boost the natural bioactive compounds of plants. Moreover, the 
saturation of light and temperatures by leaf receptors, often used in these systems, contributes 
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to maximize photosynthesis and subsequent carbohydrate production that will be used for dif-
ferent biochemical mechanism including bioactive compounds biosynthesis, enhancing their 
content. For example, Greer and Weston [39] found that in a controlled environment with lower 
temperatures, the content of anthocyanin in berries increased. Other authors observed an incre-
ment of phenolic acids, flavonoids, and anthocyanins when the ratio of day/night temperature 
and day/night length was modified from low to high [40]. Also, in a recent study [41] with 
rocket salads (Eruca sativa, Eruca vesicaria, and Diplotaxis tenuifolia), it was found that setting 
long day lighting (16 h light, 8 h dark) at an intensity of 200 μmol m−2 s−1, with a daytime tem-
peratures of 20°C and night-time temperatures of 14°C, caused an enhancement in the content 
of polyphenols and glucosinolates. Likewise, day/night temperatures and day/night length, the 
nutrient solutions, the type of lights, and the levels of CO2 can be used to enhance the content 
of bioactive compounds. Nutrient solutions with high electrical conductivity (EC) were shown 
to be efficient in the increment of lycopene (from 34 to 85%) in tomato cultivars [42]. In a study 

Crop Results Reference

Basil The hydroponic cultivation improved the contents of vitamin C, vitamin E, lipoic 
acid, total phenols, and rosmarinic acid, as well as their antioxidant activities.

[3]

Lettuce Hydroponics offered 11 ± 1.7 times higher yields compared to conventionally 
produced, but also required 82 ± 11 times more energy.

[4]

Lettuce Levels of alpha-tocopherol here were higher in hydroponics compared to 
conventional soil-based production.

[5]

Lettuce The content of lutein, beta-carotene, violaxanthin, and neoxanthin were lower 
in hydroponics compared to the soil-based production, due to less exposure 
of hydroponics to sunlight and temperatures, which had significant impact on 
carotenogenesis decreasing their levels.

[6]

Lettuce Hydroponics-grown lettuce had significantly lower concentration of microorganisms 
compared to other in-soil-grown lettuce.

[7]

Onion Total flavonoids were similar between hydroponics and soil-based cultivation. [8]

Red paprika The content of carotenoids capsorubin and capsanthin was higher in hydroponics 
(4.50 and 46.74 mg/100 g dry weight, respectively) compared to convention soil 
culture (2.81 and 29.57 mg/100 g dry weight, respectively).

[9]

Strawberry Fruit yield per plant was 10% higher in hydroponic raspberries compared to soil-
grown raspberries.

[10]

Sweet potato Carotenes, ascorbic acid, thiamin, oxalic and tannic acids, and chymotrypsin and 
trypsin inhibitors were higher under hydroponics.

[11]

Tomato No significant differences between hydroponic and nonhydroponic tomatoes in the 
levels of lycopene content (averaging 36.15 and 36.25 μg/g, respectively).

[11]

Tomato Highly controlled conditions of electrical conductivity (EC) and salinity of water, pH, 
and nutrients provide optimum condition for enhancing the levels of sugars, Brix, 
pH, and organic acids, which are quality criteria of consumer acceptance toward 
tomato.

[12]

Table 3. Comparative results between hydroponics and conventional soil-based production.
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with Gynura bicolor DC (a traditional vegetable from China and South East Asia) submitted to 
80% red light and 20% blue light, supplemented with CO2 elevation from 450 (ambient read-
ing) to 1200 μmol mol−1, the content of bioactive compounds enhanced significantly [43]. The 
content of anthocyanins and flavonoids rose from 400 to 700 mg 100 g−1 dry weight and from 
250 to 350 mg 100 g−1 dry weight, respectively [43]. Therefore, growing plants in a highly con-
trolled environment might be an efficient alternative to maximize the production of bioactive 
compounds.

Although there are many advantages of the hydroponics compared to soil-based production, 
there are several aspects to be taken in account when we decide to choose hydroponics. These 
types of production systems require a regular irrigation and fertilization, which may other-
wise result in possible contamination of surface and groundwater. In addition, they required 
an adequate management of pH, electrical conductivity (EC), dissolved oxygen, and tempera-
ture of nutrient solutions, because the ion concentrations may change with time, resulting in 
a nutrient imbalance. Therefore, real-time and periodical measurements of nutrient solutions 
are required, and adjustment of nutrient ratios is often required. In addition, to avoid infesta-
tions and diseases, disinfection systems are obligatory. All these aspects must be considered 
to achieve high quality without compromising the production yield and safety.

3. Conclusions

Hydroponics is extending worldwide and such systems offer many new alternatives and 
opportunities for growers and consumers to have productions with high quality, including 
vegetables enhanced with bioactive compounds. This chapter presented a general overview 
about the role of hydroponics in the enhancement of these important types of nonessential 
nutrients, and based on the above discussion, it seems that hydroponics can be an essential 
instrument to have vegetables with high nutritional quality. However, both hydroponics and 
soil-based production systems require proper control, and they must be implemented correctly 
with full respect with plant needs, soil, water, environment, growers, and consumer safety.

Acknowledgements

The author acknowledges the support of European Investment Funds by FEDER/COMPETE/
POCI–Operational Competitiveness and Internationalization Programme, under Project 
POCI-01-0145-FEDER-006958 and National Funds by FCT—Portuguese Foundation for 
Science and Technology, under the project UID/AGR/04033/2013.

Conflict of interest

The author declares no conflict of interest.

Vegetables - Importance of Quality Vegetables to Human Health62

Author details

Alfredo Aires

Address all correspondence to: alfredoa@utad.pt

Centre for the Research and Technology for Agro-Environment and Biological Sciences, 
University of Trás-os-Montes e Alto Douro CITAB, UTAD, Quinta de Prados, Vila Real, 
Portugal

References

[1] Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkoski AE, Hilpert KF, Griel AE,  
Etherton TD. Bioactive compounds in foods: Their role in the prevention of cardiovascu-
lar disease and cancer. The American Journal of Medicine. 2002;113:71-88. DOI: 10.1016/
S0002-9343(01)00995-0

[2] Biesalski H-K, Dragsted LO, Elmadfa I, Grossklaus R, Müller M, Chrenk D, Walter P,  
Weber P. Bioactive compounds: Definition and assessment of activity. Nutrition. 
2009;25:1202-1205. DOI: 10.1016/j.nut.2009.04.023

[3] Sgherri C, Cecconami S, Pinzino C, Navari-Izzo F, Izzo R. Levels of antioxidants and 
nutraceuticals in basil grown in hydroponics and soil. Food Chemistry. 2010;123:416-422.  
DOI: 10.1016/j.foodchem.2010.04.058

[4] Barbosa GL, Gadelha FDA, Kublik N, Proctor A, Reichelm L, Weissinger E, Wohlleb GM, 
Halden RU. Comparison of land, water, and energy requirements of lettuce grown using 
hydroponic vs. conventional agricultural methods. International Journal of Environmental 
Research and Public Health. 2015;12:6879-6891. DOI: 10.3390/ijerph120606879

[5] Buchanan DN, Omaye ST. Comparative study of ascorbic acid and tocopherol concentra-
tions in hydroponic- and soil-grown lettuces. Food and Nutrition Sciences. 2013;4:1047-1053.  
DOI: 10.4236/fns.2013.410136

[6] Kimura M, Rodriguez-Amaya DB. Carotenoid composition of hydroponic leafy veg-
etables. Journal of Agricultural and Food Chemistry. 2003;51:2603-2607. DOI: 10.1021/
jf020539b

[7] Sirsat SA, Neal JA. Microbial profile of soil-free versus in-soil grown lettuce and inter-
vention methodologies to combat pathogen surrogates and spoilage microorganisms on 
lettuce. Food. 2013;2:488-498. DOI: 10.3390/foods2040488

[8] Thompson L, Morris J, Peffley E, Green C, Paré P, Tissue D, Jasoni R, Hutson J, Wehner B, 
Kane C. Flavonol content and composition of spring onions grown hydroponically or in 
potting soil. Journal of Food Composition and Analysis. 2005;18:635-645. DOI: 10.1016/j.
jfca.2004.06.009

Hydroponic Production Systems: Impact on Nutritional Status and Bioactive Compounds…
http://dx.doi.org/10.5772/intechopen.73011

63



with Gynura bicolor DC (a traditional vegetable from China and South East Asia) submitted to 
80% red light and 20% blue light, supplemented with CO2 elevation from 450 (ambient read-
ing) to 1200 μmol mol−1, the content of bioactive compounds enhanced significantly [43]. The 
content of anthocyanins and flavonoids rose from 400 to 700 mg 100 g−1 dry weight and from 
250 to 350 mg 100 g−1 dry weight, respectively [43]. Therefore, growing plants in a highly con-
trolled environment might be an efficient alternative to maximize the production of bioactive 
compounds.

Although there are many advantages of the hydroponics compared to soil-based production, 
there are several aspects to be taken in account when we decide to choose hydroponics. These 
types of production systems require a regular irrigation and fertilization, which may other-
wise result in possible contamination of surface and groundwater. In addition, they required 
an adequate management of pH, electrical conductivity (EC), dissolved oxygen, and tempera-
ture of nutrient solutions, because the ion concentrations may change with time, resulting in 
a nutrient imbalance. Therefore, real-time and periodical measurements of nutrient solutions 
are required, and adjustment of nutrient ratios is often required. In addition, to avoid infesta-
tions and diseases, disinfection systems are obligatory. All these aspects must be considered 
to achieve high quality without compromising the production yield and safety.

3. Conclusions

Hydroponics is extending worldwide and such systems offer many new alternatives and 
opportunities for growers and consumers to have productions with high quality, including 
vegetables enhanced with bioactive compounds. This chapter presented a general overview 
about the role of hydroponics in the enhancement of these important types of nonessential 
nutrients, and based on the above discussion, it seems that hydroponics can be an essential 
instrument to have vegetables with high nutritional quality. However, both hydroponics and 
soil-based production systems require proper control, and they must be implemented correctly 
with full respect with plant needs, soil, water, environment, growers, and consumer safety.

Acknowledgements

The author acknowledges the support of European Investment Funds by FEDER/COMPETE/
POCI–Operational Competitiveness and Internationalization Programme, under Project 
POCI-01-0145-FEDER-006958 and National Funds by FCT—Portuguese Foundation for 
Science and Technology, under the project UID/AGR/04033/2013.

Conflict of interest

The author declares no conflict of interest.

Vegetables - Importance of Quality Vegetables to Human Health62

Author details

Alfredo Aires

Address all correspondence to: alfredoa@utad.pt

Centre for the Research and Technology for Agro-Environment and Biological Sciences, 
University of Trás-os-Montes e Alto Douro CITAB, UTAD, Quinta de Prados, Vila Real, 
Portugal

References

[1] Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkoski AE, Hilpert KF, Griel AE,  
Etherton TD. Bioactive compounds in foods: Their role in the prevention of cardiovascu-
lar disease and cancer. The American Journal of Medicine. 2002;113:71-88. DOI: 10.1016/
S0002-9343(01)00995-0

[2] Biesalski H-K, Dragsted LO, Elmadfa I, Grossklaus R, Müller M, Chrenk D, Walter P,  
Weber P. Bioactive compounds: Definition and assessment of activity. Nutrition. 
2009;25:1202-1205. DOI: 10.1016/j.nut.2009.04.023

[3] Sgherri C, Cecconami S, Pinzino C, Navari-Izzo F, Izzo R. Levels of antioxidants and 
nutraceuticals in basil grown in hydroponics and soil. Food Chemistry. 2010;123:416-422.  
DOI: 10.1016/j.foodchem.2010.04.058

[4] Barbosa GL, Gadelha FDA, Kublik N, Proctor A, Reichelm L, Weissinger E, Wohlleb GM, 
Halden RU. Comparison of land, water, and energy requirements of lettuce grown using 
hydroponic vs. conventional agricultural methods. International Journal of Environmental 
Research and Public Health. 2015;12:6879-6891. DOI: 10.3390/ijerph120606879

[5] Buchanan DN, Omaye ST. Comparative study of ascorbic acid and tocopherol concentra-
tions in hydroponic- and soil-grown lettuces. Food and Nutrition Sciences. 2013;4:1047-1053.  
DOI: 10.4236/fns.2013.410136

[6] Kimura M, Rodriguez-Amaya DB. Carotenoid composition of hydroponic leafy veg-
etables. Journal of Agricultural and Food Chemistry. 2003;51:2603-2607. DOI: 10.1021/
jf020539b

[7] Sirsat SA, Neal JA. Microbial profile of soil-free versus in-soil grown lettuce and inter-
vention methodologies to combat pathogen surrogates and spoilage microorganisms on 
lettuce. Food. 2013;2:488-498. DOI: 10.3390/foods2040488

[8] Thompson L, Morris J, Peffley E, Green C, Paré P, Tissue D, Jasoni R, Hutson J, Wehner B, 
Kane C. Flavonol content and composition of spring onions grown hydroponically or in 
potting soil. Journal of Food Composition and Analysis. 2005;18:635-645. DOI: 10.1016/j.
jfca.2004.06.009

Hydroponic Production Systems: Impact on Nutritional Status and Bioactive Compounds…
http://dx.doi.org/10.5772/intechopen.73011

63



[9] Kim J-S, An CG, Park J-S, Lim YP, Kim S. Carotenoid profiling from 27 types of paprika 
(Capsicum annuum L.) with different colors, shapes, and cultivation methods. Food 
Chemistry. 2016;201:64-71. DOI: 10.1016/j.foodchem.2016.01.041

[10] Treftz C, Omaye ST. Nutrient analysis of soil and soilless strawberries and raspberries 
grown in a greenhouse. Food and Nutrition Sciences. 2015;6:805-815. DOI: 10.4236/
fns.2015.69084

[11] Ajlouni S, Kremer S, Masih L. Lycopene content in hydroponic and non-hydro-
ponic tomatoes during postharvest storage. Food Australia. 2001;53:195-196. https://
www.researchgate.net/profile/Said:Ajlouni/publication/259198470_Lycopene_con-
tent_in_hydroponic_and_non-hydroponic_tomatoes_during_postharvest_storage/
links/53d9cca90cf2631430c7dc55.pdf [Accessed: November 23, 2017]

[12] DeBoer B. Tasty Tomatoes: Improving Flavor and Quality in Hydroponically Grown 
Tomatoes. 2016. Available from: https://www.maximumyield.com/tasty-tomatoes-improv-
ing-flavor-and-quality-in-hydroponically-grown-tomatoes/2/1073 [Accessed: November 
22, 2017]

[13] Savvas D. Hydroponics: A modern technology supporting the application of integrated 
crop management in greenhouse. Food, Agriculture & Environment. 2003;1:80-86. 
https://pdfs.semanticscholar.org/b334/0b0d3ac38b219eac05e3390dc680f0d47741.pdf 
[Accessed: 17 November 2017]

[14] Douglas JS. Hydroponics. 5th ed. Bombay: Oxford; 1975. pp. 1-3

[15] Jensen MH, Collins WL. Hydroponic vegetable production. Horticultural Reviews. 
1985;7:483-558. DOI: 10.1002/9781118060735.ch10

[16] Hughes AJ. Experts: Hydroponic Growing Offers Advantages, But Won’t Replace the 
Soil. 2017. Available from: http://seedstock.com/2016/03/15/experts-hydroponic-grow-
ing-offers-advantages-but-wont-replace-soil/ [Accessed: 20 November 2017]

[17] Sarah Wambua S. Reasons Why Hydroponics Is Better Than Soil Farming. 2017. Available 
from: http://www.farmhydroponics.com/hydroponics/hydroponics-vs-soil [Accessed: 
November 20, 2017]

[18] Okemwa E. Effectiveness of aquaponic and hydroponic gardening to traditional gardening. 
International Journal of Scientific Research and Innovative Technology. 2015;2:2313-3759.  
http://www.ijsrit.com/uploaded_all_files/3563230518_m3.pdf [Accessed: November 20, 
2017]

[19] Nguyen NT, McInturf SA, Mendoza-Cózatl DG. Hydroponics: A versatile system to 
study nutrient allocation and plant responses to nutrient availability and exposure to 
toxic elements. Journal of Visualized Experiments. 2016;113:54317. DOI: 10.3791/54317

[20] Lopes da Luz G, Petter Medeiros S, Manfron P, Borcioni E, Muller L, Dischkaln do Amaral A,  
Pereira Morais K. Consumo de energia elétrica e produção de alface hidropônica 
com três intervalos entre irrigações. Ciência Rural. 2008;38:815-818. DOI: 10.1590/ 
S0103-84782008000800049

