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Preface

Legumes, with their outstanding nutritional and nutraceutical properties, are an 
important and cost-effective source of high-quality proteins (20%–50% of seed 
content) for the human diet. They encompass the necessary genetic diversity to 
cope with different environmental stresses that threaten agriculture and food 
security. Soon, humanity will face many global changes, many of them exacerbated 
by climate change, such as global food security, the production of waste, and the 
release of greenhouse gases into the atmosphere. Strategies are needed to increase 
sustainable sources of protein to feed the growing population while promoting 
recycling and a circular economy.

In this context, legumes may be key crops to meet the needs for sources of plant-
based proteins for humans and livestock at an affordable cost. Legume proteins play 
an important role in nutrition as well as overall health. Nutraceutical aspects of a 
variety of legume seed compounds are being investigated, particularly their anti-
inflammatory effects, which are helpful for ameliorating and treating diseases such 
as cardiovascular disease, type II diabetes, obesity, metabolic syndrome, cancer, and 
so on. Legume proteins are storage proteins belonging to different families, including 
Vicilin (7S globulin), Legumin (11S globulin), 2S albumin, glutelins, enzymes, 
enzyme inhibitors, and lectins, which integrate part of the defensive mechanism of 
the seed. These positive properties of legume proteins may be a consequence of  
their unique structure and functional features, raised properties of derived peptides 
from their hydrolysis, or even modification of legume proteins for improved 
functionality and digestibility.

Legume proteins from pea, lentil, lupine, chickpea, and other types of beans 
are valuable for functional food production, that is, producing foods with 
improved nutritional and technological properties. They show a wide range of 
techno-functional characteristics such as emulsification and stability activity, 
foam formation and stabilization, gel formation, and water holding capacity. 
These technological characteristics are fundamental for the final effect that food 
containing legume proteins will have on human health. Knowing the advantages 
and potential disadvantages of legume seed proteins for food making will allow 
industrial applications of these proteins to be more easily achieved.

This book provides an overview of the health benefits, functional properties, and 
industrial applications of legume seed compounds.

Jose C. Jimenez-Lopez
Department of Biochemistry, Cell and Molecular Biology of Plants,

Estacion Experimental del Zaidin,
Spanish National Research Council (CSIC),

Granada, Spain
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Chapter 1

Legumes, Sustainable Alternative
Protein Sources for Aquafeeds
Fateme Hekmatpour and Mansour Torfi Mozanzadeh

Abstract

Aquaculture produce a great portion of aquatic derived proteins for human in
the world. It has the highest and the fastest growth rate among the protein produc-
ing industries. Fish meal (FM) is the main and the most expensive ingredient for
aquafeeds production. It provides protein, essential amino acids, energy, minerals
and vitamins in aquafeeds. Given the current rapid development of aquaculture
industry the competition for limited global supplies of FM may reduce its availabil-
ity and elevate its price. Thus, finding high quality, economic and environmentally
friendly alternative protein sources (APS) for aquafeeds production is vital for
sustainability of the aquaculture industry. Among various APS, legumes have been
proved to be promising APS because they have medium protein content with
suitable amino acid profile, high digestible protein and energy levels, and appropri-
ate minerals and vitamins for the most cultured aquatic species. They also are
cost-effective and highly accessible. However, they contain various anti-nutritional
factors that may reduce feed palatability and may negatively affect growth and
health of cultured aquatic animal species. This chapter provide information regard-
ing legumes and their derivatives as APS, their nutritional quality and their poten-
tial drawbacks. In addition, strategies for increasing the efficiency of legumes in
aquafeeds are reviewed and discussed.

Keywords: additives, anti-nutritional factors, aquaculture, nutrients digestibility,
essential amino acids

1. Introduction

The aquafeed market is estimated to account for USD 50.6 billion in 2020 and
with compound annual growth rate of 7.2%, it is projected to reach USD 71.6 billion
by 2025 [1]. Two main factors amplify such a lucrative revenue in aquafeed market
including increase in global seafood consumption (122% from 1990 to 2018) and
fast grow rate in aquaculture production (527% from 1990 to 2018) [2]. In fact, the
annual growth rate of aquaculture industry was about 10% during the 1990s and
about 5.8% annually from 2000 to 2018 indicating aquaculture is the fastest grow-
ing food production sector in the world [3]. According to Food and Agriculture
Organization of the United Nations [2] the aquaculture accounted for 52% (54.3
million tonnes (MT)) of global fish production that means this industry supplied
17% of total animal proteins for the global population [2]. About 70% of aquaculture
production relied on the aquafeeds, which is the main expenditure (� 40%–70% of
the total expenses) and the largest input in this industry [4, 5]. Thus, the
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development of the aquafeed industry along with the improvement of feed effi-
ciency are prerequisite to achieve the projected aquaculture production. On the
other hand, aquafeed production industries mainly depend on marine-derived
ingredients namely fish meal (FM) and fish oil (FO), but increasing demands for
these marine-derived feedstuffs along with overexploitation and/or static tendency
in capture fisheries of small pelagic fish resulted in uncertain supply and the infla-
tion of their prices that adversely affect the profitability margins of aquaculture
[6, 7]. It has been reported that about 70% to 80% of all produced FM is used in
aquafeed industry [3]. Thus, seeking out environmentally friendly and economic
alternative ingredients for substitution of FM and FO in aquafeeds formulation is a
fundamental goal for aquaculture sustainability [7].

An alternative feedstuff for FM should possess some properties such as high
availability, commercial competitive cost as well as ease of shipping and storage [8].
In addition, by considering nutritional aspects, an alternative protein source (APS)
should have low quantities of fiber (< 6%), carbohydrates including starch
(< 20%) and non-starch polysaccharides (NSP)(< 8%), anti-nutritional factors
(ANF), high digestible protein level (≥ 48%), appropriate essential amino acid
(EAA) profile (arginine > 3, lysine > 3.5, methionine > 1.5, threonine > 2.2% of
total AA profile) and suitable palatability [6, 8]. On the other hand, it has been
predicted that the application of FM in aquafeeds will be dropped to under 10% in
some most popular aquaculture species such as omnivorous (e.g. carp, catfish and
tilapia, 1-2% FM) and carnivorous fish species (e.g. marine fish, salmon and trout,
5-10% FM) [9]. Such tremendous shift from FM to APS in aquafeeds has resulted in
new challenges in performance, feed utilization, welfare, and final product quality
of cultured aquatic animal species [6].

Among alternative plant protein sources (APPS), legumes are the most
abundant protein rich ingredients for applying in aquafeeds [10]. However, these
APPS have several drawbacks such as a wide range of protein contents, EAA imbal-
ances or inadequacies (e.g. sulfur amino acids including cysteine, methionine and
taurine), low bioavailability of some minerals or microelements as they bounded
with phytic acid (e.g. phosphorous, iodine, calcium and selenium) and the presence
of high amounts of various ANF (e.g. antitrypsin factors, phytates, saponins, and
polyphenols), which consequently impose some challenges in their use in aquafeeds
formulations [8, 11]. Although some processed protein derivatives of legumes such
as soy protein concentrate, soy protein isolate or pea protein isolate contain high
protein levels (65-90%) and have low ANF concentrations, but they are too
expensive to be used in most aquafeeds. In addition, the agriculture industry also
restricted to develop production of these APPS without putting extra stress on land,
water, and phosphorous resources. In this chapter it was aimed to highlight the
opportunities and challenges in application of legumes as APPS and providing some
strategies for enhancing their efficiency in aquafeeds.

2. Legumes, alternative protein sources for aquafeeds

The family Fabaceae (Leguminosae) or commonly named legumes are the third
largest family of flowering plants with almost 770 genera and over 19,500 species
[12, 13]. The largest and the most important economically subfamily of the legumes,
are the Faboideae, which are the source of primary crops including dry seeds (e.g.
lentils, broad beans, beans and peas), flavoring plants (e.g. carob and lupins),
fodder plants (e.g. alfalfa) and oilseeds (e.g. peanut or groundnut and soybeans).
The seeds are the most important part of the legumes that used as ingredients for
aquafeeds manufacturing. In this section, it has been tried to introduce the most
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important legumes used in the aquaculture industry. In 2020, the global production
of some legumes such as peanut, dry pea, chick pea, cow pea, lentil and lupins were
48.757, 48.75, 14.184, 14.246, 8.786, 5.734 and 1.01 MT, respectively [14].

2.1 Soybean (Glycine max)

Soybean (Glycine max) is the leading oilseed crop in the world and occupies the
first place as a global APS for FM due to its large amounts of protein (� 40%) and
reasonable EAA profile as well as its most availability in the global market [8].
Moreover, owing to genetic engineering technologies and plant biotechnology
available for the crop, the output traits of soybean also improved for aquaculture
purposes [15]. The global production of soybean was estimated to be 336.7 MT in
2020 and projected to reach to 371.3 MT in 2030 with annual growth rate of 1.8%
from 2020 to 2030. A huge amount of this crop used for oil extraction that yield a
cake with high levels of protein that will be processed to a wide range of soy
products including soy flour, soybean meal (SBM), full-fat SBM, soy protein con-
centrate (SPC), soy protein isolate (SPI), soy protein hydrolysate (SPH) and
fermented SBM (FSBM).

2.2 Soybean meal

Unprocessed SBM contains 30-50% protein, about 30% carbohydrates including
oligosaccharides (e.g. stachyose and raffinose), starch and NSP (e.g. cellulose, hemi-
cellulose, and pectins; Table 1) [16–18]. Except for cystine, the amounts of the EAA
(mainly lysine, methionine and threonine; Table 2), taurine and tyrosine in SBM
are generally lower than FM [8]. The protein level and EAA content can be
enhanced by chemical processing of soy flakes to SPC and SPI or through
hydrolysation and fermentation of SBM. In addition, high levels of ANF in SBM can
be reduced by conventional processing (e.g. heat, autoclaving, and use of solvents).

2.3 Soy protein concentrate

Soy protein concentrate is commonly obtained by fractionation of SBM through
aqueous alcohol that not only enhance protein content (� 70%) [19–21] by
extracting carbohydrates but also remove ANF (e.g. saponin), soluble oligosaccha-
rides and fiber [21–23] that eventually increase its palatability and protein
digestibility [24]. Soy protein concentrate has been getting more attention in
aquafeed industry because of its well-balanced AA profile compared to other APPS
[23, 25].

2.4 Soy protein isolate

Soy protein isolate is produced by refinement of SBM through a series of aque-
ous extractions with different pH levels that increase its protein content over 78%
[26]. As, the processing of SPI does not have the aqueous alcohol extraction step,
the saponin content of SPI (�0.8%) is higher than that in SPC (�0%) [27, 28].
Because of high protein content in SPI, the inclusion levels of this ingredient in
aquafeeds could be lower than SBM and SPC that eventually reduce the total ANF
input in aquafeed. On the other hand, it has been confirmed that the nutrients
digestibility of SPI was higher than that of SPC, when it was replaced by 40% of FM
in feed for rainbow trout (Oncorhynchus mykiss) [29].
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2.5 Soy protein hydrolysates

Soy protein hydrolysate is produced by restricted enzymatic hydrolysis of soy
products that consequently improves their nutritional and practical characteristics
[30]. The enzymes generally use for hydrolysis of soy protein are mainly endo and
exopeptidases (e.g. leucine aminopeptidase) that derived from fermentation of
selected strains of bacteria (e.g. Bacillus licheniformis) [30]. The most important
characteristics of SPH are the maximized digestibility of protein, excellent protein
solubility and minimized ANF that ultimately enhance its efficiency. Significant
solubility of the SPH is mainly due to the formation of short chain hydrophilic
polypeptides and the elimination of insoluble fractions through a sedimentation
step by a centrifugation process [31]. In addition, SPH has numerous bioactive low
molecular weights peptides with health improving properties such as antioxidative
and immunostimulatory compounds [32–34].

2.6 Fermented soybean meal

The fermentation process in aquaculture usually uses for enhancing the nutri-
tional value and reducing ANF in alternative protein sources for incorporating into
aquafeeds [35]. Fermentation of SBM by yeast (e.g. Saccharomyces cerevisiae), fungus
(e.g. Aspergillus niger) or bacterial strains (e.g. Bacillus spp., L. plantarum P8,
Pediococcus acidilacticstrains) can improve its nutritional quality and digestibility by
providing low molecular weight peptides, increasing bioavailability of minerals and
reducing its ANF (e.g. trypsin inhibitors) [35–37]. Moreover, fermented SBM has
more protein content (�10%) than SBM with negligible change of its EAA profile
[37]. In addition, fermented SBM provide probiotic characteristics and can increase
efficiency of aquafeeds by elevating trypsin and fibrinolytic enzymes activities [35].

2.7 Transgenic soybean

“Genetically modified plants are typically created by the addition or deletion of
existing innate genes in the plant’s own genome or transferring external non-host
genome through DNA splicing” [38]. Genetic approaches were applied for creating
a prototype soybean that synthetize and accumulate a n-3 long chain polyunsatu-
rated fatty acid (i.e. eicosapentaenoic acid, EPA) and a carotenoid (i.e. astaxanthin)
in the seed [15]. Soybean contains very low levels of lutein (10 μg/g seed), but the
expression of the phytoene synthase gene in transgenic soybean increases the accu-
mulation of ß-carotene up to 800 μg/g seed and significantly reduces lutein content
(�29%). The expression of fatty acid elongases and Δ5 desaturase in transgenic
soybean increase the synthesis of EPA up to 5%, but EPA content need to be
improve in transgenic soybean to better reflect FO fatty acid profile [15]. It should
be mentioned that the annual sales of astaxanthin reaches to over USD 200 million
and inclusion of such trait in transgenic soybean can impressively enhance the
attractiveness of such product especially for incorporating in aquafeeds for salmon,
trout and shrimp [39, 40].

2.8 Pea protein

Pea (Pisum sativum) is another promising APPS for aquaculture species with
highly digestible protein and energy levels and it is a good source of digestible starch
(�40-50%) [41, 42]. This legume contains low levels of ANF (e.g. tannins) and does
not have trypsin inhibitors, but contain high levels of saponins. The protein
(�21-25%) and methionine contents in peas also lower compared to soybean. Pea
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protein concentrate (PPC) is a pea derived product that produced by fine grinding
dehulled peas and air processing to remove fiber and carbohydrates. The PPC
contains higher protein and lower ANF compared to unprocessed pea meal, thus it
is more suitable APPS for aquafeeds. Like other plant protein derived products,
extrusion and micronizing processes improve protein and energy digestibility of pea
meals [41].

2.9 Peanut

Peanut (Arachis hypogaea) is the fourth largest oilseed crop in the world and
peanut pulp that remain after the oil extraction can be used as an APPS in aquafeeds
[43, 44]. Peanut meal (PNM) is a residue after solvent extraction of whole shelled
peanuts and considered as a great APPS due to its higher protein content (�47.8%)
than SBM, higher palatability and the same cost as SBM [45, 46]. However, the
protein quality of PNM is inferior compared to SBM and it contains lower levels of
lysine and methionine than SBM, but a higher level of arginine [43, 45]. Lysine and
methionine deficiencies in PNM can be met by using crystalline amino acids.

2.10 Lupines

Lupines include many legumes species with a considerable protein (� 35%) but
low lipid (�8–10%) levels [21, 47]. About 80% of lupines species the can be used as
feed ingredients, particularly Lupinus angustifolius, is produced in Australia. Among
different lupines, Andean lupin (L. mutabilis) seed contain �50% protein (dry
matter) and its derivatives such as dehulled, deoiled and lupine protein concentrate
contain higher protein content (�61%) [48]. Although lupines have low levels of
lysine and sulfur amino acids, they contain more arginine content than soybean
[49]. Four species of lupines including L. angustifolius, L. albus, L. luteus and L.
mutabilis named as “sweet lupins” as they contains low levels of alkaloids and
because of their high protein contents they have great potential as APPS [50].
However, using lupins in aquafeeds are still limited because of their low protein
digestibility and the presence of various ANF [51].

2.11 Faba bean

Faba bean, (Vicia faba L.) is a legume with high amount of protein (� 20 to
41%), carbohydrate (�51% to 68%), B-vitamins and minerals depending on its
variety [52, 53]. Its protein composition is mainly consisted of albumins (20%) and
globulins (80%) and rich in glutamic and aspartic acids. But, the levels of sulfur
amino acids and tryptophan residues are low [54]. The main carbohydrates in faba
been are starch (�41–53%), low molecular weight carbohydrates (e.g. raffinose ,
stachyose, and verbascose), and fiber mainly hemicellulose [52, 55]. Faba bean
contains some ANF such as trypsin inhibitors and lectins, condensed tannin, phytic
acid, vicine and convicine [56]. Processing of faba bean protein does provide ingre-
dients with higher protein contents such as faba bean protein concentrate (�55%
crude protein) and faba bean isolate (�80% crude protein) that contain lower levels
of ANF [57–59].

2.12 Other protein sources

Carob seed (Ceratonia siliqua) germ does have a high protein content (�45–50%
crude protein) and it is cheaper than SBM [60]. Carob seed germ meal is produced
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from the germ of the carob seed after the separation of the gums and the fibrous
[61–63]. However, it contains high levels of tannins [64].

Alfalfa (Medicago sativa) protein concentrate is another APPS that produced by
pressing fresh alfalfa foliage (mainly leaves and stems) to make a protein-rich juice
which is centrifuged and heated to fractionate proteins from the juice [65]. This
byproduct contains reasonable protein level (�52% crude protein) with high
amounts of lysine, threonine, and methionine. It also contains high levels of
vitamins and antioxidants such as carotenoids, but low content of fiber and ANF
(e.g. phytic acid or lectins) [65, 66].

3. Anti-nutritional factors in legumes

The ANF are defined as compounds that disturb feed utilization and can affect
the health condition and production of livestock [67]. Legumes contain various
ANF such as saponins, tannins, phytic acid, gossypol, lectins, protease inhibitors,
amylase inhibitors, antivitamin factors, metal binding ingredients, goitrogens, etc.
(Table 1) that combine with nutrients and reduce bioavailability of them in
aquafeeds [8]. Some ANF such as protease inhibitors and phytates abate digestibil-
ity of proteins and energy as well as reduce mineral absorption that consequently
results in malnutrition and microelements deficiencies.

The ANF can be divided into four classes [66]:

I. Substances that affect dietary protein utilization (e.g. protease inhibitors,
tannins and lectins).

II. Substances that influence dietary mineral utilization (e.g. phytates, gossypol,
oxalates and glucosinolates)

III. Antivitamins

IV. Miscellaneous (e.g. non-starch polysaccharides, mycotoxins, alkaloids,
pyrimidine glycosides, phytoestrogens and saponins).

4. Improvement of legumes efficiency in aquafeeds

Digestibility of an ingredient is a pivotal parameter for determining its potential
for use in the aquafeeds [68]. In order to validate the nutritional quality of a
feedstuff, determination of apparent digestibility coefficient (ADC) of its dry mat-
ter and nutrients is necessary. As previously mentioned, generally legumes contain
high amounts of starch and NSP and ANF [66] that negatively affect ADC in most
fish and shrimp species. Carnivorous fish species are more susceptible to legumes.
The ADC of crude protein of legumes are generally over 0.80, indicating high
quality of protein provided by these APS. However, the ADC of gross energy in
these research showed great fluctuations from 0.5 to 0.7 [69]. It has been reported
that the ADC of legumes in diet mainly depends on fish species. Thus, ADC of
legumes in omnivorous species such as Nile tilapia is higher than carnivorous fish
such as rainbow trout [69].

Several strategies were applied for improving nutrients digestibility in legumes
such as processing techniques (e.g. dehulling, soaking, extrusion cooking, fermen-
tation etc.), using novel and new variety of plant protein sources (e.g. transgenic
legumes), nutritional programming and selective breeding of fish to be more
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adapted to legumes in aquafeeds, modulation of gut microbiota (e.g. probiotics and
short chain fatty acids), and inclusion of additives (e.g. acidifiers, CAA, phospho-
lipids etc.) in aquafeeds [53, 70]. Here the most efficient strategies for reducing
ANF in APPS were described:

4.1 Conventional strategies

Several physical processing strategies applied for removing, inactivating or
reducing ANF (e.g. trypsin inhibitors, glucosinolates, tannins and saponins) con-
tents in APPS including heat and/or soaking in water, dehulling and germination,
roasting or autoclaving as well as extrusion and micronizing (infrared heat) [71]
(Table 3). These conventional methods positively improve digestibility of legumes;
however, these strategies are not conclusive in eradicating the adverse influences of
ANF in legumes [72]. Moreover, some strategies such as heat damage lead to loss of
some amino acids and adversely affect quality of proteins and carbohydrates
through Malliard reactions [73, 74]. Furthermore, soaking in water may result in
leaching water-soluble nutrients by this process.

4.2 Exogenous enzymes and phytase

It has been confirmed that inclusion of carbohydrase exogenous enzymes such as
xylanae, ß-glucanase and cellulase as well as phytase in aquafeeds can reduce the
negative effects of NSP and phytate on digestion [75, 76]. Exogenous carbohydrases
by facilitating carbohydrate digestion and reducing feed polymerization degree is
going to decrease its viscosity and liberate carbohydrate oligomers [77]. In addition,
carbohydrases by neutralizing NSP can increase the digestibility of energy, macro-
nutrients and bioavailability of minerals because NSP reduce accessibility of
enzymes to substrates and there is a relationship between phytate and NSP in PPS
[75, 78]. In addition, carbohydrases may improve host’s gut health by supporting
the propagation of beneficial microbiota in the gut that can facilitate fermentation
of NSP and consequently increase the amounts of organic acids and especially short
chain fatty acids production [78, 79].

4.3 Acidifiers

A plethora of studies confirmed that high amounts of dietary FM could be
substituted with APPS by supplementing diet with short-chain fatty acids and
acidifiers [80, 81]. In fact, acidification of plant protein based aquafeeds with
acidifiers increase the bioavailability of minerals and trace elements and they
neutralize or alleviate the negative impacts of ANF on nutrients digestibility
[60, 82–84]. In addition, acidifiers by reducing the chyme pH through the gut can
induce the pepsin activity [85]. Moreover, reduction of the chyme pH triggers the
release of gastrointestinal hormones (e.g. secretin and cholecystokinin) that
stimulate secretion of pancreatic digestive enzymes, which in turn elevates the
digestibility of protein and minerals. Furthermore, it has been reported that
acidifiers by controlling the appetite through the parasympathetic nerve system
including orexigenic neurotransmitters that increase feed efficiency [86].

4.4 Gut microbiota as ANF biodegrading agent in fish

The application of the gut “indigenous” microbiota as probiotics can improve
feed digestibility by supplying exogenous enzymes (e.g. cellulase, phytase, tannase
and xylanases) and by eradicating and/or reducing ANF of the plant protein
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ingredients in the fish gut [87]. A plethora of studies have recognized cellulase-
producing bacteria such as Citrobacter sp. C. freundii, Enterobacter sp. Bacillus
coagulans, B. cereus, B. subtilis P6, B. velesensis P11, B. pumilus, B. tequilensis
(KF640219), B. megaterium (KF640220) and B. altitudinis from the gut of various
cultured fish species including Chinese carps [88, 89], Indian major carps [90, 91],
tilapia (Oreochromis mossambica) [92], bata fish [93], murrels (Channa punctatus)
[94], pacu (Piaractus mesopotamicus) and piaucom-pinta (Leporinus friderici) [95].
Using the above mentioned microorganisms as potential probiotics in aquafeeds or
applying these microorganisms for fermentation of plant protein ingredients can
provide great potential for eradicating ANF and improving their nutritional quality
by boosting up EAA, minerals and vitamins bioavailability and increasing digest-
ibility of protein and energy.

4.5 Other functional feed additives

Supplementing PP-based aquafeeds with additives can improve the digestibility
of feed’s nutrients. In this context, it has been reported that supplementation of a
diet contained high levels of legumes including SPC and pea protein (32%) with
phosphatidylcholine pronouncedly improved lipid digestibility in Atlantic
salmon [96].

On the other hand, it has been confirmed that the replacement of FM with PP
sources could reduce cholesterol content in aquafeeds that may disturb bile acids
synthesis in fish and result in low digestibility of lipid [97]. In this regard, it has
been reported that supplementing SBM-based diets with cholesterol remarkably
improved growth in channel catfish [98], turbot (Scophthalmus maximus) [85] and
rainbow trout [99].

As mentioned earlier legumes are deficient in taurine or its precursors
(i.e. cysteine and methionine) and some aquatic animal species especially marine
fish unable, or have low ability to synthesize taurine [100]. Taurine is the main
component of bile acids and increase the bile-salt dependent lipase activity in fish
[101]. It has been proved that supplementation of soy protein-based aquafeeds
with taurine improved growth performance, lipid metabolism, palatability,
digestibility and overall nutritional quality of feeds in marine fish species such as
common dentex (Dentex dentex) [101] and European sea bass larvae [102] and
juveniles [103, 104].

Moreover, it has been confirmed that replacement of FM with plant protein
sources with high levels of ANF (i.e. saponins, oligosaccharides, fibers and high
molecular weight proteins) disturb bile metabolism in fish and may adversely affect
fish productivity [105]. Bile acids as an emulsifier enhance digestion and absorption
of lipid and lipid soluble nutrients through emulsification of lipids and activation of
bile salt dependent lipase [105]. It also facilitates the excretion of cholesterol and
toxic metabolites. The ANF in PP sources may induce gut inflammation that reduce
resorption of bile acids or they may bind with bile salts and trigger extra excretion
of bile acids into gut [105]. Thus, supplementing legume protein-based diet with
bile acids may improve their efficiency and alleviate their negative effects on fish
performance. For example, supplementing SBM-based diet with 1.5% bovine bile
salts significantly improved growth rate in rainbow trout [106].

4.6 Nutritional programming and selective breeding

In recent years some studies were carried out on early nutritional programming
of fish for increasing the acceptance of their offspring to new ingredients in
aquafeeds. For instance, it has been reported that substitution of dietary FM and FO
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with vegetal feedstuffs through nutritional programming in brooders elevated the
acceptance of vegetal ingredients and PP-based diets in rainbow trout [107] and
gilthead seabream [108] offspring. In this regard, it has been reported that early
nutritional programming in Atlantic salmon with a plant-based aquafeed
enhanced growth rate and feed efficiency for 24% and 23%, respectively compared
to those fed a diet contained FM and FO and then challenged with a plant-based
aquafeed [109].

Recently, a new strain of rainbow trout (ARS-KO) was created by the US
department of Agriculture by selective breeding over the course of two decades and
this strain can grow better when fed with soy protein-based diets and does not
develop enteritis [110, 111]. More research are required to be carried out in these
genetic engineering to these novel techniques be advantageous and applicable at
commercial stage.

5. Conclusions

Over the course of the past four decades, a great amount of knowledge has been
gained in application of legumes as APS in aquafeeds, leading to a better compre-
hension regarding the impacts of these APPS on overall performance of different
cultured species. Herbivorous and omnivorous fish and crustacean species have a
great potential in utilization of legumes in their diets. Moreover, carnivorous spe-
cies have mostly adapted to legumes-protein rich aquafeeds. However, in order to
enhance the efficiency of legumes-protein based aquafeeds for carnivorous fish,
further innovations and development is required by considering the cultured ani-
mal species and feed ingredients for increasing adaptability of cultured aquatic
species to legumes. These innovations can be carried out in different aspects such as
use of novel feedstuffs, eradication and/or reducing ANF, application of feed addi-
tives and use of precise feed formulations. The application of genetic engineering in
legumes could result in the production of strains with low levels of ANF and make
them appropriate for legumes-protein based aquafeeds. In addition, supplementing
aquafeeds with functional feed additives can improve the efficiency of legumes for
aquaculture nutrition. Using nutritional programming and applying genetic engi-
neering also other novel strategies to provide new fish and crustacean strains with
high capacity in acceptance and utilization of legumes in aquafeeds. Further studies
are required to increase the efficiency of legumes in aquafeeds to support growth,
health and welfare of cultured species.
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Abstract

Nutritional profile of pulses has significant importance in human diet with 
respect to protein and mineral quality and bioavailability. Protein energy malnutri-
tion is widespread throughout the world especially among the developing countries. 
Pulses being rich in macronutrients such as protein from 20 to 26% and low in 
calories are most suitable for product development for target-oriented population. 
During last decade, the demand for pulse-based products with high protein and 
fiber, low glycemic index, and gluten free with more antioxidant showed increasing 
trend by the consumers. Drift of end-use application of pulses generated interest 
for research in all disciplines such as breeding, agronomy, food, and nutrition, etc. 
A great share of plant protein in human diet may be a critical step for reducing 
dependence on animal origin protein source. This chapter will review contribution 
or choice of plant-based protein from legumes or pulses with good-quality protein 
based on amino acid composition. Additionally, this overview can give insight into 
the development of new product with balanced nutritional quality and high protein 
contents as a potential protein supply for malnourished population.

Keywords: malnutrition, pulse proteins, amino acid, bioavailability, digestibility, 
value addition

1. Introduction

Pulses are dry seeds of legume family grown in pods in varying shape and size. 
These are member of the Leguminosae, family Phaseoleae, subfamily Papilionoideae 
[1]. Chronological, archeological evidences showed that legumes and pulses were 
domesticated and originated from America [2]. Now consumed in every part of this 
globe especially by people in the developing countries as well as developed countries 
[3, 4]. In some areas such as Mexico, south and central American, and African 
countries, these are being consumed as staple foods where per capita intake may 
extend up to 40 kg per year [5].

Oilseeds are excluded from this category, which are solely grown or harvested 
for oil extraction purpose. A variety of pulses are grown with various shapes and 
size throughout the world. Most commonly consumed pulses include chickpea 
(Cicer arietinum), field peas (Pisum sativum), lentils (Lens culinaris), mung bean 
(Phaseolus mungo), dry broad bean (Vicia faba), moth beans (Phaseolus aconitifo-
lius), lupins (Lupinus albus) etc. In addition, there are a large number of minor 
pulses that are grown and consumed in different parts of the world [6, 7].

Pulses are most commonly consumed food in the Asian countries as a culinary 
staple since ancient times. However, its cultivation is not as increased as other staple 
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crops such as wheat, corn, barley, etc., and mass production of pulses is restricted 
in underdeveloped countries where per capita consumption is increased up to 
125–140 kcal as compared with western world such as the United States where per 
capita consumption is minimal, i.e., only up to 27 kcal [8].

Plant-based protein could be the best substitute for animal-based protein to 
overcome protein energy malnutrition. Legumes are considered as a good source of 
protein having 12–40% protein on an average. Although 60% share of global protein 
consumption is occupied by plant-based protein, and remaining 40% is fulfilled 
by animal-based proteins [8], however, pulse consumption has been increased to 
certain regions of the world. Currently there is a great concern for the sustainable, 
clean label product, pulses and legumes are best suited as these are environment-
friendly with no carbon footprints or CO2 emission. Ultimately substituting 
animal-based protein with plant-based protein would be beneficial from both 
environment and consumers’ health perspective. Similarly the consumers’ demand 
for plant-based protein can be met by advanced research and innovative processing 
technique with efficient availability of good-quality protein providing key amino 
acids that play a vital role in the development, reproduction, and support of the 
human body. Pulses in combination with cereals provide one of the best solutions 
to protein energy malnutrition being complementary to each other having lysine 
and methionine, respectively [11], and combination of both cereals and pulses is 
complimentary for product development with balanced nutritional quality and high 
protein contents. These products can be claimed as a source of potential protein 
supply for malnourished population.

This chapter covers the importance of nutrients of pulses (legume grains) 
especially protein and their importance and strategies for industrial applica-
tion and processing industry for developing target-oriented protein-enriched 
products.

2. Nutritional importance of pulses

Whole and split pulses are a good source of complex carbohydrates, protein, and 
dietary fiber, having significant amounts of vitamins and minerals. Protein content 
in legume grains range from 17 to 40%, contrasting with 7–13% of cereals, and 
being equal to the protein contents of meats (18–25%) [9].

2.1 Micronutrients in pulses

Pulses are a good source of fat-soluble vitamins especially folate, riboflavin, 
and thiamin. Folate is an important micronutrient to reduce the risk of neural tube 
defects in newly born during pregnancy. Pulses are rich in vitamin A also but poor 
source of vitamin C. Pulses are also a good natural source of essential minerals 
including iron, zinc, selenium, phosphorus, calcium, magnesium, potassium, and 
chromium. These minerals play an important in human body during different physi-
ological processes such as iron is required for hemoglobin synthesis and antioxida-
tive activity, copper and zinc for lipids and carbohydrates metabolism, calcium is 
essential nutrient for bone health, copper for enzyme activity and iron metabolism. 
Pulses are lower in sodium content and helpful for decreasing the trends of different 
diseases especially hypertension. Pulses are high in iron content, but their bioavail-
ability is low. However, legumes can be a good source of ion if consumed with 
vitamin-C-rich foods. Iron absorption increased in this way plays an important role 
in prevention and treating anemia especially in women because during menstrua-
tion, there is a high risk of anemia [10].
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2.2 Carbohydrates in relation to pulses

Carbohydrates are energy-giving macronutrients, present in pulses up to 60% 
(dry weight). Leguminous starch is digested slower as compared with starch from 
cereals and tubers and considered as low glycemic index food for blood glucose 
control making them suitable for consumption by diabetic patients and those with 
an elevated risk of developing diabetes. Pulses are gluten-free, a very suitable option 
for patients suffering from celiac disease and persons who are sensitive to gliadin 
and glutenin proteins. Pulses are a valuable source of dietary fiber 5–37% including 
both soluble and insoluble dietary fiber. The monomers of dietary fiber present in 
legumes are glucose, galactose, rhamnose, arabinose, fucose, xylose, and mannose. 
Pulses also contain significant amounts of resistant starch and oligosaccharides, 
mainly raffinose, which have been reported to possess prebiotic properties. These 
are fermented to short-chain fatty acids by probiotics, helpful for improving colonic 
health and reducing the risk of colon cancer [11].

2.3 Dietary fiber in pulses

Pulses are an excellent source of dietary fiber and other complex carbohydrates. 
A wide variation is present in the amount of dietary fiber with a significant ratio of 
soluble and insoluble fiber. Depending on the specie, total dietary fiber ranges from 
14 to 32% of dry weight [12]. Various types of dietary fiber present in pulses that 
include galacto oligosaccharides, long- and short-chain soluble and insoluble poly-
saccharides, and resistant starch. Insoluble dietary fiber is helpful in laxation while 
soluble dietary fiber is related to reducing the cholesterol levels and maintaining the 
post-prandial glucose level. Both types of fiber can act as prebiotics and are helpful 
in supplying nutrients to gut microorganisms. Fiber-rich fractions of pulses can 
be added to processed foods to increase their fiber content. Despite the nutritional 
and health-promoting effects, pulse fiber can also utilized to improve the textural 
properties by binding and retaining fat and moisture in food items [13].

Pulse fibers are important for individuals seeking a healthy, disease-free life-
style. High-fiber and low-glycemic diets are important for preventing and treating 
many diseases/conditions including diabetes, constipation, heart complications, 
piles, and also some cancers. Furthermore, dietary fiber especially soluble dietary 
fiber has the ability to improve glucose tolerance and helps to lower the cholesterol 
by forming a gel lining along the intestinal wall that acts as a protective layer, thus 
decreasing the glucose and cholesterol assimilation into the blood stream while 
insoluble dietary fiber helps in increasing fecal bulk and stimulating normal laxa-
tion because it has low densities [14]. Pulses are an invaluable part of the human 
diet. Dietary fiber fractions of pules have found use in the bakery, meat, extruded 
products, and beverage industries as stabilizers, texturing agents, bulking agents, 
fat replacers, and emulsion stabilizers. Legume starch isolates have been employed 
as thickening agents in soups and gravies in the food industry [15].