Vegetables - Importance of Quality Vegetables to Human Health64

[21] Mehra S, Leng TW, Yamashita Y. Are Singaporeans Ready for Hydroponics? 2017. Available 
from: http://www.aci-institute.com/wp-content/uploads/2017/08/Insight-_Singaporeans_
hydroponics_Shyamli_WeeLeng_Yuko.pdf [Accessed: November 20, 2017]

[22] Treftz C, Omaye ST. Hydroponics: Potential for augmenting sustainable food produc-
tion in non-arable regions. Nutrition & Food Science. 2016;46:672-684. DOI: 10.1108/
NFS-10-2015-0118

[23] Horrigan L, Lawrence RS, Walker P. How sustainable agriculture can address the envi-
ronmental and human health harms of industrial agriculture. Environmental Health 
Perspectives. 2002;110:445-456. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1240832/ 
[Accessed: November 20, 2017]

[24] Bridgewood L. Hydroponics: Soilless Gardening Explained. Marlborough: Crowood 
Press; 2003. p. 144. ISBN 9781861265609

[25] Jones JB Jr. Hydroponics: A Practical Guide for the Soilless Grower. 2nd ed. CRC Press; 
2005. p. 440. ISBN: 1420037706, 9781420037708

[26] Resh HM. Hydroponic Food Production: A Definitive Guidebook for the Advanced 
Home Gardener and the Commercial Hydroponic Grower. 7th ed. CRC Press; 2012. 
p. 560. ISBN 9781439878675

[27] Hughes C. The 6 Most Common Types of Hydroponic Systems Found in Modern 
Grow Rooms. 2017. Available from: https://www.maximumyield.com/the-6-most-com-
mon-types-of-hydroponic-systems-found-in-modern-grow-rooms/2/3614 [Accessed: 
November 20, 2017]

[28] Lennard WA, Leonard BV. A comparison of three different hydroponic sub-systems 
(gravel bed, floating and nutrient film technique) in an aquaponic test system. Aquacult 
International. 2006;14:539-550. DOI: 10.1007/s10499-006-9053-2

[29] Halliwell B. Dietary polyphenols: Good, bad, or indifferent for your health? 
Cardiovascular Research. 2007;73:341-347. DOI: 10.1016/j.cardiores.2006.10.004

[30] Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkosky AE, Hilpert KF, Griel AE,  
Etherton DT. Bioactive compounds in foods: Their role in the prevention of cardiovascu-
lar disease and cancer. The American Journal of Medicine. 2002;113(Suppl. 9B):71-88S. 
DOI: 10.1016/S0002-9343(01)00995-0

[31] Delgoda R, Murray JE. Evolutionary perspectives on the role of plant secondary metabo-
lites. In: Badal S, Delgoda R, editors. Pharmacognosy. Boston: Academic Press; 2017. 
pp. 93-100. DOI: 10.1016/B978-0-12-802104-0.00007-X

[32] Maboko MM, Du Plooy CP, Bertling I. Comparative performance of tomato cultivars 
in soilless vs. in-soil production systems. Acta Horticulturae. 2009;843:319-326. DOI: 
10.17660/ActaHortic.2009.843.42

[33] Palermo M, Paradiso R, De Pascale S, Fogliano V. Hydroponic cultivation improves 
the nutritional quality of soybean and its products. Journal of Agricultural and Food 
Chemistry. 2012;60:250-255. DOI: 10.1021/jf203275m

Hydroponic Production Systems: Impact on Nutritional Status and Bioactive Compounds…
http://dx.doi.org/10.5772/intechopen.73011

65



[9] Kim J-S, An CG, Park J-S, Lim YP, Kim S. Carotenoid profiling from 27 types of paprika 
(Capsicum annuum L.) with different colors, shapes, and cultivation methods. Food 
Chemistry. 2016;201:64-71. DOI: 10.1016/j.foodchem.2016.01.041

[10] Treftz C, Omaye ST. Nutrient analysis of soil and soilless strawberries and raspberries 
grown in a greenhouse. Food and Nutrition Sciences. 2015;6:805-815. DOI: 10.4236/
fns.2015.69084

[11] Ajlouni S, Kremer S, Masih L. Lycopene content in hydroponic and non-hydro-
ponic tomatoes during postharvest storage. Food Australia. 2001;53:195-196. https://
www.researchgate.net/profile/Said:Ajlouni/publication/259198470_Lycopene_con-
tent_in_hydroponic_and_non-hydroponic_tomatoes_during_postharvest_storage/
links/53d9cca90cf2631430c7dc55.pdf [Accessed: November 23, 2017]

[12] DeBoer B. Tasty Tomatoes: Improving Flavor and Quality in Hydroponically Grown 
Tomatoes. 2016. Available from: https://www.maximumyield.com/tasty-tomatoes-improv-
ing-flavor-and-quality-in-hydroponically-grown-tomatoes/2/1073 [Accessed: November 
22, 2017]

[13] Savvas D. Hydroponics: A modern technology supporting the application of integrated 
crop management in greenhouse. Food, Agriculture & Environment. 2003;1:80-86. 
https://pdfs.semanticscholar.org/b334/0b0d3ac38b219eac05e3390dc680f0d47741.pdf 
[Accessed: 17 November 2017]

[14] Douglas JS. Hydroponics. 5th ed. Bombay: Oxford; 1975. pp. 1-3

[15] Jensen MH, Collins WL. Hydroponic vegetable production. Horticultural Reviews. 
1985;7:483-558. DOI: 10.1002/9781118060735.ch10

[16] Hughes AJ. Experts: Hydroponic Growing Offers Advantages, But Won’t Replace the 
Soil. 2017. Available from: http://seedstock.com/2016/03/15/experts-hydroponic-grow-
ing-offers-advantages-but-wont-replace-soil/ [Accessed: 20 November 2017]

[17] Sarah Wambua S. Reasons Why Hydroponics Is Better Than Soil Farming. 2017. Available 
from: http://www.farmhydroponics.com/hydroponics/hydroponics-vs-soil [Accessed: 
November 20, 2017]

[18] Okemwa E. Effectiveness of aquaponic and hydroponic gardening to traditional gardening. 
International Journal of Scientific Research and Innovative Technology. 2015;2:2313-3759.  
http://www.ijsrit.com/uploaded_all_files/3563230518_m3.pdf [Accessed: November 20, 
2017]

[19] Nguyen NT, McInturf SA, Mendoza-Cózatl DG. Hydroponics: A versatile system to 
study nutrient allocation and plant responses to nutrient availability and exposure to 
toxic elements. Journal of Visualized Experiments. 2016;113:54317. DOI: 10.3791/54317

[20] Lopes da Luz G, Petter Medeiros S, Manfron P, Borcioni E, Muller L, Dischkaln do Amaral A,  
Pereira Morais K. Consumo de energia elétrica e produção de alface hidropônica 
com três intervalos entre irrigações. Ciência Rural. 2008;38:815-818. DOI: 10.1590/ 
S0103-84782008000800049

Vegetables - Importance of Quality Vegetables to Human Health64

[21] Mehra S, Leng TW, Yamashita Y. Are Singaporeans Ready for Hydroponics? 2017. Available 
from: http://www.aci-institute.com/wp-content/uploads/2017/08/Insight-_Singaporeans_
hydroponics_Shyamli_WeeLeng_Yuko.pdf [Accessed: November 20, 2017]

[22] Treftz C, Omaye ST. Hydroponics: Potential for augmenting sustainable food produc-
tion in non-arable regions. Nutrition & Food Science. 2016;46:672-684. DOI: 10.1108/
NFS-10-2015-0118

[23] Horrigan L, Lawrence RS, Walker P. How sustainable agriculture can address the envi-
ronmental and human health harms of industrial agriculture. Environmental Health 
Perspectives. 2002;110:445-456. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1240832/ 
[Accessed: November 20, 2017]

[24] Bridgewood L. Hydroponics: Soilless Gardening Explained. Marlborough: Crowood 
Press; 2003. p. 144. ISBN 9781861265609

[25] Jones JB Jr. Hydroponics: A Practical Guide for the Soilless Grower. 2nd ed. CRC Press; 
2005. p. 440. ISBN: 1420037706, 9781420037708

[26] Resh HM. Hydroponic Food Production: A Definitive Guidebook for the Advanced 
Home Gardener and the Commercial Hydroponic Grower. 7th ed. CRC Press; 2012. 
p. 560. ISBN 9781439878675

[27] Hughes C. The 6 Most Common Types of Hydroponic Systems Found in Modern 
Grow Rooms. 2017. Available from: https://www.maximumyield.com/the-6-most-com-
mon-types-of-hydroponic-systems-found-in-modern-grow-rooms/2/3614 [Accessed: 
November 20, 2017]

[28] Lennard WA, Leonard BV. A comparison of three different hydroponic sub-systems 
(gravel bed, floating and nutrient film technique) in an aquaponic test system. Aquacult 
International. 2006;14:539-550. DOI: 10.1007/s10499-006-9053-2

[29] Halliwell B. Dietary polyphenols: Good, bad, or indifferent for your health? 
Cardiovascular Research. 2007;73:341-347. DOI: 10.1016/j.cardiores.2006.10.004

[30] Kris-Etherton PM, Hecker KD, Bonanome A, Coval SM, Binkosky AE, Hilpert KF, Griel AE,  
Etherton DT. Bioactive compounds in foods: Their role in the prevention of cardiovascu-
lar disease and cancer. The American Journal of Medicine. 2002;113(Suppl. 9B):71-88S. 
DOI: 10.1016/S0002-9343(01)00995-0

[31] Delgoda R, Murray JE. Evolutionary perspectives on the role of plant secondary metabo-
lites. In: Badal S, Delgoda R, editors. Pharmacognosy. Boston: Academic Press; 2017. 
pp. 93-100. DOI: 10.1016/B978-0-12-802104-0.00007-X

[32] Maboko MM, Du Plooy CP, Bertling I. Comparative performance of tomato cultivars 
in soilless vs. in-soil production systems. Acta Horticulturae. 2009;843:319-326. DOI: 
10.17660/ActaHortic.2009.843.42

[33] Palermo M, Paradiso R, De Pascale S, Fogliano V. Hydroponic cultivation improves 
the nutritional quality of soybean and its products. Journal of Agricultural and Food 
Chemistry. 2012;60:250-255. DOI: 10.1021/jf203275m

Hydroponic Production Systems: Impact on Nutritional Status and Bioactive Compounds…
http://dx.doi.org/10.5772/intechopen.73011

65



[34] Rouphael Y, Colla G. Growth, yield, fruit quality and nutrient uptake of hydroponi-
cally cultivated zucchini squash as affected by irrigation systems and growing seasons. 
Science and Horticulture. 2005;105:177-195. DOI: 10.1016/j.scienta.2005.01.025

[35] Murphy MT, Zhang F, Nakamura YK, Omaye ST. Comparison between hydroponi-
cally and conventionally and organically grown lettuces for taste, odor, visual quality 
and texture: A pilot study. Food and Nutrition Sciences. 2011;2:124-127. DOI: 10.4236/
fns.2011.22017

[36] Premuzic Z, Bargiela M, Garcia A, Rendina A, Iorio A. Calcium, iron, potassium, phos-
phorus, and vitamin C content of organic and hydroponic tomatoes. HortScience. 
1998;33:255-225

[37] Selma MV, Luna MC, Martínez-Sánchez A, Tudela JÁ, Beltrán D, Baixauli C, Gil MI. 
Sensory quality, bioactive constituents and microbiological quality of green and red 
fresh-cut lettuces (Lactuca sativa L.) are influenced by soil and soilless agricultural pro-
duction systems. Postharvest Biology and Technology. 2012;63:16-24. DOI: 10.1016/j.
postharvbio.2011.08.002

[38] Pedneault K, Léonhart S, Gosselin A, Papadopoulos AP, Dorais M, Angers P. Variations 
in concentration of active compounds in four hydroponically and field-grown medicinal 
plant species. Acta Horticulturae. 2002;580:255-262. DOI: 10.17660/ActaHortic.2002.580.34

[39] Greer DH, Weston C. Heat stress affects flowering, berry growth, sugar accumulation 
and photosynthesis of Vitis vinifera cv. Semillon grapevines grown in a controlled envi-
ronment. Functional Plant Biology. 2010;37:206-214. DOI: 10.1071/FP09209

[40] Shashirekha MN, Mallikarjuna SE, Rajarathnam S. Status of bioactive compounds 
in foods, with focus on fruits and vegetables. Critical Reviews in Food Science and 
Nutrition. 2015;55:1324-1339. DOI: 10.1080/10408398.2012.692736

[41] Almazan AM, Begum F, Jonson C. Nutritional quality of sweetpotato greens from green-
house plants. Journal of Food Composition and Analysis. 1997;10:246-253. DOI: 10.1006/
jfca.1997.0538

[42] Kubota C, Thomson CA, Wu M, Javanmardi J. Controlled environments for produc-
tion of value-added food crops with high phytochemical concentrations: Lycopene in 
tomato as an example. HortScience. 2006;41:522-525. http://hortsci.ashspublications.org/
content/41/3/522.abstract

[43] Ren J, Guo S-S, Xin X-L, Chen L. Changes in volatile constituents and phenols from 
Gynura bicolor DC grown in elevated CO2 and LED lighting. Science and Horticulture. 
2014;175:243-250. DOI: 10.1016/j.scienta.2014.06.023

Vegetables - Importance of Quality Vegetables to Human Health66

Chapter 5

The Influence of Different Substrates on the Growth,
Yield and Quality of Slovenian Sweetpotato Cultivars
under Greenhouse Conditions

Dragan Žnidarčič, Filip Vučanjk, Žarko M. Ilin,
Barbara Pipan, Vladimir Meglič and Lovro Sinkovič

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73118

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.73118

The Influence of Different Substrates on the Growth, 
Yield and Quality of Slovenian Sweetpotato Cultivars 
under Greenhouse Conditions

Dragan Žnidarčič, Filip Vučanjk, Žarko M. Ilin, 
Barbara Pipan, Vladimir Meglič and Lovro Sinkovič

Additional information is available at the end of the chapter

Abstract

A greenhouse experiment was conducted to evaluate the genetic relatedness between three 
Slovenian sweetpotato cultivars; and to assess the effects of different growing substrates 
on selected agronomic and nutritional traits. Tubers of three cultivars (‘Lučka’, ‘Janja’ and 
‘Martina’) with different skin/flesh color were produced in planters under glasshouse con-
ditions in five different growing substrates (perlite, peat, expanded clay, vermiculite and 
garden soil) from prior raised seedlings. Genetic analysis was performed using a set of 
eight SSR markers. According to Nei’s genetic distance and pairwise population Fst analy-
sis, the most related cultivars are ‘Janja’ and ‘Martina’. The following agronomic traits 
were evaluated: vine length, thickness of vine-base, number of branches, weight of above 
ground part, number of leaves plant−1, number of tubers plant−1 and tubers weight plant−1. 
Among nutritional traits, total phenolic content (TPC), antioxidant potential (AOP) and 
ascorbic acid content (AA) were determined. Significant interactions of growing substrates 
(factor A) × cultivar (factor B) were observed for thickness of vine-base, weight of above 
ground part, AOP, TPC and AA. Overall results show different response of cultivars in 
different growing substrate. Growing substrate provide a discriminant classification of the 
sweetpotato cultivars according to their agronomic and nutritional traits.
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1. Introduction

The sweetpotato (Ipomoea batatas Lam.) is an herbaceous dicotyledonous perennial plant 
grown primarily as a root crop. In systematic plant taxonomy, the sweetpotato is assigned 
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to the family Convolvulaceae Juss., which comprises 55 genera [1]. To distinguish the sweet-
potato from the tuberous potato (Solanum tuberosum L.), the internationally accepted conven-
tion for the common English name is now the one word spelling ‘sweetpotato’ [2]. Although 
sweetpotato shoot tips and leaves may be eaten, the swollen root is the main part used for 
human consumption.

Ranked by current world production, sweetpotato is the 7th major crop, which serves as an 
energy and phytochemical source of nutrition in more than 100 countries [3]. The origin of 
sweetpotato is Central America, but at present it is widely cultivated in the tropics and sub-
tropics, and even in some temperate areas at different ecological regions [4]. The main sweet-
potato production regions by area include Asia (78.4%), Africa (17.1%), North America (1.8%), 
South America (1.3%) and Oceania (1.2%). In Europe, where the total production of sweetpo-
tato accounted 45.901 t in 2016, the biggest producers are Portugal (22.591 t), Spain (13.550 t), 
Italy (6.723 t) and Greece (3.038 t) [5]. In Slovenia, sweetpotato has been quite unknown crop 
until recently, both for production and human consumption. The environment diversity and 
specific climatic conditions of this region could enable successful production of that crop in 
the future [6, 7]. Three new Slovenian sweetpotato cultivars (‘Lučka’, ‘Janja’ and ‘Martina’) 
were registered in 2015 and are now added to national list of varieties [8]. According of 
Yamakawa and Yoshimoto [9] of particular importance is the development of novel cultivars 
with roots contributing to the human diet, both as basic food stuff but with added physiologi-
cal functions such as antioxidant or specific nutritional traits.

Tubers of sweetpotato are rich in dietary fiber, minerals, vitamins and antioxidants, such as 
phenolic compounds [10–12]. Besides acting as antioxidants, phenolic compounds and carot-
enoids also provide sweetpotatoes with their distinctive flesh/skin colors (cream, deep yel-
low, orange and purple) [13]. Contribution of sweetpotato toward health is acknowledged 
due to high nutrient content and its anti-carcinogenic and cardiovascular disease preventing 
properties [4, 14]. In recent years, several reports have indicated that the phytochemicals from 
sweetpotatoes displayed antioxidative or radical scavenging activity with health-promoting 
functions [15, 16]. Phenolic acids (i.e., chlorogenic and dicaffeoylquinic acids) contribute to 
antioxidant activity and other health beneficial properties of color fleshed genotypes [17, 18]. 
Additionally, cultivars with the same flesh color may differ in total phenolic content, indi-
vidual phenolic acid profile and antioxidant activity.

Sweetpotato readily produces adventitious roots and has trailing vines, therefore can colonize 
marginal soils and is not very demanding as regards soil type [19].

The most innovative technology of plant cultivation in greenhouse conditions is growing 
in mineral substrates. The origin of substrates is different and they also differ in their phys-
ical, chemical and biological properties. According to Kacjan Maršić and Jakše [20] peat, 
perlite, expanded clay and vermiculite are an efficient growing media in the European 
market. Peat consists of partially decomposed aquatic, marsh, bog or swamp vegetation. 
The main advantages of peat lie in its physical properties, which allow an adequate water/
air ratio in the root zone, and a high cation exchange capacity able to adequately provide 
nutrient for plant growth and development [21]. Perlite is a substance made from volcanic 
rock and often used as a soil additive to increase aeration and draining of the soil. It is also 
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relatively inexpensive. The biggest drawback to perlite is that it does not retain water very 
well. Spain is the pioneer among the Mediterranean countries in the commercial use of 
perlite, mainly for vegetable production [22]. There are several studies on possibilities of 
using perlite as a substrate and it has been reported that the average yield of fruit-bearing 
crops cultivated in perlite achieved 2–3 times higher yield than plants grown in soil [23]. 
It has been also reported that growers in the Mediterranean region prefer perlite to other 
substrates because it is easily available from local suppliers, it is cheap and can be used for 
at least three, instead of 2 years, which is the common maximum durability of most other 
substrates. Expanded clay pellets are made by baking clay in a kiln. Clay pellets are full of 
tiny air pockets, which give them good drainage. They are best for systems that have fre-
quent watering. Because expanded clay pellets do not have good water-holding capacity, 
salt accumulation and drying out can be common problems in improperly managed sys-
tems. Although the pellets are rather expensive, they are one of the few kinds of medium 
that can be easily reused [24]. Vermiculite is a micaceous mineral which is expanded when 
heated in furnaces at temperatures near 109°C. Chemically, it is a hydrated magnesium-
aluminum-iron silicate. When expanded, it is very light in weight (96–160 kg/m3) and neu-
tral in reaction with good buffering properties. It is able to absorb large quantities of water 
(0.4–0.5 m/cm3). It has a relatively high cation exchange capacity and thus can hold nutri-
ents in reserve and later release them. It contains some magnesium and potassium which 
is available to plants [25].

The required physical and chemical characteristics of growth substrates vary notably with 
crop species and its management, and substrate choice can be influenced by environmental 
and economic considerations [26]. Afterward, growing substrates are easier to handle and it 
may provide better growing environment compared to soil culture [27, 28]. To the best of our 
knowledge, there is no scientific literature regarding cultivation of sweetpotato in different 
growing substrates.

Application of short sequence repeats (SSR) markers in genetic diversity studies of different 
agro-economically important species represents informative, effective and reliable marker 
system [29–34] for distinguishing between different genetic resources. For sweetpotato, which 
is a hexaploid (2n = 6x = 90) plant species with an out-crossing mating system [35], SSR marker 
system is highly applicable due its codominant nature [32].

The objective of the study was to analyze the genetic relatedness between three Slovenian 
sweetpotato cultivars, to examine the effect of different growing substrates on selected agro-
nomic and nutritional traits of these cultivars and to compare responses between cultivars.

2. Materials and methods

2.1. Experimental setup

The experiment was carried out at the Glasshouse experimental station (46°04′N, 14°31′W; 
altitude 310 m a.s.l.) of the Biotechnical Faculty in Ljubljana, Slovenia. Three new Slovenian 
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cultivars of sweetpotato (Ipomoea batatas L.) were studied: ‘Lučka’ with orange skin and flesh 
color, ‘Janja’ with white skin and flesh color and ‘Martina’ purple skin and white flesh color 
(Figures 1 and 2). Table 1 shows the main characteristics of cultivars.

Cuttings and seedlings were grown in styrofoam seed starting trays filled with substrate for 
seedlings Neuhaus N3 (Humko, Slovenia) and covered with vermiculite.

Polypropylene troughs (Mapal Plastic Agricultural Products Division, Israel) were placed on 
parallel beds. Each of three troughs—blocks (18 m length, 0.5 m width and 0.2 m height) was 
divided to plots, separated with polystyrene dams to avoid stirring and filled with grow-
ing media. In each plot two seedlings of individual cultivar were planted. The randomized 
complete block design (RCBD) was split plot with growing media applied to whole plots and 
cultivars applied to split plots. The experiment was designed to test two factors: different 
growing substrates (factor A; perlite, peat, expanded clay, vermiculite and garden soil) and 
different sweetpotato cultivars (factor B).

After the initial watering of the substrate and seedlings, T-tape tubes (T-Tape® TSX 500 Model) 
were placed over the growing substrate. Basic fertilization was performed with water soluble 
NPK fertilizer Entec Perfect (14-7-17, EuroChem Agro, Germany; 350 kg ha−1) during planting 
of seedlings in growing substrate in the beginning of June. Two weeks after transplantation 
and throughout the growing period, the plants were fertilized three times per week with 

Figure 2. Cv. ‘Martina’ (photo: D. Žnidarčič).

Figure 1. Cv. ‘Janja’ (left) and cv. ‘Lučka’ (right) (photo: D. Žnidarčič).
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Characteristics Cultivar

‘Lučka’ ‘Janja’ ‘Martina’

State of 
expression

Note State of expression Note State of 
expression

Note

Plant growth habit Spreading 5 Spreading 5 Spreading 5

Length of primary shoots Medium 5 Short 3 Short 3

Length of internode Medium 5 Medium 5 Medium 5

Diameter of internode Medium 5 Medium 5 Very large 9

Anthocyanin coloration of 
internode

Absent or week 1 Absent or week 1 Absent or week 1

Anthocyanin coloration of tip Medium 2 Absent or week 1 Absent or week 1

Anthocyanin coloration of node Medium 2 Absent or week 1 Absent or week 1

Pubescens of tip Absent or sparse 1 Absent or sparse 1 Dense 3

Leaf blade: lobes Absent 1 Three lobes 2 Absent 1

Leaf blade: shape Triangular 2 Triangular 2 Triangular 2

Leaf blade: depth of lobing — — Very shallow 1 — —

Leaf blade: color Green 2 Green 2 Green 2

Leaf blade: anthocyanin 
coloration of upper side

Absent or week 1 Absent or week 1 Absent or week 1

Leaf blade: extent of anthocyanin 
coloration on abaxial veins

Small 3 Absent or very 
small

1 Absent or very 
small

1

Leaf blade: intensity of 
anthocyanin coloration on 
abaxial veins

Weak 3 Very weak 1 Very weak 1

Young leaf blade: main color on 
upper side

Purplish brown 7 Medium green 3 Medium green 3

Petiole: anthocyanin coloration Absent or very 
week

1 Absent or very 
week

1 Absent or very 
week

1

Petiole: length Short 3 Short 3 Short 3

Storage root: shape Ovate 1 Ovate 1 Ovate 1

Storage root: ratio length/width Medium 5 Moderately 
elongated

7 Medium 5

Storage root: thickness of cortex 
relative to overall diameter

Thick 7 Thick 7 Medium 5

Storage root: main color of skin Brownish orange 5 Light beige 2 Light purple 9

Storage root: secondary color 
of skin

Brown 8 Pink 5 Pink 5

Storage root: main color of flesh Orange 4 Beige 2 Beige 2
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of seedlings in growing substrate in the beginning of June. Two weeks after transplantation 
and throughout the growing period, the plants were fertilized three times per week with 

Figure 2. Cv. ‘Martina’ (photo: D. Žnidarčič).

Figure 1. Cv. ‘Janja’ (left) and cv. ‘Lučka’ (right) (photo: D. Žnidarčič).
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Characteristics Cultivar

‘Lučka’ ‘Janja’ ‘Martina’

State of 
expression

Note State of expression Note State of 
expression

Note

Plant growth habit Spreading 5 Spreading 5 Spreading 5

Length of primary shoots Medium 5 Short 3 Short 3

Length of internode Medium 5 Medium 5 Medium 5

Diameter of internode Medium 5 Medium 5 Very large 9

Anthocyanin coloration of 
internode

Absent or week 1 Absent or week 1 Absent or week 1

Anthocyanin coloration of tip Medium 2 Absent or week 1 Absent or week 1

Anthocyanin coloration of node Medium 2 Absent or week 1 Absent or week 1

Pubescens of tip Absent or sparse 1 Absent or sparse 1 Dense 3

Leaf blade: lobes Absent 1 Three lobes 2 Absent 1

Leaf blade: shape Triangular 2 Triangular 2 Triangular 2

Leaf blade: depth of lobing — — Very shallow 1 — —

Leaf blade: color Green 2 Green 2 Green 2

Leaf blade: anthocyanin 
coloration of upper side

Absent or week 1 Absent or week 1 Absent or week 1

Leaf blade: extent of anthocyanin 
coloration on abaxial veins

Small 3 Absent or very 
small

1 Absent or very 
small

1

Leaf blade: intensity of 
anthocyanin coloration on 
abaxial veins

Weak 3 Very weak 1 Very weak 1

Young leaf blade: main color on 
upper side

Purplish brown 7 Medium green 3 Medium green 3

Petiole: anthocyanin coloration Absent or very 
week

1 Absent or very 
week

1 Absent or very 
week

1

Petiole: length Short 3 Short 3 Short 3

Storage root: shape Ovate 1 Ovate 1 Ovate 1

Storage root: ratio length/width Medium 5 Moderately 
elongated

7 Medium 5

Storage root: thickness of cortex 
relative to overall diameter

Thick 7 Thick 7 Medium 5

Storage root: main color of skin Brownish orange 5 Light beige 2 Light purple 9

Storage root: secondary color 
of skin

Brown 8 Pink 5 Pink 5

Storage root: main color of flesh Orange 4 Beige 2 Beige 2
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nutrient solution prepared with tap water-containing water soluble NPK fertilizer Polifid  
(16-8-32, Haifa, Israel; 1 g L−1). During the growth period the following measures were imple-
mented: removing weeds, monitoring the functioning of the irrigation system, cleaning dead 
plant parts and monitoring the presence of pests and diseases.

At harvest, after 128 days growing period, the following agronomic traits (growth and yield 
parameters) were evaluated for individual cultivar and growing substrate: vine length (cm), thick-
ness of vine-base (mm), number of branches, weight of above ground part (g), number of leaves 
(plant−−1), number of tubers (plant−−1) and tubers weight (kg plant−−1). The proximate analysis of 
the tubers was also assessed. For the analysis of total phenolic content (TPC), antioxidant poten-
tial (AOP) and ascorbic acid content (AA), random tubers of each cultivar and growing substrate 
were used. For the sample extraction, 8 g of fresh tuber slices (flesh and skin) were mixed with 
10 g of 2% metaphosphoric acid dissolved in distilled water. The tissue was homogenized using 
an Ultraturax T 25 (20,500 rpm). Homogenized samples were centrifuged and filtered through a 
0.45 μm filters (17 mm syringe filter CA). The extracts were stored at −80°C until analyzed.

2.2. Genetic analysis

Genomic DNA was extracted from frozen leaves of six different plants collected individu-
ally from each of three cultivars grown in garden soil. BioSprint 15 DNA Plant Kit (Qiagen, 
Germany) and MagMax (Applied Biosystems, USA) nucleic acids isolation robot, following the 
modified method from manufacturer’s instructions, were used. Dilutions of 1 ng μL−1 of DNA 
were used for PCR amplification. Eight primer pairs: Ib-316, Ib-318, Ib-242, Ib-248, Ib-255F1, 
Ib-255, Ib-286 and Ib-297 [35, 36] were applied for SSR assessment. PCR reactions were per-
formed in a final volume of 11 μL, containing 1 ng of genomic DNA and following reagents 
with starting concentrations of: 10× PCR buffer (Biotools, Spain), 10 mM of each dNTP’s, 50 mM 
MgCl2 (Biotools, Spain), 10 μM of each primer, 10 μM 5′ fluorescently labeled universal primer 
(6-FAM, NED and HEX) and 0.5 U of Taq DNA polymerase (Biotools, Spain). The forward 
primer of each SSR was appended with 18 bp tail sequence 5′-TGTAAAACGACGGCCAGT-3′ 
(M13(−21)) as described by Schuelke [37]. PCR analyses were performed on ABI 9700 (Applied 
Biosystems, USA) under the following ‘touch-down’ conditions: 94°C for 4 min, 30 cycles at 

Characteristics Cultivar

‘Lučka’ ‘Janja’ ‘Martina’

State of 
expression

Note State of expression Note State of 
expression

Note

Storage root: intensity main color 
of flesh

Medium 2 Light 1 Light 1

Storage root: secondary color 
of flesh

Yellow 3 Yellow 3 White 1

Storage root: depth of eyes Shallow 1 Shallow 1 Shallow 1

Table 1. Characteristics of sweetpotato cultivars (included in the UPOV test guidelines, CPVO technical protocol or 
reporting authority’s test guidelines).
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94°C for 1 min, auto increment temperature from 49.5°C for 0.5°C per cycle for 30 s, 72°C for 
1 min, followed by 30 cycles at 94°C for 30 s, auto increment temperature from 49.5°C for 0.5°C 
per cycle for 30 s, 72°C for 1 min and final extension for 5 min at 72°C. Fragment analysis was 
performed on 3130XL Genetic Analyzer (Applied Biosystems, USA), the allele lengths were 
determined by comparison with size standard GeneScan-350 ROX (Applied Biosystems, USA) 
using GeneMapper 4.0 (Applied Biosystems, USA). Parameters of genetic diversity among 
loci and varieties, including number of migrants (Nm), inbreeding coefficients (Fst), % of 
polymorphic loci, numbers of effective alleles, total expected heterozygosities (Ht), Shannon’s 
information index, pairwise Nei’s genetic correlations, pairwise population Fst analysis, anal-
ysis of molecular variance via R-statistics under 999 permutations (AMOVA) and principal 
coordinate analysis (PCoA) were conducted applying GenAlEx v.6.4 [38].

2.3. Analysis of nutritional traits

Analyses of bioactive compounds included evaluation of TPC, AOP and AA in tubers of sweet-
potato. The TPC was determined using the Folin-Ciocalteu method, as described by Singleton 
and Rossi, and slightly modified [39]. Gallic acid (Merck, Germany) was used for six point cali-
bration curve, which ranged from 3 to 150 mg L−1 (R2 = 0.9998). The results were expressed as gal-
lic acid equivalents (mg GAE 100 g−1 FW; fresh weight). The AOP was evaluated using the DPPH 
(2,2-diphenyl-1-picrylhydrazyl; Sigma-Aldrich, Saint Louis, MO, USA) free radical scavenging 
method [40]. Trolox (220 mg L−1; Sigma-Aldrich, Saint Louis, MO, USA) was used for six point 
calibration curve, which ranged from 40 to 220 mg L−1 (R2 = 0.9900). The results were expressed 
as Trolox equivalents (mg TE g−1 FW). AA analysis was performed on an HPLC system (Agilent 
1260; Agilent Technologies) using a diode array detector, with the wavelength set at 254 nm. 
The determination of AA was carried out on a 100 × 2 mm i.d., 3 μm Scherzo SM-C18 column 
(Imtakt, Japan), at a flow rate of 0.3 mL min−1. The mobile phase consisted of water (A) and ace-
tonitrile (B), both of which contained 0.3% formic acid. The following elution gradient was used 
for solvent B: 0–3 min, 0–10%; 3–4 min, 10–100% and 4–6 min, 100%. The temperature of the 
column was maintained at 30°C, while the temperature of the automatic sample feeder was set 
at 4°C. AA was calculated using an external standard method and expressed as mg 100 g−1 FW.