2.4 Fatty acids composition of pulses

Pulses are generally low in fat, free from saturated fatty acids. The fat in pulses 
constitutes significant amounts of mono- and polyunsaturated fatty acids (PUFAs). 
The highest amount of poly unsaturated fatty acids of 71.1% in kidney beans and 
mono-unsaturated fatty acids of 34% in chickpeas are reported. The polyunsatu-
rated fatty acids are present in legumes that include essential omega 6 linoleic acid 
and omega 3 alpha linolenic acid. These fatty acids must be included in diet because 
these are essential and cannot be synthesized in human body [16].
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3. Antioxidant capacity of pulses

Pulses contain non-nutrient bioactive compounds such as phytochemicals and 
antioxidants include isoflavones, lignans, protease inhibitors, trypsin and chymo-
trypsin inhibitors, saponins, alkaloids, phytoestrogens, and phytates. Most of these 
chemicals are termed “anti-nutrients” and although they are nontoxic. Most of 
these anti-nutrients are heat-labile, and since pulses are consumed after cooking, 
they do not pose a health hazard. These anti-nutritional substances can be removed 
by different procedures such as boiling, soaking, de-hulling, steaming, roasting, 
fermentation, and sprouting before consumption.

Different studies have shown that many of non-nutrient components are phyto-
chemicals that exhibit antioxidant characteristics, which play an important role in 
human body to protect from different diseases such as cancers, osteoporosis, heart 
diseases, and other degenerative diseases. The antioxidant capacity of pulses is helpful 
to prevent or stop the oxidative process that leads to many degenerative diseases. 
As such, the incorporation of pulses into human diets all over the world could offer 
protection against chronic diseases. Therefore, legumes, especially pulses, should be 
explored for the development of innovative, value-added products [17].

4. Pulse proteins

Pulses are well thought to be a good source having protein ranging from 20 to 
40% d.m [18]. Proteins from different pulses vary in composition and structure 
and have different functional properties. The major proteins found in most pulses 
comprise globulins and albumins.

4.1 Globulins

Globulins are soluble in salt solutions, and albumins are soluble in water. Globulins 
accounts for 70–80% of seed protein. These are primarily storage proteins. These 
proteins are further divided into two types, i.e., Legumins and Vicilins, also called 7S 
and 11-12S globulins on the basis of their sedimentation coefficient. Molecular weight 
of legumins vary from 300 to 400 kDa. Legumins have higher amount of sulfur-
containing amino acids (methionine and cysteine) as compared with Vicilins [19] 
Molecular weight of viciline is 145–190 kDa. These proteins are trimers of monomers 
either identical or nonidentical. This globulin does not have cysteine residue and thus 
lacks disulfide bond.

4.2 Albumins

Albumins are most nutritive proteins in pulse seeds in terms of amino acid 
composition. Albumins are primarily composed of metabolic proteins including 
enzymatic and non-enzymatic proteins. Only 10–20% seed proteins are made up of 
albumins. These proteins are generally low in molecular weight (MW; 5–80 kDa) 
and higher in cysteine and methionine content than pulse globulins [19] Albumins 
may also contain some anti-nutritional components such as trypsin or chymotrypsin 
inhibitors, amylase inhibitors, hemagglutinins, lectins, etc.

4.3 Prolamins and glutelins

Prolamins and glutelins are present in minor quantity. Prolamins are soluble 
in alcohol, and glutelins are soluble in dilute acid/base. Protamine has high 
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concentration of proline and glutamine, and glutelins have high concentration of 
methionine and cystine. Globulin is the major fraction of embryo and cotyledons of 
pulses [20].

5. Amino acids in pulses

All proteins are created from 20 different amino acid building blocks. Out of 
these 20, nine amino acids are those that cannot be produced by the body and are 
called “essential,” and they must be obtained from food source. Each amino acid 
within the body is associated with specific function. Lysine and arginine are found 
to be associated with the release of growth hormone in young children. In the early 
years of age, protein intake is positively associated with height and weight. Hence 
children with lower serum level of essential amino acids particularly arginine, 
glycine, and glutamine lead to stunting and wasting. Pulses can provide potential 
ingredient for the intervention in such types of ailments. Branch chain amino acids 
(BCAA), e.g., leucine, are reported to play significant role in regulating signaling 
pathways of muscle protein, valine for repair, and isoleucine in muscle growth. 
Likewise each amino acid performs a specific function during different life stages, 
from infancy to elders [21].

Legumes containing relatively low quantity of methionine, essential amino 
acid, compared with egg, red meat, or poultry meat, are suitable as complimentary 
source with low lysine-containing cereals such as wheat. It can be source of good-
quality protein. Protein quality is defined by Food and Agriculture Organization 
(FAO) as the capacity of a food protein source and diet to meet the protein and 
essential amino-nitrogen requirements [22]. Quality can be evaluated in terms 
of amino acid composition and protein digestibility. It is essential to have a good 
balance of amino acids in order to synthesize enough protein in the cells to keep the 
body healthy. Dietary intake of proteinaceous meal comprising sufficient quantity 
of balanced is essential for adults as well as growing children. If the dietary intake 
of amino acids is unbalanced, the amino acid that is most limiting becomes the 
bottleneck for the amount of protein synthesized.

Pulse consumption not only fulfills essential amino acid requirement within the 
body besides that lower methionine intake is responsible for reduction in oxidative 
stress by decreasing mitochondrial ROS generation and damage of the liver, which 
would ultimately increase longevity by this dietary manipulation. Amino acid 
composition of some common pulses is given in the table comprising essential and 
non-essential amino acids (Table 1).

6. Application of pulses in processing industry

Pulses and legumes have been recognized as valuable since hundreds of years 
ago, as a low-cost source of high-quality protein products such as flour, concen-
trates, and isolates. However, the pulse flour application on an industrial scale is 
only limited to soybean proteins and to lesser extent pea protein products, owing 
to insufficient information regarding functional properties of other pulse flours. 
Being rich in protein, with essential amino acid composition along with dietary 
fiber and other micronutrients such as minerals, vitamins, and folates, pulses are 
best suited for the formulating and enrichment of food products [31].

Pulse flour as a whole or pulse flour fractions can be utilized in combination with 
staple cereals such as wheat, rice, barley, etc., to overcome the amino acid lysine 
deficiency, which is deficient in wheat (a most commonly consumed staple crop) 
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and methionine deficiency in pulses, making complimentary to each other to over-
come essential amino acid dearth. Due to low cost and comparative functionality, 
pulse and pulse proteins find their way in numerous industrial processing applica-
tions in cereal-based foods as well as in dairy and meat replacers’ food products 
having improved texture and finishing by increasing water absorption in dough 
and better.

Modification of protein through various methods of processing may reduce the 
protein denaturation and further value addition such as preparation of high-protein 
food supplements using defatted sesame seeds or flour, concentrates of mung bean, 
lentil, lupins, yellow pea utilized in baking as well as in dairy products. Application 
of heat, roasting, autoclaving, fermentation, frying, etc., brings more chances for 
further value addition [30, 32].

The enrichment of bread and other cereal-based confections with legume 
flours particularly in regions where protein utilization is inadequate has long been 
recognized [33]. Soybeans are most often modified into a paste, curd, or milk. 
Soy milk is suitable for lactose-intolerant consumers and emerges as a nondairy 
substitute for both milk and baby formula, who are unable to digest the lactose that 
naturally occurs in cows’ milk. Tofu, or bean curd, is prepared from curds of soy 
milk. A variety of other products such as soy cheeses, yogurt, sour cream, and other 
dairy spreads are prepared from this raw material. Chickpea, mung bean, yellow 
pea flours have great potential in dairy industry for preparing Imitation cream, ice 
cream, yogurt owing to their emulsifying abilities, and a host of other varieties. An 
ice cream–like desert called Tofutti is another well-known tofu product. These are 
especially welcome products for lactose-intolerant individuals as well as for those 
wishing to avoid the saturated fat in dairy products [34].

The growing interest in gluten-free, vegan, and vegetarian diets has resulted 
in an increase in pulse consumption. Bread, a traditional and economical product 
commonly consumable food throughout the word as a main component of break-
fast, is a source of calories and of complex carbohydrates, with a modest amount of 
essential amino acids such as lysine and threonine. Pulses flour must be included in 
combination to wheat flour for cereal-based commonly consumed products such as 
flat bread, leavened bread, pasta, croissants, crackers, chips, cookies, etc.

In many countries, mung bean is used to make mini sweet desserts of different 
shapes such as vegetables and fruits. Mung bean noodles and breads are also com-
mon. Mung beans are prescribed for patients in the hospitals and served with bread. 
Green gram has good nutritive value, and on germination, it is free of flatulence-
causing agents.

Dietary diversification strategy involves combination of more than one type of 
food source especially diverse plant-based food to improve nutritional health of 
people who are suffering from malnutrition such as protein energy malnutrition 
[35]. Pulses and legumes can therefore complement each other when blended at 
optimum ratio in providing good-quality protein [36].

7. Role of protein in human body

Protein is involved in almost all the body functions taking place such as 
development of muscle, bone, skin, hair, etc. It makes up the enzymes that trigger 
many chemical reactions within the body, e.g., the hemoglobin is responsible 
for carrying oxygen in the blood. Protein plays an important role in growth and 
muscle building. Protein requirements increase during illness, pregnancy, breast-
feeding, and after surgery or an injury. Enzymes are also protein in nature that 
control metabolic processes within and outside the cell. These enzymes’ functions 
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are critical during the process of digestion, blood clotting, muscle contraction, 
and energy production [37].

Some hormones are also made up of proteins; these are chemical messengers 
that conduct communication between cells, tissues, and organs. Some hormones 
are insulin, glucagon, human growth hormone, antidiuretic hormone, adrenocor-
ticotropic hormone. Protein is helpful in maintaining the acid and base balance in 
body fluids including blood, gastric juice, etc. Proteins required to regulate body 
fluids as albumin and globulin are present in blood and are helpful to maintain body 
fluid by attracting and retaining the water. Protein is helpful in the formation of 
immunoglobulins or antibodies; these are necessary to fight against infections and 
play an important role in immune system. It also helpful in transporting nutrients, 
i.e., vitamins, minerals, blood sugars, oxygen, and cholesterol into cells, out of cells, 
and within cells. Proteins also play an important role in storing nutrients as ferritin 
is a form of protein that stores iron. Protein provides energy to body in the same 
amount as carbohydrates 4 g/kcal [38].

8. Outcomes of protein deficiency

Protein becomes deficit when intake of protein does not meet body require-
ment. According to an estimation, one billion people suffer from inadequate 
protein intake worldwide, protein deficiency is especially severe in Central Africa 
and South Asia, where up to 30% of children could not get sufficient amount of 
protein from their diet. Certain people in the developed countries are also at risk, 
who follow an imbalanced diet, as well as older people and hospitalized patients. 
Low protein consumption may result in compositional changes within the body that 
develop over a long period of time, such as muscle wasting. Kwashiorkor is the most 
severe form of protein deficiency. It often occurs in children in developing nations 
because of famine and lack of balanced diets. Protein deficiency can affect almost 
all aspects of body function [15].

Edema, characterized by swollen and puffy skin, is a classic symptom of kwashi-
orkor. Scientists believe it is caused by low amounts of human serum albumin and 
globulin, which is the most abundant protein in the liquid part of blood or blood 
plasma. When levels of albumin and globulin decrease in body, they are no longer 
able to regulate blood in blood vessels, and then fluid starts to build in spaces of 
cells, edema and swelling occur specially in stomach region [39].

Another common symptom of kwashiorkor is a fatty liver or fat accumulation in 
liver cells. Main cause of this is unknown, but some studies suggest that an impaired 
synthesis of fat-transporting proteins, known as lipoproteins, may contribute to 
the condition. Protein deficiency often leaves its mark on the skin, hair, and nails, 
which are largely made of protein as keratin protein present in hair. For instance, 
kwashiorkor in children is distinguished by flaky or splitting skin, redness, and 
patches of depigmented skin. Hair thinning, faded hair color, hair loss (alopecia), 
and brittle nails are also common symptoms [40].

Muscles are said to be body’s largest reservoir of protein. When dietary protein 
is in short supply, the body tends to take protein from skeletal muscles to preserve 
more important tissues and perform body functions. Over the time this lack of 
protein leads to muscle wasting. Even moderate protein insufficiency may cause 
muscle wasting, especially in elderly people. Bones gives support and shape to body, 
are also at risk when there is protein deficiency, and risk of fractures increases. One 
study in postmenopausal women found that a higher protein intake was associated 
with a lower risk of hip fractures. The highest intake of protein is linked to a 69% 
reduced risk of fractures [41].
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Besides maintaining muscle and bone mass, protein is essential for body growth. 
Thus, growing age deficiency or insufficiency is especially harmful to children 
who require a steady supply of protein. In fact, stunting is the most common sign 
of childhood malnutrition. In 2013, an estimated 161 million children suffered 
from stunted growth that reaches up to 38.9 million during 2020. Stunted growth 
is also one of the main characteristics of kwashiorkor in children. Similarly the rate 
of wasting rises from 149.2 million to 203.6 million during this decade. A protein 
deficiency can also affect the immune system. Impaired immune functionality may 
increase the severity of infections. For instance, one study in mice showed that 
following a diet consisting of only 2% protein was associated with a more severe 
influenza infection, compared with a diet that provides 18% protein [42].

9. Role of pulses/legumes protein in human health

Pulses can play an important role in food systems to provide global food security 
and fulfill the nutritional needs in future. Food systems fail to provide safe, sufficient, 
nutritious food to all due to urbanization, climate change, and increase in popula-
tion [43]. Leguminous family is highly appreciated as it is a cheap and safe source of 
nutrients especially protein. Compared with different maize, that is a staple in differ-
ent regions of world, pulses are a better and effective source of protein and are rich in 
micronutrients such as iron, zinc, thiamin, folate, and niacin. Nutrient concentration 
varies in different varieties, locations, and between grains. Human nutrient consump-
tion and status clearly depend on the bioavailability of nutrients. Furthermore, pulses 
are a good source of essential amino acids especially in lysine (∼64 mg/g of protein) 
and threonine (∼38 mg/g of protein), which are complementary to most staple foods, 
helpful to improve the quality of protein of diet. Pulses offer potential health benefits 
where future demand of nutritious and cheap food commodities is increasing because 
of lack of resources and undernutrition [7].

Protein requirements is not same for everyone; it depends on many factors including 
body weight, muscle mass, age, and physical activity. The recommended daily allowance 
of protein is 0.4 g per pound of body weight and 0.8 g per kg of body weight. Athletes 
required a greater amount of protein ranging from 0.5 to 0.6 g per pound of body weight 
(1.2–1.4 g per kg), required for muscle maintenance and training recovery. Pulses 
contain 21–25% protein and provide double amount as compared with cereals [44].

Protein is a most satiating macronutrient than fat and carbohydrates, and it is 
present in a high amount in pulses. Protein elicits the secretion of satiety-related 
hormones in the small intestine such as peptide YY, Glucagon such as peptide-1. 
Fiber and protein both are helpful to control satiety; pulses are rich in both fiber 
and protein and ideal to reduce caloric intake and managing obesity [45].

Pulses are recommended by Canadian and American government agencies as 
part of a healthy diet. Both Canada’s Food Guide (CFG) and the USDA MyPlate 
nutrition guides place pulses in the meat and alternative group. Animal protein 
is expensive and not acceptable for many people due to their beliefs and lifestyle. 
Pulse protein could be a great choice for vegetarian people and meet their essential 
requirements of amino acids for physiological processes and growth of children. 
Pulses supply a good amount of protein when consumed with cereals [46].

10. Protein digestibility of pulse-based diet

Protein digestibility can be defined as the percentage of protein or AA intake, 
absorbed by the digestive tract. It can also predict the estimated individual AA 
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bioavailability [47, 48]. When protein-containing food is consumed, digestion 
begins from the stomach, and it triggers the release of the hydrochloric acid in 
the stomach by the partial cells of gastrointestinal mucosa of the gastrointestinal 
tract. Released acid activates the pepsinogen and converts it into active form, i.e., 
pepsin. This pepsin can break down the polypeptides into di- and tripeptides, which 
are ultimately broken down into amino acids; within the duodenum amino acids 
travel to the liver through hepatic portal vein and undergo de-amination. Amine 
groups are cleaved to form urea. The amino acids are simultaneously converted 
into non-essential amino acids or carbohydrate and fats or catabolized directly to 
energy. Since protein cannot be stored within the body, metabolism of amino acids 
is completed within few hours. If neither of these actions occurs, then it is released 
from the body in the form of urine or urea nitrogen contents (Figure 1) [49, 50].

When we come to digestibility of pulse-based diet, it is evident that some type 
of anti-nutritional factors inhibit the digestibility and availability of protein to the 
body. These may be some types of protein inhibitor components such as trypsin 
and chymotrypsin inhibitors that arrest the functionality of proteolysis. Trypsin 
is a digestive enzyme, and the presence of this inhibitor interferes with normal 
protein digestion in humans. Presence of less digestible protein fractions, high 
levels of insoluble fiber, and high concentrations of anti-nutritional factors low-
ers the digestibility of protein. However, processing, cooking, and germination 
improve the digestibility of pulses. The preparation involves soaking, autoclaving, 
roasting, fermentation, and germination to reduce anti-nutritional factors (phytic 
acid, tannins, and polyphenols), which inhibit mineral absorption and protein 
bioavailability [50–52].

Starch present in pulse grains provides certain health benefits due to its high 
amylose content. It promotes the formation of resistant starch that cannot be hydro-
lyzed during digestion. Dietary fiber remains undigested in the small intestine; 
afterward, it is fermented by the microbiota in the colon that is helpful in control-
ling weight management, diabetes, and has cholesterol-lowering effect. Fruits and 
vegetables rich in promoter substances (ascorbate and beta-carotene) for mineral 
absorption should be taken to enhance micronutrient content and bioavailability. 
When processed, cooked, or heat-treated, the process of protein digestion by gas-
trointestinal enzymes as the inhibitory effect on proteolytic enzymes is inactivated 
[30]. Cooking or heat treatment increases the enzyme activity 2–3 times, chelating 
activity was also found to be increased in different legumes by cooking. Overall, the 

Figure 1. 
Catabolism of protein.



35

Pulses: A Potential Source of Valuable Protein for Human Diet
DOI: http://dx.doi.org/10.5772/intechopen.99980

Author details

Saima Parveen1*, Amina Jamil2, Imran Pasha2 and Farah Ahmad2

1 Post Harvest Research Center, Ayub Agricultural Research Institute, Faisalabad, 
Pakistan

2 University of Agriculture, Faisalabad, Pakistan

*Address all correspondence to: saimasehar3@gmail.com

total antioxidant capacity values denoted the increased electron donating capacity 
of the legume seed proteins after digestion with GI enzymes, which could thus 
act as better radical chain terminators or free-radical stabilizers, when legumes 
and pulses are treated with heat application [53]. Overall the nutritional value and 
bioavailability of nutrients, proteins, minerals, phenolic or antioxidant capacity, are 
increased or improved by processing methods applied to grains as compared when 
consumed in raw form.

11. Conclusions

Pulses are becoming the corner stone of food and agriculture industry by the 
time as the awareness of plant-based protein over animal-based protein is revealed 
and global food security needs to provide balanced diet are publicized. The role of 
lentils, chickpea, beans, and other pulses becomes even more significant. Future 
projections suggest 23% global increase in consumption of high protein, high-fiber 
legumes. To satisfy this need, multidisciplinary approach is required toward research 
and development sector; efforts in increasing pulse production and consumption 
lead toward the sustainable food security goal in regional and national food system. 
Research is needed to identify pulse varieties and innovative processing approaches 
to develop complimentary food products with balanced available nutrients. Diet 
diversity and effective processing conditions can improve the nutrient availability 
and ultimately help to overcome malnutrition and protein deficiency.
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Chapter 3

Bioactive Peptides from Legumes 
and Their Bioavailability
Retno Indrati

Abstract

Bioactive peptides (BPs) isolated from legumes have functional properties as 
healthy foods. These functional effects depend on their stability and bioavailability 
in the gastrointestinal tract before reaching the target organs. Therefore, it is neces-
sary to disclose the factors that influence it and discuss the technical processing to 
develop its utilisation. This chapter discusses and summarises the bioactive activities 
of BPs from various legumes, factors and mechanisms related to the bio-assessability, 
stability, bio-availability and bioactivity of BPs. Furthermore, the development of 
BPs bioseparation was also discussed. The results show that the nature of BPs var-
ies greatly depending on the legume source and the production method. Factors 
that influenced the bio-availability of BPs include molecular weight, charge, amino 
acid sequence, the presence of specific residues and hydrophobic amino acids, and 
resistance to the action of peptidase while in the digestive tract. However, some BPs 
showed increased bio-accessibility and bio-availability after being hydrolyzed by 
digestive enzymes. Processing technologies such as encapsulation allowing BPs to 
enter the body and undergo release and degradation by enzymes digestion. Further 
studies are required to understand the increase in the bioavailability of BPs, the safety 
of the food components produced, and their use in producing functional foods.

Keywords: Legumes, bioactive peptides, fermentation, germination, health benefits, 
bioavailability

1. Introduction

Legumes are a cheap and healthy source of nutrition because of their high 
protein content and complete constituent components, such as fats, essential amino 
acids, complex carbohydrates, vitamins, and minerals or dietary fibre. This high 
protein content plays an essential role in producing functional compounds such as 
bioactive peptides (BPs) that benefit the health and treatment of chronic diseases. 
For example, BP from legumes is used as an antioxidant compound to prevent 
degenerative diseases such as atherosclerosis, coronary heart disease, diabetes 
mellitus, and cancer [1, 2]. The number of deaths due to NCDs (non-communicable 
diseases), especially cardiovascular disease, cancer, chronic respiratory diseases, 
and diabetes, increases globally, both in low-income and rich countries. As a result, 
NCDs are still the cause of most global deaths each year [3]. One way to reduce the 
risk of NCD is controlling hypertension, regulating diet and obesity.

Protease enzymes have an essential role in producing BP as a result of protein 
hydrolysis. Food processing, microbial fermentation, germination, or other process 
involving protease enzymes are examples of proteolytic processes. The involvement 
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of protease enzymes in producing BP is significant because BP is mainly composed 
of 2–20 amino acids [4]. Some countries have healthy food products from legumes. 
Examples of fermented foods such as natto [5], douchi [6], tempe [7], and others, 
have antihypertensive activity. Fermented foods represent, on average, one-third 
of total food consumption [8]. Fermented food has a delicious taste, easy to digest, 
nutritious and has beneficial properties. Such as antidiabetic, hypocholesterolemic, 
and anti-inflammatory activities [8, 9].

Many researchers have proven (both in vitro and in vivo using experimental 
animals) that BP from legumes has functional properties as a healthy food. However, 
this functional effect depends on the stability of BP to withstand the action of diges-
tive enzymes while in the digestive tract on its way to reach the target organs [10]. In 
this target organ, BP will act to provide health effects for the body. One of the deter-
mining factors to be bioavailable is the number of amino acids, hydrophobic amino 
acid content, and resistance to digestive enzyme activity [11]. This chapter aims 
to describe the quality of various legumes, the BP of legumes and their effects on 
health. Also, an explanation of the factors that affect the stability, absorption, bio-
availability and bio-activity of BP and food technology to develop functional food.

2. Legume, as a source of bioactive peptides

One of the excellent sources of essential amino acids and protein is legumes. 
As a source of bioactive peptides (BPs), an ingredient must have a high enough 
protein content. In addition, legumes also contain many components needed for 
body health, such as antioxidant compounds, resistant starch, dietary fibre and 
others [12]. However, it is a fact that the nutritional content and phytochemical 
composition among legumes vary widely, as shown in Table 1. The differences in 
their genetics, varieties, geographical location and climatic conditions may cause 
the nutritional content variation [18].

In general, the protein content of legumes ranged from 17.0 to 39.8% (w/w). 
Soybean is the legumes that have the highest protein content. Soybean is also the 
most studied legume regarding its function on health. According to FAO [22] world 
soybean production in 2019 was 333,671,692 tonnes (the highest among the types of 
legumes produced), of which Brazil produced 34.25% as the world’s No. 1 producer 
country. Apart from soybean, some legumes also have a high protein content as a 
source of BPs, such as jack beans, velvet beans, lima beans, mung beans, and kidney 
beans (Table 1).

In addition to the protein content, it is also necessary to pay attention to the 
amino acid composition in choosing ingredients. Peptides with hydrophobic 
amino acids (Tyr, Phe, Trp, Ala, Ile, Val, and Met), positively charged amino acids 
(Arg and Lys), or contain Pro at the C end will have higher biological activity. 
For example, inhibition of ACE enzymes [23], Diabetes mellitus type 2 (T2DM) 
inhibitory activity [24], or other biological functions. Angiotensin-Converting 
Enzyme Inhibitor (ACEI), is a BP that affects lowering blood pressure. Meanwhile, 
DPP-IV inhibitors are compounds that can inhibit dipeptidyl peptidase-IV, an 
enzyme associated with T2DM disease [25]. So the presence of hydrophobic amino 
acids in short-chain peptides (between 2 and 20 amino acids in length) [4] is related 
to biological activities beneficial to health. Soybean, jack bean, velvet bean and 
mung bean are legumes that have high hydrophobic amino acid content (Table 1). 
Enzymatic breakdown through food processing produces short-chain peptides. For 
example, fermentation (to produce tempeh, soy sauce, natto, miso, douche, or other 
legume fermented products), germination (mung bean sprouts, soybean sprouts, or 
other sprouts), or other processes can break the polypeptide chain.
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Apart from these benefits, legumes contain substances that are considered 
anti-nutritional compounds [26]. Despite having a high protein content, some toxic 
anti-nutritional substances limit the use of legumes. Food processing, such as soak-
ing (hydration), cooking, autoclaving, germination, and combination, could reduce 
or eliminate anti-nutritional compounds [27, 28]; these processes can increase the 
digestibility value of protein ingredients. Table 2 shows some of the anti-nutritional 
compounds present in some legumes. Kalpanadevi and Mohan [26] said that the 
soaking process and continued germination was less effective in removing anti-
nutrients. However, the process would be effective if the germination process was 
extended (96 hours) or continued with the heating process (or autoclaving pro-
cess). With this combination process, the effect of anti-nutritional compounds can 
be eliminated, such as phenolics, tannins, hydrogen cyanide, phytic acid, trypsin 
inhibitors, oligosaccharides and Phyto-hemagglutination activity.

Other researchers stated that the fermentation process is also very effective for 
reducing/removing anti-nutritional compounds because the fermentation process 
is a combination of several processes, including soaking, heating, and proteolytic 
hydrolysis by starter microbes [31]. For example, the process of fermenting koro 
bean tempe (Canavalia ensiformis) for 48 hours can eliminate 100% of concana-
valin-A (Con-A) and reduce almost 99% of its HCN content [31]. Moreover, the 
fermentation process causes the percentage of peptides with MW <1 kDa to increase 
to the highest [33]. Short-chain peptides (between 2 and 20 amino acids) are associ-
ated with biological activities beneficial to health [4]. As shown by peptides from 
Phaseolus lunatus and Mucuna pruriens, peptides with MW < 1 kDa have higher ACE 
inhibitory activity [7, 34].

No Legumes sources Protein Amino acid hydrophobic

(db, % w/w) Reference (% w/w 
protein)

Reference

1 Soybean, Glycine max 35.35–39.80 [13] 37.70 [14]

2 Jack bean, white, Canavalia 
ensiformis L. DC

22.80–35.30 [14] 8.60–43.50 [14]

3 Sword bean, red, Canavalia 
gladiata jacq. DC

32.4–35.0 [15] 26.62–29.47 [15]

4 Cowpea, Vigna unguiculata 
L. Walp

20.90–24.70 [16] 8.46 [16]

5 Bambara groundnut, Vigna 
subterranea L. Verde

17.00–17.30 [16] 6.45 [16]

6 Velvet bean, White, Mucuna 
pruriens var. utilis

28.82 ± 0.14 [17] 34.14 [17]

7 Velvet bean, Black, Mucuna 
pruriens var. utilis

26.26 ± 0.07 [17] 32.79 [17]

8 Kidney beans, Phaseolus 
vulgaris L.

21.80–29.20 [18] 7.96 [16]

9 Lima beans, brown, Phaseolus 
luna tus

28.06 [7] 4.68 [7]

10 Mung bean, Phaseolus radiata 26.80 [19] 39.75 [20]

11 Chick pea, Cicer Arieti num 19.68–22.75 [16] 35.3 [21]

The level of hydrophobic amino acids is the sum of the data available in the reference sources used.

Table 1. 
Protein and hydrophobic amino acid content of several legumes.
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3. Bioactive peptides

Bioactive peptides (BPs) are tiny fragments of dietary protein, consisting of 2–20 
amino acids, have a molecular weight of less than three kDa, and promote health 
benefits. After entering the body, BPs can be absorbed in the intestine, carry out 
various metabolic pathways, and perform various physiological functions [4, 35, 36]. 
Several researchers have reported that legumes have various biological activities good 
for body health (Table 3).

The hydrolysis of legumes protein can produce these BPs. The enzymatic 
hydrolysis process occurs in the food processing process, for example, in the fruit 
ripening process, the fermentation process (producing soy sauce, tempe, natto, 
and other fermented products), or the germination process (producing soybean 
sprouts, green bean sprouts, and sprouts products others). In addition, the pro-
tein breakdown process can also be carried out by in vitro enzymatic hydrolysis, 
for example, using the alcalase in legume protein. Some examples of enzymatic 
hydrolysis are soybean hydrolysis (Glycine max) or mung bean hydrolysis (Vigna 
radiata), which produces BP hydrolysate as an ACE inhibitor [40, 45]. The in vitro 
enzymatic hydrolysis process will produce peptides with enormous structural 
diversity. Bioinformatics techniques using in silico studies can help select suitable 
peptide sources. Simulations of biological processes, such as enzyme hydrolysis, 
can use these in silico studies and further characterise processes and products using 
software/computers [61].

BPs can perform their activities and roles based on their structural properties, 
composition and amino acid sequence [62]. Biologically, the active peptides have 
similar structural properties, including the length of the amino acids, containing 
hydrophobic amino acids, and resistance to proteolysis [11]. For example, BPs with 
antioxidant activity have a length of 5–16 amino acids [63]. The structure of ACE 
inhibiting BPs contains arginine or lysine residues at the C-terminal will affect their 
activity [11]. Therefore, selecting the protease enzyme to form BPs is essential to 
produce biologically active peptides. For example, the Carlsberg enzyme subtilysin 
will hydrolyse peptide bonds with broad specificity to produce peptides with C 
terminal in the form of hydrophobic amino acids such as Phe, Tyr, Trp, Leu, Ile, Val 
and Met [64]. In addition, because of their relatively small size and high specificity, 
BPs can inhibit protein–protein interactions [65]. Some examples of the functional 
properties possessed by BPs are anti-hypertensive [66], antioxidants [67], hypo-
cholesterolemia [68], antimicrobials [69], anti-inflammatory [70, 71], anti-cancer 
[59], and other functional properties. One type of BPs can have more than one 
functional property [9, 65]. To date, researchers are still developing comprehensive 
studies and reviews to confirm the therapeutic effect of BPs. This chapter will 
discuss the BPs of legumes and their functions.

3.1 Antidiabetic

Increased blood sugar levels are signs of diabetes caused by decreased insulin 
secretion, impaired insulin function, or both. In patients with T2DM, the body 
does not respond adequately to insulin action and the blood glucose level increases, 
a condition known as hyperglycemia [72]. Changing diet is one way of treating 
diabetes, besides losing weight, exercising, or taking drugs to increase glucose 
homeostasis [25]. Side effects from synthetic antidiabetic drugs are gastrointestinal 
disorders [73]. Other side effects are hypoglycemia and weight gain [74].

Meanwhile, some patients are intolerant of the drug [75]. Therefore, research 
to find BPs from food as a safe antidiabetic has recently increased to overcome 
these side effects [76]. Measuring the inhibitory activity of DPP-IV is one way to 
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Legumes Amino acid sequence Reference

a. Antidiabetic activity

Kidney bean, 
Phaseolus vulgaris 
(L), Fermented

INEGSLLLPH [9]

Soybean, 
germinated

NNDDRDS, LSSTEAQQS, 
NAENNQRN, QQQQQGGSQSQ, 
EEPQQPQQ, IKSQSES

[37]

Cowpea, Vigna 
unguiculata, 
germinated 
and enzymatic 
hydrolysis

TTAGLLE [38]

Black bean, 
Phaseolus 
vulgaris, 
hydrolysate

AKSPLF, ATNPLF, FEELN, 
LSVSVL

[39]

b. Antihypertensive activity

Kidney bean, 
Phaseolus vulgaris 
(L), Fermented

FVVAEQAGNEEGFE [9]

Mung Bean, 
Vigna radiata, 
Hydrolysate

KDYRL, VTPALR, KLPAGTLF [40]

Soybean, Glycine 
max, Hydrolysis

VLIVP, LAIPVNKP, LPHF, 
NVVGPLV, YLAGNQ, 
IPPGVPYWT, DQTPRVF, 
ASYDTKF, DTKF, PNNKPFQ, 
RPSYT

[41–45]

Soybean protein, 
Glycine max, 
Hydrolysis

IVF, LLF, LNF, LSW, LEF [46]

Soybean 
germinated

RNLQGENEEEDSGA [37]

Fermented 
soybean, natto

VAHINVGK, YVWK [5]

Fermented 
soybean, soy 
sauce

GY, SY [47]

Garden pea, 
Pisum sativum, in 
silico

LRW [48]

Pigeon pea, in 
silico

VVSLSIPR [49]

c. Hypocholestcrolcmic activity

Kidney bean, 
Phaseolus vulgaris 
L, Fermented

SGGGGGGVAGAATASR [9]
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determine whether BPs have an antidiabetic activity or not. The role of the DPP-IV 
enzyme is to inactivate incretins, especially GLP-1 and GIP. GLP-1 is a glucagon-like 
peptide, while GIP is a glucose-dependent autotrophic insulin peptide. Incretin is 
a hormone that vitalising insulin secretion. So the mechanism commonly used to 
control T2DM is to measure how much DPP-IV inhibition is [77].

Legumes Amino acid sequence Reference

Soybean, 
Glycine max, 
Hydrolysate

LPYP, IAVPGEVA, IAVPTGVA, 
YVVNPDNDEN, YVVNPDNNEN, 
LPYPR

[50–52]

Soybean protein, 
Glycine max, in 
silico

SFGYVAE [53]

Black bean and 
cowpea, in silico

YAAAT [54]

d. Antioxidant activity

Soybean, Glycine 
max, Hydrolysis

LLPHHADADY, LLPHH, 
LVNPH, DHQN, TTYY, 
LQSGDALRVPSGTTYY

[42]

Soybean, Glycine 
max, Hydrolysis

RPSYT [43]

e. Antimicrobial activity

Soybean, Glycine 
max, Hydrolysis

IIVVQGKGAIGF, 
ASRGIRVNGVAPGPVWTPIQPA, 
IIIAQGKGALGV,

[42]

Soybean, Glycine 
max

IKAFKEATKVDKVVVLWTA, 
PGTAVFK

[55]

f. Anti-inflammatory activity

Black bean 
(Phaseolus 
vulgaris L), 
hydrolysis

IAISISGLL, CNKY, YETN, 
QAEEEF, MSAMSNAAA, 
DLPYSCR, ATL, NLG, EDAY, 
GYDHPMGGL, PVNF, EEAK, 
LGAL, DLK, LVVL, VPTK, 
TGVI, TTW, MEL, FNL, GFTPL, 
KYGDKSVY, IPVL, KTCENL, 
GGSSDKR

[56]

Soybean (Glycine 
mox)

Lunasin [57]

g. Anti-cancer activity

Soybean (Glycine 
max)

Lunasin [58]

Common beans 
(Phaseolus 
vulgaris), Extra 
long Autumn 
Purple Bean 
cultivar

ANEIYFSFQRFNETNLILQR [59]

Chickpea (Cicer 
anetinum)

ARQSHFANAQP [60]

Table 3. 
The amino acid sequence of several bioactive peptides from legumes.
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Several low molecular weight BPs can induce insulin stimulation in blood 
intake, for example, the peptides present in fermented soybeans [78] or fermented 
kidney beans [9]. Some BPs that are isolated from black bean (Phaseolus vulgaris L) 
protein hydrolyzate effectively inhibits glucose transporter 2 (GLUT2) and glucose 
transporter, which depends on sodium 1 (SGLT1), which functions to lower blood 
glucose levels [39]. The BPs found in legumes (such as kidney beans, Phaseolus vul-
garis L with ten amino acids) have antidiabetic properties [9] (Table 3). The table 
states that the process can produce antidiabetic peptides, including fermentation, 
germination, or enzymatic hydrolysis.