2.4. Statistical analyses

Statistical analyses were performed using the Centurion Statgraphics XVI statistical analysis 
program. Prior statistical analyses data was tested for normal distribution using Shapiro-Wilk 
test. If the data were not normally distributed, log transformation was used prior further anal-
ysis. For easier interpretation the Tables 3 and 4 show the untransformed data. Multifactorial 
ANOVA analysis was used to determine statistical significance of main factors and interaction 
of sweetpotato varieties with the growing media. The model was specified in GLM accord-
ing to split plot experimental design. When ANOVA showed statistical significances, means 
were separated using Tukey’s HSD test (P < 0.05). Multivariate analysis was carried out using 
the XLSTAT software package. For determination of key traits responsible for discrimination 
based on differences in growing media for all sweetpotato samples and differences according 
to sweetpotato variety, the multivariate analysis by discriminant analysis was used.
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Analyses of bioactive compounds included evaluation of TPC, AOP and AA in tubers of sweet-
potato. The TPC was determined using the Folin-Ciocalteu method, as described by Singleton 
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(Imtakt, Japan), at a flow rate of 0.3 mL min−1. The mobile phase consisted of water (A) and ace-
tonitrile (B), both of which contained 0.3% formic acid. The following elution gradient was used 
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2.4. Statistical analyses
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3. Results and discussion

3.1. Genetic differentiation

SSR screening of sweetpotato cultivars was performed on eight loci (91.7% polymorphic loci) 
where the highest levels (Ht > 0.65) of genetic differentiation were assigned to loci Ib-318, 
Ib-297, Ib-248, Ib-242 and Ib-286. Locus Ib-255 reflected the lowest informativity through low 
Ht (0.278), high inbreeding coefficient (Fst = 0.400) and the lowest number of genetic migrants 
(Nm = 0.375), detected among genotypes. According to parameters of genetic diversity for 
specific loci, described in Table 2, the most effective genetic differentiation was obtained for 
locus Ib-286, where the lowest proportion of total genetic diversity that separates cultivars 
was calculated via Fst (0.082) and the highest number of genetic migrants among genotypes 
and cultivars (Nm = 2.813) was detected.

AMOVA was performed through R-statistics (P ≥ 0.01), where Rst is an estimator of genetic 
differentiation for SSR loci that assumes a stepwise mutation model. Therefore, molecular 
variance among varieties was 36%, among genotypes 63% and within genotypes 1%, respec-
tively. In contrast, report about evaluation of genetic variability of sweetpotato germplasm, 
originated from Africa, Asia and USA shows only 23% of genetic variance between different 
accessions [41]. Therefore, our study indicate the low level of genetic relatedness between 
cultivars ‘Lučka’, ‘Janja’ and ‘Martina’ compared to the genetic relatedness between different 
genetic resources from geographically distant genetic origins. First three axes in PCoA cumu-
latively explain 76.2% of genetic variation within observed genotypes and cultivars (data not 
shown). Allelic patterns across three sweetpotato varieties (Figure 3) showed that the most 
genetically diverse variety is ‘Martina’. Meanwhile, variety ‘Lučka’ possess the highest num-
ber of alleles which are unique and specific for this variety only.

According to Nei’s genetic distance and pairwise population Fst analysis, the most related 
cultivars are ‘Janja’ and ‘Martina’; in contrast, ‘Lučka’ and ‘Martina’ show the weakest genetic 
linkages (Table 2).

3.2. Growth, yield and nutritional parameters

Table 3 shows the summary statistics of main factors and interactions and Table 4 shows 
the effect of different growing substrate and cultivar on agronomic and nutritional traits 

‘Janja’ ‘Martina’ ‘Lučka’

‘Janja’ * 0.072 0.148

‘Martina’ 0.829 * 0.153

‘Lučka’ 0.626 0.608 *

Table 2. Pairwise population comparisons of Nei genetic identity (below diagonal) and pairwise population Fst values 
(above diagonal).
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of sweetpotato. Measurements of agronomic traits showed that among growing substrate  
(factor A) vermiculite had the greatest impact on the vine length (144.4 cm). Between 
sweetpotato cultivars (factor B), significantly longer vine length was observed for ‘Lučka’ 
(147.1 cm). For thickness of vine-base significant differences were found for factor growing 
substrate, but not for cultivar. The thickness of vine-base (10.7 mm) was significantly higher 
in expanded clay. Number of branches was significantly higher for sweetpotato grown in 
peat (13.0), while between cultivars ‘Martina’ (10.9) and ‘Janja’ (10.6) had significantly more 
branches than ‘Lučka’. Both, growing substrate and cultivar, had significant impact on weight 
of above ground part. The weight of above ground part was significantly higher for sweet-
potato grown in peat (1402.4 g). Cultivar ‘Martina’ produced significantly higher weight of 
above ground part (1177.5 g), that is, more than double as ‘Lučka’ (463.7 g). Significantly 
higher number of leaves plant−−1 was observed for ‘Martina’ (113.1), and between grow-
ing substrate in peat (131.1) and perlite (123.9). Both yield components, number of tubers 
plant−−1 and tubers weight plant−−1 were the lowest for sweetpotatoes grown in garden soil. 
Comparison between cultivars showed that ‘Janja’ had the highest yield. Mukhtar et al. [19] 
reported similar findings for vine length, number of branches and number of leaves plant−−1 
when tested two local sweetpotato cultivars with orange and white flesh.

Analyses of nutritional traits included TPC, AOP and AA of tubers. Data showed significant dif-
ferences (P ≤ 0.001) between the growing substrate and the cultivars in all three traits (Table 3). 
The TPC ranged from 36.2 to 65.1 mg GAE 100 g−1 FW, AOP from 0.18 to 0.56 mg TE g−1 FW and 
AA from 13.7 to 23.5 mg 100 g−1 FW (Table 4). Significantly lower TPC was determined in peat 
(41.2 mg GAE 100 g−1 FW). Between cultivars significantly higher TPC was observed in ‘Lučka’ 
(60.1 mg GAE 100 g−1 FW). Cultivar ‘Lučka’ with orange flesh color showed significantly higher 
TPC compared to the other two white flesh colored cultivars, which is in agreement with previ-
ous studies on other cultivars [3, 11, 42]. Similar to TPC, higher AOP was found for sweetpotato 
grown in perlite, expanded clay and vermiculite (for all >0.44 mg TE g−1 FW). Tubers of cultivars 

Figure 3. Allelic patterns according to genetic analysis across observed sweetpotato cultivars.
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‘Lučka’ and ‘Martina’ had significantly higher AOP, 0.45 and 0.43 mg TE g−1 FW, respectively. 
These results are lower as reported by Tang et al. [11] in their study on different sweetpotato 
cultivars grown in China. Significantly higher AA was observed in tubers of sweetpotato grown 
in perlite (19.7 mg 100 g−1 FW), while between cultivars significant higher AA was observed in 
‘Lučka’ (20.4 mg 100 g−1 FW) (Table 3). These data are higher as reported by Suárez et al. [42] 
on 30 sweetpotato cultivars from Canary Islands, where average values varies from 10 to 14 mg 
100 g−1 FW.

Significant interactions of growing substrate (factor A) × cultivar (factor B) were observed 
(Table 3) for thickness of vine-base, weight of above ground part, AOP, TPC and AA. 
Interactions showed that different cultivars showed different response on growing sub-
strate (data not shown). For example, cultivar ‘Martina’ had significantly higher thickness 

Vine 
length 
(cm)

Thickness 
of vine-
base (mm)

Number 
of 
branches

Weight 
of 
above 
ground 
part (g)

Number 
of leaves 
plant−1

Number 
of tubers 
plant−1

Tubers 
weight 
plant−1 
(g)

TPC 
(mg 
GAE 
100 g−1 
FW)

AOP 
(mg 
TE 
g−1 
FW)

AA (mg 
100 g−1 
FW)

Factor A (growing substrate)

Perlite 107.3 6.9 c 8.5 ab 724.6 b 123.9 a 15.8 a 982.2 ab 54.1 a 0.50 a 19.7 a

Peat 129.8 9.3 ab 13.0 a 1402.4 a 131.1 a 11.0 a 1517.6 a 41.2 b 0.32 c 16.7 b

Expanded 
clay

133.8 10.7 a 11.0 ab 934.9 ab 91.1 ab 14.1 a 1198.6 a 54.5 a 0.44 
ab

16.6 b

Vermiculite 144.4 9.3 ab 9.9 ab 663.9 b 68.0 b 14.8 a 1358.3 a 53.2 a 0.44 
ab

16.2 c

Garden soil 134.1 8.9 b 5.7 b 242.9 c 40.1 c 6.8 b 323.4 b 55.0 a 0.38 
bc

16.3 c

P Ns ** * *** *** ** ** *** *** ***

Factor B (cultivar)

‘Janja’ 119.5 b 9.3 10.6 a 738.0 b 90.6 ab 14.9 1168.0 46.0 c 0.37 
b

15.9 b

‘Lučka’ 147.1 a 8.5 7.6 b 463.7 c 68.9 b 10.1 976.7 60.1 a 0.45 a 20.4 a

‘Martina’ 123.0 b 9.3 10.9 a 1177.5 a 113.1 a 12.4 1082.3 48.7 b 0.43 a 15.0 c

P ** Ns * *** * Ns Ns *** *** ***

Interactions

A × B Ns * Ns * Ns Ns Ns *** *** ***

Ns, not significant. Mean values with different letters (a, b, c) in a column are significantly different according to the 
results of Tukey’s HSD test (P < 0.05). TPC, total phenolic content; AOP, antioxidant potential; AA, ascorbic acid.
*Level of significance: P ≤ 0.05.
**Level of significance: P ≤ 0.01.
***Level of significance: P ≤ 0.001.

Table 3. Statistics of main factors and interactions for selected agronomic and nutritional traits of sweetpotato.

Vegetables - Importance of Quality Vegetables to Human Health76

Fa
ct

or
 A

 
(g

ro
w

in
g 

su
bs

tr
at

e)

Fa
ct

or
 B

 
(c

ul
ti

va
r)

V
in

e 
le

ng
th

 (c
m

)
T

hi
ck

ne
ss

 
of

 v
in

e-
ba

se
 

(m
m

)

N
um

be
r 

of
 

br
an

ch
es

W
ei

gh
t o

f 
ab

ov
e 

gr
ou

nd
 

pa
rt

 (g
)

N
um

be
r 

of
 le

av
es

 
pl

an
t−1

N
um

be
r 

of
 tu

be
rs

 
pl

an
t−1

Tu
be

rs
 w

ei
gh

t 
pl

an
t−1

 (g
)

T
PC

 (m
g 

G
A

E 
10

0 
g−1

 
FW

)

A
O

P 
(m

g 
T

E 
g−1

 F
W

)
A

A
 (m

g 
10

0 
g−1

 F
W

)

Pe
rl

ite
‘L

uč
ka

’
11

6.
0 

± 
22

.3
7.

0 
± 

1.
0

6.
3 

± 
3.

5
22

4.
7 

± 
42

.1
80

.7
 ±

 2
1.

5
13

.7
 ±

 8
.0

85
3.

0 
± 

49
7.

3
61

.3
 ±

 0
.4

0.
48

 ±
 0

.0
7

23
.5

 ±
 1

.2

Pe
at

16
0.

0 
± 

21
.8

10
.3

 ±
 2

.9
11

.7
 ±

 4
.6

97
9.

7 
± 

23
5.

7
10

0.
0 

± 
50

.7
9.

3 
± 

1.
5

12
79

.7
 ±

 4
94

.7
49

.0
 ±

 7
.2

0.
35

 ±
 0

.0
4

20
.4

 ±
 1

.0

Ex
pa

nd
ed

 
cl

ay
14

4.
7 

± 
37

.1
9.

3 
± 

1.
5

8.
3 

± 
2.

1
48

3.
3 

± 
16

0.
6

63
.3

 ±
 1

5.
3

8.
3 

± 
3.

2
11

26
.7

 ±
 5

59
.4

65
.1

 ±
 1

.1
0.

56
 ±

 0
.0

1
19

.6
 ±

 1
.0

Ve
rm

ic
ul

ite
16

0.
3 

± 
28

.7
9.

3 
± 

0.
6

7.
7 

± 
2.

9
44

1.
0 

± 
78

.6
61

.3
 ±

 1
8.

6
12

.0
 ±

 2
.6

11
36

.3
 ±

 5
12

.5
60

.5
 ±

 1
.9

0.
50

 ±
 0

.0
3

20
.1

 ±
 1

.0

G
ar

de
n 

so
il

15
4.

7 
± 

28
.2

6.
3 

± 
2.

3
4.

0 
± 

0.
0

18
9.

7 
± 

35
.8

39
.0

 ±
 1

4.
4

7.
3 

± 
1.

5
48

8.
0 

± 
45

.7
64

.5
 ±

 2
.4

0.
35

 ±
 0

.0
1

18
.5

 ±
 0

.9

Pe
rl

ite
‘M

ar
tin

a’
92

.7
 ±

 4
.6

6.
7 

± 
1.

2
10

.7
 ±

 3
.5

12
05

.0
 ±

 1
53

.9
16

5.
0 

± 
59

.6
14

.7
 ±

 9
.3

10
44

.3
 ±

 5
79

.6
52

.2
 ±

 1
.3

0.
60

 ±
 0

.0
3

17
.2

 ±
 0

.9

Pe
at

11
6.

7 
± 

19
.6

7.
3 

± 
1.

2
16

.0
 ±

 2
.0

19
92

.7
 ±

 2
38

.5
15

6.
7 

± 
40

.4
12

.7
 ±

 1
.2

16
39

.0
 ±

 4
12

.7
38

.5
 ±

 1
.5

0.
18

 ±
 0

.0
2

14
.5

 ±
 0

.7

Ex
pa

nd
ed

 
cl

ay
13

6.
0 

± 
26

.9
11

.0
 ±

 2
.0

10
.3

 ±
 2

.1
15

83
.3

 ±
 8

40
.1

13
1.

7 
± 

40
.7

12
.3

 ±
 1

.2
92

9.
7 

± 
20

8.
9

49
.6

 ±
 1

.6
0.

43
 ±

 0
.0

4
14

.4
 ±

 0
.7

Ve
rm

ic
ul

ite
13

0.
3 

± 
8.

7
9.

7 
± 

1.
5

11
.3

 ±
 2

.3
83

4.
7 

± 
84

.0
73

.3
 ±

 1
4.

4
14

.3
 ±

 5
.1

15
02

.7
 ±

 7
63

.2
45

.6
 ±

 0
.6

0.
56

 ±
 0

.0
3

13
.7

 ±
 0

.7

G
ar

de
n 

so
il

12
6.

5 
± 

33
.2

11
.5

 ±
 0

.7
6.

0 
± 

0.
0

27
2.

0 
± 

53
.7

38
.5

 ±
 2

.1
8.

0 
± 

5.
7

29
3.

5 
± 

20
0.

1
57

.0
 ±

 3
.8

0.
34

 ±
 0

.1
1

14
.7

 ±
 0

.5

Pe
rl

ite
‘Ja

nj
a’

11
3.

3 
± 

15
.3

7.
0 

± 
2.

6
8.

7 
± 

2.
1

74
4.

0 
± 

27
1.

8
12

6.
0 

± 
80

.6
19

.0
 ±

 8
.7

10
49

.3
 ±

 5
75

.4
48

.8
 ±

 2
.6

0.
43

 ±
 0

.0
5

18
.4

 ±
 0

.9

Pe
at

11
2.

7 
± 

10
.8

10
.3

 ±
 3

.5
11

.3
 ±

 0
.6

12
35

.0
 ±

 4
86

.3
13

6.
7 

± 
51

.1
11

.0
 ±

 4
.6

16
34

.0
 ±

 9
57

.2
36

.2
 ±

 2
.9

0.
42

 ±
 0

.0
3

15
.3

 ±
 0

.8

Ex
pa

nd
ed

 
cl

ay
12

0.
7 

± 
9.