3.2 Anti-hypertensives

Controlling hypertension is essential to reduce the risk of cardiovascular com-
plications such as coronary heart disease (which causes heart disease) and stroke, 
congestive heart failure, irregular heart rhythm, and renal failure [3, 79]. A healthy 
diet is a way to control hypertension. Eating foods high in BPs is very healthy. 
Several studies have shown that food ingredients derived from legumes have an 
anti-hypertensive function. The preparation of BPs uses three ways: fermentation of 
materials into fermented products, germination, and enzymatic hydrolysis. Table 3 
shows some of the research results.

The anti-hypertensive activity was measured by measuring the inhibitory activ-
ity of the ACE (Angiotensin I-converting Enzyme). The ACE will cut angiotensin I 
to produce angiotensin II (vasoactive peptide). This angiotensin II compound will 
bind to receptors on the walls of blood vessels causing contraction of blood vessels 
so that blood pressure rises [80]. The presence of BPs will bind to the ACE enzyme, 
thus inhibiting the action of ACE, and as a result, blood pressure can drop. Some 
legumes that are recognised to contain BPs that lower blood pressure include garden 
beans (Pisum sativum) [48], green beans [20, 40], soy (Glycine max) glycinin [41], 
kidney bean [9], and pigeon pea [49]. Fermented products also have anti-hyper-
tensive activity, such as douchi, a traditional Chinese food fermented soybean [8]. 
Other fermented products are Korean soybean paste fermented with mixed cultures 
of bacteria [81, 82], and many other products from legumes.

Research on anti-hypertensive BPs from food is still being studied [65]. Anti-
hypertensive BPs (isolated from food) have a higher tissue binding affinity than 
synthetic drugs, resulting in slower tissue loss [83]. For vigorous anti-hypertensive 
activity, the position of specific amino acid residues is critical. For example, valine 
and isoleucine are essential for ACE inhibition [84]. Increased ACE inhibitory 
activity occurs when the C-terminal is Proline [84]. Therefore, the strategy to pro-
duce peptides with high anti-hypertensive activity is to hydrolyse protein to produce 
proline containing peptides.

3.3 Hypo-cholesterolemic

Many researchers have studied and reviewed the ability of BPs as cholesterol-
lowering agents [65]. The human body needs healthy cholesterol levels to produce 
vitamin D and steroid hormones, and bile acids. However, arteriosclerosis can occur 
when cholesterol in the blood forms plaque in the arteries. As a result, it can reduce 
oxygen supply to the heart, which leads to cardiovascular disease. While chemicals 
that lower blood cholesterol can cause liver damage or failure, myopathy [85] and 
diabetes [86, 87], or some people are sensitive to statins (cholesterol-lowering 
drugs) [88]. Therefore, the research for BPs that can lower cholesterol has increased 
over the years [65]. Table 3 shows BPs in legumes (such as red beans and soybeans 
with 4–16 amino acids) with hypocholesterolemic activity.
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Cholesterol reduction by peptides can occur due to inhibition of cholesterol micelle 
formation, inhibition of lipase activity and strong bile acid-binding [89]. Peptides 
from fermented soy milk show the ability to bind bile acids [90]. The solubility of cho-
lesterol in lipid micelles will be reduced due to BPs [91], resulting in inhibition of cho-
lesterol absorption in Caco-2 cells with one layer. For example, peptides from cowpeas 
can inhibit HMGCoA reductase and reduce the dissolution of cholesterol micelles in 
vitro [92]. A 36% reduction in plasma cholesterol levels could occur in the livers of rats 
consuming the a’-subunit. The tight binding of BPs with taurocholate, deoxytauro-
cholate, and glycodeoxycholate can also lead to decreased cholesterol absorption in the 
intestine [93]. Soybean peptides (LPYP, IAVPGEVA and IAVPTGVA) can activate the 
LDLR-SREBP 2 pathway to increase LDL uptake effectively. For moderate hypercho-
lesterolemia, 30 g/ml lupine protein consumption effectively reduced the Proprotein 
Convertase Subtilisin/Kexin type 9 enzyme (PCSK9). Inhibiting HMGCoA reductase 
activity on HepG2 cells may explain the hypocholesterolemic effect of lupine protein 
hydrolysate [94]. In addition, peptides cause the regulation of lipoprotein b-VLDL 
cholesterol receptors to increase in rat liver [95].

3.4 Antioxidants

The antioxidant properties of peptides have more to do with their composition, 
structure, and hydrophobicity [62]. The amino acid sequence of these peptides can 
determine different biological activities. Amino acids Tyr, Trp, Met, Lys, Cys, and 
His are examples of amino acids that cause antioxidant activity [96]. BPs from some 
legumes have antioxidant properties, for example, soy peptides with 4–16 amino 
acids [42, 43] (Table 3). This table also shows that BP of Leu-Leu-Pro-His-His from 
soybean β-conglycinin hydrolysate has antioxidant properties. The amino acid 
leucine or proline at the N-end can increase its antioxidative activity [35]. Amino 
acids with aromatic residues can donate protons to electron-deficient radicals. 
This property enhances the radical scavenging character of amino acid residues. 
Amino acids in the C-terminal region can increase the antioxidant activity higher 
than in the N-terminal region. This increase in antioxidative activity relates to the 
nature of the electronic, hydrophobic, steric, and hydrogen bonding amino acids 
in the area [39]. Soy milk has significant antimutagenic and antioxidant activity. 
So fermented soy milk probably can prevent mutagenic and oxidative damage [97]. 
Consumption of douchi (fermented soy food) extract will increase the activity of 
SOD (Superoxide dismutase) in the liver and kidneys of mice. This consumption 
also reduces the serum TBARS (Thio Barbituric Acid Reactive Substance), which 
will increase catalase activity (CAT). These results may indicate the involvement of 
BPs and free amino acid components from douchi extract as antioxidants [98].

3.5 Antimicrobial

The ability of BPs as antimicrobial peptides (AMP) has also been widely 
researched and studied [65]. For example, Pina-Pérez and Ferrús-Pérez [55] studied 
AMP from several legumes against bacterial pathogens that cause foodborne 
diseases. AMP is generally active against a broad spectrum of microorganisms, 
including bacteria (Gram+ and Gram-), fungi, and viruses [99]. Some AMPs also 
show additional activity, such as antioxidant activity [100], immunomodulation 
[101] and wound healing activity [102]. Therefore, this AMP may be a better choice 
of antibiotics for pathogenic bacteria resistant to conventional antibiotics.

AMP has various characteristics, including amino acid length (between 12 and 
50), amino acid composition, charge and position of disulfide bonds [103]. AMP 
isolated from soybeans showed that long-chain peptides had higher AMP activity 
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than short peptides [55]. AMP interacts with microbes due to positive charges or 
hydrophilic and hydrophobic (amphipathic) terminal amino acids, recognised as 
a prominent structural motif. The charge, hydrophobicity and length of cationic 
AMP are directly related to their potential as antimicrobials [103]. AMP will cause 
changes in permeability and osmotic disturbances in bacterial cell membranes 
[104]. AMP can directly kill bacteria by creating pores through the bacterial cell 
membrane [101] or interacting with macromolecules in microbial cells [105]. The 
structure and sequence of peptide amino acids are the main factors for whether 
or not it is effective as an antimicrobial [104]. Some AMPs are rich in positively 
charged amino acids (arginine and lysine). Such AMP can enter microbial cells by 
inducing energy-dependent endocytic pathways such as micropinocytosis [106]. 
Table 3 shows some of the AMP amino acid sequences from soybeans.

3.6 Anti-inflammatory

Inflammation is a natural immune system reaction to fight disease. 
Inflammation is generally associated with cancer because it involves the interac-
tion of various immune cells that can lead to signals of proliferation, growth and 
invasion of tumour cells [107, 108]. There are two pathways of inflammatory-cancer 
interaction, namely the extrinsic pathway (inflammation facilitates cancer devel-
opment) and the intrinsic pathway (genetic changes causing cancer to stimulate 
the inflammatory process to support tumour development) [109]. Bastiaannet 
and co-workers [110] and Crawford [111] reported that anti-inflammatory 
therapy could reduce or prevent cancer risk. This report shows the interaction 
between inflammatory-cancer. So far, lunasin, VPY and -glutamyl peptides have 
anti-inflammatory activity [70]. Lunasin exerts an anti-inflammatory effect by 
inhibiting the Akt-mediated NF-kB pathway [57]. BPs from legumes, particularly 
soybeans, can regulate several inflammatory markers, which include prostaglandin 
E2 (PGE2), nitric oxide (NO), induced nitric oxide synthase (iNOS), cyclooxygen-
ase 2 (COX2), cytokines, and chemokines [70]. BPs from Phaseolus vulgaris L (the 
result of hydrolysis of alcalase and digestive enzymes pepsin and pancreatin) also 
showed similar results, inhibiting important markers and mediators of the inflam-
matory process [71]. Therefore BPs from Phaseolus vulgaris L can assist in managing 
diseases associated with chronic inflammatory processes such as T2DM and cancer. 
Several peptides from Phaseolus vulgaris L with anti-inflammatory activity are low 
molecular weight (MW) and contain 3–11 amino acids (Table 3). A lunasin-like 
peptide with low MW (5 kDa) inhibited the most potent pro-inflammatory markers 
than peptides with MW 8 and 14 KDa [112]. Biopsy of the small intestine mucosa 
showed repair in intestinal inflammation after supplementation of tempe in the diet 
[8]. Tempe contains many easily digestible compounds such as peptides and free 
amino acids that are affecting intestinal growth.

3.7 Anti-cancer

Many researchers are experimenting with cancer therapy using BPs from various 
legumes. The results are more promising, cheaper, and safer than cancer treatment 
using surgery, chemotherapy, or radiotherapy, which have adverse side effects due 
to the emergence of drug resistance and radio-resistance [113]. Extensive explora-
tion has shown that a high intake of legumes can significantly reduce the risk of 
colorectal adenoma [114, 115] BPs with anti-cancer activity have a relatively low 
molecular weight (Table 3), as isolated from black soybean by-products have the 
sequence Leu/Ile-Val-Pro-Lys [116]. In comparison, lunasin from soybeans contains 
43 amino acids [58]. The hallmark of lunasin is the Arg-Gly-Asp sequence which 
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functions for adhesion to the extracellular matrix, and the 8 Asp sequence to bind 
chromatin [117]. Kim and co-workers [118] said that hydrophobic BPs isolated from 
soybeans could act as anti-cancer. Some legumes also have higher hydrophobic 
amino acids that are similar in levels to soybeans, such as mung bean, chickpea, and 
velvet bean (Table 1), thus potentially producing anti-cancer peptides.

The mechanism of inhibition of tumour growth by BPs varies depending on the 
variety of legume sources, namely by induction of extrinsic apoptosis [119], induc-
tion of chromatin condensation [59] or inhibition of inflammatory processes [120]. 
BP isolated from chickpea (Cicer arietinum L.) inhibits the proliferation of breast 
cancer cells effectively [60]; this BP has the sequence ARQSHFANAQP. Meanwhile, 
BP from Phaseolus vulgaris (cultivar extra-long autumn purple) can also inhibit the 
proliferation of human tumour cells by inducing apoptotic bodies and nitric oxide 
[59]. Apoptosis (programmed cell death) is a complex process coordinated by spe-
cific target proteins and, in many cases, possibly responsible for the potential anti-
cancer effects [121]. Lunasin can reduce the incidence of skin tumours by 70% [58]. 
Also, it inhibits gastrointestinal cancer cells [122] and cardiovascular and immuno-
logical disorders [123]. The researcher reported that consumption of legumes could 
reduce the risk of 10 kinds of chronic diseases, including breast cancer, lung cancer 
and colon cancer [124]. Consumption of legumes in higher amounts will lead to a 
lower risk of death from cancer [125].

4. Bioacessability, stability, and bioavailability of bioactive peptides

Bioaccessibility, stability, and bioavailability are the main concerns in utilising 
bioactive peptides (BPs) from food ingredients to remain active in maintaining 
a healthy body. Bioaccessibility is the first step in the digestive system so that 
nutrients/BPs out of the food tissue and transported across the intestinal epithelial 
barrier into the blood circulation system. BP transport processes may involve pas-
sive transport (paracellular or passive diffusion) or active routes [126]. During the 
nutrient transport process, the stability of the material must be kept high, so the 
bioavailability of nutrients is maintained to be utilised by target cells or tissues. In 
the digestive tract, nutrients are released from the food matrix and converted into 
chemical forms that can bind to and enter intestinal cells or pass between them. 
Dietary factors can also affect the bioavailability of the BPs contained. Interactions 
between peptides and components of the food matrix can modulate their digestibil-
ity and alter the absorption route of the peptide [10]. The release of nutrients in the 
small intestine starts from chewing, which involves digestive enzymes in the mouth 
and then in the stomach mixed with acids and enzymes in gastric juices. This whole 
process is a process for making nutrients biologically accessible [127].

Although the number of active components in the food consumed is abundant, 
it cannot necessarily prevent disease because it depends on the amount available to 
function in target organs or tissues [128]. Bioavailability is the number of bioactive 
compounds that organisms can use effectively [129]. For example, when food contact 
with the mouth or gastrointestinal tract, various interactions can affect the bioavail-
ability of food nutrients (e.g., the presence of fat can increase the bioavailability 
of quercetin in food) [130]. In studying the role of bioactive compounds in human 
health, several factors can inhibit the bioavailability of the active components for use 
in target organs or tissues [131]. For example, fruit antioxidants mixed with macro-
molecules form a food matrix such as carbohydrates, fats, and proteins [132].

From a nutritional point of view, bioavailability refers to several nutrient 
fractions or bioactive compounds that are ingested and can reach the systemic 
circulation and can finally be utilised [133]. Besides that, bioavailability is the 
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fraction of a nutrient stored or available for a particular physiological function 
[134]. Another definition, bioavailability, is the amount of active metabolite from 
the oral dose fraction reaching systemic circulation [135]. The bioavailability of oral 
BPs is limited because their release from the plant matrix is affected by: solubility 
in GI fluids, permeability in intestinal epithelial cells, enzymatic and chemical 
reactions in the GI tract [136]. Four essential steps are required to absorb bioactive 
compounds effectively: (a) release from the food matrix; (b) incorporation into bile 
salt micelles; (c) absorption by epithelial cells; and finally; (d) incorporation into 
the cyclomicron secretion into the lymphatic system.

The biological effects of a BP depend on its capacity to survive until it reaches 
the target organ. Thus, the main requirement of a BP is its stability or resistance 
to gastrointestinal enzyme hydrolysis, brush border and serum peptidase. 
Experimental evidence shows that the length of the peptide chain determines 
the ability of BPs to pass through the intestinal epithelium in humans by differ-
ent mechanisms. For small peptides, it is possible to transport through active 
basolateral, while for large peptides through a transport mechanism mediated by 
exocytotic-vesicles [137].

However, many peptides are biologically active but are unlikely to be absorbed in 
the gastrointestinal tract via local effects or receptors that release hormones and cell 
signalling in the gut. Such BPs affect gastric emptying, gastrointestinal transport, 
nutrient absorption (amino acids, glucose, lipids) and composition of the colon 
microflora. They may also regulate food intake [138].

In addition to the presence of specific residues, charge, and molecular weight, 
hydrogen bonding potential and amino acid hydrophobic tend to affect the bioavail-
ability resistance of BPs to proteases and enzyme hydrolysing peptides [11, 139, 
140]. Lunasin, a BP isolated from soybeans and cereal (wheat, barley and rice), has 
43 amino acids (MW 5.4 kDa), displays a helical structure and contains nine aspar-
tic acid residues in the C-terminal region. Lunasin is highly bioavailable, heat-stable 
(100°C, 10 min), and anti-cancer against carcinogenic chemicals. In vivo digestibil-
ity of lunasin-fortified soy protein was studied in mice fed for four weeks [141].

During transit in the central digestive tract, the structural properties of the 
peptide will influence the stability of BPs, including molecular weight, charge, 
amino acid sequence, and hydrophobicity [126]. Tests using Sprague Dawley rats 
showed that the highest absorption of ACE inhibitor BPs was in the jejunum [7]. 
The results showed that BPs with 2–6 amino acids were easy to absorb than proteins 
and free amino acids [142]. Small (di- and tripeptide) and large (10–51 amino acids) 
peptides can pass through the intestinal barrier and exhibit their biological func-
tion at the target tissue level. However, as the molecular weight of BPs increases, 
their chances of passing through the intestinal barrier decrease further [143]. The 
presence of proline and proline hydroxyl will result in resistance of BPs to digestive 
enzymes, especially a tripeptide with Pro-Pro at the C-terminal [144]. In another 
study, the number of peptides in human plasma increased depending on the dose of 
the BP administered. Thus, it concluded that the saturation of BP transporters could 
affect the number of peptides that can enter the peripheral blood [145].

Encryption of BPs in their natural protein structure may protect these BPs from 
gastric digestion. Another way to protect BPs is to modify structural proteins such 
as phosphorylation of serine, threonine, or tyrosine can prevent hydrolysis by 
digestive proteases. As a result, protein or peptides have a greater chance of being 
absorbed in target organs or tissues [146]. Stability also depends on the degree of 
hydrophobicity/hydrophilicity. The more hydrophobic the structure, the more 
difficult it is to attack by proteases [147].

Therefore, it explained that the difference in bioavailability of BPs between in 
vitro and in vivo tests (after oral consumption), which may be smaller or larger, 
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occurs due to an increase or decrease in BPs after being catalysed by gastrointestinal 
proteases. A simulation test of the gastrointestinal digestion process of several 
tempe legumes (Phaseolus lunatus L, Canavalia ensiformis L, Mucuna pruriens) 
showed that the proteolysis process by the digestive enzyme pepsin-pancreatin 
increased ACE inhibitory activity [7, 31, 34]. Another example is that BPs’ anti-
oxidant activity in vivo is more significant than in vitro [148]. The shape of the 
molecular structure also influences the stability of BPs. For example, a small BP 
(YPI) isolated from ovalbumin has additional stability when tested in GI digestive 
system simulation. BPs (YPI) and peptides containing P at the C end (RADHP and 
ADHP) are stable. If their structure is slightly modified by adding one or two amino 
acids to the C end (e.g. RADHPF, RADHPFL, FRADHPFL), they become unstable 
in simulated GI hydrolysis [149].

Finally, the use of BPs in nutraceutical and pharmacology for human health is 
still limited. For that, it is necessary to evaluate: (1) degradation of BPs by proteases 
in the digestive tract, which can affect bioaccessibility, stability, and bioavailability; 
(2) the existence of technology that allows modification of the structure of BPs 
such as (a) phosphorylation of amino acids in BPs to make them more resistant to 
hydrolysis by digestive enzymes; or (b) increase the amino acid hydrophobic at the 
N-terminal or C-terminal [150].

5. Technology for bioactive peptides

In general, protein-rich foods that undergo processing involving protease 
enzymes will produce peptides. However, not all peptides resulting from protein 
hydrolysis of foodstuffs will become bioactive peptides (BPs) beneficial to body 
health. The structural properties of BPs (composition, amino acid sequence, hydro-
phobic amino acid content, and resistance to digestive enzymes) will determine 
their beneficial functional properties [126], such as, example anti-diabetic, anti-
hypertensive, cholesterol-lowering, antioxidant, and other functional properties.

Food processing processes related to conventional BPs production include cooking, 
ripening, fermentation and germination. In principle, the processing involves protease 
enzymes, e.g., chymotrypsin, trypsin, papain, thermolysin, and others) [151], either 
in the form of free or immobilised enzymes. For food processing by fermentation, 
protease enzymes derived from microbes are used in the process, while for germina-
tion, the enzymes are from growing seeds. Production of BPs increased by regulat-
ing the types of enzymes, microbes used, and germination time. Combining these 
processes (enzymatic process followed by fermentation, or vice versa) will increase 
the production of BPs so that it is more optimal [152]. The conventional production of 
the BPs product was a low amount and purity, making it less effective for the indus-
trial scale [153]. So this conventional method for producing BPs does not necessarily 
involve a separation and purification process, but the production of functional foods 
containing healthy BPs in the form of fermented food products [153].

The process technology used to produce functional or nutraceutical food will 
affect the functional, nutritional and biological properties of the protein in the 
food. Therefore, several things to pay attention to, namely: (1) the effect of using a 
thermal (or non-thermal) process on the components of the food produced, includ-
ing its effect on its functional properties and preservation capabilities; (2) available 
extraction processes and formulations and their optimization; (3) innovative and 
sustainable applications that can be developed [127]. In addition, consideration of 
the choice of processing technology must also be based on the desired nutritional 
function and appearance and sensory properties (such as colour, texture, and taste 
in the mouth) to be attractive to consumers [154]. Thermal processes can encourage 
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non-enzymatic Maillard reactions between amino groups and reducing sugars 
[155]. This process will produce colour, sensory properties that affect consumer 
acceptance and reduce the activity of BPs [155, 156]. The use of thermal processes 
(e.g. boiling, cooking, blanching, frying, and sterilising) for softening cell walls 
and inactivate microorganisms and enzymes to make the shelf life longer [127]. The 
development of non-thermal processes has several weaknesses; for example, the 
use of nanofiltration membranes requires energy [157]. Freeze-drying, encapsula-
tion, and solvent extraction techniques are costly. To overcome this limitation, food 
technology experts must develop new alternative technologies (technology that can 
maintain bio-accessibility, stability, bio-availability and bio-activity of active com-
ponents). Including BPs, processed food ingredients and the form of pure isolates 
(capsules or nanocapsules).

The production of BPs has become more accessible, faster, and more effective 
with the development of science and technology. Production of BPs on an industrial 
scale usually uses an enzyme hydrolysis process. So the BPs production process uses 
computer equipment and database search algorithms to predict target peptides and 
their properties. By selecting the correct protease enzyme through the database, it 
is possible to select the protein-enzyme combination, in-silico hydrolysis, and the 
nature of the peptide to be produced [152, 153, 158]. This in-silico hydrolysis method 
is a functional and widely practised approach for producing legume BPs (Table 3).

The legume or various food peptides resulting from enzymatic hydrolysis was 
then fractionated and purified using a combination of various chromatographic 
techniques [158–160]. Isoelectric focusing and ultrafiltration are separate mac-
romolecular compounds (such as protein and pectin). Meanwhile, extraction 
techniques use solvents or supercritical solutions to isolate small molecule bioac-
tive compounds such as antioxidants [157, 161, 162]. This extraction technique, 
combined with thermal technology (e.g. pasteurisation or spray drying), has been 
applied to functional foods. This conventional food processing technology is well 
documented and well established, but its application for the isolation of BPs still 
needs development and improvement.

The weakness of current technology is that there is still a need for studies on 
product safety for health. For example, advanced technologies such as cold plasma, 
nanotechnology, ultrasound, and others, are thought to affect advanced lipid 
oxidation processes and cause cell tissue damage. For this reason, the effect of this 
advanced technology on the safety and health of the food components produced 
needs to be studied to obtain a complete understanding. In this case, it is necessary to 
adapt the product and technology to the desired functional properties of the active 
ingredient. For example, modification or interaction with other macronutrients (e.g. 
dietary fibre) can increase the bio-availability of bioactive compounds [163].

On the other hand, encapsulation technology using legume protein ingredients as 
a material is also a technique for providing chemical compounds found naturally in 
plants and other nutraceutical compounds (such as vitamins, minerals, BPs, or others). 
Thus this encapsulation allowing these compounds (including BPs) to enter the body 
and undergo release and degradation by enzymes digestion [164]. Other technologies 
used to protect the active ingredients or nutraceuticals (such as BPs and others) are 
encapsulation, edible films and coatings, and vacuum impregnation. One may be 
promising is nutrigenomics, where the active ingredients are given to individuals on a 
Taylor-made basis according to the genetic characteristics of each individual [165].

Although several researchers have evaluated and characterised BPs that BPs 
isolated from food have potential bioactive activity and therapeutic functions, 
and have high bio-availability (bio-accessibility) (due to the support of excellent 
and modern processing technology), however, all of them can only have a positive 
impact on human health when combined with healthy living habits [4].
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6. Conclusions

Legumes have various biological activities that are good for body health, such as 
antihypertensive, anti-diabetic, anti-cancer, antioxidant, and others, but legumes 
also contain anti-nutritional compounds. Food processing is an effective process to 
remove anti-nutritional compounds and, at the same time, can produce BP com-
pounds that are healthy for the body. Although the number of active components 
in food is abundant, it is not necessarily able to prevent disease because it is very 
dependent on the amount available to function in target organs or tissues. One of 
the contributing factors is the BPs enzyme in holding the action while in the diges-
tive tract. Some legumes showed that hydrolysis by these enzymes increased their 
bio-accessibility and bio-availability in the digestive tract of rats (in antihyperten-
sive testing). Due to the diverse nature of BP, it is necessary to develop technology 
that is following the desired functional properties of BP, for example, to protect it so 
that it is stable while passing through the digestive tract using microencapsulation, 
edible film and coating technology. Further research still needs to be developed 
related to the study of safety separation technology for the products produced. 
From the excellent stability and bioavailability of BPs from legumes, it is likely to be 
more promising to develop alternative healthy functional food products containing 
BPs and sensory properties that attract consumers.

© 2021 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, 
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Abstract

Legume seeds have an important role as nutraceuticals in human health 
(providing protein, carbohydrates, fiber, amino acids, and micronutrients) and 
act as sustainable food sources in livestock farming and aquaculture. Legume 
seeds contain a wide range of bioactive compounds that have significant health 
benefits, mainly classified under phenolic compounds, phytosterols, oligosaccha-
rides, carbohydrates, and saponins. Some of these compounds play an important 
role in plant defense mechanisms against predators and environmental condi-
tions. Heat-labile antinutritional factors (protease inhibitors and lectins) and 
heat-stable antinutritional factors (tannins and phytic acid) can be reduced by 
thermal treatment or postharvest to eliminate any potential negative effects from 
consumption. Substantial studies have demonstrated that these bioactive com-
pounds possess multiple biological activities, including antioxidant properties, 
antibacterial, anticancer, anti-inflammatory, antidiabetic, cardiovascular protec-
tive. They also have various values for aquaculture, such as fishmeal alternative. In 
this review, the main bioactive compounds and important biological functions of 
legume seeds are summarized, and the mechanism of action is discussed.

Keywords: phytochemicals, bioactivities, antioxidant, antibacterial, anticancer, 
legume seeds

1. Introduction

Legumes, including pulses (dried seed legumes), belong to the Leguminosae 
family (also called Fabaceae), as shown in the Food and Agricultural Organization 
(FAO) of the United Nations. Leguminosae is an extensive family of plants with 
over 18,000 species of various types, and only a limited number are used as human 
resources or as animal feed. Seeds such as dry beans, broad beans, dry peas, 
chickpeas, cowpeas, lentils, and mung beans are listed by FAO as being consumed 
for their high nutrition source of proteins, minerals, vitamins, and bioactive 
compounds. In general, legumes are known for their high levels of bioactive com-
pounds, such as phenolic compounds, phytosterols, bioactive carbohydrates, and 
saponins, which aid in the reduction in the risk of oxidant properties, bacteria, 
cancer, inflammation, and diabetes. Legumes have recently gained popularity as 
excellent sources of high nutrition and can be vital sources of ingredients for use in 
functional foods and other applications. Legumes are also a rich source of amino 
acids such as lysine and tryptophan but are low in sulfur-containing amino acids 
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and may be a cost-effective ally in the fight against malnutrition. They are now 
regarded as a future superfood, capable of achieving zero hunger at a time when 
one in every five children under the age of five is chronically malnourished [1]. 
As a result, people consume legume seeds as a major source of protein worldwide. 
Legumes are more affordable, especially to low-income families, where consump-
tion of animal protein may be restricted due to economic, social, cultural, or reli-
gious factors. In addition, the consumption of legumes has also been demonstrated 
to be connected with outstanding beneficial health, including hypocholesterolemic, 
antiatherogenic, anticarcinogenic, cardiovascular protection, and hypoglycemic 
properties [2].

The nutritional demand for legumes is increasing globally as consumers have 
become more aware of their nutritional and health benefits. Furthermore, in recent 
years, more people have substituted vegetable protein for animal protein, increasing 
demand for legumes, which are the primary source of plant proteins. Therefore, 
developing good extraction and isolation techniques to obtain a high content of 
bioactive compounds is critical for legumes to become a competitive source of 
phytonutrients.

The aim of this review is to concentrate on the phytochemicals and bioactivities 
of legume seeds on mechanisms of action. Furthermore, the quantities and compo-
sitions of these phytochemicals in a variety of legumes are shown. The information 
demonstrated in this study is helpful for the ingredient selection of legumes for the 
application of functional foods [1].

2. Bioactive compounds

In a conventional method for extracting bioactive compounds in legume seeds, 
the first step is to soak the dry seeds in water, followed by heat treatment such as 
boiling. It is effective in that it increases the nutritional value of legumes to some 
extent and diminishes the levels of phytates and tannins, leading to a higher starch 
digestibility [3]. However, phenolic acid and saponins can be destroyed in boil-
ing water.

The isolation and purification of biomolecules, especially phenolic compounds, 
different types of solvents, such as methanol, hexane, and ethanol in a liquid–solid 
extraction method, are used based on the polarity of the solute of interest. In a 
study carried out by Xu BJ et al. [3, 4], 50% acetone can be used to extract bioactive 
constituents in chickpeas and soybeans, whereas black beans are treated with 70% 
acetone.

In recent years, new extraction techniques have been developed to provide a 
significant reduction in extraction time, solvent needed, and energy consumption, 
as well as to improve compounds recovery (Table 1). Microwave-assisted extraction 
(MAE) and ultrasound-assisted extraction (UAE) have attracted the attention of 
researchers for isolating bioactive compounds. MAE is an efficient method used 
in extracting bioactivities from legume seeds [22]. On the other side, UAE has also 
been used for the extraction by using ultrasound to disrupt legume seed cell walls. 
This method is regarded to be one of the simplest extraction techniques because it 
makes use of common laboratory equipment such as an ultrasonic bath [15].

2.1 Phenolic compounds

Phenolic compounds can be easily found in legume seeds. This is a vast group 
of bioactive compounds, chemically containing at least one benzene ring with one 
or more hydroxyl substituents, and ranges in complexity from simple phenolic 
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No. Compound Extracts and techniques Content Pulse Unit References

1 Total phenolic content 70% ethanol 21.9 Lentil mg 
GAE/g

[5]

18.8 Red beans

18.7 Soybeans

17.0 Mung beans

2 Gallic acid 70% acetone and HPLC 479.26 Velvet beans μg/g [6–8]

28.64 Black beans

24.55 Broad beans

12.26 Red kidney 
beans

3 p-hydroxybenzoic acid HPLC-DAD 19.2 - 60.5 Chickpea 
varieties

mg/kg [9]

Syringic acid 45.9

Gentisic acid 8.1–26.0

Protocatechuic acid 12.1–163.5 Pea varieties

p-hydroxybenzoic acid 45.5–101.7

4 Kaempferol — 6% of TPC Raw and 
germination 

of dark 
common 

beans

— [10]

Quercetin 26% of TPC

5 v Methanol extraction and 
pressure cooking

Between 50 
and 300

Kidney, pinto, 
black and 

borlotti beans

μg/g [11]

372.2–287.87 Black beans

Genistein 1166.15 Soybeans

Daidzein 1064.56

6 Proanthocyanidins T-25 ULTRA-TURRAX 
homogenizer

4.09–5.73 Black beans mg 
CAE/g

[4, 9]

13.8 Adzuki bean 
coats

3.73–10.20 Lentil cultivars

7 Catechin and 
procyanidins

80% HCl-methanol and 
HPLC-MS

74.48 Lentil coats μg/g [12]

8 Soyasaponin I Solid phase extraction and 
HPLC

630–900 Different 
raw legume 

samples

mg/kg [13]

Dehydrosoyasaponin I 650–1300

9 Saponins Ultrasound-assisted 
extraction (ethanol 

solvent)

4.55 Lupins g/100 g [14–17]

10.63 Lentils

2.97 Chickpeas

4.08 Soybeans

12.90 Fenugreeks

10 Total saponin content 70% acetone  
(0.5% acetic acid)

24.29 (bean 
hull)

2.20 (whole 
bean)

Mung beans mg 
SbaE/g

[18]

73.60  
(bean hull)

10.82 (whole 
bean)

Adzuki beans



Legumes Research - Volume 2

72

molecules to highly polymerized compounds [23]. The primary phenolic com-
pounds found in legume seeds are phenolic acids, flavonoids, and condensed 
tannins (Figure 1). The distribution of these compounds differs in the cotyledon 
(mainly containing non-flavonoids, such phenolic acid and hydroxycinnamic) 
and primarily concentrates on the seed coats (mainly flavonoids) [3, 24, 25]. 
The phenolic compound may exist in a free, solubilized conjugated form or in an 
insoluble-bound form. Some free and conjugated phenolic compounds are thought 
to be absorbed in the small and large intestines; otherwise, the bound forms with 
associated non-digestive sugars are made bioavailable by the digestion of enzymes 
or microorganisms present in the intestine lumen [26].

No. Compound Extracts and techniques Content Pulse Unit References

11 β-sitosterol Hexane/diethyl-ether (1:1), 
saponification and HPLC

15.4–24.2 
(cooked)

Lentils mg/100 g [19, 20]

123.4

Campesterol 2.18–2.58 
(cooked)

15.0

Stigmasterol 2.60–2.63 
(cooked)

20.0

12 Resistant starch Incubated with enzymes 0.6 Cowpeas g/100 g [7]

3.4 Lentils

2.5 Peas

2 Kidney beans

4.2 White beans

13 Raffinose HPLC-HRMS analysis 3.3 (kernel) Adzuki beans g/kg [21]

2.9 (coat)

13.2 (kernel) Peas

11.1 (coat)

4.8 (kernel) Broad beans

4.3 (coat)

9.2 (kernel) Green 
soybeans

10.1 (coat)

4.0 (kernel) Mung beans

10.3 (coat)

14 Lectins — 2.4–5 Total protein 
in kidney bean 

seeds

% [16]

0.8 Total protein 
in soybean 

and lime bean 
protein

0.6 Total protein 
in pea seeds

Table 1. 
Content of bioactive compounds in legume seeds.
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Phenolic compounds found in important legumes, including lentil, pea, bean, 
and chickpea, are flavonoids, such as glycosides of flavonols, flavones, and isoflavo-
noids (primarily daidzein and genistein), and some hydroxybenzoic and hydroxy-
cinnamic compounds [25]. Lentils were reported to have the highest amount of 
total phenolic content (TPC), which had 21.9 mg gallic acid equivalents (GAE)/g, 
compared with soybean, bean, and peas [5], and a slight decrease in red bean and 
soybean (18.8 and 18.7 mg GAE/g, respectively) and the lowest in mung bean 
(17.0 mg GAE/g).

In general, processing of legumes (including thermal processing, soaking, and 
roasting) usually affects the number of phenolic compounds. The study by Lafarga 
et al. [26] revealed that boiling methods retained more polyphenol than that of 
cooking broth. This explained that high temperature and the destruction of tissue 
structures of the cooking process caused the diffusion of phenolics and their leach-
ing into water. By contrast, the germination process in legumes generally improved 
the nutritional quality, including phenolic compounds [27].

2.1.1 Phenolic acid

According to chemical structure, phenolic acids in legume seeds can be 
divided into hydroxybenzoic acids and hydroxycinnamic acids (Figure 2). Gallic, 
p-hydroxybenzoic, protocatechuic, vanillic, and syringic acids are the most com-
mon hydroxybenzoic acids in common beans and are mainly present in foods as 
glycosides. In addition, caffeic, ferulic, p-coumaric, and sinapic acids are the most 
frequently occurring hydroxycinnamic acids in legumes. The level of gallic acid in 
velvet beans was the highest (479.26 μg/g), followed by black, broad, and red kidney 
beans (28.64, 24.55, and 12.26 μg/g, respectively) [3, 28, 29]. Lopez et al. [20] 
documented that ferulic acid derivatives contained the highest percentage of TPC in 

Figure 1. 
Phenolic compounds in legume seeds.
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both raw and cooked dark beans (19 and 24%, respectively). The p-hydroxybenzoic 
acid (19.2 to 60.5 mg/kg), syringic acid (45.9 mg/kg), and gentisic acid (8.1 to 
26.0 mg/kg) were presented in significant amounts in seeds of six chickpea vari-
eties, while the six field pea seeds were found to contain protocatechuic acid of 
between 12.1 and 163.5 mg/kg, and p-hydroxybenzoic acid, which ranged from 45.5 
to 101.7 mg/kg [7]. Yihan Liu et al. [30] reported that the differences among four 
types of cooking methods (traditional or boiling, pressure, microwave, and slow) 
and heating solution can affect the percentage of phenolic acids. Gallic acid content 
increased after processing in soybean (79.81 from 54.96 μg/g dry weight), while on 
the contrary, it decreased in black beans (36.02 from 67.88 μg/g dry weight) [31].

2.1.2 Flavonoids

Flavonoids are the main phenolic compound found in legumes, and their pres-
ence affects the flavor and color of common beans [7, 20]. They are low-molecular-
weight compounds (approximately 300 g/mol), and their general structures are 
formed with two aromatic rings, joined by a three-carbon bridge, usually in the form 
of a heterocyclic ring C. Flavonoids are divided into two groups: anthocyanins (col-
ored compounds) and anthoxanthins (colorless compounds) (Figure 3). According 
to the study by Amarowicz and Pegg [32], flavonols, flavan-3-ols (flavanols), 
flavones, and anthocyanins are the main flavonoids present in leguminous seeds. The 
presence of flavonols and flavones can impact the color of anthocyanins group [33]. 
Catechins are called flavan-3-ols, which are primarily identified in legumes as having 
colored seed coats, such as kidney, navy, and pinto beans. Catechins, along with 
procyanidins, are common in raw lentil coats and represent 69% of TPC (74.48 μg/g) 
[12], while other flavonoid glycosides, such as quercetin, myricetin, apigenin, 
and luteolin, are only found in trace amounts. Duenas et al. [20] also showed that 

Figure 2. 
Chemical structure of major phenolic acid compounds present in legume seeds: Gallic acid (a), 
p-hydroxybenzoic acid (b), protocatechuic acid (c), syringic acid (d), vanillic acid (e), ferulic acid (f), 
p-coumaric acid (g), caffeic acid (h), sinapic acid (i).
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kaempferol and quercetin in raw and germination of dark common beans contained 
approximately 6 and 26% of TPC, respectively.

A study by Teixeira-Guedes et al. [31] showed the effect of cooking methods on 
flavonoid profiles of different varieties of common beans, such as kidney, pinto, 
black, and borlotti bean. Pressure cooking increased the levels of catechins for all 
bean varieties, which ranged approximately from 50 to 300 μg/g, except in black 
beans, where the levels decreased from 372.2 to 287.87 μg/g. The catechin levels in 
genistein and daidzein content were also increased by this processing and were 
detected only in soybeans (go up to about 906 and 988 μg/g, respectively).

2.1.3 Condensed tannins

Tannins are polyphenols that are high in molecular weight with large numbers 
of hydroxyl groups in their structure, which have the ability to bind with carbohy-
drates and protein, but only to a limited extent. They are classified as hydrolyzable 
or condensed (non-hydrolyzable tannins), with flavonoids present at various 
levels of condensation [3]. Condensed tannins, also known as proanthocyanidins 
(PACs), are chemically oligomeric and polymeric flavonoids, which at high tem-
perature release into catechins and anthocyanidins [7]. Mostly in the same class as 
flavonoids, PACs mainly distribute in common bean seed coats and play a crucial 
function in plant defenses that are susceptible to oxidative damage by many envi-
ronmental factors. Lentils, black beans, and red beans were recorded to contain 
a high concentration of condensed tannins [34]. In the case of common beans 
varieties, PACs’ content of black beans was in the range of 4.09 to 5.73 mg catechin 
equivalents (CAE)/g, for adzuki bean coats the content was 13.8 mg CAE/g, and for 
lentil cultivars, 3.73 to 10.20 mg CAE/g [9, 26].

2.2 Saponins

Saponins are bioactive compounds found in legumes, consisting of a triterpe-
noid aglycone (sapogenin) linked to one or more oligosaccharide moieties. They 

Figure 3. 
Chemical structure of major flavonoid compounds: Flavanols (a), catechin (b), flavonols (c), flavones (d), 
quercetin (e), kaempferol (f).
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have the ability to absorb free radicals and activate antioxidant enzymes. The most 
common saponins include the soyasaponins, which are divided into three groups, 
A, B, and E saponins, based on the chemical structure of aglycone. Saponins from 
the B group, which have been studied to be the primary compound in legume seeds 
[3, 35], contain soyasaponin I (approximately from 630 to 900 mg/kg) and dehy-
drosoyasaponin I (approximately from 650 to 1300 mg/kg) (Figure 4). In contrast 
to the seed coat or cotyledon part, the hilum portion of the seed has the highest 
concentration of saponins [37].

Saponins have been investigated in a variety of edible legumes, as well as the 
effect of solvent during UAE, which has been evaluated from lupins (4.55 g/100 g), 
lentils (10.63 g/100 g), chickpeas (2.97 g/100 g), soybeans (4.08 g/100 g), fenu-
greek (12.90 g/100 g), and various beans [14, 15, 17, 38]. The research by Wu et al. 
also showed that mung beans and adzuki beans contained the highest total saponins 
content in bean hull (24.29 mg saponins Ba equivalent (SbaE)/g and 73.60 mg 
SbaE/g, respectively) and whole bean (2.20 mg SbaE/g and 10.82 mg SbaE/g, 
respectively) [6].

2.3 Phytosterols

Phytosterols, primarily β-sitosterol, campesterol, and stigmasterol, are structur-
ally similar to cholesterol and occur in a variety of plant types (Figure 5) [8, 10]. 
Phytosterols have a double bond at carbon-5 that can be saturated by enzymatic 
hydrogenation in plants or during food processing to form plant stanols. They are 
assumed to have a wide variety of biological potentials and are a rich source of 
grain legumes, vegetable oils, cereal grains, and nuts. β-sitosterol was identified in 
lentils to be a common component in plants, of which the level was 123.4 mg/100 g, 
followed by 20.0 mg/100 g of stigmasterol and 15.0 mg/100 g of campesterol [13]. 
Additionally, β-sitosterol was found as the predominant compound in cooked 
lentils, ranging from 15.4 to 24.2 mg/100 g [8].

2.4 Carbohydrates

Carbohydrates are an essential component of legume seeds and possess a bioac-
tive property against chronic diseases. Chickpeas have been shown to be a good 
source of carbohydrates, such as dietary fiber, starch, and oligosaccharides [39, 
40]. Pigeon peas have a high content of carbohydrates (57.6%), which is the same in 
cotyledons. Black gram beans have also been documented to possess soluble muci-
laginous polysaccharides along with dietary fiber.

Figure 4. 
Chemical structure of major saponins: Dehydrosoyasaponin I (a), soyasaponin I (b) [36].
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2.4.1 Dietary fiber

Dietary fiber has been demonstrated to be a beneficial food component and is made 
up of a combination of polymeric non-starch substances (such as cellulose, hemicel-
lulose, and pectin) that are resistant to enzymatic digestion in the human gastrointesti-
nal tract [41]. The dietary fiber contents of legume seeds vary according to the species, 
variety, and processing method. Dietary fiber, also called cell wall material, is of a 
lower level in cotyledon than testa [42]. Fiber concentration ranges from 8 to 27.5% and 
is between 3 and 14% of soluble fiber from almost gain legumes consumption. The gut 
bacteria metabolize and convert the solute fiber into fatty acids, which aid in the health 
of colonic cells. Guar beans have been identified to have the richest amounts of fiber, as 
well as soluble fiber (12.5%), among other legumes [41].

Some research projects have shown that dietary fiber can interact with other 
bioactive compounds such as phenolic compounds, which play an important role 
in health advantages. The interaction is accomplished through the formation of 
hydrogen, hydrophobic and covalent linkages between phenolic compounds, and 
components of legume cell wall fibers [43].

2.4.2 Resistant starch

Legumes are one of the best sources of resistant starch, and this component is 
not digested by humans. Resistant starch (RS) concentrations in legume seeds have 
been found to be higher than in cereals and many tubers (Figure 6) [45]. Cowpeas, 
lentils, peas, kidney beans, and white beans displayed the RS content of 0.6, 3.4, 2.5, 
2, and 4.2 g/100 g of total seed material, respectively [3]. Legume seed processing 
has an effect on the RS content. Alonso et al. [46] showed that the formation of RS 
increased after refrigeration of legumes, which corresponded to the fact that cool-
ing after gelatinization can develop the formation of RS.

Figure 5. 
Chemical structure of major phytosterols: β-sitosterol (a), campesterol (b), stigmasterol (c).
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2.4.3 Oligosaccharides

Oligosaccharides, found in legumes, such as raffinose, stachyose, ciceritol, and 
verbascose (Figure 7), frequently cause flatulence in humans consuming legume 
seeds. They also induced discomfort and diarrhea. Nonetheless, oligosaccharides 
have recently been reported to have bioactive activities, particularly in small 
amounts. Raffinose was found in all parts of the legume plants, but it is built up in 
the seeds and roots during development. There were detectable amounts of these 
oligosaccharides in chickpeas, lentils, lupins, beans, peas, and faba beans (from 
0.4 to 16.1% dry matter), with significant differences between the pulses studied 
[38]. In another study, Fan et al. [21] discovered that raffinose, stachyose, and 
verbascose were more concentrated in the seed kernels than in the seed coats (ratio 
of content in kernel/coat >1); the same was true for adzuki bean, pea, and broad 
bean, which showed the distribution ratio of oligosaccharides between 1 and 2 

Figure 6. 
Chemical structure of resistant starch: Glucose units (a), amylose (b), amylopectin (c) [44].

Figure 7. 
Chemical structure of oligosaccharides: Raffinose (a), stachyose (b), ciceritol (c), verbascose (d).
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in kernel and coat. Green soybean and mung bean, however, had higher levels of 
stachyose and raffinose in their seed coats than kernels (ratio of content in kernel/
coat <1). Legumes generally have a decrease in total oligosaccharide content after 
soaking, which is most likely due to oligosaccharides leaching into the soaking water 
[43]. In chickpeas, lentils, yellow peas, green peas, and soybeans, it is observed that 
the oligosaccharide content is reduced after soaking in water with different factors 
(ultrasound and high hydrostatic pressure).

2.5 Antinutritional factors

Besides the nutritional compounds, legume seeds also contain some antinutri-
tional factors (ANFs) that have been identified as bioactive constituents, which are 
lectins, phytic acid, alkaloids, amines, cyanogens, and other factors (Figure 8). 
Some of the ANFs that have unfavorable, undigested, or toxicological properties can 
be eliminated through plant genotype selection, postharvest, or thermal process-
ing such as dehulling, soaking, germination, extraction, boiling, leaching, and/or 
fermentation [47].

Phytic acid is known widely as myo-inositol hexaphosphate (IP6), which is 
majorly stored in plants along with the salts (called phytates) [16, 38]. It is mostly 
considered an antinutrient due to its strong mineral, protein, and starch binding 
properties, which reduces bioavailability. Therefore, phytates affect enzyme activ-
ity, such as pepsin and trypsin; they also change the solubility, as well as digestibil-
ity. It has, however, been recognized for its antioxidant activity due to its ability to 
inhibit the formation of hydroxyl iron radicals. Another phytochemical of interest 
in legume seeds are lectins. Lectins are proteins or glycoproteins that are widely 
present in pulse and have the unique property of binding to carbohydrate-con-
taining molecules. Lectins are hardly protein that does not degrade easily, and they 
can withstand stomach acid and digestive enzymes. Legumes have a wide range of 
lectin concentrations. They have been reported to contribute between 2.4 and 5% of 
total protein (17–23%) in kidney bean seeds, 0.8% of total protein in soybean and 
lime bean (34% and 21%, respectively), and approximately 0.6% of total protein 
(24–25%) in pea seeds [16].

Some of alkaloids are neurotoxins or neuromodulators. Quinolizidine alkaloids 
(QAs) are neurotoxin-secondary metabolites found in some Fabaceae, particularly 
in the genus Lupinus, including Lupinus albus, L. mutabilis, L. angustifolius, and 
others. QAs protect plants from insect pests; however, QA levels in food must be 
less than 0.02% when lupin is used as an ingredient. Pyrrolizidine alkaloids have 
the potential to cause mutations and even cancer in both animals and humans. 

Figure 8. 
Chemical structure of some ANFs: Phytic acid (a), quinolizidine alkaloids (b), pyrrolizidine alkaloids (c).



Legumes Research - Volume 2

80

Figure 9. 
Chemical structure of chalcone.

Furthermore, some toxins have long-term consequences by affecting species 
survival and reproductive fitness. The toxicity of alkaloids varies with concentra-
tion and is nontoxic at lower levels. Lupanine is the most toxic and higher in L. albus 
(700 mg/g total alkaloids), while sparteine (300 mg/g total alkaloids in L. luteus) 
and lupinine are the least toxic. After enzymatic hydrolysis, cyanogenic glucosides 
release HCN after wounding. HCN is a respiratory poison because it inhibits the 
mitochondrial respiratory chain and is lethal to most animals [48].

The endophytic fungus Phomopsis leptostromiformis is frequently found in L. 
angustifolius, an Australian forage plant used to feed sheep. Because of its antimi-
totic activity, this microorganism produces fomopsins and hepatocarcinogenic 
toxins that affect sheep [49].

Aside from lectins, protease inhibitors isolated from legume are divided into 
two main categories: the Kunitz inhibitor, which has a specificity aimed primarily 
against trypsin, and the Bowman-Birk inhibitor, which has the ability to inhibit 
chymotrypsin and trypsin at separate binding sites. They are found in common 
beans, lima beans, cowpeas, and lentils [16]. These hydrolyzed or modified pro-
teins will become bioactive peptides (BPs), be commercialized as a nutraceutical 
product, and be involved in several body functions. BPs can be liberated from food 
proteins and exhibit bioactivity in both the small and large bowels [50].

3. Biological activities

3.1 Antioxidant activities

Natural products, such as mushrooms, vegetables, cereal, flowers, and wild 
fruits, have been extensively studied for their antioxidant properties. Antioxidant 
bioactive compounds have the ability to slow the oxidation process of important 
biomolecules found in human tissues and cells. It has been known that overproduc-
tion of free radicals plays a significant role in the onset of many chronic diseases 
such as Alzheimer’s disease, various types of cancer, and diabetes. As can be seen 
from a review of some literature, the production of bioactive compounds is often 
less than 1% of the dry weight of the legume. Therefore, based on this consider-
ation, even a technique such as chemical synthesis cannot yield large quantities of 
bioactive compounds.

Antioxidant activities of various legume species have been identified in numer-
ous studies, with a positive association between antioxidant activities and total 
phenolic content. The chemical composition of phenolic compounds impacts their 
antioxidant function. The position and degree of hydroxylation on the B ring are 
the most significant factors in the activity of flavonoids, which are considered 
primary antioxidants [51]. Natural precursors of flavones and flavonols are chal-
cones, which have antioxidant potential (Figure 9) [25]. Several methods have 
been developed and utilized to evaluate the antioxidant activities in legumes, 
including in vitro assays for ferric-reducing antioxidant potential assay (FRAP), 
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Trolox-equivalent antioxidant capacity (TEAC), 1-diphenyl-2-picrylhydrazyl free 
radical-scavenging assay (DPPH), the tests to measure values of oxygen radical 
absorbance capacity (ORAC), and total radical-trapping antioxidant parameter 
(TRAP). Xu and colleagues showed that dark-colored pulses had higher phenolic 
content and antioxidant activity than pale-colored pulses [19]; the same was true 
for anthocyanins, which attracted interest for their high antioxidant effects. Their 
study also reported that lentils had the highest DPPH and ORAC activity than 
green pea, yellow pea, and chickpea [52]. Similarly, lentils were observed to have 
the highest total antioxidant potential measured by FRAP and TRAP, among test 
pulses, but came in the second place by TEAC to broad beans [8], because seed coats 
contained mainly flavonoids, hydroxycinnamic, and hydroxybenzoic acids [25]. 
Red, brown, and black beans have been reported to have strong antioxidant activi-
ties in comparison with white beans [3]. More importantly, the antioxidant activity 
of the common bean seed coat was found to be higher than that of the cotyledon in 
several studies [20]. M. Dueñ et al. [25] demonstrated that the seed coats of lentils 
(with EC50 values were between 0.05 and 0.07 mg of sample) had a higher free 
radical-scavenging capacity than in cotyledon (with values from 21 to 29 mg of 
sample). Another research found that red kidney beans had the most antioxidant 
activity (15-μmol Trolox equivalents (TE)/g seed dry weight), while brown-eyed 
bean varieties had the least (6.22-μmol TE/g seed dry weight) [3].

In different circumstances, processes such as thermal processing, fermentation, 
and germination have a major impact on the antioxidant activities of common 
beans. Because of the increased level of total phenolic content, germination and fer-
mentation may enhance the antioxidant properties of legume seeds even further. In 
some studies, it was noticeable that the antioxidant activities significantly increased 
in peas 4 days after germination and in the presence of light [27].

3.2 Antibacterial activities

Antimicrobial resistance has made the spread of bacterial, fungal, and viral 
infectious diseases a major public health concern. Natural compounds from plants 
are nowadays excellent candidates for use as alternative sources of antimicrobial 
substitutes. Legume seeds, which are high in phytochemical varieties, used these 
chemicals to defend themselves against microbes, pathogens, etc. The aforemen-
tioned antinutritional compounds, protease inhibitors, and polyphenols have been 
shown to be highly biologically antimicrobial agents [40]. Besides antioxidant 
agents, phenolics are also demonstrated in antibacterial potential against a wide 
spectrum of microorganisms. Polyphenols deplete critical essential mineral micro-
nutrients (iron and zinc), disrupt the cytoplasmic membrane, inhibit microbial 
metabolism, and cause permeabilization of the cell membrane, resulting in microbe 
death [40]. Flavol-3-ols, flavonoids, and tannins (Figure 10) have received the most 
attention, because of their efficiency in resisting a variety of microbial virulence 
factors such as inhibition of biofilm formation, ligand adhesion reduction, and 
bacterial toxin neutralization [53]. Moreover, prenylated phenolics derived from 
legume seedlings indicated potent antibacterial activity against Listeria monocyto-
genes and methicillin-resistant Staphylococcus aureus; this compound has also served 
multiple goals, including providing health benefits and natural food preservation 
[54]. Protease inhibitors are also thought to have antimicrobial properties, and their 
mechanisms of action involve suppressing enzyme activities in response to attack 
by phytopathogenic microorganism-produced proteases. Methyl esterification of 
protein by methanol, which is isolated from broad bean, chickpea, and soybean, 
revealed efficient antibacterial activity against Escherichia coli, S. aureus, Bacillus 
subtilis, and Pseudomonas aeruginosa [40]. Methylate subunits interact with cell 
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walls and cell membrane, produce channels and pores and affect the integrity 
of bacteria cells, and finally achieve the lysis and death of the microorganism 
[55]. Antimicrobial peptides (AMPs) from natural sources of plants are generally 
effective against a wide range of microorganisms by interaction or disruption of 
the bacterial cell wall. Lectins are carbohydrate-binding proteins involved in plant’s 
defense through the growth inhibition of bacteria, or disruption of the microbial 
cell wall by interacting with components on them such as teichoic and teichuronic 
acids, peptidoglycans, and lipopolysaccharides [53]. The seed extracts of lentils, 
fava beans, and peas show antibacterial activity (P. aeruginosa and S. aureus) [56]. 
AMPs derived from chickpeas, such as cicerin and arietin, have shown antifungal 
activity against Botrytis cinerea, Mycosphaerella arachidicola, and Fusarium oxys-
porum; and serine proteinase inhibitors that are found in chickpea seed extracts 
display antimetabolic activity against Helicoverpa armigera [40]. The effect of water 
extracts of colored azuki beans (such as green, black, and red) has been revealed to 
be more effective against S. aureus, Aeromonas hydrophila, and Vibrio parahaemo-
lyticus, due to higher concentrations of polyphenols including proanthocyanidins, 
compared with the extracts of white azuki beans, which indicated no inhibition 
toward any of the bacteria examined [55].

In summary, the antibacterial properties of legumes are related to their variety 
and processing methods. These effects can be attributed primarily to the suppres-
sion of bacterial biofilm formation, cell wall disruption, and inhibition of microbial 
metabolism.

3.3 Anticancer activities

Cancer is recognized as the leading cause of death worldwide, and several 
research works have indicated that plant-derived secondary metabolites possess 
properties that fight against types of cancer varieties. According to the American 
Institute for Cancer Research (AICR), legumes contain a variety of compounds that 
may protect the human body against cancer, including lignans, saponins, resistant 
starch, and polyphenolic compounds [8]. Phenolic compounds, bioactive protein, 
and short-chain fatty acids extracted from legume seeds have several bioactive 
activities related to anticancer potentials, such as anti-inflammation, anti-prolif-
eration, and pro-apoptotic effect [19]. Many studies reported that phenolic and 
flavonoids that are derived from plants exhibit potent anti-inflammatory activity 

Figure 10. 
Chemical structure of tannin.
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by regulating the concentration of various inflammatory cytokines or mediators 
such as cyclooxygenase-2 (COX-2), tumor necrosis factor (TNF-α), and nuclear 
factor-kappa (NF-κB), interleukin 1, interleukin 6, interleukin 10, nitric oxide 
(NO), lipoxygenase (LOX), and iNOS [8]. Flavonoids isolated from black bean 
hulls can affect cell cycle by inducing cell cycle arrest at the S-phase and preventing 
progression to G2/M stages, as well as causing activation of apoptosis on OCI-Ly7 
lymphoma cells in mouse [57]. In another experiment, phytosterol treatment 
reduces the development of production of carcinogens, inhibits cell growth, and 
also promotes apoptosis in cancer cells [10]. Saponins similar to those present in 
soybeans have been shown to have anticancer activity. Ginsenosides, a form of 
saponins isolated from ginseng, have been indicated to inhibit tumor cell prolifera-
tion and induce tumor cell differentiation and apoptosis in an in vitro assay, as well 
as in vivo to inhibit tumor invasion and metastasis [51]. In fact, several polypeptides 
have recently been researched and found to have powerful anticancer potential. 
Anticancer peptides derived from legumes can be found in the form of an intact 
long polypeptide chain, or they can be synthesized from their protein precursors 
through enzymatic hydrolysis [18]. Lunasin, a leader anticancer peptide derived 
from soybeans and other legumes, inhibits the chemical carcinogen-induced 
transformation of murine fibroblast cells to cancerous foci and induces selective 
apoptosis (Figure 11) [50].

Experimental studies have demonstrated that legume seeds and their active 
components can prevent and treat several types of cancers. These anticancer 
mechanisms mainly involve the regulation of carcinogen metabolism, inhibition of 
cell growth and proliferation, and induction of apoptosis.

3.4 Cardiovascular protection

Cardiovascular diseases have been considered to be a leading cause of premature 
death, of about 17.9 million people die per year. Dyslipidemia, hypertension, and 
type 2 diabetes are known to be risk factors for cardiovascular diseases, including 
stroke and coronary heart disease. A series of studies has shown that legume seeds 
can decrease the levels of blood lipids and blood pressure, contributing to protec-
tion from cardiovascular protection [11].

Legumes are rich in phytosterols, which have been demonstrated to inhibit the 
absorption of cholesterol in the intestine, followed by decreasing levels of low-den-
sity lipoprotein-cholesterol (LDL-C) and TAG, and enhanced the concentration of 
serum high-density lipoprotein-cholesterol (HDL-C) in the blood, a protective fac-
tor against coronary heart disease (CHD) [40, 58]. Furthermore, β-sterols, which 
are abundant in chickpeas, help to lower serum cholesterol, blood pressure, and 

Figure 11. 
Chemical structure of some anticancer constituents: Ginsenosides of Panax ginseng root (a), lunasin (b).
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the risk of coronary heart disease [40]. Chickpeas also are high in dietary fiber, 
which help to lower total plasma cholesterol levels and can aid in weight loss and 
obesity reduction. These compounds are also thought to improve body metabolism 
and reduce chronic inflammation, serum lipid levels, blood pressure, and insulin 
resistance, as well as to affect fibrinolysis and coagulation, which may be essential 
in the plaque formation of existing atherosclerotic plaques [59].

Generally, legume has exhibited cardiovascular protective effects by attenuating 
hypertension and ameliorating dyslipidemia, such as in the improvement of HDL-
C, reduction of LDL-C, TAG, and blood pressure.

3.5 Other bioactivities of legume

Apart from the bioactivities mentioned earlier, legume has other beneficial 
effects, such as anti-obesity and antidiabetic effects.

Diabetes mellitus is known as a severe metabolic disorder caused by insulin 
deficiency and/or insulin resistance, resulting in an abnormal increase in blood 
glucose. Legumes have been shown to regulate the levels of blood glucose and, in 
turn, provide protection against diabetes by resistant starch (NSPs). Moreover, 
short-chain fatty acids and the inhibition of α-amylase and α-glucosidase have been 
reported to induce hypoglycemic and hypocholesterolemic effects by suppressing 
glucose release and cholesterol production [17, 60]. Adzuki bean extracts reduce the 
final body weight of mice and adipose tissue accumulation and enhance lipolysis. 
This treatment also considerably decreases the serum triglyceride levels, total 
cholesterol, LDL-C, and liver lipids [61].

3.6 Benefits of legume seeds in aquaculture

Legumes contain large amounts of valuable protein. These proteins are not only 
abundant but also have a well-balanced amino acid profile, and may be used to 
substitute fish meal, which is an unsustainable resource. The substitution of plant 
protein sources for fish meals without compromising fish growth and physiology 
is a strategy for lowering feed costs and reducing aquafeed reliance on fish meals. 
Some studies reported that commercial hexane-extracted soybean meal with methi-
onine supplement could replace 67% of the fish meal in the diet without negatively 
impacting milkfish growth and feed conversion ratio [62]. Another experiment 
showed that the substitution of up to 20% of fish meal protein with soybean meal 
protein in realistic diets for spotted rose snapper was an essential move for this 
high-value species [9]. Green mung bean in which the ANFs were inactivated by 
thermal processing was used as a replacement for fish meal in Asian sea bass and 
milkfish diets, with no negative effects on the fish’s development [62, 63], and these 
studies were carried out on a 15-week feeding trial and were evaluated to measure 
growth, survival, FCR, PER, HSI, and liver and gut histology. Overall, legume is a 
promising alternative protein source for the aquaculture feed industry.

4. Conclusions

In conclusion, the utilization of legumes as food ingredients is of tremendous 
interest, not only for increasing the functionality of food items but also for devel-
oping functional foods with health advantages. The content, composition, and 
distribution of legumes, as well as their biological functions, are systemically out-
lined and analyzed in this review. However, the following aspects require additional 
investigation to fill knowledge gaps.
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The extraction solvent has a significant impact on the extraction efficiency of 
bioactive substances. Mathematical modeling, such as response surface methodol-
ogy, which is an ideal candidate for predicting the interactions between the target 
compound and solvent, has been successfully applied in the selection of a specific 
solvent for higher compound extraction yield in many plants. However, no study 
has used these modeling tools to optimize the extraction conditions of legume 
chemicals yet. As a result, future research can use these methods to reduce the time 
and effort required to identify solvents for common bean polyphenols in differ-
ent kinds.

Furthermore, the research should seek more bioactive substances and investi-
gate their benefits, as well as biologically active metabolites. Thus, future study can 
focus on extracting and purifying novel active chemicals from legumes, and clinical 
trials are also required to confirm the medicinal advantages of legumes. Moreover, 
legumes have the high potential to be a valuable substitute source of feed for the 
aquaculture industry.
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Abstract

Gut health is fundamental for human well-being and prevents chronic 
 degenerative diseases and is influenced by the interaction between gut micro-
biota and food components. In recent years, interest in phenolic compounds has 
increased due to their health benefits such as antioxidant, antidiabetic, antimi-
crobial, anti-atherosclerotic, anti-inflammatory, anticarcinogenic, cardio- and 
neuro-protective properties. Legumes are an essential source of phytochemicals, 
particularly flavonoids and phenolic acids, distributed mainly in the seed coat, 
and have been reported to exhibit multiple biological effects. Flavonoids pres-
ent in legumes have been shown to regulate metabolic stability and membrane 
transport in the intestine, thus improving bioavailability. Seed processing such as 
cooking allows the release of phenolic compounds, improving polyphenols diges-
tion and absorption at the intestinal level, maintaining their protective capacity in 
the oxidative process at the cellular level, and modulating the gut microbiota. All 
these actions improve gut health, avoiding diseases like irritable bowel syndrome, 
inflammatory bowel disease, obesity, diabetes, colitis, and colorectal cancer. The 
effect of the consumption of legumes such as chickpea, pea, and bean, as well as the 
contribution of phenolic compounds to gut health, will be reviewed in this study.

Keywords: Legumes, biological effects, phenolic compounds, seed processing, 
chronic degenerative diseases, gut microbiota, gut health

1. Introduction

Eating habits are an important factor in the structure, formation, function, and 
modulation of the gut microbiota, which plays a crucial role in health; environ-
mental factors, antibiotics, and lifestyle also contribute to the dysbiosis of the gut 
microbiota responsible for gastrointestinal diseases, like colon cancer. Several stud-
ies have shown that the gut has a greater impact than food processing and nutrient 
absorption. Gut health is a function of the gut barrier and gut microbiota essential 
elements for better health [1–6].
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Plants contribute diverse bioactive compounds to the diet [7, 8], including 
phenolic compounds. Legumes are part of the basic foods with great nutritional 
relevance due to their content of diverse phenolic compounds that promote health 
[5, 9]. These compounds are distributed in the whole seed and are mainly respon-
sible for the seed coat color that depends on the composition and concentration 
[10–14]. The potential health benefits of phenolic compounds in the diet depend 
on their absorption and metabolism, which in turn are determined by their 
structure, including their conjugation with other phenols, degree of glycosyl-
ation/acylation, molecular size, and solubility [9, 15–17]. During seed processing, 
phenolic compounds can undergo various changes, altering their antioxidant 
activity [18, 19].

However, the presence of phenolic compounds and their mechanisms of action 
in preventing colon cancer or inflammation are probably mediated by the func-
tional composition of the gut microbiota [20–22]. Epidemiological studies have 
confirmed that regular consumption of legumes has been associated with lower 
risk due to immunomodulatory effects and prevention of chronic and metabolic 
diseases, such as cardiovascular diseases, diabetes, cancer, and obesity, in addition 
to improving gut health [11, 16, 20, 23, 24].

During the absorption of phenolic compounds, like hydroxycinnamic 
acids (p-coumaric, caffeic, and ferulic) in free and conjugated forms, they are 
metabolized by the gut microbiota (e.g., genera Bifidobacterium, Lactobacillus, 
and Escherichia) are able to release them [8]. Moreover, flavonoid glycosides are 
deconjugated by microbial glucuronidases and sulfatases in the colon, releasing 
aglycones such as quercetin, myricetin, and kaempferol that can be metabolized by 
different genera of intestinal bacteria, including Clostridium sp., Eubacterium sp., 
Enterococcus sp., among others, to form hydroxyphenylacetic and hydroxyphenyl-
propionic acids as major metabolites leading to increased bioavailability of phenolic 
compounds [24].

Chickpea, pea, and bean seeds are among the most widely consumed food 
legumes worldwide. The genus Cicer comprises about 44 species. The chickpea 
(Cicer arietinum L.) has two commercial varieties ‘Desi’ and ‘Kabuli’ and 
their characteristics vary according to geographical distribution, shape, size, 
and color. The color of the Desi variety is dark in comparison with the Kabuli 
chickpea, which has a fine, light-colored covering and is the most widely 
consumed [20, 23].

Pisum sativum L., commonly known as pea, represents one of the oldest and 
most widespread cultivated legumes worldwide due to its wide availability, 
low cost, and high nutritional value [1, 16], they are small seeds with a green 
or yellow spherical shape. Quality characteristics depend on biological factors 
between the environment and genetics [25]. Another important legume in food 
is the genus Phaseolus, which includes species such as P. vulgaris, P. lunatus, 
P. coccineus, P. acutifolius, and P. dumosus; among these, the most cultivated 
in Mexico is the common bean (P. vulgaris) that has more than 70 varieties 
grouped according to their color in black, yellow, red, brown, white, purple, 
and pinto [14, 26, 27].

Phenolic compounds constitute an important group of secondary plant metabo-
lites and influence the diversity and quantity of gut microbial species, allotting 
prebiotic effects to phenolic compounds, mainly flavonoids involved in modulating 
the taxonomic composition of the gut microbiota, increasing the relative abundance 
of beneficial species, and inhibiting the proliferation of bacterial species associated 
with negative implications [7, 24].
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2.  Phenolic compounds in chickpea, pea, and common bean: chemistry, 
distribution, and beneficial effects

Legumes are an excellent source of phytochemicals, including phenolic acids, 
flavonols, flavones, flavanols, flavanones, isoflavones, anthocyanins, tannins, and 
other phenolics [14, 16, 28, 29]. The structure of polyphenols and their composition 
and interaction in a food matrix are important determinants of their bioavailability 
and bioactivity [12, 15, 30]. Figure 1 shows the structures of phenolic compounds 
present in chickpea, pea, and bean. Differences in the phenolic profile of various 
legumes influence the specific health benefits. The presence of phenolic acids 
and flavonoids in legumes such as chickpea, pea, and beans have been reported in 
 different units of concentration and are presented in Table 1.

Phenolic compounds are present in soluble and insoluble forms. Therefore, it 
is very important to optimize the polyphenols extraction process [9, 10]. Most of 
the phenolic compounds associated with whole seed are in insoluble bound forms, 
mainly phenolic acids, linked covalently to cell wall structural components like 
cellulose, hemicellulose, lignin, and pectin [14, 20, 30, 45].

Chickpea contains several phenolic compounds, including lignans (secoisolarici-
resinol, pinoresinol, and lariciresinol), isoflavones, flavonoids, phenolic acids, and 
anthocyanins [20, 49]. Besides, it has significant amounts of flavonoids, especially 
isoflavones, the main ones being biochanin A and formononetin, to a lesser extent 
genistein and daidzein [5, 9, 12, 47].