5
11

.7
 ±

 1
.5

14
.3

 ±
 3

.1
73

8.
0 

± 
16

2.
4

78
.3

 ±
 1

2.
6

21
.7

 ±
 7

.4
15

39
.3

 ±
 5

16
.7

48
.8

 ±
 1

.3
0.

32
 ±

 0
.0

2
15

.8
 ±

 0
.8

Ve
rm

ic
ul

ite
14

2.
7 

± 
11

.0
9.

0 
± 

2.
6

10
.7

 ±
 3

.8
71

6.
0 

± 
11

5.
9

69
.3

 ±
 1

2.
9

18
.0

 ±
 7

.8
14

36
.0

 ±
 2

25
.5

53
.4

 ±
 4

.4
0.

27
 ±

 0
.0

4
14

.9
 ±

 0
.7

G
ar

de
n 

so
il

10
8.

3 
± 

17
.6

8.
7 

± 
1.

2
8.

0 
± 

4.
0

26
7.

0 
± 

49
.8

42
.7

 ±
 1

0.
5

5.
0 

± 
2.

0
18

1.
3 

± 
11

5.
6

42
.9

 ±
 0

.7
0.

43
 ±

 0
.0

4
15

.2
 ±

 0
.8

D
at

a 
ar

e 
m

ea
n 

± 
st

an
da

rd
 d

ev
ia

tio
n 

(n
 =

 3
). 

TP
C

, t
ot

al
 p

he
no

lic
 c

on
te

nt
; A

O
P,

 a
nt

io
xi

da
nt

 p
ot

en
tia

l; 
A

A
, a

sc
or

bi
c 

ac
id

.

Ta
bl

e 
4.

 E
ffe

ct
 o

f d
iff

er
en

t g
ro

w
in

g 
m

ed
ia

 a
nd

 c
ul

tiv
ar

 o
n 

se
le

ct
ed

 g
ro

w
th

, y
ie

ld
 a

nd
 n

ut
ri

tio
na

l p
ar

am
et

er
s 

of
 s

w
ee

tp
ot

at
o.

The Influence of Different Substrates on the Growth, Yield and Quality of Slovenian…
http://dx.doi.org/10.5772/intechopen.73118

77



‘Lučka’ and ‘Martina’ had significantly higher AOP, 0.45 and 0.43 mg TE g−1 FW, respectively. 
These results are lower as reported by Tang et al. [11] in their study on different sweetpotato 
cultivars grown in China. Significantly higher AA was observed in tubers of sweetpotato grown 
in perlite (19.7 mg 100 g−1 FW), while between cultivars significant higher AA was observed in 
‘Lučka’ (20.4 mg 100 g−1 FW) (Table 3). These data are higher as reported by Suárez et al. [42] 
on 30 sweetpotato cultivars from Canary Islands, where average values varies from 10 to 14 mg 
100 g−1 FW.

Significant interactions of growing substrate (factor A) × cultivar (factor B) were observed 
(Table 3) for thickness of vine-base, weight of above ground part, AOP, TPC and AA. 
Interactions showed that different cultivars showed different response on growing sub-
strate (data not shown). For example, cultivar ‘Martina’ had significantly higher thickness 

Vine 
length 
(cm)

Thickness 
of vine-
base (mm)

Number 
of 
branches

Weight 
of 
above 
ground 
part (g)

Number 
of leaves 
plant−1

Number 
of tubers 
plant−1

Tubers 
weight 
plant−1 
(g)

TPC 
(mg 
GAE 
100 g−1 
FW)

AOP 
(mg 
TE 
g−1 
FW)

AA (mg 
100 g−1 
FW)

Factor A (growing substrate)

Perlite 107.3 6.9 c 8.5 ab 724.6 b 123.9 a 15.8 a 982.2 ab 54.1 a 0.50 a 19.7 a

Peat 129.8 9.3 ab 13.0 a 1402.4 a 131.1 a 11.0 a 1517.6 a 41.2 b 0.32 c 16.7 b

Expanded 
clay

133.8 10.7 a 11.0 ab 934.9 ab 91.1 ab 14.1 a 1198.6 a 54.5 a 0.44 
ab

16.6 b

Vermiculite 144.4 9.3 ab 9.9 ab 663.9 b 68.0 b 14.8 a 1358.3 a 53.2 a 0.44 
ab

16.2 c

Garden soil 134.1 8.9 b 5.7 b 242.9 c 40.1 c 6.8 b 323.4 b 55.0 a 0.38 
bc

16.3 c

P Ns ** * *** *** ** ** *** *** ***

Factor B (cultivar)

‘Janja’ 119.5 b 9.3 10.6 a 738.0 b 90.6 ab 14.9 1168.0 46.0 c 0.37 
b

15.9 b

‘Lučka’ 147.1 a 8.5 7.6 b 463.7 c 68.9 b 10.1 976.7 60.1 a 0.45 a 20.4 a

‘Martina’ 123.0 b 9.3 10.9 a 1177.5 a 113.1 a 12.4 1082.3 48.7 b 0.43 a 15.0 c

P ** Ns * *** * Ns Ns *** *** ***

Interactions

A × B Ns * Ns * Ns Ns Ns *** *** ***

Ns, not significant. Mean values with different letters (a, b, c) in a column are significantly different according to the 
results of Tukey’s HSD test (P < 0.05). TPC, total phenolic content; AOP, antioxidant potential; AA, ascorbic acid.
*Level of significance: P ≤ 0.05.
**Level of significance: P ≤ 0.01.
***Level of significance: P ≤ 0.001.
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of  vine-base in garden soil, but significantly lowers in peat. However, cultivars ‘Janja’ and 
‘Lučka’ had significantly higher thickness of vine-base in peat, but significantly lower in 
garden soil. Cultivar ‘Martina’ had significantly higher weight of above ground part com-
pared to other cultivars in all growing substrates, except for garden soil. All three cultivars 
showed significantly higher weight of above ground part in peat. Interactions between 
cultivars and growing substrate showed significant differences (P ≤ 0.001) in TPC, AOP 
and AA. For example, cultivar ‘Martina’ had significantly higher TPC in tubers grown in 
garden soil, while cultivar ‘Janja’ lowers. Cultivar ‘Martina’ had the lowest AOP in peat, 
while other cultivars did not show response to this growing substrate. In case of AA all 
cultivars showed similar response in different growing substrate, except for garden soil.

3.3. Multivariate analyses—discriminant analyses

The discrimination across the original data set of 15 samples originated from 3 sweetpotato 
cultivars is shown in Figure 4. Discriminant analysis was carried out across 10 traits: vine 
length, thickness of vine-base, number of branches, weight of above ground part, number of 
leaves plant−1, number of tubers plant−1, tubers weight plant−1, TPC, AOP and AA. The curve 
defined by the first two discriminant functions (function 1/function 2) represents 100.0% of 
the total variance for these 10 variables. Function 1 explain 90.7% of the total variance and 
function 2 9.3% of the total variance. Major contributors to discriminate between different 
cultivars in function 1 are the AA, number of tubers plant−1, tubers weight plant−1 and vine 
length, respectively; meanwhile the weight of above ground part, TPC, AOP and number 
of tubers plant−1 are major contributors in function 2. The groups of the sweetpotato culti-

Figure 4. Discriminant analysis plot of observations (left) and variables chart (right) performed with the 10 traits: vine 
length, thickness of vine-base, number of branches, weight of above ground part, number of leaves plant−1, number 
of tubers plant−1, tubers weight plant−1, TPC, AOP and AA; of the 15 samples originated from 3 sweetpotato cultivars 
(‘Janja’, ‘Lučka’ and ‘Martina’).
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vars ‘Janja’, ‘Lučka’ and ‘Martina’ were well separated, with the slight overlapping of groups 
‘Janja’ and ‘Martina’ (one sample of ‘Janja’ and one of ‘Martina’ were in the opposite group).

Figure 5 shows the discrimination across the original data set of 15 samples cultivated in 5 differ-
ent growing substrates (expanded clay, garden soil, peat, perlite and vermiculite). Discriminant 
analysis was carried out with the same 10 traits as given above. Function 1 explains 51.7% of the 
total variance and function 2 32.6% of the total variance. Major contributors to discriminate in 
function 1 between different growing substrate are AA, TPC, weight of above ground part and 
vine length, respectively; meanwhile the number of tubers plant−1, TPC, AOP and vine length 
are major contributors in function 2. As seen from Figure 5, the sweetpotato samples grown in 
garden soil, vermiculite and expanded clay are located close to each other and on the other side 
of the score plot as those grown in perlite or peat. Sweetpotato samples grown in perlite and peat 
are clearly distinguished from the other growing substrate with slightly overlapping groups of 
peat and expanded clay (one sample of peat and one of expanded clay are in the opposite group).

4. Conclusions

The present study investigated the genetic differentiation among three new Slovenian sweetpotato 
cultivars (‘Lučka’, ‘Janja’ and ‘Martina’). Results showed that the most genetically diverse variety is 
‘Martina’. Meanwhile, variety ‘Lučka’ possess the highest number of alleles which are unique and 
specific for this variety only. Global genetic variance among all three cultivars is 36%. The effect of 
different growing substrate (perlite, peat, expanded clay, vermiculite and garden soil) was exam-
ined for 10 agronomic and nutritional traits of these sweetpotato cultivars. Overall results show 

Figure 5. Discriminant analysis of observations (left) and variables chart (right) performed with the 10 traits: given in the 
legend of Figure 4 (see also text); of the 15 sweetpotato samples cultivated in 5 different growing substrate (expanded 
clay, garden soil, peat, perlite and vermiculite).
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different response of cultivars in different growing substrate. Significant interactions of growing 
substrate × cultivar were observed for thickness of vine-base, weight of above ground part, AOP, 
TPC and AA. In conclusion, the discriminant analysis showed that the major traits for distinguish-
ing among sweetpotato cultivars in function 1 are the AA, number of tubers plant−1, tubers weight 
plant −1 and vine length, and in function 2 the weight of above ground part, TPC, AOP and number 
of tubers plant−1; and between growing substrate in function 1 AA, TPC, weight of above ground 
part and vine length, and in function 2 the number of tubers plant−1, TPC, AOP and vine length.
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of tubers plant−1; and between growing substrate in function 1 AA, TPC, weight of above ground 
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Abstract

Sea vegetables or seaweeds have a long tradition in Asian cuisine. In Western countries, 
including Turkey, seaweed consumption is generally limited to sushi and other imported 
Asian dishes. However, seaweeds are well recognized for their richness in several nutri-
ents such as carbohydrate, fiber, protein, lipid, and minerals. The migration of Asian pop-
ulation across the world has promoted the discovery of new ingredients from seaweeds 
and has given courage to the creation of new dishes by chefs in restaurants. Among the 
seaweeds traditionally consumed by Asian population, Ulva, Laminaria, and Porphyra are 
well-known species. Seaweed polysaccharides, such as agar, alginate, and carrageenan, 
are widely used in the food industry as clarifying, gelling, emulsifying, stabilizing, thick-
ening, and flocculating agents in various food products such as ice cream, yogurt, candy, 
meat product, beverages, etc. The production of plant protein concentrates (PCs) is of 
growing interest to the food industry. Recently, PCs were also extracted from three edible 
green seaweed species of Enteromorpha or Ulva. Seaweed contains a wide array of nutri-
tional compounds also possessing several functional properties that may lead to many 
dish and food preparation innovations. For example, a green seaweed, Ulva, may be used 
with or in the replacement of other commonly used vegetables to promote healthy food.

Keywords: algae, polysaccharide, proteins, fiber composition, minerals

1. Introduction

Algae, including micro-algae and macro-algae or seaweeds, constitute the primary producers 
in the aquatic food chain. Algae sustain the production of a hundred million tons per year of 
marine fisheries and a large portion of the aquaculture production, securing a stable human 
food supply. The annual seaweed production both from nature and aquaculture farms was 28.4 
million tons in 2014, and 96% of seaweeds is produced by aquaculture with the value of 6.4 bil-
lion US dollar in 2013 [23]. About 40% of the seaweed production in 2014 represents seaweeds 
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traditionally eaten in Japan. In 2014, 7.7 million of tons of Kombu (Saccharina japonica), 2.4 million 
tons of Wakame (Undaria pinnatifida), and 1.8 million tons of Nori (Porphyra sp.) which is particu-
larly used dried in sushi preparation were produced [23]. Among the seaweeds, 13% have been 
used for the production of hydrocolloids (polysaccharides), such as agar, alginate or alginic acid, 
and carrageenan, while 75% are used for food, and the remaining (12%) are used by agriculture 
industry [34].

There has been a long traditional use of algae, especially seaweeds or sea vegetables, as food 
in Pacific and Asian countries for several centuries. In Pacific countries such as Indonesia, the 
Philippines, Maori of New Zealand, and Hawaii and Asian countries such as China, Japan, 
and Korea, seaweeds have long been consumed in a variety of dishes such as raw salads, 
soups, cookies, meals, and condiments [56]. In Iceland, Wales, France, as well as the Canadian 
and US Maritimes, there exists a traditional consumption of seaweed-based foods which var-
ies in importance depending between country and regions but which is overall less prominent 
than in Asia [12].

The increase of vegetable consumption, including seaweeds, has been promoted to exert 
health benefits during Inuit childhood and life course [32, 43]. Thus, it is possible to see many 
cooking books incorporating recipes using “sea vegetables” in many countries around the 
world. And, more recently there has been a strong movement in European countries to intro-
duce sea plants into the European cuisine. With the current trend for consumers, as “natural” 
food sources, marine plants receive an increasing acceptance [56].

All these advantages, together with available modern technologies and the proximity of 
European and Asian markets, encourage the development of sustainable seaweed cultiva-
tion for a variety of profitable end-products, such as protein, vitamins, minerals, phycocol-
loids, pigments, etc. In Turkey, algae cultivation is limited to micro-algae production in fish 
hatcheries. However, natural resources necessary for commercial seaweed cultivation, such 
as diversity of seaweed species, clean water, sunlight, and coastlines, are abundant. For exam-
ple, in Turkey, more than 1000 seaweed species have been identified and species of Porphyra, 
Gracilaria, juvenile Laminaria, Cystoseira, Sargassum, and Ulva being particularly abundant [14]. 
In the overall Turkish population, the consumption of algae as a food is mostly limited to 
traditional algal cuisine from Asia [45, 84].

Seaweeds are well known for their abundance in several nutrients as dietary fibers, minerals 
(i.e., iodine), and certain vitamins (i.e., B12) and also contain numerous proteins/peptides, poly-
phenols, and polyunsaturated fatty acids (omega-3) [10]. A diet rich in seaweed in Asian coun-
tries has been consistently associated with a low incidence of cancers [13], and other potential 
health benefits of seaweeds have been reported, including cardioprotective, neuroprotective, 
and anti-inflammatory effects as well as beneficial impacts on gut function and microbiota [13]. 
These results not only strongly support the use of seaweeds in functional food development but 
also promote new utilization in food products and in the kitchen of consumers.

The objective of this chapter is to review the main uses of whole seaweeds in food formula-
tions, including Ulva, and the interest of using some components such as seaweed polysac-
charides and PCs as ingredients that could play roles in food as well as some nutritional 
attributes of seaweeds.
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2. Seaweed utilization in food formulation

The recent popularity of sushi and Asian cuisine in Western countries, including Turkey, has 
stimulated the seaweed economy. The migration of Asian population across the world has pro-
moted the discovery of new ingredients from seaweeds and has given courage to the creation of 
new dishes by chefs in restaurants. Among the seaweeds traditionally consumed by Asian popu-
lation, Ulva, Laminaria, and Porphyra [1] are well-known species in addition to the other species 
used in Asian cuisine (Table 1). Species such as Wakame or Kombu requires cooking to overcome 
their chewy texture, while others can be eaten raw such as Nori and sea lettuce [59]. The valori-
zation of seaweed as sea vegetables generally involves drying or salting processing treatments. 
Seaweed drying is one of the primary steps to allow their storage and transportation. They are 
either sun dried, air-dried, or dehydrated by salt addition [29, 87]. Seaweed can also be mac-
erated with specific enzymes to improve protein bioaccessibility through hydrolysis of dietary 
fibers resistant to human digestion, but this process has not reached any commercial application 
yet [26, 29]. However, there are some recent studies on Ulva lactuca that is fermented with specific 

Seaweed species Common names

Alaria esculenta Dabberlocks, Bladderlocks, Edible Kelp, Honeyware, Winged Kelp, Bladderlochs, 
Tangle, Henware, Murlins, Stringy Kelp, Horsetail kelp, Fruill, Rufaí, Láracha, Láir 
bhán, Sraoilleach, Láir, Essebarer Riementang, Marinkjarni, Chigaiso

Himanthalia elongata Sea Spaghetti, Sea thong, Thongweed, Buttonweed, Sea Haricots, Thongweed

Hizikia fusiformis Hijiki, Hai tso, Chiau tsai, Hai ti tun, Hai toe din, Hai tsao, Hoi tsou, Nongmichae

Laminaria digitata Tangle, Sea girdles, Tangle tail, Wheelbangs, Sea wand, Sea ware, Sea Tangle, Horsetail 
Kelp, Kelp, Strap wrack, Oarweed, Oar weed, Horsetail tangle, Sea Girdle, Coirrleach, 
Screadhbhuidhe, Coirleach, Ribíní, Feamnach dhubh, Leathrach

Laminaria japonica or with its 
new name Saccharina japonica

Kombu, Hai Dai, Hai Tai, Kunpu, Royal Kombu, Makombu, Shinori-Kombu, 
Hababiro-Kombu, Oki-Kombu, Uchi Kombu, Moto-Kombu, Minmaya-Kombu, 
Ebisume, Hirome, Umiyama-Kombu, Hoiro-kombu, ae tae, Tasima

Undaria pinnatifida Wakame, Qun dai cai, Sea mustard, Precious sea grass, Miyok, Miyeouk

Ulva lactuca Sea lettuce, Tahalib, Hai Tsai, Shih shun, Haisai Kun-po, Kwanpo, Lettuce laver, Green 
Laver, Sea Grass, Thin stone brick, Chicory sea lettuce, Meersalat, Aosa, Klop-tsai-yup, 
Alface-do-mar, Luche, Luchi, Havssallat

Chondrus crispus Irish Moss, Iers mos, Carragheen, Carragheen Moss, Dorset weed, Pearl Moss, Sea 
Moss, Sea Pearl Moss, Jelly Moss, Rock Moss, Gristle Moss, Curly Moss, Curly Gristle 
Moss, Carrageen, Carraghean, Carrageenin, Punalevä-laji, Cruibín chait, Carraigín, 
Cosáinín carriage, Irischmoos, Irisches moos, Muschio Irlandese, Musgo-gordo, 
Botelho, Botelha, Cuspelho, Musgo, Limo-folha, Musgo gordo, Folha-de-alface, 
Condrus, Karragener

Palmaria palmata Dulse, Dillisk, Dillesk, Crannogh, Water Leaf, Sheep Dulse, Dried dulse, Shelldulse, 
Duileasc, Creathnach, Saccha, Sol, Darusu, Sou Sol, Botelho-comprido, Sea grass, 
American dulse, Dillisc, Sheep’s weed, Sea devil, Horse seaweed, Creannach

Porphyra umbilicalis, Porphyra 
yezoensis, Porphyra tenera

Nori, Laverbread, Purple laver, Sloak, Slook, Laver, Tough, Chishima-kuronori, 
Folhuda

Table 1. Seaweed traditionally consumed as sea vegetable [69].
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enzymes to improve protein bioaccessibility resistant to fish digestion [78]. During fermenta-
tion the growth of lactic acid bacteria was dependent on the seaweed species, the presence of 
fermentable carbohydrates such as laminaran, and the heating treatment applied prior to the 
inoculation step [33]. All these processing treatments are likely to affect seaweed’s nutrients but 
to our knowledge, there are a limited number of studies describing their impact. More research 
may provide useful information to promote their usage in innovative dish and food preparation.

A green seaweed sea lettuce or Ulva is used in Scotland, where it is added to soups or used 
in salads, and today in Japan, where it is used in making sushi also with a red seaweed Nori 
or Porphyra. In Turkey, in the formulation of innovative seaweed dishes and food preparation 
samples, traditional mezze recipes belong to some vegetables replaced with Ulva (freshly har-
vested with 22.42% protein, dry weight) [84]. The seaweed dishes were prepared according 
to traditional recipes of stuffed grape leaves, spinach with rice, lamb’s lettuce salad, Salicornia 
mezze, spicy tartare meatballs, and fresh sardines in grape leaves [3].

2.1. Food formulations of Ulva

The preparation of stuffed Ulva spp. for six servings according to the stuffed grape leave 
recipe started with soaking 225 g rice in warm and salted water for 10 min, followed by drain-
ing and rinsing. To prepare the filling, two onions were finely chopped, and two cloves of 
garlic were softened in two tablespoons of olive oil and a little butter. Then, one not quite full 
tablespoon of sugar, two tablespoons of currants soaked in water, and two tablespoons of pine 
nuts were added and cooked for 2–3 min. Next, one-half teaspoon of ground allspice, one-
half teaspoon of ground cinnamon, and one-half teaspoon of ground cloves, salt, and freshly 
ground black pepper were added, and the mixture was covered with just enough water and 
brought to a boil. It was simmered for 10–15 min at reduced heat until the water was almost 
absorbed. Then, it was mixed with herbs (bunch of fresh parsley, dill, and mint) with a fork; 
the pan was covered and left for 5 min. The rice still had a bite to it. Ulva spp. were placed on 
the bottom of a wide pan. The rest of the Ulva spp., 24–30 pieces replacing a similar number of 
vine leaves in the original recipe, was laid on a flat surface, and a spoonful of the rice mixture 
was placed in the middle of each Ulva. The near end of each Ulva was folded over the mixture, 
and the side was flapped to seal it in and rolled up. The stuffed Ulva rolls were arranged in the 
pan, tightly packed. The cooking liquid—including 150 mL water, two tablespoons of olive 
oil, and two tablespoons of lemon juice—was poured over the rolls. A plate was placed on 
top to prevent them from unraveling, and the pan was covered with a lid. The liquid part was 
brought to a boil; then, the heat was reduced and cooked gently for 1 h. Finally, the rolls were 
left to cool in the pan and served cold with wedges of lemon (Picture 1A).

The preparation of Ulva spp. with rice according to a spinach with rice recipe for four to six 
servings started with frying one chopped onion with three to four cloves of garlic and one 
tablespoon of olive oil. Then, one glass of rinsed rice was added into the pan with some salt 
and black pepper and cooked for 2–3 min. Five hundred grams chopped fresh Ulva, instead of 
500 g finely chopped fresh spinach, was added into the rice mixture, covered with just enough 
water, and brought to a boil. It was simmered for 10–15 min at reduced heat until the water 
was almost absorbed. The pan was then covered and left for 5 min (Picture 1B).
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In the preparation of Ulva salad according to a lamb’s lettuce salad recipe for four to six serv-
ings, 500 g chopped fresh Ulva was used instead of 500 g lamb’s lettuce. The chopped Ulva spp. 
were placed in a salad bowl, tossed in a little olive oil and lemon juice, and seasoned with salt and 
freshly ground black pepper. Two to three tablespoons of soft hick yogurt were mixed with two 
cloves of crushed garlic and added to the bowl; the mix was tossed well and served (Picture 1C).

In the preparation of Ulva mezze according to a Salicornia mezze recipe for four to six serv-
ings, 500 g chopped fresh Ulva was replaced with 500 g of Salicornia. The chopped Ulva spp. 
were placed in a salad bowl, tossed in a little olive oil and lemon juice, and seasoned with salt 
and freshly ground black pepper. Two cloves of crushed garlic were also added to the bowl; 
the mix was tossed well and served (Picture 1D).

Spicy tartare meatballs were prepared with Ulva spp. instead of lettuce leaves for four to 
six servings. Two hundred twenty-five grams of boiled bulgur was squeezed and allowed to 
cool (about 30 min), then put in a bowl with 225 g minced lamb or beef meat, and kneaded 
well (slapping it against the side of the bowl until well mixed). Two finely chopped onions, 
six finely chopped cloves of garlic, and two tablespoons of concentrated tomato purée were 
then kneaded into the mixture, followed by one teaspoon of red pepper, one-half teaspoon of 
roasted red pepper, one-half teaspoon of ground chili pepper, one-half teaspoon of ground 
coriander, one-half teaspoon of ground cumin, one-half teaspoon of ground allspice, one-
half teaspoon of ground cinnamon, one-half teaspoon of ground cloves, one-half teaspoon of 
ground fenugreek, a little chopped parsley, and salt. The mixture was kneaded thoroughly for 
20–30 min. Small portions of the mixture were then shaped into balls, indented with a finger, 
and arranged on a bed of parsley (Picture 1E).

Picture 1. (A) Stuffed Ulva, (B) Ulva with rice, (C) Ulva salad, (D) sea lettuce Ulva mezze, (E) spicy tartare meatballs with 
Ulva spp., and (F) fresh sardines in Ulva.
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enzymes to improve protein bioaccessibility resistant to fish digestion [78]. During fermenta-
tion the growth of lactic acid bacteria was dependent on the seaweed species, the presence of 
fermentable carbohydrates such as laminaran, and the heating treatment applied prior to the 
inoculation step [33]. All these processing treatments are likely to affect seaweed’s nutrients but 
to our knowledge, there are a limited number of studies describing their impact. More research 
may provide useful information to promote their usage in innovative dish and food preparation.

A green seaweed sea lettuce or Ulva is used in Scotland, where it is added to soups or used 
in salads, and today in Japan, where it is used in making sushi also with a red seaweed Nori 
or Porphyra. In Turkey, in the formulation of innovative seaweed dishes and food preparation 
samples, traditional mezze recipes belong to some vegetables replaced with Ulva (freshly har-
vested with 22.42% protein, dry weight) [84]. The seaweed dishes were prepared according 
to traditional recipes of stuffed grape leaves, spinach with rice, lamb’s lettuce salad, Salicornia 
mezze, spicy tartare meatballs, and fresh sardines in grape leaves [3].

2.1. Food formulations of Ulva

The preparation of stuffed Ulva spp. for six servings according to the stuffed grape leave 
recipe started with soaking 225 g rice in warm and salted water for 10 min, followed by drain-
ing and rinsing. To prepare the filling, two onions were finely chopped, and two cloves of 
garlic were softened in two tablespoons of olive oil and a little butter. Then, one not quite full 
tablespoon of sugar, two tablespoons of currants soaked in water, and two tablespoons of pine 
nuts were added and cooked for 2–3 min. Next, one-half teaspoon of ground allspice, one-
half teaspoon of ground cinnamon, and one-half teaspoon of ground cloves, salt, and freshly 
ground black pepper were added, and the mixture was covered with just enough water and 
brought to a boil. It was simmered for 10–15 min at reduced heat until the water was almost 
absorbed. Then, it was mixed with herbs (bunch of fresh parsley, dill, and mint) with a fork; 
the pan was covered and left for 5 min. The rice still had a bite to it. Ulva spp. were placed on 
the bottom of a wide pan. The rest of the Ulva spp., 24–30 pieces replacing a similar number of 
vine leaves in the original recipe, was laid on a flat surface, and a spoonful of the rice mixture 
was placed in the middle of each Ulva. The near end of each Ulva was folded over the mixture, 
and the side was flapped to seal it in and rolled up. The stuffed Ulva rolls were arranged in the 
pan, tightly packed. The cooking liquid—including 150 mL water, two tablespoons of olive 
oil, and two tablespoons of lemon juice—was poured over the rolls. A plate was placed on 
top to prevent them from unraveling, and the pan was covered with a lid. The liquid part was 
brought to a boil; then, the heat was reduced and cooked gently for 1 h. Finally, the rolls were 
left to cool in the pan and served cold with wedges of lemon (Picture 1A).

The preparation of Ulva spp. with rice according to a spinach with rice recipe for four to six 
servings started with frying one chopped onion with three to four cloves of garlic and one 
tablespoon of olive oil. Then, one glass of rinsed rice was added into the pan with some salt 
and black pepper and cooked for 2–3 min. Five hundred grams chopped fresh Ulva, instead of 
500 g finely chopped fresh spinach, was added into the rice mixture, covered with just enough 
water, and brought to a boil. It was simmered for 10–15 min at reduced heat until the water 
was almost absorbed. The pan was then covered and left for 5 min (Picture 1B).
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In the preparation of Ulva salad according to a lamb’s lettuce salad recipe for four to six serv-
ings, 500 g chopped fresh Ulva was used instead of 500 g lamb’s lettuce. The chopped Ulva spp. 
were placed in a salad bowl, tossed in a little olive oil and lemon juice, and seasoned with salt and 
freshly ground black pepper. Two to three tablespoons of soft hick yogurt were mixed with two 
cloves of crushed garlic and added to the bowl; the mix was tossed well and served (Picture 1C).

In the preparation of Ulva mezze according to a Salicornia mezze recipe for four to six serv-
ings, 500 g chopped fresh Ulva was replaced with 500 g of Salicornia. The chopped Ulva spp. 
were placed in a salad bowl, tossed in a little olive oil and lemon juice, and seasoned with salt 
and freshly ground black pepper. Two cloves of crushed garlic were also added to the bowl; 
the mix was tossed well and served (Picture 1D).

Spicy tartare meatballs were prepared with Ulva spp. instead of lettuce leaves for four to 
six servings. Two hundred twenty-five grams of boiled bulgur was squeezed and allowed to 
cool (about 30 min), then put in a bowl with 225 g minced lamb or beef meat, and kneaded 
well (slapping it against the side of the bowl until well mixed). Two finely chopped onions, 
six finely chopped cloves of garlic, and two tablespoons of concentrated tomato purée were 
then kneaded into the mixture, followed by one teaspoon of red pepper, one-half teaspoon of 
roasted red pepper, one-half teaspoon of ground chili pepper, one-half teaspoon of ground 
coriander, one-half teaspoon of ground cumin, one-half teaspoon of ground allspice, one-
half teaspoon of ground cinnamon, one-half teaspoon of ground cloves, one-half teaspoon of 
ground fenugreek, a little chopped parsley, and salt. The mixture was kneaded thoroughly for 
20–30 min. Small portions of the mixture were then shaped into balls, indented with a finger, 
and arranged on a bed of parsley (Picture 1E).

Picture 1. (A) Stuffed Ulva, (B) Ulva with rice, (C) Ulva salad, (D) sea lettuce Ulva mezze, (E) spicy tartare meatballs with 
Ulva spp., and (F) fresh sardines in Ulva.
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Ulva was replaced with grape leaves in a dish filled with fresh sardines. For four to six 
servings, 20–30 fresh sardines were wrapped in 25–30 Ulva spp., leaving the sardine heads 
peeping out. They were packed tightly in the base of a wide saucepan. Two tablespoons of 
olive oil, juice of one lemon, two crushed cloves of garlic, salt, and freshly ground black pep-
per were mixed to taste and poured over the sardines. A plate was placed directly on top of 
the sardines, the pan was covered, and it was cooked gently for 5–8 min. The dish was served 
hot or left to cool and sprinkled with salt or lemon juice (Picture 1F).

As it was seen, seaweeds contribute in a food either if they are used as a whole or through 
the numerous ingredients that have been produced from various species. In Turkey, Hypnea 
musciformis also known as Crozier weeds is a red seaweed species containing carrageenan, a 
gelling and thickening agent. Under its purified form, carrageenan is used by the food indus-
try. Again, Gracilaria gracilis or Gracilaria verrucosa is a red seaweed species containing agar, 
a gelling and thickening agent. Under its purified form, agar is used by the food industry. 
Cystoseira spp. and Sargassum vulgare are brown seaweeds containing alginate or alginic acid 
with other important agents as well used by food industry.

2.2. Seaweed polysaccharides

Purified polysaccharides, such as agar, alginate, and carrageenan, are widely used in the 
food industry as clarifying, gelling, emulsifying, stabilizing, thickening, and flocculating 
agents in various food products such as ice cream, yogurt, candy, meat product, beverages, 
etc. The main structure and the functionality of polysaccharides extracted from seaweeds are 
presented in Table 2.