The main compounds in peas are glycosylated flavonols, condensed tannins, as 
well as hydroxybenzoic and hydroxycinnamic acids, such as quercetin, kaempferol, 
luteolin, apigenin, flavan-3-ols, apigenin-7-glucoside, quercetin-3-rhamnoside, 
kaempferol-3-glucoside, flavonols, flavones, and stilbenes; the main compounds 
identified in the whole seed are hesperidin and catechin [26, 47]. In beans, phenolic 
acids and flavonoids represent 50% of the total content of phenolic compounds 
like vanillic, ferulic, 4-hydroxybenzoic, sinapic acids; quercetin, myricetin, and 
catechin are the major phenolic acids contained in bean seeds and determine the 
seed color [10, 14, 28].

Figure 1. 
Main phenolic compounds in legumes [20, 28, 31].
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Compound Concentration (DW) References

Chickpea Pea Bean

Phenolic acids

p-Hydroxybenzoic 
acid

10.5b/0.08–1.63c 588.94a 0.30-16.30b [20, 31–34]

Protocatechuic acid 358.9b/0.51c 426.15a/0.89-2.25d 0.42-37.36b/170-177c [20, 31–33, 
35–37]

Syringic acid 222.1b/0.63–1.95c nd 10.60-11.40c [20, 31, 
34, 38]

Vanillic acid 80.8b/0.34c 536.67a 618.44b [20, 31, 33, 
36, 39]

Gallic acid 40.2b/4.66c 218.45a/9.08-29.95d 0.15–21.30c [20, 31, 
33–35, 40]

Ellagic acid 0.43c 433.87a/899.19c 4.3-18.08b [20, 33, 
41–43]

Caffeic acid 0.11c 146.11a/0.20–0.92d 3.08-11.70b [20, 33, 35, 
36, 42]

Chlorogenic acid nd 742.28a/0.57–1.27d 3.03-33.38b/6.63-46.1c [33–37, 40, 
42, 44]

p-coumaric acid 0.11c 462.93a/7.78c/9.0-16.2d 0.40-1.90b/0.74c [20, 33, 40, 
41, 44–46]

Ferulic acid 0.90b/0.22c 788.29a/1.38-3.44d 0.91-11.00b [20, 31, 
33, 35, 36, 

44, 46]

Sinapic acid 7.81b/0.12d nd 2.9-86.27b [20, 31, 32, 
39, 46]

Flavonoids

Quercetin nd 56.90c/0.12-1.51d 0.8-30.88b/0.30-1.31c [33–35, 39, 
40, 44, 46]

Quercetrin nd 256.26c 1.07c [33, 40]

Myricetin nd nd 1.99–5.98b [43, 44, 46]

Kaempferol 0.09b 19.79c 2.51b/0.13c [33, 40, 44, 
46, 47]

Rutin 0.101c 83.01c/0.26-1.31d 0.20-119.70c [33–35, 
37, 40]

Naringenin nd 24.59c nd [33]

Naringin nd 201.41c 2.35c [33, 40]

Hesperidin nd 605.94c 8.10c [33, 40]

Hespirtin nd 158.29c 0.56c [33, 40]

Catechin nd 93-2303d 10.05-78.34b [32, 39, 
43–45]

Epicatechin nd 1.03–13.02d 10.90-34.48b [35, 42, 43]

Luteolin 1.56b 3.24-8.57d 2.41c [31, 35, 40]

Apigenin nd 14.31c nd [33]

Genistein 0.06e nd 3.64-4.74c [37, 48]

Daidzein 0.12e nd nd [48]

Formononetin 0.02b/0.10e nd 35.94-163.34b [43, 47, 48]
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The phenolic composition of legumes has been particularly interesting for meta-
bolic health because of their protection against oxidative damage [45]. Phenolic 
compounds constitute an important group of secondary plant metabolites, impor-
tant for health by preventing multiple degenerative conditions in the body [16]. 
These compounds are biologically active and have been associated with antidia-
betic, anticarcinogenic, antihypertensive, antimutagenic, antioxidant, antimicro-
bial, anti-inflammatory, anticholesterolemic, cardioprotective, immunostimulant, 
and anti-angiogenic properties [11, 14, 16, 20, 21, 29, 35, 41, 49, 50].

3. Impact of processing on phenolic compounds

Processing of legumes may result in an increase or decrease in the content of 
phenolic compounds. During processing, phenolic compounds may undergo vari-
ous changes, altering the antioxidant activity of the products. Changes in phenolic 
content depend on the species, variety, and processing conditions [12, 18, 22]. 
Processes such as soaking, cooking, extrusion, germination, fermentation, and 
roasting improve the release of bound phenolic compounds, which influences the 
sensory properties of the seeds [51–54].

During processing, a reduction in the content of condensed tannins has been 
reported. In legumes, soaking has been found to decrease tannic acid content by 
approximately 20%, and germination reduces tannin content by 50%. The decrease 
of phenolic compounds during soaking and cooking may be due to several factors 
during the heat treatment, such as 1) polyphenol-protein interactions that decrease 
the extraction capacity, 2) the formation of tannin complexes with other water-
soluble components, and 3) the lixiviation and thermal degradation of phenolic 
compounds [12, 14, 30]. However, unlike traditional processing or pressure cook-
ing, the extrusion process is carried out in the absence of effluents, so the impact on 
phenolic content is less [52, 55, 56]. Arribas et al. [55] observed that extrusion does 
not affect the phenolic groups to the same extent; they reported that the anthocy-
anin content in extruded pea decreased from 4 to 50% as opposed to the flavonol 
content, which increased approximately three times.

On the other hand, the germination process increases bioactive compounds, 
like phenolic compounds, improving the seeds functionality. The increase is attrib-
uted to biosynthesis through the Shikimate pathway and the release of phenolic 
compounds. During germination, enzymatic reactions are activated, such as the 
enzyme phenylalanine ammonia lyase, which promote the phenolic compounds’ 

Compound Concentration (DW) References

Chickpea Pea Bean

Biochanin A 0.78b nd nd [47]

Biochanin glucoside 0.08e nd nd [48]

Biochanin A 
derivative

3.31–5.25b nd nd [47]

appm.
bμg/g.
cmg/100 g.
dmg/kg.
emg/g.
DW: Dry weight, nd: not detected.

Table 1. 
Polyphenols reported in chickpea (C. arietinum), pea (P. sativum) and common bean (P. vulgaris) seeds.
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biosynthesis. The endogenous esterases action allows the liberation of hydroxy-
cinnamic acids linked to arabinoxylans and lignin in the cell wall [20, 57, 58]. 
Nevertheless, changes in isoflavones during this process may be related to genetic 
regulation. They may be induced by the metabolic pathways of naringenin chalcone 
and isoliquiritigenin, the precursors of isoflavonoids, present in legumes. Therefore, 
germination is an efficient alternative to increase antioxidant activity and has been 
used in legumes such as chickpeas, peas, and beans [9, 12, 48, 50]. Domínguez-
Arispuro et al. [20] observed that the germination process in chickpeas induced an 
increase of 97 and 111% of the total phenolic and flavonoid content, respectively, as 
compared to the raw seed. Moreover, formononetin and biochanin contents of 0.10 
and 0.18 mg/g, respectively, have been reported in raw  chickpea; during a 10-day 
germination process, they increased to 1.42 and 2.10 mg/g  respectively [48].

The fermentation process has been reported to cause an increase in free radical 
scavenging capacity. Changes in phenolic composition are associated with sensory, 
nutritional, and biochemical properties and depend on fermentation conditions 
such as optimal time and temperature to avoid a further reduction, mainly in tannin 
content [53, 59, 60]. Bulbula & Urga [53] reported the effect of different traditional 
processing methods on tannins in chickpea, noting that during boiling, toasting, 
and fermentation at 0 h, there are no differences from raw seed beans. However, 
during fermentation for 24, 48, 72 h and chickpea germination, tannin content 
decreased by 3.1, 14.4, 18.5, and 43.4%, respectively. The reduction of tannins dur-
ing germination is generally attributed to enzymatic hydrolysis by polyphenolase.

4.  Impact of phenolic compounds on the gut health and its relationship 
with human health

The gut microbiota plays an important role in food digestion, immunity, and 
other metabolic functions; its composition is influenced by endogenous and 
environmental factors such as age, diet, lifestyle, antibiotic intake, and xeno-
biotics. Optimal gut health depends on the microbial community structure, a 
balanced composition of gut microbiota, an epithelial barrier, and an intact host 
mucosa; therefore, a disorder of these components can lead to the development 
of intestinal diseases such as obesity, inflammatory bowel disease, and colon 
cancer [1–3, 6, 7, 21, 22, 24, 49, 61].

Legumes are composed of bioactive compounds, such as phenolic compounds, 
capable of modifying the physiological basal function within the intestinal micro-
environment affecting the microbiota and epithelial barrier, improving metabolic 
and gastrointestinal health, enhancing resistance to colonization by pathogens, 
and exerting an impact on the gut microbiota. These actions lead to decrease the 
severity of diseases associated with the intestine due to their chemopreventive 
effects. However, not all polyphenols support gastrointestinal integrity equally, and 
their benefits depend on chemical structure and phenolic concentration [12, 21, 
31, 49, 62]. Isoflavones, such as biochanin A, have been reported to improve gut 
health by exerting antioxidant and anti-inflammatory effects [12, 20, 21]. On the 
other hand, the effect of formononetin in an acute colitis model in mice induced 
by dextran sulfate sodium has been evaluated, observing an attenuation of colitis. 
This effect may be due to the inhibition of the NLRP3 immamasome pathway by the 
action of formononetin [9].

Bian et al. [2] suggest that kaempferol has a protective effect on the secretion 
of interleukin-8 (IL-8) and the barrier dysfunction of the Caco-2 monolayer in the 
lipopolysaccharide-induced epithelial-endothelial co-culture model. This effect 
is due to the inhibition of the nuclear factor-kappa B (NF-κB) signaling pathway, 
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which allows the reduction of inflammatory bowel disease. Also, caffeic acid 
reduces the secretion of pro-inflammatory cytokines, including interleukin-6 
(IL-6), tumor necrosis factor-alpha (TNF-𝛼𝛼), and IFN𝛾𝛾, and colonic infiltration 
of CD3+ T cells, CD177+ neutrophils, and F4/80+ macrophages by inhibiting the 
activation of the NF-𝜅𝜅B signaling pathway [63]. Naringin is a flavonoid that has 
a beneficial effect on intestinal disorders. Liu et al. [64] showed that naringin 
(50 μM) protects the integrity of rat intestinal microvascular endothelial cell 
monolayer barriers against TNF-α-induced disruption, preventing TNF-α-induced 
apoptosis and suppressing cell migration, and avoiding gut-vascular barrier disrup-
tion. Moreover, the proanthocyanidins or condensed tannins have been reported 
to have bioactive properties like anti-inflammatory and antimicrobial, causing a 
reduction in intestinal inflammation and promoting the growth of Lactobacillus spp. 
and Bifidobacteria spp. [1, 62].

Recent animal studies have shown that chickpeas consumption improves gut 
health by inhibiting the proliferation of cancer cells, attenuating inflammation, 
modulating the composition and activity of the microbiome, promoting epithelial 
barrier integrity, mucus production, and antimicrobial defenses [49, 65]. In addi-
tion, the quantitative structure–activity relationship on the cytotoxic effect of 

Figure 2. 
The potential prebiotic effect of anthocyanins on gut microbiota and obesity. SCFA: Short-chain fatty acids; 
FIAF: Fasting-induced adipose factor; LPS: Lipopolysaccharide; ZO-1: Zonula occludens-1; IR: Insulin 
resistance. Anthocyanins and metabolites formed in the intestine change the composition of the gut microbiota. 
This is associated with restored tight-junction protein (ZO-1 and occludin) distribution, and localization. 
Hence, the gut permeability is decreased, and plasma lipopolysaccharide (LPS) levels (metabolic endotoxemia) 
are lowered, improving low-grade inflammation and obesity-related comorbidities. Anthocyanins decrease 
transcription factor NF-kB activity in the cell nucleus by decreasing gene expression of inflammatory 
cytokines, exerting their anti-inflammatory action. Anthocyanins have the ability to promote the growth of 
Bifidobacterium spp., which increases the intestinal production of FIAF that inhibits fat storage in the host. 
Bifidobacterium spp. degrade SCFA; propionate stimulates mucus secretion and contributes to thickening of 
the mucus layer. At the same time, reduced mucus layer thickness favors microbiota encroachment. The figure is 
taken from [15].
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phenolic compounds have been studied. The p-hydroxybenzoic acid present in 
P. sativum exhibits strong cytotoxic activity in the colon carcinoma (HCT116) cell 
line [33]. Additional clinical evidence suggests that bean intake may reduce the 
incidence of developing advanced colorectal adenoma in humans [66]. Chen et al. 
[67] noted that cyanidin-3-O-glucoside protects against intestinal mucosal dam-
age caused by 3-chloro-1, 2-propanediol (3-MCPD), a food contaminant. Figure 2 
shows the prebiotic effect of anthocyanins on the gut microbiota.

5.  Phenolic compounds during gastrointestinal digestion: 
bioaccessibility and bioavailability

Bioaccessibility is defined from a nutritional point of view as the fraction of 
compounds liberated from the food matrix within the human gastrointestinal 
tract and available for intestinal absorption. The gastrointestinal tract is prone 
to oxidative stress due to its function as a primary digestive system and exposure 
to various stimuli [15, 29, 67]. The bioaccessibility and bioavailability of several 
phenolic compounds have been studied, noting that the aglycones in isoflavones 
are more bioavailable than their conjugated counterparts [9]. The absorption and 
bioavailability of phenolic compounds are commonly affected by low solubility, 
low permeability, and low stability in the gastrointestinal tract [29]. Some research-
ers have suggested that 5–20% of the total polyphenol content in legumes can be 
absorbed. The preventive action provided by these compounds depends on bioac-
cessibility. However, in the case of chronic diseases, such as stomach and colorectal 
cancer, they do not depend on the polyphenols bioaccessibility; still, gut microbiota 
can increase the bioavailability of the phenolic content of foods and quadruple their 
antioxidant activity [9, 12, 15, 29, 67].

5.1 Oral cavity absorption

During oral digestion, the food matrix is broken down, allowing phenolic com-
pounds and other nutrients to be released into the environment due to enzymatic 
hydrolysis by salivary α-amylase. However, the decrease in polyphenols such as 
condensed tannins during mastication is due to the interaction with salivary proteins 
resulting in insoluble aggregates [50]. Luzardo-Ocampo et al. [68] indicated that the 
antioxidant activity of bean methanolic extracts during in vitro gastrointestinal diges-
tion increases in the mouth stage due to a higher release of certain polyphenols such 
as catechin, chlorogenic acid, and vanillin. As gastrointestinal digestion progresses, 
antioxidant activity is increased until it reaches the large intestine, where it decreases.

5.2 Gastric absorption

Polyphenols are very poorly absorbed after ingestion and remain in the gastro-
intestinal tract, where they influence digestive enzymes activity, inhibiting crucial 
enzymes involved in the digestion of starch (α-amylase), lipids (pancreatic lipase), 
and protein digestibility (pepsin and trypsin). Digestibility is influenced by the 
polyphenol’s interaction with food and endogenous proteins, like digestive enzymes, 
salivary proteins, gastric and intestinal mucosa, and other endogenous proteins on 
the luminal side of the intestinal tract [16, 69, 70]. Studies with in vitro simulation 
revealed that during gastric digestion (pH 1.2–2.0 in the presence of pepsin), there 
is a decrease in the recovery of phenolic compounds because they can interact with 
the pectin present in the food [29]. However, the presence of (+)-catechin has been 
evidenced in the stomach stage due to resistance to the acid environment [68].
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5.3 Intestinal absorption

Polyphenols are not completely absorbed in the small intestine (5–10%). More 
than 90% enter the large intestine and are fermented by the human colon micro-
biota interacting with microorganisms (10–14 bacterial cells) and enzymes (α-L-
rhamnosidase and β-D-glucosidase). Fermentation facilitates the liberation and 
absorption of insoluble bound phenolics involved in colorectal cancer prevention. 
The degradation of phenolic acids by enteric bacterial or chemical conversions may 
produce other metabolites, including protocatechuic acid, syringic acid, vanillic 
acid, phloroglucinol aldehyde, phloroglucinol acid, and gallic acid [3, 9, 15, 20, 21, 
24, 30, 63, 69].

Phenolic compounds are catabolized by the gut microbiota, originate common 
phenolic (e.g., daidzein to equol, flavan-3-ols to valerolactones, and ellagitannins 
to urolithins) intermediates as in phenylpropionic, phenylacetic, and benzoic acids 
with different degrees of hydroxylation [17]. The flavonoids present in bound form 
(glycosides) and in free form (aglycones) are changed during digestion; a low frac-
tion of these glycosides can be enzymatically hydrolyzed to aglycones in the small 
intestine, causing these aglycones to be more hydrophobic compared to the original 
glycosides. Aglycones are absorbed by epithelial cells through passive diffusion and 
then transported to the liver, where they will be metabolized. However, flavonoid 
glycosides are hardly absorbed in the small intestine due to their hydrophilic nature 
and reach the large intestine intact, where they will be metabolized by the gut 
microbiota [24].

During intestinal digestion, polyphenols such as anthocyanins, phenolic acids, 
catechin, quercetin, resveratrol, and rutin are unstable in the alkaline environment 
intestinal fluid (pH 6.8–8.0) due to their degradation [29]. The main phenolic 
acids absorbed in the small intestine are gallic, caffeic, and ferulic acids [63, 68]. 
Luzardo-Ocampo et al. [68] observed that phenolic acids in beans, like ferulic, 
chlorogenic, and vanillin, do not change their content during their passage through 
the small intestine, for 60–120 min, indicating their resistance to the intestinal 
enzymes and allowing them to arrive at the large intestine for fermentation. Milán-
Noris et al. [12] observed that chickpea cooking increased intestinal absorption of 
the existent isoflavones. On the other hand, Cárdenas-Castro et al. [54] evaluated 
the bioaccessibility and in vitro release kinetics of phenolic compounds from two 
varieties of beans (Azufrado and Negro Jamapa). These authors reported that in 
cooked beans, the phenolic compounds showed 50% bioaccessibility, and 30% in 
cooked-fried beans, indicating that cooking did not modify the release kinetics 
of phenolic compounds during the first 60 min, being kaempferol-3-O-glucoside, 
quercetin-3-O-glucoside, and chlorogenic acid the main compounds released.

6.  Interactions of phenolic compounds with the gut microbiota: 
metabolism and modulation

The interaction between the gut microbiota and the diet components is fun-
damental to the promotion of gut health. Lignans, flavonoids, and other phenolic 
compounds present in legumes participate in the modulation of the host’s mucosal 
barrier integrity, attenuate the inflammatory process associated with colitis, and 
improve epithelial barrier integrity, aside from modulating fecal and cecal micro-
biota composition and providing beneficial effects against metabolic diseases 
like obesity. The interaction of gut microbiota and phenolic compounds, mainly 
anthocyanins, can implicate hydrolysis, demethylation, reduction, decarboxyl-
ation, dehydroxylation, or isomerization of compounds into simpler components 
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to modulate absorption [15, 21, 49, 69]. Chlorogenic acid is poorly absorbed in the 
small intestine, but it has been shown that the bioavailability of this compound 
depends on the metabolism of the gut microflora. However, when this compound is 
metabolized in the colon, it modulates the colonic microbiota inducing a significant 
increase in the growth of Bifidobacterium spp. and Clostridium coccoides-Eubac-
terium rectale, revealing a potent antimicrobial activity by binding and permea-
bilizing the bacterial cell membrane [63]. On the other hand, it has been shown 
that phenolic compounds present in cooked chickpeas, like quercetin, daidzein, 
biochanin A, and formononetin, improved the integrity of the intestinal barrier by 
reducing its permeability and providing antioxidant and anti-inflammatory effects 
that promote gut health and decrease pathologies, like colitis [21, 49].

7. Conclusion

The inclusion of legumes such as chickpeas, peas and beans in the diet has 
increased consumer health benefits due to their content of bioactive compounds 
such as phenolic compounds and other nutrients. During digestion, these com-
pounds are not completely absorbed in the intestinal tract and are metabolized in 
the colon, increasing their bioaccessibility and bioavailability. These compounds 
have been shown to participate in the modulation of the gut microbiota, the epi-
thelial barrier and resistance to pathogen colonization, improving gut health by 
inhibiting the proliferation of cancer cells through their chemopreventive effects. 
The impact of phenolic compounds on the gut microbiota suggests that the incor-
poration of legumes into the diet and the design of novel functional foods may 
improve human health by preventing the development of metabolic and gastroin-
testinal disorders, including irritable bowel syndrome, inflammatory bowel disease, 
obesity, diabetes, colitis, and colorectal cancer. However, further research should be 
conducted to understand the impact of phenolic compounds during digestion and 
gut microbiota modulation.
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Abstract

Fenugreek (Trigonella foenum-graecum) is an annual medicinal plant with trifoli-
ate leaves, a branched stem, white flowers, rooted tubers, and golden yellow seed 
belonging to Fabaceae family. Fenugreek is used in different industries such as 
pharmaceutical, nutraceutical and food industries as an ancient crop plant. Fenugreek 
is grown as a medicinal herb in many countries and has antioxidant, hypoglycemic, 
hypercholesterolemia, stomach protective, chemopreventive, laxative and appetite 
stimulating properties. In recent years, many important studies have been conducted 
on the biological activities and therapeutic properties of fenugreek mainly secondary 
metabolites such as alkaloids, flavonoids, steroids and saponins. These compounds are 
used for multipurpose uses in different industries and also appreciated by scientists. 
Based on these several health usefulness as discussed in review, fenugreek might be 
a good candidate for a herbal drug and used for preparation of new drugs. In this 
review, secondary metabolites used in different industries of fenugreek will be dis-
cussed and general benefits of them will be expressed within the all significant aspect 
of fenugreek as clearly. This review also highlights the traditional uses and nutraceuti-
cal properties (antioxidant activity, antibacterial, antifungal, anticancer hypoglemic 
effects and anti-inflammatory and immunological activity) of fenugreek. These uses 
and effect properties of fenugreek have been discussed and researchable areas were 
implied to depending on the previous studies. In the future, studies on fenugreek are 
needed some important applications to increasing the popularity of fenugreek. In this 
context, researchers should be focused on secondary and primary metabolite studies 
in fenugreek seeds and leaves. In addition to these, fenugreek germplasm should be 
collected and subjected to intensive selection via modern breeding programs and new 
fenugreek genotypes with desired properties should be obtained.

Keywords: Fenugreek, Trigonella foenum-graecum L., ancestor plant, 
multipurpose uses, secondary metabolite

1. Introduction

Fenugreek (Trigonella foenum-graecum L.) is commonly grown in many parts 
of the world for both culinary purposes and health benefits. Fenugreek is rich in 
minerals, protein, vitamin A and C, and contains several bioactive compounds 
including proteins, protease inhibitors. Its seeds contain 23–43% protein, up to 
58% carbohydrate, nearly 10–13% moisture, 5–6% lipid and less than 1% minerals. 
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In particular, the plant is rich in soluble fiber, mucilage and galactomannan which 
decrease the uptake of bile salts and starch absorption [1].

The main secondary metabolites and seed contents of fenugreek were given in 
Figure 1 [2–4].

Polyphenol compounds viz. rhaponticin and isovitexin were noted as major 
bioactive compounds in seeds of fenugreek [5]. In addition, fenugreek seed extracts 
have a number of phenolic constituents similar to beta-D-glucopyranoside, methyl, 
alpha-d-mannopyranoside, methyl, and diethyl phthalate. Fenugreek also repre-
sents a significant source of antioxidants [6].

A wide range of beneficial effects of fenugreek seeds has been reported by a 
number of researchers. In addition to antidiabetic effects, seeds have significant anti-
atherosclerotic [7], anti-inflammatory [8], antinociceptive [9], and antiulcerogenic 
activities [10] which are essential for cure of diabetes and cancer disease. Antioxidant 
property helps in anti-aging. The phenolic antioxidants present in the extract of 
fenugreek show free radical scavenging activity which reduce oxidative stress in the 
body. This reduced oxidative stress reduces frequency of age-related disorders [11].

It was reported that fenugreek seeds had low amount essential oil and fatty oil [12]. 
According to the essential oil compounds findings; olfactometry diacetyl, 1-Octen-
3-one, sotolone, acetic acid; 3-Isobutyl-2-methoxypyrazine, butanoic acid, isovaleric 
acid, 3-isopropyl2-methoxypyrazine, caproic acid, eugenol, 3-Amino-4,5-dimethyl-3, 
linalool, (Z)-1,5-Octadiene-3-one, 4-dihydro-2(5H)-furanone were determined as the 
main components [13]. It has been noted that sotolone is mostly found in fenugreek 
(5 s)-enantiomeric form (95%) among these essential oil components.

A study on human sweat was conducted by Meghwal and Goswami [3] and 
regarding essential oil components; pinene,3-octen-2-one, 2,5-dimethylpyrazine, 
b-camphor; terpinen-4-ol, 4-isopropylbenzaldehyde were found as the odor in sweat, 
while neryl acetate and b-caryophylene, 2,5-dimethylpyrazine has been observed to 
be the main component responsible for the compound contributing to sweat odor.

Many studies have been conducted on the therapeutic applications of vari-
ous plant species on different diseases such as fungal, viral and bacterial con-
tamination. Therefore, approximately one third of the world’s population uses 
traditional/therapeutic plants and their extracts in their treatments [14]. A drug 
with both antidiabetic and antioxidant activity is much more beneficial in the 
treatment of diabetes. In addition, herbal medicines are more preferred due to 
the undesirable side effects of the existing antidiabetic medicine. As can be seen 
from the above explanations, fenugreek has the potential to be a versatile herbal 
medicine. Therefore, further studies are needed to provide detailed information 

Figure 1. 
Main secondary metabolites and seed context of fenugreek.
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about the effects of fenugreek. So, in this review, it was aimed to inform about the 
studies conducted with the effects of fenugreek.

Generally, this study revealed the importance of focusing on the antioxidant, hypo-
glycemic, hypercholesterolemia, anticancer, antibacterial and antifungal properties, 
as well as on its medicinal properties, phytochemical and nutrient contents. In case, 
fenugreek is grown for bioactive secondary metabolites, concentrating on different 
activities such as polyphenol compounds, anti-inflammatory, antimicrobial properties.

2. Traditional uses of fenugreek

Fenugreek has been used in traditional cure treatments dates back to the 15th 
century. Different parts of fenugreek such as seeds and leaves were used to treat-
ment of symptoms and ailments. For instance, a paste prepared with ground 
fenugreek seeds was used to treat eczema, local inflammations of the skin-as locally 
administered poultice or added to a hot bath [15].

Fenugreek is easily grown all over the world because of its wide adaptation and 
its usage varies significantly between countries.

Many studies were conducted to determine and confirm the traditional uses of 
fenugreek as herbal cure using different plant part (seeds and leaves) or pure phy-
tochemicals (saponins, steroids, alkaloids). Fenugreek seeds have been reported to 
have an aphrodisiac effect in ancient times, but modern vaidyas have used it more for 
digestive and respiratory problems caused by phlegm and wind. In ancient Egypt, it 
was recorded that methi (fenugreek) was used to facilitate childbirth and increase 
milk flow, and modern Egyptian women still use fenugreek to make hilba tea to relieve 
menstrual cramps and relieve other abdominal pains. The Chinese call it hu lu ba and 
also use it to treat abdominal pain. While the fresh stems and leaves are mostly used as 
a winter vegetable, seeds are used as a flavor agent in different foods in India [16].

The seeds are also eaten raw as sprouts and used medicinally. While fenugreek is 
used in baking bread by Egyptian and Ethiopian, Switzerland uses it to flavor cheese. 
In the USA, it is mostly used in spice mixes for soups and stews [16]. Fenugreek has 
been used as a spice in cooking for centuries in European countries and remains a 
popular ingredient in curry powders, pickles, and spice mixes in India, Pakistan, 
Bangladesh, and other Asian countries. Fenugreek has been used in folk remedies to 
treat cellulite, boils and tuberculosis. Fenugreek remained a key ingredient in a 19th 
century patented drug for dysmenorrheal and post-menopausal symptoms [17].

Fenugreek was also used for ethnoveterinary applications such as the decrease of 
serum cholesterol in animals [18] and the increase of milk production in animals [19].

In the Ayurvedic and Unani systems of medicine, fenugreek is used to cure 
epilepsy, paralysis, gout, dropsy, chronic cough and piles. This crop has also known 
as potential of oleoresin and steroid production for oral contraceptives. In addition, 
ground seeds use as a control mechanism for the blood sugar and thereby checks the 
diabetes in human beings [20].

Fenugreek leaves are widely used for treatment of eye diseases in Iran [21] and 
gynecological disorders [22]. In traditional medicine, it is used to prepare infu-
sions, water and alcohol extracts, tinctures, honeys, tonics with antidepressant 
and psychotonic properties, and muscle growth supplements. It is also used in the 
treatment of seborrhea, acne and dermatitis. The plant is widely used in cosmetol-
ogy [23]. It was reported that fenugreek seeds have been used as an oral insulin 
substitute to decreasing blood sugar [17].

The aroma and taste of fenugreek has led to its use in imitation maple syrup [24]. 
Furthermore, fresh and dried leaves are used as vegetables in the diets. It was found 
that these leaves included calcium; zinc iron, phosphorous, riboflavin, carotene, 
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thiamine, niacin and vitamin C. The leaves of fenugreek, which are stored in either in 
refrigeration conditions or dried in oven, are used to prepare in pressure cooker [25].

Aqueous solutions and softened fenugreek oils exert protective effects on mucous 
membranes in ulcer disease [26] and prevent colon cancer [27]. It is being utilized in 
the folk medicines for the treatment of cellulitis, tuberculosis and boils [28].

In Turkey, it has been found to be beneficial in healing internal wounds when 
taken with butter and sugar. It is used in healing hemorrhoids and it can be also 
used as a supplementary food supplement in the treatment of hyperthyroidism.

3. Nutraceutical properties of fenugreek

Pharmacological activities have been studied by Mehrafarin et al. [29] to 
explain the medicinal properties of fenugreek and its main metabolites. Many 
studies were conducted to increase the secondary metabolites of fenugreek by 
different applications (Table 1).

Part of fenugreek Application Secondary metabolites References

Leaves UV Radiation Total phenols, 
Flavonoids, Alkaloids, 
Tannins, saponins, 
Anthocyanin content

El-Shora et al. [30]

Hypocotyls of the 
sprouts for callus 
initiation

Mannitol and Sodium 
Chloride

Total phenolics, Total 
flavonoids, Tannins,

Hussein and  
Aqlan, [31]

Seedling Methyl Jasmonate Diosgenin Chaudhary et al. [32]

Fenugreek plant Trichoderma strains Trigonellin Hosseini et al. [33]

Seeds and Callus Cultured on MS medium Trigonellin, Diosgenin Altabtabaai et al. [34]

Leaf and stem Collected from the local 
market Surat, Gujarat

Phenol content, 
Flavonoids content,

Varsha and Jain, [35]

Seeds Collected from 50 regions 
of Iran

4-hydroxy isoleucine, 
Trigonellin

Rajabihashjin  
et al. [36]

Leaf Water deficit, exogenous 
ethylene application and 
root symbioses

Trigonellin Irankhah et al. [37]

Growth stages 
(Vegetative, full 
flowering and  
well-developed 
pods)

Rainfeed conditions Proximate composition, 
total phenols, tannins, 
flavonoids and saponins

Abdouli et al. [38]

Fenugreek plants Mycorrhizal fungal 
inoculum and exogenous 
methyl jasmonate; Water 
deficit

ABA, IAA, trigonelline, 
diosgenin

Irankhah et al. [39]

Seeds Charcoal and drought 
stress

Trigonellin, diosgenin Bitarafan et al. [40]

Plant tissues Copper stress Total phenols, Total 
flavanoids

Elleuch et al. [41]

Seeds Gamma irradiation Trigonelline, nicotinic 
acid, Diosgenin, 
Mucilage content

Parchin et al. [42]

Table 1. 
Variation of fenugreek secondary metabolites in different cultural applications.
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Fenugreek seeds contain the neuroprotective alkaloid trigonelline, which 
is one among the foremost alkaloids found in fenugreek seeds. Trigonelline 
consists of a methyl betaine derivative of nicotinic acid, aids in curing diabetes 
and treatment of neurodegenerative diseases. In addition, alkaloids like trimeth-
ylamine, neurin, choline, gentianine, carpine and betain are found in fenu-
greek. These alkaloids exhibit antibacterial, antiviral and memory  improving 
a ctivities [43].

Fenugreek also represents an important source of diosgenin, a saponin used 
as a precursor for the synthesis of steroid hormones. Diosgenin is a very valuable 
phytochemical due to its biological activities and pharmaceutical applications. In 
fact, this phytochemical has anticancer, anti-aging, cardioprotective and contracep-
tive properties [44–49] and antiviral, antimicrobial, antifungal and insecticidal 
activities [50, 51]. Anticancer effect of diosgenin has also been investigated in a 
number of preclinical studies, including growth inhibition and apoptosis induction 
in human colon cancer cells [27] and cell cycle in different cancer cell lines [52] has 
been documented.

So, fenugreek seeds have anti-inflammatory, hypoglycemic effects, anti-diabe-
tes, cardioprotective, anticancer, antimicrobial properties, antipyretic and analgesic 
properties [53, 54]. Therefore, breeding strategies should be re-validated to increase 
the amounts of important active substances such as diosgenin and trigonellin in 
fenugreek seeds. Genetic variation in fenugreek should be introduced and a com-
bination of traditional and molecular approaches should be used. In addition, the 
advantage of applying mutants to tissue cultures should be used in fenugreek.

3.1 Antioxidant activity of fenugreek

The fenugreek seeds contain polyphenolic compounds, which have been cor-
related to the beneficial health effects of fenugreek [55]. These polyphenolic 
compounds are known for several beneficial actions, such as antioxidant effect [56], 
cancer preventive activity [27], anti-diabetic effects [57] and hypocholesterolemic 
effect [12, 56].

In earlier studies Bors et al. [58] reported that the scavenging activities of phe-
nolic substances are attributed to the active hydrogen donating ability of hydroxyl 
substituents. As an overall assessment, the presence of various phytochemicals, 
particularly naringenin and quercetin, may be responsible for the OH radical 
scavenging activity. Similarly, trigonellin isolated from ethanol extract of fenugreek 
seeds has been reported to reduce blood sugar and lipid profile in alloxane-diabetic 
rabbits [59]. This effect can be partially explained by the antioxidant properties of 
trigonellin due to its structural similarity to nicotinamide, which has an antioxidant 
effect [60].

Bukhari et al. [61] reported that fenugreek seed extract with methanol, ethanol, 
dichloromethane, acetone, hexane and ethyl acetate has a radical scavenging activ-
ity. In addition, Bhatia et al. [62] reported protective effect of fenugreek, on lipid 
peroxidation and on enzymatic antioxidants. Naidu et al. [63] reported that extracts 
of husk, fenugreek seed, and endosperm exhibited 72%, 64%, and 56% antioxidant 
activity respectively by free-radical scavenging method. Also, it was indicated that 
separation of fenugreek seeds into husk and endosperm could have advantage of 
process viability with respect to prior selective fractionation of bioactive compo-
nents for their effective isolation.

In a similarly study, it was determined that fenugreek has a high phenolic con-
tent. Furthermore, antioxidant property was checked by reducing power, nitro blue 
tetrazolium (NBT) assay and H2O2 scavenging reported to show high superoxide 
and free radical scavenging [64].
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Furthermore, Kaviarasan et al. [65] reported that 2,2′-Azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals are more reactive than 
1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals and unlike the reactions with DPPH 
radical which involve H atom transfer, the reactions with ABTS radicals involve 
electron transfer process. In addition, Shang et al. [66] identified five different 
flavonoids in fenugreek seeds, namely vitexin, tricin, naringenin, quercetin, 
tricin-7-O-beta-D-glucopyranoside, and fenugreek seed extract was found to have 
significant antiradical and antioxidant properties depending on the concentration.