Agar and carrageenans are both found within red algae. Agar is mostly extracted from 
Gelidium and Gracilaria [56], and their cell wall holds up to 30% [31] and 20% [73], respectively. 
Agar structure is made of alternating d-galactose and l-galactose units (Table 2) [48, 60, 79]. 
It also contains (3,6)-anhydrogalactose rings and small amounts of sulfate groups (<4.5%) [40, 
60]. Agar forms stable gels upon cooling between 32 and 43°C and at concentrations varying 
from 0.5 to 2% over a wide range of pH (Table 2). The gels are odorless and tasteless since 
no cations are necessary to promote the gel formation, and they are stable at temperature up 
to 85°C. The gel strength is influenced by the polysaccharide concentration, the number of 
3,6-anhydrogalactose rings, the molecular weight, and the rate of cooling [6, 88]. One of agar 
gel characteristics is its in-mouth juiciness caused by the gel syneresis during mastication 
[62]. Agar gels are currently part of many traditional Japanese foods. Yokan (agar jelly with 
red bean paste), Mitsumame (canned fruit salad with agar jelly), and Tokoroten (noodlelike 
agar gel) are some examples of the culinary applications of agar [62, 79]. Worldwide, agar is 
also used as an additive in numerous food products such as dairy, bakery, and canned meat/
fish products. It is also found in soups, sauces, and beverages. Carrageenans are sulfated 
polysaccharides extracted from seaweed such as Chondrus crispus, Kappaphycus alvarezii, and 
Eucheuma denticulatum [5, 56]. The seaweed cell wall can contain up to 80% of polysaccha-
rides. Carrageenan’s structure depends on the number of sulfate groups and (3,6)-anhydro-
d-galactose rings (Table 2). The structure of carrageenans controls its gelling properties, and 
this has an important impact for its utilization in food systems. For example, the absence of 
(3,6)-anhydro-d-galactose ring units prevents λ-carrageenan gelation.
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Carrageenan may be found under three main structures influencing its gelling capacity. Lambda-
carrageenan does not form gels but increases the solution viscosity to stabilize the overrun 
(whipped cream and shakes) or improve mouthfeel (pasteurized chocolate milk) [41]. It is also 
sometimes used in combination with κ-carrageenan to favor the formation of creamy gels (i.e., 
puddings and cream desserts) [39]. Kappa- and ι-carrageenans form gels at concentration vary-
ing between 0.5 and 3% and upon cooling at temperature ranging from 40 to 60°C in the presence 
of cations such as Ca or K [89]. Gels are thermally reversible at temperature up to 75 and 80°C for, 
respectively, κ- and ι-carrageenans and are stable at room temperature [39]. They are not only 
used in several water-based gelled desserts and cake frosting but also used in dairy products 
alone (flan, process cheese, sterilized chocolate, and evaporated milks) or in combination with 
other gums such as locust bean gum (cream cheese and ice cream). In brown seaweed, alginate 
may be isolated and found at concentrations up to 40% according to the seaweed species [57, 89].

Polysaccharide Main structure Mw 
(kDa)

Solubility Gelling 
condition 
and 
properties

Functional 
properties

Food grade polysaccharides

Agar (1,3)-α-d-galactose, 
(1,4)-β-l-galactose, 
3,6-anhydrogalactose ring, 
<4.5% sulfate groups

36–386 >85°C 0.5–2%; 
melting 
85°C

Clarifying, gelling, 
stabilizing, and 
flocculating agent

Alginate or alginic acid β-d-mannuronic acid (M), 
α-l-guluronic acid (G) linked 
in β-(1,4) or α-(1,4)

150–
1700

Salt, ionic 
strength, 
and pH

0.5–2%; 
melting 
85°C; Ca or 
Mg

Gelling, 
emulsifying, film-
forming, stabilizing, 
and thickening 
agent

Carrageenan (1,3)-α-d-galactose, 
(1,4)-β-l-galactose, 
3,6-anhydrogalactose ring, 
25–35% sulfate groups

300–600 ι- > 70°C

κ- > 70°C

λ- cold

0.5–3%;

ι- Ca 
melting 
50–80°C;

κ- Ca or 
K melting 
40–75°C;

λ- n/a

Gelling, thickening, 
suspension, and 
stabilizing agent

Mannitol D-Mannitol monomers n/a nd n/a Sweetener, low 
glycemic index

Nonfood grade polysaccharides

Fucoidan α-(1,3) and α-(1,4)-l-fucose, 
<22% sulfate groups

6.8–1600 nd None None

Ulvan β-d-glucuronosyluronic acid-
(1,4)-α-l-rhamnose 3-sulfate, 
α-l-iduronopyranosic acid-
(1,4)-α-l-rhamnose 3-sulfate, 
15–20% sulfate groups

150–
2000

nd 1.6%; Cu2+ 
and B3−

None but potential 
gelling application

Mw, molecular weight; n/a, not applicable; nd, not determined.

Table 2. Seaweed polysaccharide structure and functionality [69].
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per were mixed to taste and poured over the sardines. A plate was placed directly on top of 
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a gelling and thickening agent. Under its purified form, agar is used by the food industry. 
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with other important agents as well used by food industry.
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food industry as clarifying, gelling, emulsifying, stabilizing, thickening, and flocculating 
agents in various food products such as ice cream, yogurt, candy, meat product, beverages, 
etc. The main structure and the functionality of polysaccharides extracted from seaweeds are 
presented in Table 2.

Agar and carrageenans are both found within red algae. Agar is mostly extracted from 
Gelidium and Gracilaria [56], and their cell wall holds up to 30% [31] and 20% [73], respectively. 
Agar structure is made of alternating d-galactose and l-galactose units (Table 2) [48, 60, 79]. 
It also contains (3,6)-anhydrogalactose rings and small amounts of sulfate groups (<4.5%) [40, 
60]. Agar forms stable gels upon cooling between 32 and 43°C and at concentrations varying 
from 0.5 to 2% over a wide range of pH (Table 2). The gels are odorless and tasteless since 
no cations are necessary to promote the gel formation, and they are stable at temperature up 
to 85°C. The gel strength is influenced by the polysaccharide concentration, the number of 
3,6-anhydrogalactose rings, the molecular weight, and the rate of cooling [6, 88]. One of agar 
gel characteristics is its in-mouth juiciness caused by the gel syneresis during mastication 
[62]. Agar gels are currently part of many traditional Japanese foods. Yokan (agar jelly with 
red bean paste), Mitsumame (canned fruit salad with agar jelly), and Tokoroten (noodlelike 
agar gel) are some examples of the culinary applications of agar [62, 79]. Worldwide, agar is 
also used as an additive in numerous food products such as dairy, bakery, and canned meat/
fish products. It is also found in soups, sauces, and beverages. Carrageenans are sulfated 
polysaccharides extracted from seaweed such as Chondrus crispus, Kappaphycus alvarezii, and 
Eucheuma denticulatum [5, 56]. The seaweed cell wall can contain up to 80% of polysaccha-
rides. Carrageenan’s structure depends on the number of sulfate groups and (3,6)-anhydro-
d-galactose rings (Table 2). The structure of carrageenans controls its gelling properties, and 
this has an important impact for its utilization in food systems. For example, the absence of 
(3,6)-anhydro-d-galactose ring units prevents λ-carrageenan gelation.
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Carrageenan may be found under three main structures influencing its gelling capacity. Lambda-
carrageenan does not form gels but increases the solution viscosity to stabilize the overrun 
(whipped cream and shakes) or improve mouthfeel (pasteurized chocolate milk) [41]. It is also 
sometimes used in combination with κ-carrageenan to favor the formation of creamy gels (i.e., 
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used in several water-based gelled desserts and cake frosting but also used in dairy products 
alone (flan, process cheese, sterilized chocolate, and evaporated milks) or in combination with 
other gums such as locust bean gum (cream cheese and ice cream). In brown seaweed, alginate 
may be isolated and found at concentrations up to 40% according to the seaweed species [57, 89].
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Alginate is extracted from several brown algae including Ascophyllum nodosum, Laminaria digi-
tata, Laminaria hyperborea, Laminaria saccharina, Laminaria japonica, Ecklonia maxima, Macrocystis 
pyrifera, Lessonia nigrescens, and Lessonia trabeculata [37, 56]. Alginate is a derivative of alginic 
acid, and it is found under the form of sodium, calcium, or magnesium alginate. It is com-
posed of a mixture of β-d-mannuronic acid (M) and α-l-guluronic acid (G). These monomers 
are organized in segments containing MM, GG, or MG/GM blocks which are linked β-(1,4) for 
MG block or α-(1,4) in the case of GG block. The proportion of each segment affects the gell-
ing properties of alginate. Alginate containing high amounts of GG blocks will lead to firm 
and rigid gel [20]. Alginate is used as a thickening agent in ice cream, ketchup, mayonnaise, 
sauces, and purees [57, 89]. The viscosity of the solution may be controlled by the addition of 
Ca. Alginate gelling property is useful in several food applications such as jams, puddings, 
and restructured food (chili found in green olives or onion rings made with onion powder). 
Its film-forming capacity reduces water loss and regulates water diffusion in food products 
[37]. The pastries fruit filling is often covered with an alginate film to prevent cake moistening.

The food industry in collaboration with polysaccharide suppliers has developed a thorough 
knowledge regarding the usage of algal polysaccharides in food products. However, the culi-
nary usages might at some point be less known by chefs. Recently, the culinary use of those 
purified ingredients was reviewed in the book Modernist Cuisine [61]. The functional proper-
ties such as solubility, foaming, as well as gelation are potentialized and presented for culi-
nary purposes. For example, agar gels may be used in terrine (appetizer), agar beads flavored 
with fruit or vegetable juices, Chantilly without cream, pasta, eggless mayonnaise, foams, etc. 
Alginate main usages in modern cuisine are under the form of moldable forms (spaghetti, 
beads, etc.). Propylene glycol alginate may also be used to produce eggless citrus curd [61]. 
The proper combination of κ - and ι-carrageenans allowed the formation of a dashi-flavored 
gel to coat cremini mushrooms [61]. Also, these polysaccharides may be used in combination 
to stabilize a beurre blanc sauce emulsion, processed cheese, etc.

Finally, other polysaccharides such as fucoidan and ulvan could potentially be interesting for 
culinary applications. Fucoidan is a sulfated polysaccharide mainly of l-fucose (>50%), and up 
to 10% of this polysaccharide was isolated in several brown seaweeds [42, 83]. Fucoidan is not 
used as a food ingredient in Turkey but is included in food as a nutraceutical in Asia [25]. This 
polysaccharide has no gelling or thickening capacity (Rioux et al., 2007) as compared to others 
such as alginate. However, when the whole brown seaweed Kombu or Wakame is consumed, 
substantial amount of fucoidan may be ingested and have beneficial effects in humans. Ulvan is 
a water-soluble polysaccharide found within green algae Ulva spp. The algae contains between 8 
and 29% ulvan on dry basis [47]. Ulvan is mainly composed in l-rhamnose and d-glucuronic acid 
under the form of ulvanobiuronic acids A and B [46, 67]. Ulvan molecular weight ranges between 
150 and 2000 kDa depending on the extraction method and seaweed species [64, 77, 91]. Ulvan 
possesses interesting gelling and viscosifying properties dictated by the amount of uronic acids 
that may be useful in food products [76, 77, 90]. Most recent studies were oriented toward bio-
medical applications [58, 86]. This polysaccharide could be of interest for new food application.

2.3. Seaweed protein concentrates (PCs)

The production of plant protein concentrates (PCs) is of growing interest to the food industry 
[81]. Recently, PCs were extracted from three edible green seaweed species of Enteromorpha 
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or Ulva and were investigated for their functional properties as functions of salt and pH [44]. 
The protein contents in the PCs varied from around 33 to 60%. In all three PCs, the min-
imum nitrogen solubility was observed at pH 4, and foaming capacity and stability were 
pH-specific. Also, PC of red alga Kappaphycus was extracted, and its functional properties 
were evaluated [81]. The PC contained around 62% proteins, and the results obtained in this 
investigation suggest great emulsion stability with oil extracted from Jatropha, a plant species 
of the Euphorbiaceae family native to Brazil. Although these results are promising, before 
considering these PCs as ingredients in food formulations, food-grade solvents have to be 
chosen during the extraction method avoiding chemical residues, which could be toxic [69]. 
Indeed, solvent choice influences potential applications of algal protein extracts in terms of 
human consumption [75].

3. Nutritional contribution of seaweeds

Seaweed’s main constituents vary according to the seaweed species, harvest location and 
time, wave exposition, and water temperature. Also, the methodology used to determine 
these constituents may differ which may explain why large variations are sometimes 
observed (Table 3). Seaweeds are rich in carbohydrates, and concentration up to 76% of the 
algae dry weight was reported. Also, an important proportion of proteins was quantified. 
Ulva sp. contains up to 44% of proteins based on the algae dry weight. The mineral content 
also reaches values as high as 55% that were found for Ulva sp. Generally, seaweed lipid 
content is relatively low (<5%) independently of the species.

3.1. Seaweed carbohydrates

Seaweed carbohydrates or polysaccharides are mostly found within the algae cell wall with 
exception of the storage polysaccharides which are located in the plastid. The seaweed cell wall 
(extracellular matrix) has an important structural role. It is a physical barrier against wave, ice, 

Seaweed species Polysaccharide (%) Protein (%) Lipid (%) Ash (%)

Ulva sp. 15–65 4–44 0.3–1.6 26; 52–55

Laminaria longicruris or Saccharina longicruris 38–61 3–21 0.3–2.9 15–45

Ascophyllum nodosum and Fucus vesiculosus 42–70 1.2–17 0.5–4.8 18–30

Undaria pinnatifida 35–45 11–24 1–4.5 27–40; 14

Sargassum sp. 68 9–20 0.5–3.9 44

Chondrus crispus 55–66 6–29 0.7–3 21

Porphyra sp. 40–76 7–50 0.12–2.8 7–21

Gracilaria sp. 36; 62–63 5–23 0.4–2.6 8–29

Palmaria palmata 38–74 8–35 0.2–3.8 12–37

Values are expressed in percentage (%) of dry weight.

Table 3. Composition of different seaweed species [69].
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Alginate is extracted from several brown algae including Ascophyllum nodosum, Laminaria digi-
tata, Laminaria hyperborea, Laminaria saccharina, Laminaria japonica, Ecklonia maxima, Macrocystis 
pyrifera, Lessonia nigrescens, and Lessonia trabeculata [37, 56]. Alginate is a derivative of alginic 
acid, and it is found under the form of sodium, calcium, or magnesium alginate. It is com-
posed of a mixture of β-d-mannuronic acid (M) and α-l-guluronic acid (G). These monomers 
are organized in segments containing MM, GG, or MG/GM blocks which are linked β-(1,4) for 
MG block or α-(1,4) in the case of GG block. The proportion of each segment affects the gell-
ing properties of alginate. Alginate containing high amounts of GG blocks will lead to firm 
and rigid gel [20]. Alginate is used as a thickening agent in ice cream, ketchup, mayonnaise, 
sauces, and purees [57, 89]. The viscosity of the solution may be controlled by the addition of 
Ca. Alginate gelling property is useful in several food applications such as jams, puddings, 
and restructured food (chili found in green olives or onion rings made with onion powder). 
Its film-forming capacity reduces water loss and regulates water diffusion in food products 
[37]. The pastries fruit filling is often covered with an alginate film to prevent cake moistening.

The food industry in collaboration with polysaccharide suppliers has developed a thorough 
knowledge regarding the usage of algal polysaccharides in food products. However, the culi-
nary usages might at some point be less known by chefs. Recently, the culinary use of those 
purified ingredients was reviewed in the book Modernist Cuisine [61]. The functional proper-
ties such as solubility, foaming, as well as gelation are potentialized and presented for culi-
nary purposes. For example, agar gels may be used in terrine (appetizer), agar beads flavored 
with fruit or vegetable juices, Chantilly without cream, pasta, eggless mayonnaise, foams, etc. 
Alginate main usages in modern cuisine are under the form of moldable forms (spaghetti, 
beads, etc.). Propylene glycol alginate may also be used to produce eggless citrus curd [61]. 
The proper combination of κ - and ι-carrageenans allowed the formation of a dashi-flavored 
gel to coat cremini mushrooms [61]. Also, these polysaccharides may be used in combination 
to stabilize a beurre blanc sauce emulsion, processed cheese, etc.

Finally, other polysaccharides such as fucoidan and ulvan could potentially be interesting for 
culinary applications. Fucoidan is a sulfated polysaccharide mainly of l-fucose (>50%), and up 
to 10% of this polysaccharide was isolated in several brown seaweeds [42, 83]. Fucoidan is not 
used as a food ingredient in Turkey but is included in food as a nutraceutical in Asia [25]. This 
polysaccharide has no gelling or thickening capacity (Rioux et al., 2007) as compared to others 
such as alginate. However, when the whole brown seaweed Kombu or Wakame is consumed, 
substantial amount of fucoidan may be ingested and have beneficial effects in humans. Ulvan is 
a water-soluble polysaccharide found within green algae Ulva spp. The algae contains between 8 
and 29% ulvan on dry basis [47]. Ulvan is mainly composed in l-rhamnose and d-glucuronic acid 
under the form of ulvanobiuronic acids A and B [46, 67]. Ulvan molecular weight ranges between 
150 and 2000 kDa depending on the extraction method and seaweed species [64, 77, 91]. Ulvan 
possesses interesting gelling and viscosifying properties dictated by the amount of uronic acids 
that may be useful in food products [76, 77, 90]. Most recent studies were oriented toward bio-
medical applications [58, 86]. This polysaccharide could be of interest for new food application.