In line with above researchers [65], they reported that an aqueous methanolic 
extract of fenugreek seeds was investigated for antiradical and antioxidant activ-
ity in different model systems, and antiradical activity was associated with the 
polyphenolic contained in the extract. As a result, it was determined that fenugreek 
seeds provide some important factors responsible for the antioxidant potential and 
provide evidence for numerous in vivo beneficial effects of seeds reported in the 
literature.

Similarly, Belguith-Hadriche et al. [67] investigated the hypocholesterolemic 
and antioxidant activities of various extracts of fenugreek seeds (water, metha-
nol, ethyl acetate, hexane, dichloromethane) in rats fed cholesterol, and ethyl 
acetate only for rats fed a cholesterol-rich diet (HCD). It has been found that 
fenugreek extracts reduce triglycerides and low density lipoprotein cholesterol 
(LDL-C) and increase high density lipoprotein cholesterol (HDL-C). Based on 
these results, it was reported that ethyl acetate extract of fenugreek seeds had 
a significant hypocholesterolemic effect and antioxidant activity in cholesterol 
fed rats.

Furthermore, Liu et al. [68] determined the lipid peroxidation (LPO) and cyclo-
oxygenase enzyme (COX) inhibitory activities of hexane, ethyl acetate, methanolic 
and water extracts to investigate the functional food use quality of fenugreek. They 
found that the extracts inhibited LPO by 55–95%, COX-1 by 6–87% and COX-2 by 
36–70% at 250 lg/ml, respectively. Also, the isolates, excluding the saccharides, 
inhibited LPO and COX-1 and COX-2 enzymes between the ranges of 8–89%, 
4–51% and 15–70%, respectively, at 25 lg/ml. The fenugreek seeds that were studied 
afforded 3.9 g of triglycerides and fatty acids, 6 g of polysaccharides and 233 mg of 
flavone C-glycosides per 100 g of seeds. The strong antioxidant activity in the LPO 
assays of the aqueous extract of fenugreek seed might be attributed to the flavones 
C-glycosides [69].

Likewise, the different solvent extracts of fenugreek seeds were used to examine 
the effects of extraction solvent on total phenolic content (TPC), DPPH and iron 
reducing antioxidant power (FRAP). It was observed that the extracts obtained 
using higher polar solvents were more effective than less ones, and the addition of 
50% water to methanol, acetone or ethanol can enhance the extracting power and 
antioxidant activity estimation especially acetone and methanol. As a result, it was 
determined that the total phenolic content showed a good correlation with antioxi-
dant activity FRAP and DPPH [70].

In similarly, Deshmukh et al. [71] reported that silver and iron oxide nanopar-
ticles were successfully synthesized in a simple way at room temperature using an 
aqueous extract of fenugreek seeds. Then, all nanoparticles were characterized by 
various techniques to elucidate the stability and functionality of the nanoparticle. 
It has been determined that the nanoparticles synthesized with the assistance of 
ultrasound show higher stability and antibacterial and antioxidant activity due to 
the combined effect of ultrasound and biomolecules adhering to the surface of the 
nanoparticles.

Naidu et al. [6] also observed that the husk of fenugreek seeds contained higher 
total polyphenols (103.8 mg gallic acid equivalent/g and the total dietary fiber 
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(77.1 g/100 g), insoluble dietary fibers (31.9 g/100 g) and soluble dietary fibers 
(45.2 g/100 g). The bark, fenugreek seeds and endosperm extracts were reported 
to exhibit 72%, 64%, and 56% antioxidant activity, respectively, by the free radi-
cal scavenging method. As a result, separation of fenugreek seeds into husk and 
endosperms showed that the process viability advantage.

The antioxidant properties of germinated fenugreek seeds were examined in a 
study conducted by Dixit et al. [72]. Different fractions of germinated seeds were 
used at different levels to determine their antioxidant potential. Tests used are ferric 
reducing antioxidant power, DPPH, feriylmyoglobin / 2,2-azobis-3-ethylbenzthi-
azoline-6-sulfonic acid, pulse radiolysis, oxygen radical absorbance capacity and 
lipid peroxidation in rat liver mitochondrial preparations. An aqueous fenugreek 
fraction showed the highest antioxidant activity. Since the amount of phenolic and 
flavonoid compounds can be correlated with antioxidant activity, the contents of 
these extracts were measured and their polyphenols, flavonoids and other compo-
nents were determined by HPLC analysis. This study reveals significant antioxidant 
activity in germinated fenugreek seeds, which may be due in part to the presence of 
flavonoids and polyphenols.

As seen from previous studies, the obtained different results may be attributed 
to different extraction methods and solvents used, different cultivars, growing con-
ditions, maturity stage at harvest, or the storage conditions and time elapsed before 
the seeds were analyzed. Synthetic drugs used for the treatment of the diseases like 
cancer, diabetic and the antioxidants used for some treatment have side effects such 
as mutagenic and carcinogenic effects [73]. Some patients also have resistance to 
the synthetic drugs. To overcome this problem there is need to find effective natural 
drugs from traditional medicine. Therefore, fenugreek, which possesses phenolic 
compounds and antioxidant activity should have the ability to counteract these 
situations and might be a good candidate for a herbal drug.

3.2 Antibacterial and antifungal effect of fenugreek

The antibacterial activity of the plant extraction has been extensively investi-
gated in many studies. Microbiological analyses revealed that fenugreek extracts 
exhibit antimicrobial activity against numerous bacteria [74]. Haouala et al. [75] 
determined the aqueous extracts obtained from various plant parts of fenugreek, 
different solvents such as methanol, petroleum ether and ethyl acetate fractions and 
their effects against fungal strains such as Fusarium graminearum, Botrytis cinerea, 
Alternaria sp., Rhizoctonia solani and Pythium aphanidermatum. It was found that 
all parts of the fenugreek exhibited antifungal potential and the magnitude of the 
effect varied according to plant parts and fungal species. So, they suggested that 
fenugreek is an important source of biologically active compounds that are useful 
for developing better and new antifungal drugs.

Many studies have indicated the effectiveness of fenugreek extracts against 
Helicobacter pylori [76–80]. In a study conducted with honey produced with differ-
ent plant pollens, the highest antibacterial activity against Staphylococcus aureus, 
Pseudomonas aeruginosa, and Escherichia coli was found in honey produced with 
fenugreek pollens [79].

Since cysteine-rich peptides, defensins have strong antifungal activity, the 
methanol-soluble fraction of fenugreek extract has been studied against nema-
todes and has been found to show nematicidal activity. It has also been reported to 
significantly cause the death of Meloidogyne javanica larvae [80]. Laroubi et al. [81] 
studied the prophylaxis effect of fenugreek seeds on renal stone formation in rats. 
They reported that, the fenugreek can be used in the treatment of patients with 
calcic urolithiasis.
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In addition, Shaheed et al. [82] recorded that the inhibition results for each 
Proteus mirabilis and E. coli reached 10.5 and 10.0 mm, 9.0 and 9.5 mm, respectively 
at 50 mg/ml, and 13.0 and 11.5 mm, 10.5 and 7.5 mm, respectively at 100 mg/ml. 
Similarly, Hamadii [83] showed the highest percentage of inhibition against Proteus 
mirabilis and E. coli at 50 mg/ml from alcoholic fenugreek seed extract.

In another study, the antibacterial effects of fenugreek oil against Escherichia 
coli, Samonella, typhimurium, Taphylococcus aureu, Aspergillus niger microorganisms 
were investigated. These microorganisms have been chosen as common causes of 
some human and animal diseases and are contaminants that damage certain foods 
and are resistant to antibiotics. These results showed that fenugreek oil was stated to 
be suitable for human consumption and eating [84].

Similarly, it was determined that fenugreek essential oil showed the highest 
activity against E. coli, the inhibition zone reached 21 mm at 100% concentra-
tion, and against Staphylococcus aureus, it was found to reach 17 mm at 80% 
concentration [85]. Also, Sulieman et al. [86] found that the inhibition results 
for Salmonella reached 16 mm at 100% concentration. Thereby, these results are 
promising and may contribute to the future development of natural bio pesti-
cides for the control of fenugreek for the microorganisms. Likewise, antibacterial 
effect was determined against Escherichia coli with an inhibition value of 20 mm 
at 100% concentration of fenugreek seed oil, while the antimicrobial activity 
was not detected at 50% and 90% concentrations [86]. As a result, fenugreek 
extracts show antibacterial activity against many gram positive and gram 
negative bacterial isolates. In addition, fenugreek seeds are potential sources 
of new antibacterial compounds as emphasized by the antibacterial activity of 
their different extracts. So, identification of different effective bacteria from 
crude plant extracts will assist in the development of drugs against pathogenic 
microorganism.

3.3 Anticancer effect of fenugreek

Cancer remains one of the leading causes of death worldwide. Flavonoids could 
also significantly contribute to fenugreek’s anticarcinogenic properties. Fenugreek 
constitutes valuable raw material for the pharmaceutical industry that has long 
searched for effective cures for cancer.

Previous studies reported that fenugreek seeds have a preventive effect on 
cancer as in experimental models of cancer using cell lines or experimental animals.

Earlier studies revealed that seed extract of fenugreek importantly inhibits 
7,12-dimethyl benz(a)anthracene-induced mammary hyperplasia and decreases its 
ratio in rats. It was also advised that anti-breast cancer preventive effect of fenu-
greek could be depending on the increasing apoptosis [87]. Furthermore, alcoholic 
whole plant extracts of fenugreek effected in vitro cytotoxicity against different 
human cancer cell lines such as IMR-32, a neuroblastoma cell line, and HT29, a 
cancer cell line [88].

A selective cytotoxic effect of fenugreek extract in vitro to a panel of cancer cell 
lines has been observed, including T-cell lymphoma by Alsemari et al. [89]. In addi-
tion, Sebastian and Thampan [90] and Prabhu and Krishnamoorthy [91] examined 
the growth of MCF-7 cells, which is an estrogen receptor positive breast cancer 
cell line, with ethanol extracts of fenugreek, and reported that the ethanol extract 
of fenugreek decreased cell viability and induced early apoptotic changes such as 
inversion of phosphatidyl serine and decreased mitochondrial membrane potential.

In a study conducted by Shabbeer et al. [92] treatment with fenugreek extract 
showed growth inhibitory effects on breast, pancreatic and prostate cancer cell 
lines but primary prostate or immortalized prostate cells remained unaffected. 
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In addition, in a dietary study involving fenugreek seed powder, it reduced colon 
tumor incidence and hepatic lipid peroxidation in rats treated with 1,2-dimethylhy-
drazine and also increased catalase, superoxide dismutase, glutathione S-transferase 
and glutathione peroxidase activities in the liver [93].

Li et al. [94] recorded that diosgenin modulates the STAT3 signaling pathway 
in hepatocellular carcinoma by suppressing the activation of c-Src, JAK1 and JAK2. 
They also noted that diosgenin reduced the expression of various STAT3-regulated 
genes, inhibited proliferation, and potentiated the apoptotic effects of paclitaxel 
and doxorubicin, which could be a new and potential treatment option for hepato-
cellular carcinoma and other cancers. Also many researchers reported that dios-
genin exhibited anticancer and antiaging activities, as well as cardioprotective and 
contraceptive properties [44–49].

In addition, in different studies with diosgenin, it has antiproliferative activity 
such as prostate cancer (PC-3 and DU-145 cells) [95], colon cancer (HCT-116 and 
HT-29 cells) [96], erythroleukemia (HEL cells) [97], carcinoma (A431, Hep2 and 
RPMI 2650 cells) [98], stomach cancer (BGC-823 cells) [99], lung cancer (A549 
[100], breast cancer (MCF-7) [101], hepatocellulacarcinoma (HepG2 and HCC 
cells) [102] and human chronic myeloid leukemia (CML) (K562 cells) [103].

As a result of the studies mentioned above, the role of fenugreek seeds and its 
main active ingredients as new supplements in diet-based preventive / therapeutic 
strategies to potentially alleviate human diseases remains an important area of   
study for future research [104].

3.4  Hypoglycemic effect, anti-inflammatory and immunological activity of 
fenugreek

Immunological changes include altered levels of cytokines and chemokines, 
changes in the numbers and activation states of various leukocyte populations, 
apoptosis, and fibrosis during diabetes. Therefore, treatment of diabetes and its 
complications may include pharmacological strategies to reduce inflammation 
[105]. Laroubi et al. [81] studied the prophylaxis effect of fenugreek seeds on 
renal stone formation in rats. And they said that the fenugreek can be used in the 
treatment of patients with calcic urolithiasis. Chauhan et al. [106] reported an 
antiinflammatory potential of fenugreek. Jung et al. [107] observed a reduction in 
the production of several inflammatory mediators, including NO and interleukins 
1 and 6, in murine macrophages which had been pretreated with diosgenin and 
stimulated with lipopolysaccharide/interferon-𝛾𝛾.

In addition, Roberts [108] said that the gum, composed of galactose and man-
nose, is associated with reduced glycemic effect. Also, the hypoglycemic effect of 
fenugreek has been especially documented in humans and animals with type 1 and 
type 2 diabetes mellitus.

Xue et al. [109] reported that the fenugreek extract can lower kidney/body 
weight ratio and blood glucose and also improves hemorheological properties in 
experimental diabetic rats following repeated treatment for 6 weeks. A study on 
animals evaluated the hypoglycemic effects of the fenugreek seeds on dogs. The 
seeds lowered blood glucose levels, plasma glucagons and somatostatin levels; 
carbohydrate-induced hyperglycemia also was found to be reduced [110]. Most 
of the studies with polar fractions of fenugreek seeds point toward a strong 
anti-inflammatory and anti-arthritic activities mediated through anti-oxidant 
mechanisms [68, 111, 112].

In addition, Sharma et al. [113] recorded that guar gum of fenugreek prevents 
the rapid uptake of glucose in the small intestine, aids in blood sugar retention in 
diabetic patients and may also be effective in the treatment of hypercholesterolemia.
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4. Conclusions

Especially recently, many of the beneficial properties of fenugreek have been 
experimentally proven and the potential of fenugreek’s therapeutic applications 
has been demonstrated. It has high economic values because of including a lot of 
bioactive compounds. The important compounds can be listed steroidal sapoge-
nins such as diosgenin, alkaloids as trigonelline, flavonoids, tannins, amino acids, 
steroidal glycosides, protein and others.

As can be seen from this review, the phenolic acids, dietary fiber, saponins and 
proteins contained in fenugreek are valuable additives to improve human nutrition. 
Additionally, in neurological studies conducted with fenugreek, the antidiabetic, 
antifertility, anticancer, antimicrobial, antiparasitic, lactation stimulating and 
hypocholesterolemic effects of fenugreek have been proven by many researchers. 
So, it has been also universally used as a spice in a conventional food or it has been 
interfered to prepare for some functional foods.

In the future, studies on fenugreek are needed some important applications 
to increasing the popularity of fenugreek. In this context, researchers should 
be focused quality criteria as primer or secondary metabolite, different cultural 
and molecular application, different techniques from sown to harvest times of 
fenugreek. Further research will be required to determine to know the molecules 
responsible the antioxidant properties in these extracts. Also, fenugreek germplasm 
can be collected and subjected to intensive selection via modern breeding programs. 
In addition to these, by selecting genotypes with superior characteristics, gene 
transfer can be made by determining suitable genes among these genotypes and 
new fenugreek genotypes with desired properties can be obtained. In addition, 
studies on fenugreek leaves are limited and generally focused on fenugreek seeds. In 
this context, researchers should be focused the quality criteria as primer or second-
ary metabolite in fenugreek leaves.

This study will help the researchers to obtained optimal fenugreek production, 
optimum biochemical components and adapt to difference environmental, other 
and specific farming conditions. In the future, when fenugreek is evaluated with all 
these aspects, its economic, industrial and medicinal value may increase and add 
value to the relevant sector.

Conflict of interest

The authors declare no conflict of interest.



119

Assessment of Secondary Metabolites with Different Uses of Fenugreek
DOI: http://dx.doi.org/10.5772/intechopen.99479

Author details

Gulsum Yaldiz* and Mahmut Camlica
Agriculture Faculty, Department of Field Crops, Bolu Abant İzzet Baysal University, 
Bolu, Turkey

*Address all correspondence to: g_yaldiz@hotmail.com

© 2021 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. 



120

Legumes Research - Volume 2

[1] Madar Z, Shomer I. Polysaccharide 
composition of a gel fraction derived 
from fenugreek and its effect on starch 
digestion and bile acid absorption in 
rats. Journal of Agricultural and Food 
Chemistry. 1990;38(7):1535-1539. DOI: 
10.1021/jf00097a023

[2] Çamlıca M, Yaldız G. 
Characterization of morphological and 
yield variation of fenugreek (Trigonella 
foenum-graecum L.) genotypes. Legume 
Research-An International Journal. 
2019;42(4):500-504.

[3] Meghwal M, Goswami TK. A review 
on the functional properties, nutritional 
content, medicinal utilization and 
potential application of fenugreek. 
Journal of Food Processing and 
Technology. 2012;3(9):181. DOI: 
10.4172/2157-7110.1000181

[4] Vaidya K, Ghosh A, Kumar V, 
Chaudhary S, Srivastava N, Katudia K, 
Tiwari T, Chikara SK. De Novo 
transcriptome sequencing in Trigonella 
foenum-graecum L. to identify genes 
involved in the biosynthesis of 
diosgenin. The Plant Genome. 
2013;6(2):1-11. DOI: 10.3835/
plantgenome2012.08.0021

[5] He Y, Wang X, Suo Y, Ding C, 
Wang H. Efficient protocol for isolation 
of rhaponticin and rhapontigenin with 
consecutive sample injection from 
fenugreek (Trigonella foenum- 
graecum L.) by HSCCC. Journal of 
Chromatographic Science. 2016;54(3): 
479-485. DOI: 10.1093/chromsci/ 
bmv169

[6] Naidu MM, Shyamala BN, Naik JP, 
Sulochanamma G, Srinivas P. Chemical 
composition and antioxidant activity of 
the husk and endosperm of fenugreek 
seeds. LWT-Food Science and 
Technology. 2011;44(2):451-456.

[7] Sharma RD, Sarkar A, Hazra DK, 
Misra B, Singh JB, Maheshwari BB. 

Toxicological evaluation of fenugreek 
seeds: a long term feeding experiment in 
diabetic patients. Phytotherapy 
Research. 1996; 10(6):519-520.

[8] Ahmadiani A, Javan M, Semnanian S, 
Barat E, Kamalinejad M. Anti-
inflammatory and antipyretic effects of 
Trigonella foenum-graecum leaves extract 
in the rat. Journal of Ethnopharmaco 
logy. 2001;75(2-3): 283-286. DOI: 
10.1016/S0378-8741(01)00187-8

[9] Puri D. Therapeutic potential of 
fenugreek. Indian Journal of Physiology 
and Pharmacology. 1998; 42:423-424.

[10] Suja Pandian R, Anuradha CV, 
Viswanathan P. Gastroprotective effect 
of fenugreek seeds (Trigonella foenum 
graecum) on experimental gastric ulcer 
in rats. Journal of Ethnopharmacology. 
2002; 81:393-397.

[11] Rao AL, Bharani M, Pallavi V. Role 
of antioxidants and free radicals in 
health and disease. Advances in 
Pharmacology and Pharmacy. 
2006;7:29-38.

[12] Sowmya P, Rajyalakshmi P. 
Hypocholesterolemic effect of 
germinated fenugreek seeds in human 
subjects. Plant Foods for Human 
Nutrition. 1999;53(4):359-365.

[13] Blank I, Lin J, Devaud S, 
Fumeaux R, Fay LB. The principal flavor 
components of fenugreek (Trigonella 
foenum-graecum L.). Nestle 
́researchcenter. 211th ACS Symposium; 
2011 p. 12-28. DOI: 10.1021/bk-1997-
0660.ch003.

[14] Kumar AS, Reddy TS. Importance of 
traditional system of medicine- A 
review. International Journal of 
Phytotherapy. 2012;2:1-6.

[15] ESCOP Monographs. Matricariae 
flos. 2nd ed. New York: Thieme; 2003. 

References



121

Assessment of Secondary Metabolites with Different Uses of Fenugreek
DOI: http://dx.doi.org/10.5772/intechopen.99479

European Scientific Cooperative on 
Phytotherapy. 2003; pp. 312-9.

[16] Passano P. The many uses of methi. 
Manushi. 1995;2:31-34.

[17] Madar Z, Stark AH. New legume 
sources as therapeutic agents. British 
Journal of Nutrition. 2002;88:287-292.

[18] Sharma RD, Raghuram TC, Rao VD. 
Hypolipidaemic effect of fenugreek 
seeds. A clinical study. Phytotherapy 
Research. 1991;5(3):145-147.

[19] Bunney S. The illustrated book of 
herbs: their medicinal and culinary uses. 
Vol 1, No 2. London: Octopus Books. 
1984; pp 320.

[20] Flammang A, Cifone M, Erexson G, 
Stankowski L. Genotoxicity testing of a 
fenugreek extract. Food and Chemical 
Toxicology. 2004;11:1769-1775.

[21] Miraldi E, Ferri S, Mostaghimi V. 
Botanical drugs and preparations in the 
traditional medicine of West Azerbaijan 
(Iran). Journal of Ethnopharmacology. 
2001;2:77-87.

[22] Bashtian MH, Emami SA, 
Mousavifar N, Esmaily HA, 
Mahmoudi M, Poor AHM. Evaluation of 
Fenugreek (Trigonella foenum- 
graceum L.). Effects seeds extract on 
insulin resistance in women with 
polycystic ovarian syndrome. Iranian 
Journal of Pharmaceutical Research. 
2013;12:475-448.

[23] Wijaya VH, Abdul Mun’im A, 
Djajadisastra J. Effectiveness test of 
fenugreek seed (Trigonella foenum-
graecum L.) extract hair tonic in hair 
growth activity. International Journal of 
Current Research. 2013;5(11): 
3453-3460.

[24] Basch E, Ulbricht C, Kuo G, 
Szapary P, Smith M. Therapeutic 
applications of fenugreek. Alternative 
Medicine Review. 2003;8:20-27.

[25] Betty R. The Many Healing Virtues 
of Fenugreek. Spice India, 2008; 
pp. 17-19.

[26] Pandian RS, Anuradha CV, 
Viswanathan P. Gastroprotective effect 
of fenugreek seeds (Trigonella foenum 
graecum) on experimental gastric ulcer 
in rats. Journal of Ethnopharmacology. 
2002;81(3):393-397.

[27] Raju J, Patlolla JMR, Swamy MV, 
Rao CV. Diosgenin, a steroid saponin of 
Trigonella foenum-graecum (fenugreek), 
inhibits azoxymethane-induced 
aberrant crypt foci formation in F344 
rats and induces apoptosis in HT-29 
human colon cancer cells. Cancer 
Epidemiol Biomarkers Previous. 
2004;13(8):1392-1398.

[28] Roberts KT. The potential of 
fenugreek (Trigonella foenum-graecum) 
as a functional food and nutraceutical 
and its effects on glycemia and 
lipidemia. Journal of Medicinal Food. 
2011;14(12);1485-1489.

[29] Mehrafarin A, Rezazadeh SH, 
Naghdi BH, Noormohammadi GH, 
Zand E, Qaderi A. A review on biology, 
cultivation and biotechnology of 
fenugreek (Trigonella foenum- 
graecum L.) as a valuable medicinal 
plant and multipurpose. Journal of 
Medicinal Plants. 2011;10:6-24.

[30] El-Shora HM, El-Farrash AH, 
Kamal H, Aya A. Positive role of UV 
radiation in enhancing secondary 
metabolites production in fenugreek 
leaves. International Journal of 
Advanced Research. 2015;3(5):536-543.

[31] Hussein EA, Aqlan EM. Effect of 
mannitol and sodium chloride on some 
total secondary metabolites of 
fenugreek calli cultured in vitro. Plant 
Tissue Culture and Biotechnology. 
2011;21(1):35-43.

[32] Chaudhary S, Chikara SK, 
Sharma MC, Chaudhary A, Syed BA, 



Legumes Research - Volume 2

122

Chaudhary PS, Mehta A, Patel M, 
Ghosh A, Iriti M. Elicitation of 
diosgenin production in Trigonella 
foenum-graecum (Fenugreek) seedlings 
by methyl jasmonate. International 
Journal of Molecular Sciences. 
2015;16:29889-29899.

[33] Hosseini Z, Hassanloo T, Kowsari M, 
Majidian M. Trigonelline as an anti-
diabetic metabolite increased in 
inoculated fenugreek by Trichoderma. 
Advanced Research in Microbial 
Metabolites and Technology. 
2018;2:129-139.

[34] Altabtabaai TA, Alalwani BA, 
Abbas IS. HPLC analysis of the 
trigonelline and diosgenin in thecallus 
of fenugreek (Trigonella foenum  
graecum L.) seeds. Plant Archives. 
2019;19(Supp. 2):2046-2050.

[35] Varsha T, Jain A. Comparative 
quantitative estimation of secondary 
metabolites and HPLC analysis in 
different plant parts of Trigonella 
foenum graceum (L.). International 
Journal of Research in Applied, Natural 
and Social Sciences. 2018;6(8):75-84.

[36] Rajabihashjin M, Asghari A, 
Zeinalabedini M, Ghaffari M. 
Evaluation of the effect of 
environmental condition on metabolites 
and morphology of seeds and prediction 
of 4-Hydroxy Isoleucine and 
trigonelline as two therapeutic 
metabolites of Persian fenugreeks. 
Preprints. 2019;1-26.

[37] Irankhah S, Sillo F, Nerva L, 
Ganjeali A, Balestrini R, Chitarra W. 
Combined effects of water deficit, 
exogenous ethylene application and root 
symbioses on trigonelline and aba 
accumulation in fenugreek. Applied 
Sciences. 2020;10(7): 2338-2348. 
DOI:10.3390/app10072338

[38] Abdouli H, Ayed MH, Elham M, 
Nabila B, Morencos MRA. Proximate 
composition, and total phenols, tannins, 

flavonoids and saponins, and in vitro 
ruminal fermentation activity of 
fenugreek cut at three maturity stages. 
Livestock Research for Rural 
Development. 2012;24:13.

[39] Irankhah S, Chitarra W, Nerva L, 
Antoniou C, Luminu E, Volpe V, 
Ganjeali G, Cheniany M, Mashreghi M, 
Fotopoulos V, Balestrini R. Impact of an 
arbuscular mycorrhizal fungal inoculum 
and exogenous MeJA on fenugreek 
secondary metabolite production under 
water deficit. Environmental and 
Experimental Botany. 2020;176: 104096.

[40] Bitarafan Z, Asghari HR, 
Hasanloo T, Gholami A, Moradi F, 
Khakimov B, Liu F, Andreasen C. The 
effect of charcoal on medicinal 
compounds of seeds of fenugreek 
(Trigonella foenum-graecum L.) exposed 
to drought stress. Industrial Crops and 
Products. 2019;131:323-329.

[41] Elleuch A, Chaâbene Z, Grubb DC, 
Drira N, Mejdoub H, Khemakhem B. 
Morphological and biochemical 
behavior of fenugreek (Trigonella 
foenum-graecum) under copper stress. 
Ecotoxicology and Environmental 
Safety. 2013;98: 46-53.

[42] Parchin RA, Ghomi AAN,  
Badi HN, Eskandari A, Navabpoura S, 
Mehrafarin A. Growth characteristics 
and phytochemical responses of Iranian 
fenugreek (Trigonella foenum- 
graecum L.) exposed to gamma 
irradiation. Industrial Crops and 
Products. 2019;139:111593.

[43] Murria S, Kaur N. Fenugreek 
alkaloids: A medicinal commodity. 
Rashtriya Krishi. 2018;13(2):13-14.

[44] Agarwal M, Agarwal M, Jain SC. In 
vitro regulation of bioactive compounds 
in Trigonella species by mutagenic 
treatments. Journal of Plant Sciences. 
2015;3:40-44.

[45] Dias KLG, Correia N. de A, 
Pereira KKG, Barbosa Filho JM, 



123

Assessment of Secondary Metabolites with Different Uses of Fenugreek
DOI: http://dx.doi.org/10.5772/intechopen.99479

Cavalcante KVM, Araújo IGA, Silva DF, 
Guedes DN, Neto MDA, Bendhack LM, 
Medeiros, I. A. Mechanisms involved in 
the vasodilator effect induced by 
diosgenin in rat superior mesenteric 
artery. European Journal of 
Pharmacology. 2007;574(2-3): 172-178.

[46] Gong G, Qin Y, Huang W. Anti-
thrombosis effect of diosgenin extract 
from Dioscorea zingiberensis C.H. 
Wright in vitro and in vivo. 
Phytomedicine. 2011;18(6): 458-463.

[47] Lee J, Jung K, Kim YS, Park D. 
Diosgenin inhibits melanogenesis 
through the activation of 
phosphatidylinositol-3-kinase pathway 
(PI3K) signaling. Life Science. 
2007;81(3):249-254.

[48] Tada Y, Kanda N, Haratake A, 
Tobiishi M, Uchiwa H, Watanabe S. 
Novel effects of diosgenin on skin aging. 
Steroids. 2009;74(6):504-511. DOI: 
10.1016/j.steroids.2009.01.006

[49] Yan LL, Zhang YJ, Gao WY, Man SL, 
Wang Y. In vitro and in vivo anticancer 
activity of steroid saponins of Paris 
polyphylla var. yunnanensis. 
Experimental Oncology. 2009; 
31(1):27-32.

[50] Sautour M, Mitaine-Offer AC, 
Miyamoto T, Dongmo A, 
Lacaille-Dubois MA. Antifungal steroid 
saponins from Dioscorea cayenensis. 
Planta Medica. 2004;70(1):90-92. DOI: 
10.1055/s-2004-815467

[51] Wang L, Ma T, Zheng Y, Lv S, Li Y, 
Liu S. Diosgenin inhibits IL-1β-induced 
expression of inflammatory mediators 
in human osteoarthritis chondrocytes. 
International Journal of Clinical and 
Experimental Pathology. 
2015;8(5):4830-4836.

[52] Corbiere C, Liagre B, Terro F, 
Beneytout JL. Induction of 
antiproliferative effect by diosgenin 
through activation of p53, release of 

apoptosis-inducing factor (AIF) and 
modulation of caspase-3 activity in 
different human cancer cells. Cell 
Research. 2004;14:188-196.

[53] Malviya KG, Babhulkar MW, Mali P, 
Rangari VD. Evaluation of anti-
inflammatory potential of Trigonella 
foenum-graecum (fenugreek) seed 
extracts by using carrageenan induced 
rat paw edema. Drug Invent. Today. 
2010;2:109-111.

[54] Abdel-Nabey AA, Damir AA. 
Changes in some nutrients of fenugreek 
(Trigonella foenum-graceum L.) seeds 
during boiling. Plant Foods for Human 
Nutrition. 1990;40(4):267-274.

[55] Rayyan S, Fossen T, Andersen QM. 
Flavone C-Glycosides from seeds of 
fenugreek, Trigonella foenum-graecum L. 
Journal of Agricultural and Food 
Chemistry. 2010;58:7211-7217. DOI: 
10.1021/jf100848c

[56] Ravikumar P, Amerada CV. Effect of 
fenugreek seeds on blood lipid 
peroxidation and antioxidants in 
diabetic rats. Phytotherapy Research. 
1999;13:197-201.

[57] Broca C, Manteghetti M, Gross R, 
Baissac Y, Jacob M, Petit P, Sauveira Y, 
Ribes G. 4- Hydroxyisoleucine: Effects 
of synthetic and natural analogues on 
insulin secretion. European Journal of 
Pharmacolology. 2000;390:339-345.

[58] Bors W, Heller W, Michael C, 
Stettmaier K. Flavonoids and 
polyphenols: chemistry and biology. In: 
Cadenas E, Packer L (eds) Handbook of 
antioxidants. Marcel Dekker, New York, 
1996:409-466.

[59] Adeeb AN, Hamadi SA, 
Al-Khateeb E. Isolation of trigonelline 
from Iraqi fenugreek seeds and studying 
its effects on blood glucose & lipid 
profile in normal and alloxan-diabetic 
rabbits. A master thesis, College of 
Pharmacy/University of Baghdad. 2002.



Legumes Research - Volume 2

124

[60] Velikii NN, Obrosova IG, 
Efimoy AS. Nicotinamide coenzyme in 
the regulation of cellular metabolism in 
various types of diabetes. Vopr Med 
Khim. 1992;38(4):45-52.

[61] Bukhari SB, Muhammad IB, 
Shahabuddin M. Antioxidant activity 
from the extract of fenugreek seeds. 
Pakistan Journal of Analytical and 
Environmental Chemistry. 
2008;9(2):78-83.

[62] Bhatia K, Kaur M, Atif F, Ali M, 
Rehman H, Rahman S. Aqueous extract 
of ameliorates additive urotoxicity of 
buthionine sulfoximine and 
cyclophosphamide in mice. Food and 
Chemical Toxicology. 
2006;44:1744-1750.

[63] Naidu MM, Shyamala BN, Naik PJ, 
Sulochanamma G, Srinivas P. Chemical 
composition and antioxidant activity of 
the husk and endosperm of fenugreek 
seeds Food Science and Technology. 
2010;44:451-456.

[64] Joglekar M, Mandal M, 
Somaiah MP, Murthy S.Comparative 
analysis of antioxidant and antibacterial 
properties of Aegle marmelos, 
Coriandrum sativum and Trigonella 
foenum graecum. Acta Biologica Indica. 
2012;1(1):105-108.

[65] Kaviarasan S, Naik GH, 
Gangabhagirathi R, Anuradha CV, 
Priyadarsini KI. In vitro studies on 
antiradical and antioxidant activities of 
fenugreek (Trigonella foenum graecum) 
seeds. Food Chem. 2007;103:31-37.

[66] Shang M, Cai S, Han J, Li J, Zhao Y, 
Zheng J, Namba T, Kadota S, Tezuka Y, 
Fan W. Studies on flavonoids from 
Fenugreek (Trigonella foenum graecum 
L.). National Library of Medicine. 1998; 
23(10):614-616, 639.

[67] Belguith-Hadriche O, Bouaziz M, 
Jamoussi K, Simmonds MS, El Feki A, 
Makni-Ayedi F. Comparative study on 

hypocholesterolemic and antioxidant 
activities of various extracts of 
fenugreek seeds. Food Chemistry. 
138(2-3):1448-53.

[68] Liu Y, Kakani R, Nair MG. 
Compounds in functional food 
fenugreek spice exhibit anti-
inflammatory and antioxidant activities. 
Food Chemistry. 2012;131:1187-1192.

[69] Musa KH, Abdullah A, Jusoh K, 
Subramaniam V. Antioxidant activity of 
pink-flesh guava (Psidium guajava L.): 
effect of extraction techniques and 
solvents. Food Analytical Methods. 
2011;4(1):100-107.

[70] Mashkor IMAAL. Total phenol, 
total flavonoidsand antioxidant activity 
of pomegranate peel. International 
Journal of ChemTech Research. 
2014;6(11):4656-4661.

[71] Deshmukh AR, Gupta A, Kim BS. 
Ultrasound assisted green synthesis of 
silver and iron oxide nanoparticles using 
fenugreek seed extract and their 
enhanced antibacterial and antioxidant 
activities. BioMed Research 
International. 2019; 1-14. DOI: 
10.1155/2019/1714358

[72] Dixit P, Ghaskadbi S, Mohan H, 
Devasagayam TPA. Antioxidant 
properties of germinated fenugreek 
seeds. Phytotherapy Research. 
2005;19(11):977-983. DOI: 10.1002/
ptr.1769.