2.3. Seaweed protein concentrates (PCs)

The production of plant protein concentrates (PCs) is of growing interest to the food industry 
[81]. Recently, PCs were extracted from three edible green seaweed species of Enteromorpha 
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or Ulva and were investigated for their functional properties as functions of salt and pH [44]. 
The protein contents in the PCs varied from around 33 to 60%. In all three PCs, the min-
imum nitrogen solubility was observed at pH 4, and foaming capacity and stability were 
pH-specific. Also, PC of red alga Kappaphycus was extracted, and its functional properties 
were evaluated [81]. The PC contained around 62% proteins, and the results obtained in this 
investigation suggest great emulsion stability with oil extracted from Jatropha, a plant species 
of the Euphorbiaceae family native to Brazil. Although these results are promising, before 
considering these PCs as ingredients in food formulations, food-grade solvents have to be 
chosen during the extraction method avoiding chemical residues, which could be toxic [69]. 
Indeed, solvent choice influences potential applications of algal protein extracts in terms of 
human consumption [75].

3. Nutritional contribution of seaweeds

Seaweed’s main constituents vary according to the seaweed species, harvest location and 
time, wave exposition, and water temperature. Also, the methodology used to determine 
these constituents may differ which may explain why large variations are sometimes 
observed (Table 3). Seaweeds are rich in carbohydrates, and concentration up to 76% of the 
algae dry weight was reported. Also, an important proportion of proteins was quantified. 
Ulva sp. contains up to 44% of proteins based on the algae dry weight. The mineral content 
also reaches values as high as 55% that were found for Ulva sp. Generally, seaweed lipid 
content is relatively low (<5%) independently of the species.

3.1. Seaweed carbohydrates

Seaweed carbohydrates or polysaccharides are mostly found within the algae cell wall with 
exception of the storage polysaccharides which are located in the plastid. The seaweed cell wall 
(extracellular matrix) has an important structural role. It is a physical barrier against wave, ice, 

Seaweed species Polysaccharide (%) Protein (%) Lipid (%) Ash (%)

Ulva sp. 15–65 4–44 0.3–1.6 26; 52–55

Laminaria longicruris or Saccharina longicruris 38–61 3–21 0.3–2.9 15–45

Ascophyllum nodosum and Fucus vesiculosus 42–70 1.2–17 0.5–4.8 18–30

Undaria pinnatifida 35–45 11–24 1–4.5 27–40; 14

Sargassum sp. 68 9–20 0.5–3.9 44

Chondrus crispus 55–66 6–29 0.7–3 21

Porphyra sp. 40–76 7–50 0.12–2.8 7–21

Gracilaria sp. 36; 62–63 5–23 0.4–2.6 8–29

Palmaria palmata 38–74 8–35 0.2–3.8 12–37

Values are expressed in percentage (%) of dry weight.

Table 3. Composition of different seaweed species [69].

Sea Vegetables
http://dx.doi.org/10.5772/intechopen.75014

93



and sun dehydration [65], but it also regulates many other functions such as solute accumula-
tion, turgor, and cell growth [8, 68]. The main cell wall polysaccharides are agar and carrageenan 
(Rhodophyta), sulfated fucans and alginates (Ochrophyta), and cellulose and hemicellulose 
(Chlorophyta). Seaweeds within the Ochrophyta and Rhodophyta phyla also contain variable 
amounts of cellulose and/or hemicellulose according to the seaweed species [2, 18].

The storage carbohydrates are equivalent to the human glycogen and serve as the principal 
energy source [9]. According to the seaweed species, other small polysaccharides may be 
found within the chloroplast (laminaran and starch) or in the cytoplasm (floridean starch) [85]. 
Smaller solutes are found when seaweeds are grown under high salinity conditions. Mannitol, 
sucrose, floridoside, isofloridoside, and digeneaside were reported for some seaweed. They 
can serve as photosynthetic reserve or as osmoregulator [19, 68].

3.1.1. Seaweed fiber composition

Seaweeds are good sources of fibers since they contain valuable carbohydrates undigested 
by the human gastrointestinal track [69]. Dietary fibers, or fibers from food source, remain 
intact in the small intestine while they are partially or sometimes completely fermented by 
the gut microbiota [24]. The total dietary fiber within food may be found under two forms, 
such as soluble and insoluble, depending on the polysaccharide structure. Soluble fibers refer 
to polysaccharides that may be solubilized in water. They are known to increase the viscosity 
in the gastrointestinal track and are fermented by the microbiota. At the opposite, insoluble 
fibers have a bulking action and are rarely fermented [69]. Seaweeds with their high polysac-
charide contents (Table 2) have interesting nutritional properties since their total dietary fiber 
may reach up to 38% (dry weight) according to the seaweed species [29]. Among them, some 
polysaccharides are already considered as valuable food ingredients and are, therefore, avail-
able on the market as purified polysaccharides such as agar, alginate, and carrageenan.

3.2. Seaweed proteins

Increasing world population and the consumer demand for healthy foods have driven the 
search for unconventional protein sources as ingredients to be incorporated in new high-
value products [15, 52, 70]. Seaweeds have long been used in Asia as traditional foodstuffs 
[22]. Also, they have been recently promoted in the cuisine of several American and European 
countries and evaluated for the nutritional value of their proteins, which is mainly defined by 
their amino acid composition and digestibility [56]. Proteins are present in algae in a variety 
of forms and distributed in various cellular compartments. They are part of the intracellular 
components or the cell wall, are enzymes, or are bound to pigments and polysaccharides 
[80]. The protein content is variable according to the species, season, geographic distribu-
tion, population, cultivation conditions, and nutrient supply during growth phase [4, 17, 27, 
36, 52, 54]. In general, the red and green species contain relatively high protein levels, with 
an average value of 4–50% (w/w) dry weight, compared to brown species, which contain 
between 1 and 29% (w/w) dry weight (Table 3) [35]. The protein concentrations of red species 
are comparable to those found in high-protein vegetables such as soybeans where proteins 
represent 35% of the dry weight [63]. A review of the nutrient composition of edible seaweeds 
has been reported comparing different protein contents of red, green, and brown species [66]. 
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Seaweed proteins display a very good profile of essential amino acids, which is equivalent 
to other food proteins such as legumes or eggs [28], and their levels are comparable to those 
of the FAO/WHO requirements of dietary proteins [63]. Algal proteins usually contain most 
amino acids particularly glycine, alanine, arginine, proline, and glutamine and aspartic acids 
[11]. Both aspartic and glutamic acids are abundant in most seaweed species (brown, red, 
and green), and they exhibit interesting features in flavor development. Hence, glutamic acid 
is the main component in the taste sensations of umami [63], and the average proportion is 
higher in brown seaweed (153 mg/g proteins) compared to the red (117 mg/g proteins) and 
green (119 mg/g proteins) seaweeds [21]. In comparison with other protein-rich food sources, 
seaweeds are limited by lysine, threonine, tryptophan, and sulfur amino acids (cysteine and 
methionine), even though their levels are generally higher than those found in vegetables 
and cereals [38]. Seaweeds contain a proportion of free amino acids including taurine, ala-
nine, amino butyric acid, ornithine, citrulline, and hydroxyproline. Numerous seaweed spe-
cies also contain unusual amino acids among those, mycosporine-like amino acids (MAAs) 
known as demonstrating antioxidant properties [35].

3.3. Seaweed lipids

Seaweeds contain relatively low levels of lipids (1–5%) when compared to other plant seeds 
such as soy and sunflower, but majority of those lipids are polyunsaturated fatty acids 
(PUFAs) [50, 51]. PUFA’s health benefits are well documented for fish, and seaweeds may 
also provide a sustainable source of these compounds. Algal PUFAs are under the form of ω-3 
fatty acids such as eicosapentaenoic acid (EPA, C20:5) or docosahexaenoic acid (DHA, C22:6). 
EPA and DHA may both be metabolized from α-linolenic acid (ALA, C18:3), an essential fatty 
acid not only synthesized by humans but also found in seaweeds. Red seaweeds can contain 
up to 50% of EPA, while much lower levels were found in brown species [30]. Amounts of 
ω-6 fatty acids such as arachidonic acid (ARA, C20:4) are also found in seaweeds, and their 
levels are equivalent to the proportion of ω-3 with an ω-6/ω-3 ratio that is ranging from 0.1 to 
1.5 [16, 50]. This is particularly interesting since a balanced ω-6/ω-3 ratio was associated to a 
decreased risk of mortality. Readers are referred to recent review papers discussing the health 
benefits of algal PUFAs for more details [7, 10].

The lipid content and fatty acid composition of seaweeds vary by species, geographical loca-
tion, season temperature, salinity, and light intensity [72]. Based on the fatty acid composi-
tion and potential health benefits such as anti-inflammatory activity, seaweed species could 
be selected for cultivation toward food and health markets [55]. The lipid characterization of 
cultivated seaweeds during a year-round could contribute to a better control in aquaculture 
settings in order to identify the best harvest time for the choice of lipid quantity and quality. 
For example, PUFAs are made up more than half of the fatty acids with a maximum in July for 
Saccharina latissima cultivated in Denmark [53]. In addition, the Saccharina latissima species pres-
ents a better source of PUFAs compared to traditional vegetables, such as cabbage and lettuce.

The growing interest in PUFA-rich lipids from seaweeds for incorporation into foods has 
led to look for alternative extraction techniques with higher yields together with food grade 
solvent uses. As a result, the highest levels of PUFAs were obtained by the extraction with 
ethanol [74]. Seaweeds are also generally tested after food processing (drying, canning, etc.), 
due to its possible detrimental effect on fatty acid levels [72].
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(Chlorophyta). Seaweeds within the Ochrophyta and Rhodophyta phyla also contain variable 
amounts of cellulose and/or hemicellulose according to the seaweed species [2, 18].

The storage carbohydrates are equivalent to the human glycogen and serve as the principal 
energy source [9]. According to the seaweed species, other small polysaccharides may be 
found within the chloroplast (laminaran and starch) or in the cytoplasm (floridean starch) [85]. 
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intact in the small intestine while they are partially or sometimes completely fermented by 
the gut microbiota [24]. The total dietary fiber within food may be found under two forms, 
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to polysaccharides that may be solubilized in water. They are known to increase the viscosity 
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fibers have a bulking action and are rarely fermented [69]. Seaweeds with their high polysac-
charide contents (Table 2) have interesting nutritional properties since their total dietary fiber 
may reach up to 38% (dry weight) according to the seaweed species [29]. Among them, some 
polysaccharides are already considered as valuable food ingredients and are, therefore, avail-
able on the market as purified polysaccharides such as agar, alginate, and carrageenan.

3.2. Seaweed proteins

Increasing world population and the consumer demand for healthy foods have driven the 
search for unconventional protein sources as ingredients to be incorporated in new high-
value products [15, 52, 70]. Seaweeds have long been used in Asia as traditional foodstuffs 
[22]. Also, they have been recently promoted in the cuisine of several American and European 
countries and evaluated for the nutritional value of their proteins, which is mainly defined by 
their amino acid composition and digestibility [56]. Proteins are present in algae in a variety 
of forms and distributed in various cellular compartments. They are part of the intracellular 
components or the cell wall, are enzymes, or are bound to pigments and polysaccharides 
[80]. The protein content is variable according to the species, season, geographic distribu-
tion, population, cultivation conditions, and nutrient supply during growth phase [4, 17, 27, 
36, 52, 54]. In general, the red and green species contain relatively high protein levels, with 
an average value of 4–50% (w/w) dry weight, compared to brown species, which contain 
between 1 and 29% (w/w) dry weight (Table 3) [35]. The protein concentrations of red species 
are comparable to those found in high-protein vegetables such as soybeans where proteins 
represent 35% of the dry weight [63]. A review of the nutrient composition of edible seaweeds 
has been reported comparing different protein contents of red, green, and brown species [66]. 
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Seaweed proteins display a very good profile of essential amino acids, which is equivalent 
to other food proteins such as legumes or eggs [28], and their levels are comparable to those 
of the FAO/WHO requirements of dietary proteins [63]. Algal proteins usually contain most 
amino acids particularly glycine, alanine, arginine, proline, and glutamine and aspartic acids 
[11]. Both aspartic and glutamic acids are abundant in most seaweed species (brown, red, 
and green), and they exhibit interesting features in flavor development. Hence, glutamic acid 
is the main component in the taste sensations of umami [63], and the average proportion is 
higher in brown seaweed (153 mg/g proteins) compared to the red (117 mg/g proteins) and 
green (119 mg/g proteins) seaweeds [21]. In comparison with other protein-rich food sources, 
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methionine), even though their levels are generally higher than those found in vegetables 
and cereals [38]. Seaweeds contain a proportion of free amino acids including taurine, ala-
nine, amino butyric acid, ornithine, citrulline, and hydroxyproline. Numerous seaweed spe-
cies also contain unusual amino acids among those, mycosporine-like amino acids (MAAs) 
known as demonstrating antioxidant properties [35].

3.3. Seaweed lipids

Seaweeds contain relatively low levels of lipids (1–5%) when compared to other plant seeds 
such as soy and sunflower, but majority of those lipids are polyunsaturated fatty acids 
(PUFAs) [50, 51]. PUFA’s health benefits are well documented for fish, and seaweeds may 
also provide a sustainable source of these compounds. Algal PUFAs are under the form of ω-3 
fatty acids such as eicosapentaenoic acid (EPA, C20:5) or docosahexaenoic acid (DHA, C22:6). 
EPA and DHA may both be metabolized from α-linolenic acid (ALA, C18:3), an essential fatty 
acid not only synthesized by humans but also found in seaweeds. Red seaweeds can contain 
up to 50% of EPA, while much lower levels were found in brown species [30]. Amounts of 
ω-6 fatty acids such as arachidonic acid (ARA, C20:4) are also found in seaweeds, and their 
levels are equivalent to the proportion of ω-3 with an ω-6/ω-3 ratio that is ranging from 0.1 to 
1.5 [16, 50]. This is particularly interesting since a balanced ω-6/ω-3 ratio was associated to a 
decreased risk of mortality. Readers are referred to recent review papers discussing the health 
benefits of algal PUFAs for more details [7, 10].

The lipid content and fatty acid composition of seaweeds vary by species, geographical loca-
tion, season temperature, salinity, and light intensity [72]. Based on the fatty acid composi-
tion and potential health benefits such as anti-inflammatory activity, seaweed species could 
be selected for cultivation toward food and health markets [55]. The lipid characterization of 
cultivated seaweeds during a year-round could contribute to a better control in aquaculture 
settings in order to identify the best harvest time for the choice of lipid quantity and quality. 
For example, PUFAs are made up more than half of the fatty acids with a maximum in July for 
Saccharina latissima cultivated in Denmark [53]. In addition, the Saccharina latissima species pres-
ents a better source of PUFAs compared to traditional vegetables, such as cabbage and lettuce.

The growing interest in PUFA-rich lipids from seaweeds for incorporation into foods has 
led to look for alternative extraction techniques with higher yields together with food grade 
solvent uses. As a result, the highest levels of PUFAs were obtained by the extraction with 
ethanol [74]. Seaweeds are also generally tested after food processing (drying, canning, etc.), 
due to its possible detrimental effect on fatty acid levels [72].
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3.4. Seaweed minerals

The mineral content of seaweed is of great importance since up to 45% of the algal dry mass may 
be found (Table 3) [71, 82]. The values varied according to the seaweed species, seasonal varia-
tion, harvest time, and location [49]. Seaweed contains several mineral elements required in 
human nutrition such as Na, K, Ca, Mg, Fe, Zn, Mn, and Cu. For example, 948 and 2782 mg/100 
dry weight of Ca were found, respectively, for Gracilaria salicornia and Ulva lactuca. These val-
ues are much higher than the one found in terrestrial plants such as spinach (851 mg/100 dry 
weight), broccoli (503 mg/100 dry weight), and cabbage (369 mg/100 dry weight) [82]. Their 
elevated amount in I content is one important feature of seaweeds. Holdt and Kraan [38] have 
reviewed that the distribution within several seaweed species including Laminaria sp. contains 
up to 8000 times of the recommended daily value.

4. Conclusions

Seaweed contains a wide array of nutritional compounds also possessing several functional 
properties that may lead to many dish and food preparation innovations. For example, sea-
weeds may be used with or in the replacement of other commonly used vegetables to promote 
healthy food. Until now only few applications have been taking profit of both attributes, and 
this should be more deeply exploited in the future. Collaboration with creative chefs can 
increase the visibility and acceptance of this resource by offering recipes or dishes where 
seaweeds are displayed. Future work connecting culinary and food science may support the 
usage of seaweeds not only at home but also in food products.
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