[73] Kaurinovic B, Popovic M, 
Vlaisavljevic S, Trivic S. Antioxidant 
capacity of Ocimum basilicum L. and 
Origanum vulgare L. extracts. Molecules. 
2011; 16:7401-7414.

[74] Aqil F, Ahmad I. Broad-spectrum 
antibacterial and antifungal properties 
of certain traditionally used Indian 
medicinal plants. World Journal of 
Microbiology and Biotechnology. 
2003;19:653-657.



125

Assessment of Secondary Metabolites with Different Uses of Fenugreek
DOI: http://dx.doi.org/10.5772/intechopen.99479

[75] Haouala R, Hawala S, El-Ayeb A, 
Khanfir R, Boughanmi N. Aqueous and 
organic extracts of Trigonella foenum-
graecum L. inhibit the mycelia growth 
of fungi. Journal of Environmental 
Sciences. 2008;20:1453-1457.

[76] O’Mahony R, Al-Khtheeri H, 
Weerasekera D, Fernando N, Vaira D, 
Holton J, Basset C. Bactericidal and 
anti-adhesive properties of culinary and 
medicinal plants against Helicobacter 
pylori. World Journal of 
Gastroenterology. 2005;11:7499-7507.

[77] Randhir R, Lin YT, Shetty K. 
Phenolics, their antioxidant and 
antimicrobial activity in dark 
germinated fenugreek sprouts in 
response to peptide and phytochemical 
elicitors. Asia Pacific Journal of Clinical 
Nutrition. 2004;13:295-307.

[78] Randhir R, Shetty K. Improved 
alpha-amylase and Helicobacter pylori 
inhibition by fenugreek extracts derived 
via solid-state bioconversion using 
Rhizopus oligosporus. Asia Pacific 
Journal of Clinical Nutrition. 
2007;16:382-392.

[79] Mercan N, Guvensen A, Celik A, 
Katircioglu H. Antimicrobial activity 
and pollen composition of honey 
samples collected from different 
provinces in Turkey. Natural Product 
Research. 2007;21:187-195.

[80] Zia T, Hasnain SN, Hasan SK. 
Evaluation of the oral hypoglycaemic 
effect of Trigonella foenum-graecum L. 
(methi) in normal mice. Journal of 
Ethnopharmacology. 2001;75:191-195.

[81] Laroubi A, Touhami M, Farouk L, 
Zrara I, Aboufatima R, Benharref A. 
Prophylaxis effect of Trigonella foenum 
graecum L. seeds on renal stone 
formation in rats. Phytotherapy 
Research. 2007;21(10): 921-925.

[82] Shaheed KA, Alsirraj MA, 
Allaith SA, Noori NA, Obaid MH, 

Mouhsan ZM, Swedan SS. The 
biological activities of seeds extracts for 
fenugreek and black cumin and its 
inhibitory influences toward some 
pathogens. Iraq Medicine. 2018;2(2): 
46-50.

[83] Hamadii RF. Effect of some plant 
extract on some bacterial isolated 
causing urinary tract infection (UTI). 
Anbar Journal. 2012;3.

[84] Han JS, Shin DH, Baek NI. 
Identification of growth inhibitory 
substance on foodborne microorganisms 
from commiphora molmol Engl. and its 
application to food products. Korean 
Journal of Food Science and Technology. 
2001;33(4):401-408.

[85] Badreldin LE. Chemical 
composition of ginger (Zingiber 
officinale Rose) and detection of 
antimicrobial activity of its oil. M.Sc.
Thesis, University of Gezira. 2006.

[86] Sulieman AME, Ahmed HE, 
Abdelrahim AM. The chemical 
composition of fenugreek (Trigonella 
foenum graceum L) and the antimicrobial 
properties of its seed oil. Gezira Journal 
of Engineering and Applied Sciences. 
2008;3(2):52-71.

[87] Amin A, Alkaabi A, Al-Falasi S, 
Daoud SA. Chemopreventive activities 
of Trigonella foenum-graecum 
(Fenugreek) against breast cancer. Cell 
Biology International. 2001;29:687-694.

[88] Verma SK, Singh SK, Mathur A. In 
vitro cytotoxicity of Calotropis procera 
and Trigonella foenum-graecum against 
human cancer cell lines. Journal of 
Chemical and Pharmaceutical Research. 
2010;2:861-865.

[89] Alsemari A, Alkhodairy F, 
Aldakan A, Al-Mohanna M, Bahoush E, 
Shinwari Z, Alaiya A. The selective 
cytotoxic anti-cancer properties and 
proteomic analysis of Trigonella 



Legumes Research - Volume 2

126

foenum-graecum. BMC Complement. 
Alternative Medicine. 2014;14:114.

[90] Sebastian KS, Thampan RV. 
Differential effects of soybean and 
fenugreek extracts on the growth of 
MCF-7 cells. Chemico-Biological 
Interactions. 2007;170:135-143.

[91] Prabhu A, Krishnamoorthy M. 
Anticancer activity of Trigonella 
foenum-graecum on Ehrlich Ascites 
carcinoma in Mus musculus system. 
Journal of Pharmacy Research. 
2010;3:1181-1183.

[92] Shabbeer S, Sobolewski M, 
Anchoori RK, Kachhap S, Hidalgo M, 
Jimeno A, Davidson N, Carducci MA, 
Khan SR. Fenugreek: a naturally 
occurring edible spice as an anticancer 
agent. Cancer Biology and Therapy. 
2009;8:272-278.

[93] Devasena T, Menon PV. Fenugreek 
seeds modulate 1,2-dimethylhydrazine-
induced hepatic oxidative stress during 
colon carcinogenesis. The Italian journal 
of biochemistry. 2007;56:28-34.

[94] Li F, Fernandez PP, Rajendran P, 
Hui KM, Sethi G. Diosgenin, a steroidal 
saponin, inhibits STAT3 signaling 
pathway leading to suppression of 
proliferation and chemosensitization of 
human hepatocellular carcinoma cells. 
Cancer Letters. 2010;292:197-207.

[95] Chen PS, Shih YW, Huang HC, 
Cheng HW. Diosgenin, a steroidal 
saponin, inhibits migration and 
invasion of human prostate cancer pc-3 
cells by reducing matrix 
metalloproteinases expression. PLoS 
ONE. 2011;6(5). DOI: 10.1371/journal.
pone.0020164.e20164

[96] Lepage C, Léger DY, Bertrand J, 
Martin F, Beneytout JL, Liagre B. 
Diosgenin induces death receptor-5 
through activation of p38 pathway and 
promotes TRAIL-induced apoptosis in 
colon cancer cells. Cancer Letters. 

2011;301(2):193-202. DOI: 10.1016/j.
canlet.2010.12.003

[97] Léger DY, Liagre B, Cardot PJP, 
Beneytout JL, Battu S. Diosgenin 
dose-dependent apoptosis and 
differentiation induction in human 
erythroleukemia cell line and 
sedimentation field-flow fractionation 
monitoring. Analytical Biochemistry. 
2004;335(2):267-278. DOI: 10.1016/j.
ab.2004.09.008

[98] Das S, Dey KK, Dey G, Pal I, 
Majumder A, MaitiChoudhury S, 
Kundu SC, Mandal M. Antineoplastic 
and apoptotic potential of traditional 
medicines thymoquinone and diosgenin 
in squamous cell carcinoma. PLoS ONE. 
2012;7(10):e46641. DOI: 10.1371/
journal.pone.0046641.e46641

[99] Mao ZJ, Tang QJ, Zhang CA, Qin ZF, 
Pang B, Wei PK, Liu B, Chou YN. 
Anti-proliferation and anti-invasion 
effects of diosgenin on gastric cancer 
BGC-823 cells with HIF-1α shRNAS. 
International Journal of Molecular 
Sciences. 2012;13(5):6521-6533. DOI: 
10.3390/ijms13056521

[100] Mohammad RY, Somayyeh G, 
Gholamreza H, Majid M, Yousef R. 
Diosgenin inhibits hTERT gene 
expression in the A549 lung cancer cell 
line. Asian Pacific Journal of Cancer 
Prevention. 2013;14(11):6945-6948. 
DOI: 10.7314/APJCP.2013.14.11.6945

[101] Sung B, Prasad S, Yadav VR, 
Aggarwal BB. Cancer cell signaling 
pathways targeted by spice-derived 
nutraceuticals. Nutrition and Cancer. 
2012;64(2):173-197. DOI: 
10.1080/01635581.2012.630551

[102] Li Y, Wang X, Cheng S, Du J, 
Deng Z, Zhang Y, Liu Q, Gao J, Cheng B, 
Ling C. Diosgenin induces G2/M cell 
cycle arrest and apoptosis in human 
hepatocellular carcinoma cells. 
Oncology Reports. 2015;33(2):693-698. 
DOI: 10.3892/or.2014.3629



127

Assessment of Secondary Metabolites with Different Uses of Fenugreek
DOI: http://dx.doi.org/10.5772/intechopen.99479

[103] Jiang S, Fan J, Wang Q, Ju D, 
Feng M, Li J, Guan JB, An D, Wang X, 
Ye L. Diosgenin induces ROS-dependent 
autophagy and cytotoxicity via mTOR 
signaling pathway in chronic myeloid 
leukemia cells. Phytomedicine. 
2016;23(3):243-252. DOI: 10.1016/j.
phymed.2016.01.010

[104] Abdelgawad MR, Mustafa, MMM, 
Kottb MKI. Phytochemical protection 
against diethylnitrosoamine induced 
hepatocarcinogenesis by Trigonella 
foenum graecum in female rats. Arab J. 
Nucl. Sci. Appl. 2012;45(2):523-536.

[105] Kothari V, Galdo JA, Mathews ST. 
Hypoglycemic agents and potential 
anti-inflammatory activity. Journal of 
Inflammation Research. 2016;9:27-38

[106] Chauhan G, Sharma M, Varma A, 
Khanrkwal H. Phytochemical analysis 
and anti-inflammatory potential of 
fenugreek, Medicinal plants. 
International Journal of 
Phytomedicines and Related Industries. 
2010;2(1):39-44.

[107] Jung DH, Park HJ, Byun HE, 
Park YM, Kim TW, Kim BO, Um SH, 
Pyo S. Diosgenin inhibits macrophage-
derived inflammatory mediators 
through downregulation of CK2, JNK, 
NF-κB and AP-1 activation. 
International Immunopharmacology. 
2010;10:1047-1054.

[108] Roberts KT. The potential of 
fenugreek (Trigonella foenum-graecum) 
as a functional food and nutraceutical 
and its effects on glycemia and 
lipidemia. Journal of Medicinal Food. 
2011;14(12):1485-1489.

[109] Xue WL, Li XS, Zhang J, Liu YH, 
Wang ZL, Zhang RJ. Effect of Trigonella 
foenum-graecum (fenugreek) extract on 
blood glucose, blood lipid and 
hemorheological properties in 
streptozotocin-induced diabetic rats. 
Asia Pacific Journal of Clinical 
Nutrition. 2007;1:422-426.

[110] Snehlata HS, Payal DR. Fenugreek 
(Trigonella foenum-graecum L.): an 
overview. International Journal of 
Current Pharmaceutical Research. 
2012;2(4):169-187.

[111] Suresh P, Kavita CH, Babu SM, 
Reddy VP, Latha AK. Effect of ethanol 
extract of Trigonella foenum-graecum 
(Fenugreek) seeds on Freund's adjuvant 
induced arthritis in albino rats. 
Inflammation. 2012;35:1314-1321.

[112] Sindhu G, Ratheesh M, Shyni GL, 
Nambisan B, Helen A. Anti-
inflammatory and antioxidative effects 
of mucilage of Trigonella foenum 
graecum (Fenugreek) on adjuvant 
induced arthritic rats. International 
Immunopharmacology. 2012;12:205-211.

[113] Sharma RD, Sarkar A, Hazra DK. 
Hypolipidaemic effect of fenugreek 
seeds: a chronic study in non-insulin 
dependent diabetic patients. 
Phytotherapy Research. 1996;10: 
332-334.





129

Chapter 7

Present and Future Perspective 
of Soybean Cultivation
Toshihiro Nakamori

Abstract

Soybeans have been cultivated as a traditional crop since ancient times in Japan, 
China, and other parts of Asia. Soybeans, as a source of protein, are rich in essential 
amino acids, but also contain a variety of functional and nutritional components. 
Their processed and fermented products support the maintenance of human health. 
Recently, new soybeans varieties containing superior nutritional components have 
been cultivated, and growing interest in plant-based foods has led to the establish-
ment of new food products including dairy products such as butter and cream.

Keywords: soybeans, functional food, health benefits, protein, peptide,  
isoflavone, fat

1. Introduction: the origin of soybeans and their global production

Soybean (Glycine max (L.) Merr.) is a traditional crop that contributes signifi-
cantly in Asia’s food culture. Several theories regarding the origin and spread of 
soybean have been suggested. Nevertheless, it has been reported that soybean was 
being cultivated in north-eastern China even 3000 years ago [1]. Currently, soybean 
is one of the most essential plant resources cultivated in various regions worldwide. 
The global production of soybeans in 2019 was approximately 340 million tons 
(Figure 1), making it one of the most commonly produced plant resources glob-
ally [2]. Approximately 80% of cultivated soybeans are used in livestock feed, and 
its majority is used for non-dietary purposes (i.e., printing ink, binder and resin 
dispersion, etc).

Soybean is known as the “miracle crop” as its actual cultivation initiated after 
1930, mainly in the United States, and its production increased rapidly and signifi-
cantly [3]. Soybean is widely cultivated in regions extending from the equatorial 
tropics up to southern regions of Sweden and Canada in the north, and Argentina 
and southern Australia in the south, with a substantial number of soybean variet-
ies appropriate for cultivation in different environments and uses appropriate for 
each region.

2. Functional components present in soybeans

The composition of soybeans varies marginally depending on the variety; how-
ever, it commonly consists of protein (35–45%), fat (18–20%), and carbohydrates 
(22–28%), an insoluble fiber called okara, a low percentage of starch and sucrose, 
and some oligosaccharides such as stachyose and raffinose [4]. The physiologically 
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functional components of soybeans include vitamins such as K, A, B2, C, and D with 
a high content of vitamin E and B1 while they also contain glycosides in the form of 
isoflavones and saponins as well as functional lipids including lecithin and sterols.

Besides lipid-associated proteins, two types of globulins, 11S globulin and 
7S globulin represent the two major components of soybean proteins (Figure 2) 
[4, 5]. With respect to the physiological function of soybean proteins, Carroll 
and Hamilton [6] reported in 1975 that consumption of soybean proteins reduces 
plasma low-density lipoprotein concentration. Sugano et al. [7] and Kohno [8] 
further elucidated the mechanism through which the indigestible high-molecular-
weight fraction of soybeans binds to excess bile acids in the intestinal tract and 
is excreted from the body. The U.S. Food and Drug Administration has approved 
the labeling of foods containing 25 g of soy protein per day as foods that reduce 
the risk of heart disease development due to the cholesterol-reducing effects of 
soy protein [9]. In Japan, soy protein represents a functional ingredient in food for 
special health-related use, and several correlated products are being commonly 
used [10]. It has been demonstrated that beta-conglycinin detected in 7S globulin 
reduces the visceral fat content and has been authorized for use in food for specific 
 health-related use [11, 12].

Figure 1. 
World Soybean production.

Figure 2. 
Soybean composition.
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Isoflavones, one of the essential components of soybeans, represent approxi-
mately 0.2–0.5% of seed weight, and their composition differ depending on the 
part of the soybean [13]. The isoflavone content per gram of protein in traditional 
soybean foods such as tofu is approximately 3.5 mg in aglycon units [14]. Isoflavones 
consist of genistein (~50%), daidzein (~40%), and glycitin (~10%). The physi-
ological function (nonhormonal agent) of equal, a metabolite of daidzein ingested 
by the body and produced by intestinal microflora, is of particular scientific interest 
[15]. Isoflavones have been demonstrated to improve the blood lipid profile when 
consumed in combination with soy protein as a component of soy foods for a period 
of one to 3 months [16], and have shown to exert an anti-estrogenic effect on breast 
and prostate cancer that are hormone-related disorders [17, 18].

3. Improvement of soybean characteristics via breeding

Cultivation of soybean varieties suitable for different environments in various 
regions has been previously investigated, using high yield and pest resistance as 
the relevant development parameters. Development of soybeans with improved 
nutritional and functional characteristics has been pursued after utilizing wild 
species of soybean and employing genetic resources such as genetic mutations 
that are naturally generated during the cultivation process. Wild soybean (Glycine 
soja Sieb. et Zucc.) for instance, is characterized by its high protein and low-fat 
content. Yamada [19] reported that protein content (its main component) is 
adversely associated with its lipid content based on the examination of hybrids 
among this legume and soybean strains. Development of high protein soybeans by 
sacrificing a certain amount of the lipid content and agronomic traits would also be 
possible. Cultivation of soybeans including a higher protein content compared to 
conventional varieties is anticipated to contribute in the adaptation of soybean use 
products for protein intake, and for the improvement of productivity. Furthermore, 
it has been described that the 11S globulin content of soybeans increases when all 
7S globulin genes are externally suppressed using microRNA [20]. Since 7S and 
11S globulins are the main proteins in soybeans accounting for more than 50% of 
total protein content, changes on either protein levels result in significant effects 
on the gel water holding capacity, which is the main property of soybean protein. 
These proteins are thus expected to lead in the development of products that are 
completely different from conventional processed products from soybeans based on 
gelation properties.

Previous studies have attempted to enhance the content of alpha-tocopherol 
(α-Toc) and isoflavone through cultivation [21, 22]. Toc is a fat-soluble antioxidant 
commonly known as vitamin E. There are four naturally occurring homologs: α-, 
β-, γ-, and δ-Toc, with α-Toc being the most bioactive homolog. The total Toc con-
tent in soybean oil is relatively high among vegetable oils and fats. Nevertheless, 
the α-Toc content is low, ranging 5–7% [23] and as a result, vitamin E activity of 
soybean is not significant. Importantly, increasing the α-Toc content of soybeans 
has become a goal of cultivation. Dwiyanti et al. [21] demonstrated that gene 
expression related with α-Toc content was associated with the expression levels 
of one of the γ-Toc methyltransferase (E.C.2.1.1.95) isozyme (γ-TMT3) by genetic 
analysis of hybrids containing high α-Toc content using soybean genetic resources. 
In contrast, certain varieties have been identified in which α-Toc content increases 
from ×1.5 to ×5-fold during ripening in high temperature regions compared to that 
in standard regions [24], and an approach involving both genetic and cultivation 
environment is crucial when cultivating soybeans containing a high vitamin E 
content [24].
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Various studies have also examined the potential of producing high-isoflavone 
soybeans [22, 25]. In isoflavone-related genetic analysis, it has been discovered 
that overexpression of the MYB transcription factor gene regulating the flavonoid 
biosynthetic pathway, increases the isoflavone and flavonol levels [26], suggesting 
the possibility of increasing isoflavone content via genetic engineering. In addition, 
a study has suggested that isoflavone content increases by ×3-fold when grown at 
a relatively lower temperature compared to that of standard growing conditions 
[26]. Isoflavone content may be thus increased by selecting varieties with genetic 
variation while considering the culturing conditions associated to the climate of the 
production area.

4. Traditional Japanese foods prepared from soybeans

Soybeans have been cultivated throughout Japan since the Yayoi period 
(1700–2300 years ago) [27, 28] and have contributed significantly in the preparation 
of Japanese food consumed nowadays. Currently, soybean is cultivated all over the 
country, from Hokkaido in the north to Okinawa in the south and there are variet-
ies suitable for the cultivation conditions of each region. In the fiscal year of 2019, 
soybean demand in Japan was 3,670,000 tons, with food-related use accounting for 
28% or 1,019,000 tons, while the remaining 72% accounted for non-food applica-
tions such as livestock feed. Currently, ~80% of soybeans intended for consumption 
are imported from overseas, primarily from the United States, Canada, and Brazil 
[29]. The main food-based applications of soybeans include the production of miso 
(soybean paste), soy sauce, tofu, fried bean curd, natto (fermented soybeans), 
dried bean curd, and soy milk (Figure 3). As an essential ingredient in Japanese 
cuisine, these traditional foods not only contribute to the health and nutrition of 
the Japanese population, but also in Japanese food culture. In December 2013, the 

Figure 3. 
The strain of Traditional Soybean Products.
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“traditional food culture of the Japanese people” was registered as an UNESCO 
Intangible Cultural Heritage [30], and Japanese food culture is continuously gaining 
global attention due to the health benefits and taste of tofu, soy sauce, and miso [31].

The original form of miso is considered to have been established in Japan from 
the Chinese continent during the Nara period (710–794). Over the course of its 
1400-year history, fermented soy sauce prepared from soybeans and grains mixed 
with mold-containing koji and salt has spread throughout the country and has 
been enhanced to fit each region’s preferences. Soy sauce production is thought to 
have been established independently in each local environment [32]. Currently, 
various types of miso are available and they can be grouped into four main types: 
(1) rice miso prepared from soybeans, rice koji (malted rice) and salt; (2) barley 
miso prepared from soybeans, barley koji and salt; (3) soybean miso prepared from 
soybean miso balls, koji and salt; and (4) mixed miso prepared by mixing several 
types of miso. Rice miso is further classified based on different flavors and colors 
according to the koji ratio and salt concentration used, and is classified into sweet 
(white, red), sweet (light-colored, red), and dry (light-colored, red) rice miso 
while barley miso is classified as sweet and dry [33]. Among these, rice miso is the 
most widely produced miso and is manufactured in many regions of Japan. Rice 
miso is prepared by adding rice malt and salt to steamed soybeans and fermented. 
The salt inhibits bacterial growth as well as proteolytic enzymes, saccharolytic 
enzymes, and lipolytic enzymes produced by koji degradation to its ingredients; the 
aromatic flavor components that determine the taste of miso and miso-like color 
are mediated by the action of salt-resistant lactic acid bacteria and salt-resistant 
yeast during the fermentation and subsequent maturation processes [34]. Aroma 
extract dilution analysis (AEDA) is conducted to examine the aroma components 
in fermented soybean foods such as miso [35]. AEDA involves the detection of 
components eluted from a gas chromatography (GC) column based on the odor and 
can analyze the aroma of trace amounts of components that cannot be detected by 
GC [36]. The complex aroma of raw miso is attributed to major components such 
as 4-hydroxy-2(or 5)-ethyl-5(or 2)-methyl-3(2H)-furanone and 3-hydroxy-4,5-di-
methyl-2(5H)-furanone. Furanone and other recently identified substantially low 
abundant components are considered to be key factors affecting the aroma of miso 
[37–39]. Moreover, it has been revealed that aroma alterations due to heat treatment 
during manufacturing and cooking procedures may be triggered by an increase in 
methional content, a major component, and a decrease in the levels of three compo-
nents, 1-octen-3-one, (Z)-1,5-octadien-3-one, and trans-4,5-epoxy-(E)-2-decenal. 
Recently discovered trace components are important factors affecting soybean 
characteristics [40]. Miso contains numerous biological regulators, and it has been 
reported to inhibit melanin production, osteoporosis as well as to reduce cholesterol 
and blood pressure [41–43]. Miso consumption has considerably affected health 
maintenance of Japanese population during its long history, and is expected to 
improve accordingly the diets of the global population.

5. Development of new products prepared from soybeans

Soybeans contain an optimal balance of essential amino acids as suggested by 
their amino acid score of 100. Milk has the same amino acid score (100) and is an 
essential component of the human diet since ancient times. Throughout the history 
of food, consumption of milk can be summarized by the “dairy milk tree,” that is 
characterized by the combination of fermentation and separation of protein-rich 
and fat-rich milk components [44]. A variety of dairy products ranging from 
butter and powdered milk to cream, condensed milk, ice cream, cheese, yogurt, 
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and Lactobacillus-based beverages are prepared from milk, and they have become 
closely intertwined with the food culture of each region. Various studies have exam-
ined processing of soybeans to yield water-soluble protein components and oily 
components such as milk. Nevertheless, protein and fat components in soybeans are 
strongly associated, and effective classification of the two components represents a 
major challenge [45, 46].

Fuji Oil organization, which has been investigating soybeans for more than half a 
century, enhanced the process of separating lipophilic and hydrophilic proteins and 
developed an approach for separating soy milk into two parts: oily soy cream and 
low-fat soy milk. This new separation technology has been patented as the world’s 
first Ultra Soy Separation (USS) method (Figure 4). The soymilk cream and low-fat 
soy milk separated using the USS process has been confirmed to contain various 
tastes and functions not detected in conventional soy milk. Soymilk cream has a deep 
richness of soybeans and improves the flavor of the ingredients combined with it and 
confers a delicious creamy texture to food. Low-fat soy milk is a healthy ingredient 
that although contains very limited oil amounts, it has a significantly strong soybean 
flavor and can be utilized as a soup stock. The first premium soy milk products devel-
oped after the USS manufacturing method were presented in the Japanese Pavilion 
of the Milan Expo in 2015, where food was the main theme and attracted particular 
attention as a food material that contains a new plant-based taste (Figure 5). A 
variety of desserts and beverages prepared using soy butter, soy cream, and low-fat 
soy milk that all benefit from plant-based taste of this novel ingredient, are now 
available in convenience stores in Japan and attract the attention of “flexitarians” 
who are interested in plant-based foods. In the near future, “dairy milk tree” based 
on soymilk cream and low-fat soy milk may further develop with the formation of a 
variety of new traditional foods. In summary, soybeans are anticipated to contribute 
in the amelioration of the health of the Japanese and global population.

Figure 4. 
USS (Ultra Soy Separation) method.
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6. Conclusions

Soybean cultivated globally can be an important strategic crop that can help the 
resolution of the food shortage issue due to the increasing population based on its 
high protein content and nutritional value in the near future.

Figure 5. 
Cheese-like soy milk products and their applications.
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Abstract

Glycine max (L) Merrill, better known as soy or soybean, is a legume of asian 
origin considered an excellent biotype, given the fact that it contains almost every-
thing the human being needs for the diet. Its cultivation worldwide is one of the 
most important, and soy itself and its derivatives are highly on demand. The health 
effects of soy derived foods have been investigated for more than 25 years, and some 
of them remain controversial. On the other hand, we wondered if soy could be used 
to ameliorate the toxic effects of heavy metals. Therefore, in this chapter we review 
general characteristics of soy as well as its nutritional potential, and we compiled 
the newest information about the health effects of soy. In order to test our hypoth-
esis, we developed a model of animals exposed to cadmium, and we gave them a soy 
based diet, comparing it with a casein-based diet as control. This allowed us to col-
lect information about its effect on the respiratory and nervous system. Among the 
results of this review, we show that it reduces the cholesterol level and obesity while 
also having antidiabetic effects. We enumerate the benefits of soy-based diets on the 
respiratory system, such as protection against lung cancer and radiotherapy, better 
lung function in asthma patients and protection against cadmium intoxication. In 
the cardiovascular system it reduces the risk of coronary heart disease, improves 
blood pressure, glycemic control, and inflammation while it reduces not all but 
some of the alterations induced by cadmium exposure on the aorta and heart. It 
apparently promotes neurogenesis, improves cognitive functions, and reduces the 
oxidative stress and apoptosis induced by cadmium exposure in the cerebellum. 
Taken all together, this information let us conclude that soy consumption would 
exhibit numerous benefits for human health, although future studies should try 
to elucidate the best outcome considering variables such as gender, age, treatment 
duration and dosage of soy products consumption in the diet.

Keywords: Soybean, cadmium, oxidative stress, anti inflammatory

1. Introduction

Soybean has been consumed in many countries since before recorded  history. 
The health effects of soy derived foods have been investigated for more than 
25 years. Actually, more than 2000 soy related articles are published annually. Most 
of the research is conducted because there is evidence that soy has beneficial effects 
on health, specially preventing chronic diseases.
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In our laboratory, we specialize in the effect of heavy metals intoxication on 
different organs and given the fact that soy is known for its antioxidant properties, 
we wanted to study if the addition of soy in the diets of exposed animals would 
ameliorate the deleterious effects of a heavy metal.

In this chapter, we begin providing some background information about soy char-
acteristics and nutritional information; but the main intent of this review is to provide 
a compilation of the current understanding of the health effects of soybean derived 
foods mainly on the lipid profile and on different systems such as the respiratory 
system, the cardiovascular system and the central nervous system. We made a search 
compiling the most relevant works in the field and added our most outstanding results 
regarding the possible uses of soy to counteract some environmental intoxications.

2. G. max (L) Merrill “soy”: general characteristics

The scientific name for soybeans is G. max (L.) Merrill. It is of Asian origin, 
native to north and central China [1]. It belongs to the Fabaceae family and the 
subfamily Faboideae. Depending on the country, it is popularly known by different 
names: soya (Portugal, France and England), soia (Italy) and sojabohne (Germany) 
[2]. It is an annual, herbaceous, shrubby species and its vegetative cycle ranges from 
three to seven months, depending on environmental conditions [3]. The optimal 
circumstances for its growth are the subtropical regions due to their permanently 
humid weather [4]. Morphologically, it is an erect and branched plant, reaching 80 
to 100 cm in height. Almost all varieties show pubescence on the stems, leaves and 
pods. The basal leaves are unifoliate, oval, with a short half-life; from the second 
pair of leaves their folial development is alternate, trifoliate with oval or lanceolate 
leaflets, narrow or wide, depending on the variety, green in vegetative state and at 
maturity they turn yellow-brown.

After the vegetative growth period, the duration of which depends on the 
cultivar, latitude and environmental conditions (length of day and temperature) in 
addition to cultural practices, the soybean plant enters the reproductive phase. The 
flower is perfect (hermaphrodite), with axillary budding, developing a grouping 
of 2 to 35 flowers, which can be white or purple [5]. Palmer et al. [6] and Takahashi 
et al. [5] established that the color of soybean flowers is controlled mainly by six 
genes (W1, W2, W3, W4, Wm and Wp). Under the W1 genotype, the combination 
with W3W4 results in deep purple flowers, W3w4 has pale purple flowers or with 
purple coloration at the base of the petal, w3W4 produces purple flowers and w3w4 
has almost white flowers [7].

The seed develops in pods 4 to 6 cm long; each pod has between 2 to 3 seeds. 
The seed has a shape that varies from round to subtly oval and can present different 
colors depending on the variety; they can be essentially yellow, black or green. The 
root system is pivotal and can reach a depth of 15–30 cm; it is capable of nodulation 
in symbiosis with bacteria of the genus Rhizobium [8].

Nutritionally, soy is an excellent biotype; since it contains almost everything the 
human being needs for his diet. It has between 38 and 40% protein, 18% fat due to 
its polyunsaturated nature, 15% carbohydrates and 15% fiber. It supplies most of 
the amino acids needed for protein synthesis, predominantly Lysine [9]. It is the 
only protein of vegetable origin with an amino acid score of 100%, when compared 
to proteins of animal origin, although it is limited in the amino acid methionine, so 
it is important that it is combined with a cereal (rice, quinoa, oats) or with animal 
proteins to be able to form complete proteins [10, 11]. It has a high concentration of 
potassium and is a good source of magnesium, phosphorus, iron, calcium, manganese 
and phosphates. It also provides vitamins such as vitamins E and B6 [9, 12].
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Soy contains isoflavones, which are mainly found in roots and seeds [13]. The 
concentration ranges between 1.2 and 4.2 mg/g dry weight, depending on the 
characteristics of the soil in which it is grown, the climate, and the plant maturation 
at the time of harvesting the seeds [14]. Like other phenolic compounds, soy iso-
flavones are mainly found as glycosylated conjugates (> 80%), which are absorbed 
in the intestine and have low estrogenic activity [15]; only after hydrolysis do they 
acquire their maximum bioavailability and biological activity [16].

2.1 Soybean cultivation characteristics

The cultivation of soy (G. max) worldwide is one of the most important due 
to its profitability and high demand for the product and its derivatives [17]. To 
improve soybean crop yields, a set of variables such as genetic aspects, nutrient 
availability, as well as other factors (crop rotation) must be analyzed, with the aim 
of achieving sustainability in production.

Pérez [18] assures that in order for this variety to obtain adequate growth and 
yield, it needs a significant amount of available nutrients so that it is able to yield 
good grain production. The nutrient requirements per ton of harvested soybean 
grain exceeds that one needed by other field crops such as corn or wheat.

Among the macronutrients and micronutrients necessary for its development 
are: phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), zinc (Zn), 
sulfur (S), boron (B), copper (Cu) and organic matter (OM) [17]. According to 
Ortiz [19], soy contains high concentrations of nitrogen (N) in the grains and in 
the plant. Biological nitrogen fixation (BNF) increases as the crop develops, in this 
way the root nodules transfer between 30 and 50% of the fixed N to the vegetative 
stages, 80–90% between flowering and the formation of the fruit, reaching the 
maximum contribution during the filling of the grains [20].

2.2 Industrial use of soy

Soy is industrially used for the production of oil for both human and animal 
consumption. From the processed grain, 20% crude oil and 75% soy flour are 
obtained. Most of the soy flour is used as raw material for animals. Small percent-
ages of protein are processed for human consumption in the form of soy milk, soy 
flour (SF), soy protein concentrate (SPC), tofu, and many retail food products [21].

Soy is also used for the production of industrial chemicals such as biodiesel, 
bio-composites, candles, ink, and wood. It is also used to produce synthetic wood 
floors and interior plywood. Soy products and other materials obtained from natu-
ral resources can be used as ingredients for the production of adhesives for wood 
due to their ability to bond with different materials [21]. Biodegradable soy-based 
adhesives are considerably less polluting for the environment than petrochemical 
adhesives [22].

Soybean residual biomass (a low-cost residue resulting from oil extraction) was 
functionalized with an industrial sulfur-based chelating agent, which is a precipita-
tion agent used in industrial wastewater treatment. This biomass combination and 
chelating agent is used for removing heavy metals from aqueous solution, such as 
Pb (II), Ni (II) and Cu (II) [23].

Various derived by-products from the soy processing industry are used for the 
manufacture of food, cosmetics and cleaning products. Also, soy is one of the most 
widely used crops for the production of biodiesel [24].

Soy production represents a very important fraction of the PBI of the entire 
Southern Common Market (Mercosur) agribusiness, with great economic impor-
tance for these countries. Practically, the Mercosur countries make up 42% of 
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the total soy planted in the world, compared to 33% planted in the US, satisfying 
together the growing world demand [25].

3. Soybean and health

Different studies have been conducted to determine which components of soy 
exert bioactive effects. Soy components include protein, lipids, fiber and phyto-
chemicals including isoflavones. The three main isoflavones found in soybeans are 
genistein, daidzein and glycitein. Furthermore, genistein has been suggested to act 
as an inhibitor of oxidative stress, angiogenesis, and metastasis [26].

3.1 Anti-cancer soy property

It has been suggested that many of the health effects of soy may be related 
to estrogen receptors (ER), mediated by soy-associated phytoestrogens [27]. 
Epidemiologic studies have shown that isoflavones may exert their anticancer 
effects through an estrogen receptor (ER) signaling pathway in breast, endometrial, 
and ovarian cancers. In addition, some results from lung cancer studies link the 
decrease of lung cancer with soy intake. The mechanisms and active compounds in 
soybeans that may be responsible for this relationship will need to be elucidated in 
the future [28]. A research conducted in 2014 with separated women according to 
menopause status explored the association between breast cancer and soy isofla-
vone consumption and it concluded that soy isoflavone intake could reduce the risk 
of breast cancer for both pre- and post-menopausal women in Asian countries [29].

In men with benign prostatic hyperplasia (BPH), finasteride treatment induced 
epidermal growth factor receptor (EGFR) nuclear translocation, but, when finas-
teride was combined with soy isoflavones, EGFR remained on the cell membrane. 
Since nuclear EGFR is a predictor of poor outcome in prostate cancer, addition of 
ERβ agonists should be considered as a treatment that might offer some benefit to 
patients [30].

Other studies have demonstrated that high intake of total soybean and non-
fermented soybean products could reduce the risk of gastric cancer, but fermented 
soybean products could increase that risk, indicating that the beneficial effect of 
soy-based food might be related to the non-fermented products [31]. Hua et al. 
[32] indicated that the isoflavone intake decreased the ovarian cancer risk by 33%, 
demonstrating that the intake of dietary isoflavones played a protective role against 
ovarian cancer. He et al. [33] showed that a daily diet rich in isoflavones might 
potentially decrease colorectal cancer incidence. In this sense, Yu et al. [34] results 
revealed that soy isoflavone consumption reduced the risk of developing colorectal 
cancer by 23%. Moreover, a higher intake of soy isoflavones was associated with a 
lower risk of mortality from lung, gastric, and colorectal cancers. Nachvak et al. 
[35] reported that an increase of 10 mg/day of soy isoflavones consumption was 
associated with a 7% lower risk of cancer mortality.

3.2 Soy enhances lipid profiles

The potential health effects of soybean in humans and animals remain contro-
versial. One of the strongest health claims involves protection against coronary 
disease, based upon reductions in plasma cholesterol and triglycerides, and protec-
tion against atherosclerosis. However, the physiological mechanism by which soy 
may improve blood lipid profiles has been subject of numerous investigations. 
Additional health benefits involve antidiabetic effects, reduced weight gain, and 
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improved body composition. Obesity clinically leads to nonalcoholic fatty liver dis-
ease (NAFLD), type 2-diabetes, and coronary heart disease. NAFLD is a potential 
risk factor for the development of both type 2-diabetes and metabolic syndrome. 
This illness is defined by excessive hepatic triglyceride (TG) content in the absence 
of excessive alcohol consumption. Moreover, NAFLD is the most common cause 
of chronic liver disease worldwide and it is a precursor of the more advanced liver 
disease nonalcoholic steatohepatitis (NASH). NAFLD is a condition that may 
progress to cirrhosis in up to 25% of the patients [36]. To date, the growing global 
disease burden of NAFLD has not been remedied by pharmaceutical treatment but 
soy derived foods in the diet have been proposed as a therapeutic tool for patients 
with NAFLD [37].

The amount of liver fat appears to be related to the amount of fat incorporated 
in the diet. Therefore, the excess of TG in the diet can favor fatty liver formation. 
Sources of hepatic TG were detected directly in NAFLD patients, as follows: a) TGs 
that come from non-esterified fatty acids, which flow into the liver through lipolysis 
of adipose tissue; b) TG in smaller amounts derived from de novo lipogenesis and 
dietary fat. Research shows that bioactive compounds in soy can prevent and treat 
NAFLD. Soy modulates lipid metabolism and regulates the expression of related 
transcription factors [36].

Hepatic lipid metabolism is partially controlled by transcription factors: sterol 
regulatory element binding proteins (SREBPs) and peroxisome proliferator-activated 
receptors (PPARs) [38]. Soybean intake decreases the expression of SREBP-1c and 
increases the expression of SREBP-2. SREBP-1c is a transcription factor that stimu-
lates the expression of genes related to de novo lipogenesis. Insulin induces the expres-
sion of an inactive SREBP-1c precursor and likewise promotes its activation [37].

SREBP-1c stimulates the transcription of fatty acid biosynthesis genes such as 
acetyl-CoA carboxylase (ACC) and fatty acid synthase (FAS). In contrast, PPARα 
regulates genes involved in hepatic fatty acid oxidation. For example, carnitine 
palmitoyltransferase-1 (CPT-1) is an enzyme that regulates fatty acid β-oxidation 
[37, 38]. In conclusion, SREBP is associated with the regulation of hepatic lipogen-
esis and reduction of cholesterol synthesis [39].

Interactions between soy components are believed to improve fatty acid oxida-
tion in the liver by increasing the expression of peroxisome proliferator activated 
receptor α (PPARα) regulated genes, thus decreasing lipid accumulation in the 
liver [38]. Another nuclear receptor involved in lipid metabolism is peroxisome 
proliferator-activated receptor (PPAR)γ2, whose expression is greatly increased in 
response to a high fat (HF) diet, especially a diet high in saturated and unsaturated 
fatty acids [36].

Japanese diet includes a high consumption of soy/isoflavones, fish/n-3 polyun-
saturated fatty acids (PUFAs), salt/salted foods, and green tea, and a low consump-
tion of red meat and saturated fat. Regarding this, inverse associations between soy/
isoflavones or fish/n-3 PUFAs and diabetes have been found [36]. Several groups 
studied the effects of β-conglycinin, a soy protein, on the prevention and improve-
ment of NAFLD. Soybean is a popular ingredient in Japan, used in foods such as 
tofu, miso, and natto. Ikaga et al. [36] found that in Japan the intake of soybeans 
and related foods was 58.6 g/day, and their protein intake was 5.1 g, while 30% of 
the soy protein was β-conglycinin.

In humans, supplementation with β-conglycinin is able to reduce and/or prevent 
intra-abdominal obesity; it is also necessary to emphasize that this protein is consid-
ered in numerous investigations as an allergen, although this information is contro-
versial [40]. Small peptides released from β-conglycinin digestion may directly or 
indirectly affect lipid metabolism in adipose tissue and liver. In addition, digestion-
released peptides were shown to activate low-density lipoprotein receptors and 
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inhibit FAS biological activity. Therefore, β-conglycinin may be a promising dietary 
protein for NAFLD and intra-abdominal obesity amelioration. These results suggest 
that soy β-conglycinin could be a potentially useful dietary protein source for the 
prevention of hypertriglyceridemia, hyperinsulinemia, and hyperglycemia [36, 41].

Most studies on diet-induced obesity have always focused on the role of satu-
rated fats, from animal fats, but there is enough evidence to suggest that polyunsat-
urated fatty acids (PUFAs), from vegetable fats also contribute to obesity [42–44]. 
On the other hand, there is strong evidence relating the cardiovascular health with 
soybean oil. Replacing high saturated FAs (SFAs) fats and oils or trans-FAs (TFAs) 
oils with either high–oleic acid soybean oil (H-OSBO) or oils high in n–6 PUFAs 
would have favorable effects on plasma lipid risk factors. Soybean oil (SBO) is the 
dominant edible oil in the marketplace and is a primary contributor of PUFAs in the 
US diet. (H-OSBO) is trait-enhanced oil high in oleic acid with superior functional 
properties, including high heat and oxidative stability for use in food manufactur-
ing as an alternative to partially hydrogenated vegetable oils [45].

3.3 Soy and the respiratory system

It is known that nutrition is very important in lung health and defense [46–48]. 
Protection against lung cancer and the radioprotective effect of soy isoflavones 
are well described in the bibliography [49, 50]. Soy isoflavones seem to increase 
chemotherapy induced cell death in different types of lung cancer [51, 52]. They 
also improve survival of non-carcinogenic cells after chemo- or radiotherapy. Its 
mechanisms might be related to the inhibition of the infiltration and activation of 
macrophages and neutrophils [53–55].

Asthma is a chronic disease affecting a great number of people in the world 
and airway remodeling is one of the main pathological hallmarks of uncontrolled 
asthma. Remodeling is attributed to treatment failure with conventional medica-
tions and poor asthma control. Plasminogen activator inhibitor-1 (PAI-1) is associ-
ated with asthma severity due to its role in airway remodeling. Patients with asthma 
have demonstrated that consumption of soy isoflavones results in better lung func-
tion. Genistein induces reduction of PAI-1 generation from airway epithelial cells 
and may be part of the therapeutic mechanism [56]. Also, soy isoflavones recovered 
Th1/Th2 lymphocytes balance in bronchoalveolar lavage, inhibited eosinophil 
infiltration, collagen deposition and airway mucus production in murine models of 
allergic asthma [57, 58].

Hirayama et al. [59] provided evidence of a possible protective effect of the tra-
ditional japanese diet against tobacco carcinogen, showing significant reductions in 
the prevalence of COPD and breathlessness due to isoflavones. Additionally, Zhang 
et al. [60] reported that L-Lysine, an essential amino acid abundant in soy, was 
effective against sepsis-induced acute lung injury in a lipopolysaccharide induced 
murine model. Moreover, soy lecithins can be used for artificial pulmonary surfac-
tant synthesis that are prepared at lower costs and they are useful for the treatment 
of respiratory distress, inflammatory pulmonary diseases, and dyspnea caused by 
asthma, among others [61].

It is known that the respiratory system is highly susceptible to environmental 
contamination. Airways are the access door to a number of chemical compounds, 
microorganisms or viruses that can injure lungs [62–66]. Cadmium is a heavy 
metal associated with lung damage or pulmonary cancer [67, 68] and the sources 
of cadmium contamination are related to industry applications, color pigments, 
fossil fuel combustion, Ni-Cd batteries, and the use of phosphate fertilizers [69]. 
The absorption of Cd takes place mainly through the respiratory tract and to a 
smaller extent via the gastro-intestinal tract. Cadmium induces oxidative stress and 
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generates ROS, activates apoptosis, alters gene expression, inhibits respiratory chain 
complexes, and alters the inner mitochondrial permeability. Although inhalation is 
the most common source of intoxication, we recently demonstrated that ingested 
cadmium leads to pulmonary oxidative stress, cell death and fibrosis in rat lungs.

We developed a model of animals exposed to cadmium, and we gave them a soy 
based diet, comparing it with a casein-based diet as control. We showed that zinc and 
selenium levels in lungs were modified when cadmium intoxicated rats were fed with 
a soy-based diet. Zinc availability has an important role in lung redox-status mainte-
nance [70]. The higher levels of Zn we found in the soy-fed Cd intoxicated animals 
suggests there is a protective effect exerted by the diet in cadmium intoxicated lungs. 
Selenium is an essential micronutrient associated with antioxidant defense, protec-
tion against cancers, and physiological functions in the nervous system [71]; it also 
is a cofactor of selenoproteins, such as glutathione peroxidases [72]. We observed a 
depletion of this element in animals fed with casein after 60 days of cadmium-induced 
pulmonary oxidative stress, however; Se concentration was maintained in soy-fed rats.

The enzymatic antioxidant system is composed by a group of proteins respon-
sible for maintaining the redox state. Superoxide dismutase 2 (SOD-2) is in charge 
of transforming superoxide anions into hydrogen peroxide and oxygen, as McCord 
and Fridovich [73] well described. It is known that the expression of antioxidant 
enzymes is mediated by antioxidant response elements (ARE) [74]. SOD has been 
identified as Nrf2-regulated antioxidant enzyme [75, 76]. Our studies demonstrated 
that mRNA levels of Nrf-2 and SOD-2 increased only in soy fed Cd exposed ani-
mals, revealing an improvement in the antioxidant system when soy was included 
in the diet. Soy also reduces oxidative stress caused by other sources [77, 78]. It has 
been reported that flavonoids scavenge free radicals, chelate redox-active metal ions 
and increase metallothionein expression [79–81].

LDH activity measured in bronchoalveolar lavages is also an indicator of cell 
damage [82, 83]; we found a strong increase of its activity in casein-fed Cd exposed 
animals, which decreased in the soy-fed group. mRNA ratio of BAX (a pro-apop-
totic protein) and Bcl-2 (anti-apoptotic) showed similar results to LDH activity. 
These data are in accordance with other studies that report that apoptosis is one 
of the main mechanisms involved in cell death induced by cadmium in the lungs 
[84–86]. Taking into account these data, we assume that a soy based diet exerts a 
protective effect against cadmium induced cell death in the lungs.

Pulmonary fibrosis is a common response to multiple pathologies [87–89]. 
Fibrosis is also related to aging [90], lung infection processes [91], and chemical 
intoxications [92–94]. Our study also showed that Cd caused advanced pulmonary 
fibrosis, capillary fragility, and numerous fused alveoli when casein was the protein 
source in the diet (Figure 1A). However, the animals that were fed with a soy diet 
showed less severe injuries in the lungs (Figure 1B).

3.4 Soy and the cardiovascular system

It is known that cardiovascular diseases (CVD) are the leading cause of death 
worldwide, which is affecting millions of people in both developing and developed 
countries. The association between CVD risk and dietary consumption has been 
investigated and Yan et al. [95] summarized several studies made in the last few 
years, showing that soy foods were associated with a reduced risk of CVD (includ-
ing coronary heart disease [CHD] and stroke). Furthermore, the American Heart 
Association published a statement saying that daily consumption of ≥25 g of soy 
protein with its associated phytochemicals intact can improve lipid profiles in 
hypercholesterolemic humans and that soy protein without the isoflavones appears 
to be less effective [96].
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More recently, 3 prospective cohorts studies in the US showed that higher intake 
of isoflavones and tofu was associated with a moderately lower risk of developing 
CHD, and in women the favorable association of tofu were more pronounced in 
young women or postmenopausal women without hormone use [97]. All these 
results are consistent with what we mentioned above, about soy being able to 
decrease LDL-cholesterol levels. Besides, Ramdath et al. [98] reviewed the effects 
of soy on blood pressure, glucose levels, inflammatory markers, and obesity. They 
concluded that isoflavones and their metabolites may improve blood pressure, 
glycemic control, and inflammation.

On the other hand, epidemiological studies have shown that exposure to heavy 
metals is associated with high prevalence and incidence of cardiovascular diseases; 
therefore, Ferramola et al. [99] studied the effect of soy based-diets on animals 
exposed to cadmium in the myocardium. They found that those animals fed a soy-
based diet while exposed to Cd had increased activity of CAT and SOD, suggesting 
an increased antioxidant response in the heart but it failed to protect the heart from 
Cd-induced histological alterations.

Working in the same model, Perez Diaz et al. [100] found that soy administered 
as a dietary protein source can modulate the pro-inflammatory and pro-apoptotic 
effects of a subchronic intoxication with Cd in rat’s aortas. This was done by decreas-
ing the expression of ICAM-1, which would result in a reduced leukocyte accumula-
tion into the vasculature wall and by increasing the Bax/bcl-2 ratio respectively.

3.5 Soy and the central nervous system

It is known that soybean isoflavones influence neuronal proliferation in vitro 
and in vivo [101]. Besides, it has been reported that the in vivo administration of 
soybean protein hydrolysate increased the expression of brain derived neurotrophic 
factor (BDNF) in the cerebral cortex and the number of neurons in hippocampus 
and cerebral cortex, suggesting that it might promote neurogenesis [102]. Also, 
soy isoflavones, such as genistein, daidzein, and its metabolite, S-equol, have been 
informed to be an effective supplement to promote astrocyte migration in develop-
ing and/or injured adult brains, accelerating glial cell migration via GPER-mediated 
signal transduction pathway [103].

As we stated before, soy isoflavones are referred to as phytoestrogens because 
they bind to the estrogen receptor (ER) and as such, they affect estrogen mediated 

Figure 1. 
Micrographs of lung parenchyma sections stained with H&E (40x). Casein-fed (A) and soy-fed (B) rat lungs 
exposed to 15 ppm Cd in drinking water for 60 days. (A) Presented numerous non-functional spaces, advanced 
pulmonary fibrosis, capillary fragility and fused alveoli. (B) Showed no evidence of capillary fragility and the 
number of fused alveoli was lesser; there also was evidence of pulmonary fibrosis but it was not homogeneous 
and the non-functional spaces were in the periphery of the lobes.
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processes [104]. Soy isoflavones can exert both agonistic and antagonistic estrogenic 
effects [105], and have inhibitory effects on tyrosine kinase, topoisomerase and 
angiogenesis [106]. There are several studies that mentioned that soy isoflavones 
can improve cognitive function in both humans and rats [107, 108] and the SOPHIA 
study [109] observed the effects of soy isoflavone supplementation (110 mg/day)  
on cognitive function of postmenopausal women. A good performance was 
observed in this treatment. Duffy et al. [110] showed that postmenopausal women 
who received a daily treatment with 60 mg soy isoflavones along 12 weeks showed 
significantly better results in memorizing images and in sustained attention and 
planning tasks. Furthermore, isoflavone treatment showed no effect on menopausal 
symptoms. However, another study in healthy postmenopausal women aged 60 to 
75 years showed no significant changes in cognitive function after 1 year of treat-
ment [111]. Contradictory results have also been found in men. Some researchers 
have found that soy isoflavones appear to be detrimental to cognitive function in 
men [112], showing that middle-aged men with high tofu consumption had lower 
brain weight and greater cognitive decline compared to those who consumed less 
tofu. However, other studies demonstrated that supplementation with soy isofla-
vones improves cognitive function in men [108]. The treatment was carried out 
in young men, and consisted of the consumption of high doses of soy (100 mg of 
soy isoflavones/day), showing significant improvements in short- and long-term 
memory, as well as mental flexibility. Regardless, clinical trials indicate that soy 
isoflavones may improve cognitive function not only in postmenopausal women 
and young adults, but also in young adult men.

On the other hand, cognitive function was also evaluated in male rats and surpris-
ingly the results were the same as in humans. Lund et al. demonstrated that the per-
formance of a visual spatial memory test on male rats fed a soy isoflavone diet was less 
satisfactory than that executed on rats fed an isoflavone-free diet [113]. Other research 
showed that male rats that consumed soy isoflavones for life showed poorer perfor-
mance in the radial arm maze test than male rats that switched to the isoflavone-free 
diet at 80 days of age and continued the same diet up to 120 days of age. However, 
another study reported that 10-month-old male rats fed 0.3 g/kg of isoflavone for 
16 weeks had a significantly higher performance than male rats fed the isoflavone-free 
diet in the spatial water maze test [114]. The discrepancy between the two studies can 
be attributed to the difference in the age of the rats, dietary regimes, and maze tests.

Among the multiple mechanisms that soy has, it is also known to act at the 
tyrosine kinase level. Phosphorylation of this protein is a regulatory mechanism 
involved in numerous responses in the brain, including neuroregeneration [115], 
synaptic plasticity [116] and neuronal damage [117]. Protein tyrosine kinases are 
highly expressed in the brain and are reported to be involved in the induction 
of long-term potentiation (LTP) in the hippocampus [118], which is crucial for 
learning and memory. Genistein is known to inhibit tyrosine kinase [119], which is 
generally considered to be detrimental to a neuron. However, these effects appear to 
occur only when the level of genistein in a cell is high [120]. In a model of calcium 
ATPase inhibitor-induced apoptosis, low concentrations of genistein prevented 
apoptosis, however high concentrations reversed all phenotypes. High concentra-
tions of genistein were also shown to induce apoptosis in primary cortical neurons 
[121], blocked tyrosine kinase activity, and contributed to H2O2-induced apoptosis 
in SH-SY5Y human neuroblastoma cells [122]. It can be postulated that LTP sup-
pression by genistein is dose dependent, similar to its effects on neuroprotection.

On the other hand, Deol et al. [123] found that soy diets would produce sig-
nificant dysregulation of gene expression in the hypothalamus of male mice, the 
most notable of which is the gene encoding Oxytocin (Oxt). These results demon-
strated that different fatty diets can have differential effects on hypothalamic gene 
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expression and increase the possibility that a rich soy diet could contribute both to 
increasing rates of metabolic disease as well as affecting neurological functions.

Also, just as we did with lungs, we analyzed the effect of a soy-based diet after 
chronic cadmium intoxication. Cadmium has been shown to have negative effects 
on the central nervous system, it has been observed that it is capable of crossing 
the blood–brain barrier (BBB), increasing its permeability in rats [124] allowing it 
to accumulate in the brain of developing and adult rats, thus affecting the integrity 
of the vascular endothelium, producing cellular dysfunction and cerebral edema 
[125–127]. These could induce cognitive dysfunctions [128, 129], leading to neu-
rological alterations like olfactory dysfunctions, peripheral neuropathy, decreased 
ability to concentrate and neurodegenerative diseases [130, 131]. Moreover, it is 
known that oxidative stress is a factor involved in neurodegenerative disorders in 
adults, such as strokes, traumas and seizures [132], where the CNS is susceptible to 
free radicals damage [133].

In cerebellum, the motor coordination center, also involved in cognitive process-
ing and sensory discrimination, the effects of Cd in experimental animals include 
cerebellar bleeding, cerebellar edema and hyperactivity [134, 135]. Our investiga-
tion revealed an increase in Cd concentrations in the cerebellum of the rats after 
60 days of treatment while the animals fed a soy diet did not have high levels of the 
heavy metal. Soybean has an apparent defensive effect against Cd accumulation. 
Besides, some studies showed that a chronic ingestion of diet enriched in casein 
induced substantial BBB disruption in the cortex region resulting in non-specific 
blood-to-brain extravasation of plasma-derived proteins, while a diet enriched in 
soy protein showed no significant effects on BBB permeability [136]. Besides, it 
has been shown that certain amino acids found in protein-rich diets, specifically 
methionine, are associated with elevated plasma homocysteine levels [137, 138]. 
Tyagi et al. demonstrated that hyperhomocysteinemia induces structural and 
functional alterations of BBB by promoting oxidative stress and neuroinflammation 
in mouse models of cognitive dysfunction [139, 140].

Regarding the effect on the antioxidant defense system in cerebellum, we found 
a reduction of catalase activity in the intoxicated animals fed with soy, probably 
due to the isoflavones content, just like Halder [141] described in his study, where 
that an isoflavone like quercetin, helped to reduce Cd levels in brain tissue and 
modulated the antioxidant system of the cell by affecting expression of antioxidant 
enzymes at the transcription level. Furthermore, these animals showed increased 
expression of SOD-2, suggesting a protective, antioxidant effect of this protein 
source, as it was previously shown by Liu et al. [142].

It is known that the adult human brain contains about 20% of the body’s total 
cholesterol [143], making cholesterol the main constituent of this tissue. Unlike 
cholesterol in other organs, in the brain it is primarily derived by de novo synthesis. 
The intact blood brain barrier (BBB) avoids the uptake of lipoproteins from the 
circulation [144]. Regarding the content of total cholesterol, it was significantly 
increased in both Cd exposed groups when compared to the respective controls, as 
well as the expression of HMGCoAR, the limiting enzyme in cholesterol synthesis. 
Additionally, we found an increase in total triglycerides (TG) and total phospho-
lipids (PL) in the animals fed with casein, with no changes under a soy diet. The 
increased TG value was due to an increased expression of GPAT2, an enzyme that 
catalyzes the initial step in glycolipid biosynthesis. Similar results were found by 
Modi et al. [145] in the brain. Any of these modifications were found in the animals 
fed with soy, suggesting again a somewhat protective role of this diet.

Cd has been recognized as an inducer of apoptosis in a diversity of tissues 
including the brain [29]. In casein-fed cadmium intoxicated animals the Bax/Bcl-2 
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ratio increased. The replacement of casein for soy as dietary protein reduced this 
Bax increase but also increased Bcl-2 expression, changing the ratio. These data 
suggest that a soy diet inhibited Cd-induced apoptosis by increasing Bcl-2 expres-
sion, which may play an inducible cytoprotective role against Cd toxicity [146]. 
In this regard, it has been reported that a long-term intervention with genistein 
can lead to a decrease in apoptosis in hippocampal neurons of ovariectomized 
rats, upregulate the expression of Bcl-2, and downregulate the expression of Bax, 
playing genistein an anti-apoptotic and neuroprotective role [147]. This was also 
consistent with the structural changes observed, like a reduction in the number in 
the granular cells in the casein group and also with the morphometric results that 
indicated that Cd intoxication produced striking variations in the thickness of the 
granular layer in the casein group as reported by Mahmoud [148]. In the soy groups 
no significant differences were noticed, consistent with Farahmand who find that 
the antioxidant effect of Salvia rhytidia extract had an influence on the preven-
tion of ischemia reperfusion injury of rat cerebellum and can reduce the ischemia 
injury confirmed by increase of the thickness of granular layer and size of Purkinje 
cells [149].

4. Conclusions

Soy (G. max) is a food of rich nutritional content, in which composition has 
proteins, oligosaccharides, dietary fiber, phytochemicals (especially isoflavones) 
and minerals.

Soy is used for the production of oil, flour, milk, protein concentrate and tofu, 
among others; products that can be used for both human and animal consumption. 
In addition, soybeans are used for the production of industrial chemicals such as 
biodiesel, in the treatment of industrial wastewater and in the manufacture of 
cosmetics and cleaning products.

In this chapter we summarized the benefits of adding soy to the daily diet. Its 
consumption exhibits numerous benefits for human health. It can reduce the risk 
of a variety of health problems, such as different cancers, cardiovascular diseases, 
stroke and it also acts as an anti-neuroinflammatory. What is more, it can amelio-
rate the toxic effect of cadmium intoxication in several organs.

Soy isoflavone may bind to some hormone receptors, such as estrogen receptors 
(ER). Therefore, the intake of phytoestrogens was found to be beneficial in breast, 
ovarian, endometrial and colorectal cancer and also in lung cancer. However, more 
research is needed to understand its effects, mechanisms and dosages. Several 
studies demonstrated that the intake of total soybean could also reduce the risk of 
gastric cancer. The consumption of soy protein and fiber reduces the risk of CVD 
and is associated with glycemic control. Soy is a high-quality protein that could be 
an alternative strategy to palliate pulmonary damage in several pathologies and to 
prevent the damage due to heavy metals intoxication.

Therefore, the use of soy in functional food is very interesting, but future stud-
ies should try to elucidate the best outcome considering variables such as genetic 
load, gender, age, treatment duration and the dosage of soy products consumption 
in the diet.
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Chapter 9

Soybean and Other Legume 
Proteins Exhibit Beneficial 
Physiological Effects on  
Metabolic Syndrome and 
Inflammatory-Related Disorders
Mitsutaka Kohno

Abstract

There is currently a trend in Western countries to increase the intake of plant 
proteins. In this chapter, the author explains that this is due to the beneficial physio-
logical functions of plant proteins, based on the latest literature review and our own 
research results. Among plant proteins, soy protein has been reported to have many 
beneficial effects on the improvement and prevention of metabolic syndrome. This 
chapter outlines the excellent effects of soy protein on renal function [improvement 
of early symptoms of diabetic nephropathy], which is closely related to metabolic 
syndrome, and the effects of combining these effects as complementary medicine. 
In addition, recent findings about the anti-inflammatory and immune activation 
effects of soy protein as hydrolyzed peptides are outlined. A brief introduction of 
the recent results of other legume-derived proteins that have replaced soy proteins 
are also explained. By further deepening our understanding of the superior physi-
ological functions of plant proteins, it is hoped that their use expands even further.

Keywords: soy protein, metabolic syndrome, chronic kidney disease, inflammatory 
disorder, pea protein, lupin protein, mung bean protein

1. Introduction

Protein is not only significant as an energy source, but also as a component of 
the body, such as muscle and connective tissue, and as a physiological function 
substance, such as enzymes, hormones, and immune antibodies.

On the other hand, the problem of food shortage (in particular, protein) due 
to global population growth is becoming increasingly serious. Because of the 
economic development of emerging countries, people who used to consume 
energy from “carbohydrates” such as bread and rice are now tending to consume 
“proteins” such as meat and seafood as a luxury item, and there are concerns about 
a shortage of protein supply on a global scale. Under these circumstances, the 
effective use of plant proteins as a protein source has been attracting attention. 
Plant proteins have been considered to be less adaptable to human tastes in terms 
of flavor and physical properties than animal proteins, but recent superior food 
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processing technologies have led to the marketing of “delicious” plant protein 
foods that are at the same level as animal protein foods.

It has been reported that plant proteins, especially soy proteins, have beneficial 
functions to improve and prevent lifestyle-related diseases that cannot be over-
come by animal proteins, which are currently prevalent all over the world. The 
US Food and Drug Administration [FDA] has approved the health claim for food 
labelling that the consumption of 25 g of soy protein per day reduces the risk of 
heart disease [1]. In Japan, the Consumer Affairs Agency [formerly the Ministry 
of Health, Labour and Welfare] has allowed the health labelling of soy protein as a 
food for specified health use “to people who are concerned about cholesterol levels” 
[FOSHU].

The beneficial physiological effects of soy protein are presumed to be due to 
anti-inflammatory properties. The anti-inflammatory effect of soy protein is 
enhanced by its processing into peptides. Indeed, it has been reported that soy 
peptides suppress muscle inflammation pain relief in rheumatoid arthritis and 
ameliorate inflammatory bowel disease.

Recently, it is being reported that not only soy proteins, but also some legume-
derived proteins have excellent physiological effects that are similar to, or even 
absent from, soy proteins. In this chapter, the author 1] introduces the beneficial 
physiological effects of soy protein for MetS, CKD and inflammation; 2] reports 
that these effects acted complementarily when used in combination with drugs; 
and 3] suggests other legume-derived proteins as alternatives to soy protein as novel 
proteins from legumes with beneficial physiological functions.

By understanding these findings, it is hoped that plant proteins will be used 
more actively to contribute to the improvement of human health, as well as their 
value as protein nutrition, which is in short supply worldwide.

2. Soy protein and peptides

2.1 Soy protein for metabolic syndrome (MetS)

The concept of MetS has been proposed by several committees. The first 
formalized concept of MetS was proposed by a consultation group for the defini-
tion of diabetes for the World Health Organization (WHO); it was determined to 
have a high-risk status with multiple risk factors for cardiovascular disease. This 
group emphasized insulin resistance as the major underlying factor [2]. In 2001, 
a definition for MetS was devised by the National Cholesterol Education Program 
(NCEP) Adult Treatment Panel III (ATP III) [3]. The American Heart Association 
and the National Heart Lung and Blood Institute updated this definition in 2005 
[4]. This updated definition is one of the most widely used criteria for MetS. The 
International Diabetes Foundation (IDF) published new criteria for MetS [5] in 
2005. Although it includes the same general criteria as the other definitions, it 
requires that obesity, but not necessarily insulin resistance, be present. Although 
visceral obesity is now recognized as an important factor, the IDF definition 
has been criticized for its emphasis on obesity, rather than insulin resistance, in 
pathophysiology [6].

In Japan, in 2006, MetS was defined as a multiple risk factor clustering syn-
drome caused by visceral fat accumulation and insulin resistance that accompanies 
this accumulation [7]. In the MetS stage, it is advocated that lifestyle intervention 
to reduce visceral adiposity should be given priority over drug treatment. Subjects 
with multiple risk factor syndrome were diagnosed with MetS if their visceral fat 
areas determined by CT scan were over 100 cm2.



165

Soybean and Other Legume Proteins Exhibit Beneficial Physiological Effects on Metabolic…
DOI: http://dx.doi.org/10.5772/intechopen.99955

The Japanese Committee for the Definition and Diagnosis of MetS aimed to 
select subjects with multiple risk factors in which lifestyle modification to reduce 
visceral adiposity has priority over drug treatment [8]. For this purpose, the 
Japanese government started a new health policy that provides a specific health 
check-up followed by specific counseling for subjects diagnosed with MetS accord-
ing to the Japanese criteria from 2008.

Title Number of 
articles

Number 
of total 

subjects

Outcome [significant 
difference]

Reference

Meta-analysis of the effects of 
soy protein intake on serum 
lipids.

38 743 Total-C↓, LDL-C↓, TG↓ [9]

Meta-analysis of the effects 
of soy protein containing 
isoflavones on the lipid 
profiles.

23 1,381 Total-C↓, LDL-C↓, 
TG↓, HDL-C↑

[10]

A meta-analysis of the 
effect of soy protein 
supplementation on serum 
lipids.

41 1,756 Total-C↓, LDL-C↓, 
TG↓, HDL-C↑

[11]

Hypocholesterolaemic effects 
of soya proteins: result of 
recent studies are predictable 
from Anderson meta-analysis 
data.

27 923 Total-C↓, LDL-C↓ [12]

Soy protein effects on serum 
lipoproteins: a quality 
assessment and meta-analysis 
of randomized, controlled 
studies.

43 1,946 LDL-C↓, TG↓, HDL-C↑ [13]

Effect of Plant Protein on 
Blood Lipids: A Systematic 
Review and Meta-Analysis 
of Randomized Controlled 
Trials.

112 (non-
soy; 18)

5,774 
(non-soy; 

599)

LDL-C↓, Non-HDL-C↓, 
Apo-B↓

[14]

A Meta-Analysis of 46 
Studies Identified by the 
FDA Demonstrates that Soy 
Protein Decreases Circulating 
LDL and Total Cholesterol 
Concentrations in Adults.

43 2,607 Total-C↓, LDL-C↓ [15]

The effects of isolated 
soy protein, isolated soy 
isoflavones and soy protein 
containing isoflavones 
on serum lipids in 
postmenopausal women: 
A systematic review and 
meta-analysis.

46 Total-C↓, LDL-C↓, 
TG↓, HDL-C↓, 

hypercholesterolemic 
subjects’ Apo-A1↓

[16]

Note: ↓ and ↑ signs represent decrease and increase, respectively, after supplement of active compounds. Total-
cholesterol (Total-C); low-density lipoprotein cholesterol (LDL-C); triglyceride (TG); high-density lipoprotein 
cholesterol (HDL-C); non-high-density lipoprotein cholesterol (non-HDL-C); apo-lipoprotein-B (Apo-B);  
apo-lipoprotein-AI (Apo-AI).

Table 1. 
Meta-analysis on improving lipid metabolism in soy protein.
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Soy protein exerts not only conventional nutritional value but also beneficial 
effects on human health. Many randomized controlled trials (RCTs) have assessed 
the effects of soy products on serum lipids. Systematic reviews and meta-analyses 
have reported improvements in lipid metabolism (Table 1) [9–16].

Soy protein isolate [SPI] is composed of three major components, glycinin 
[approx. 40%], β-conglycinin [approx. 20%], and lipophilic proteins (approx. 
40%) [17]. Glycinin and β-conglycinin are storage proteins in soy, and lipophilic 
proteins consist primarily of membrane proteins. Among these components, 
β-conglycinin has the function of lowering serum triglycerides preferentially 
over serum cholesterol [18]. Digestive decomposition products of β-conglycinin 
were reported that lowering the activity of fatty acid synthase and increasing 
the activities of β-oxidation enzymes, and the fecal excretion of TG was high 
in β-conglycinin-fed mice and rats [19, 20]. Therefore, in the calculation based 
on the recommendation by the FDA, the same effect can be expected with 5 g 
of β-conglycinin. In clinical study, daily consumption of 5 g of β-conglycinin 
per subject significantly lowered serum TG concentrations, and the apo B and 
VLDL-TG concentrations were significantly decreased [21]. Hence, β-conglycinin 
consumption may specifically affect TG metabolism. In addition, the intake of 
5 g of β-conglycinin per day decreased the body fat ratio and visceral fat [21, 22]. 
Additionally, serum adiponectin significantly increased with the consumption of 
β-conglycinin, and serum free fatty acids in the β-conglycinin group were signifi-
cantly decreased. Tachibana et al. showed that β-conglycinin improves insulin 
sensitivity in rats [23]. β-conglycinin might be an important food component for the 
prevention and/or amelioration of visceral fat syndrome, which is also called MetS 
(Table 2) [21, 22, 24–27].

2.2 Soy protein for chronic kidney disease

Chronic kidney disease [CKD] is a major public health burden, with a global 
prevalence of ~11% in the general adult population [28]. If left untreated, CKD 
slowly progresses to end-stage renal disease, which requires dialysis or kidney 
transplant. Worldwide, a 31.7% increase in CKD mortality was observed over the 
last decade [29]. Effective interventions to prevent and delay the progression of 
CKD are well recognized. Prevention should start at the government level with 
the institution of multisectoral polices supporting sustainable development goals 
[SDGs] and ensuring safe and healthy environments.

CKD is bidirectionally associated with MetS and cardiovascular diseases 
[CVDs] [30, 31], and diabetic nephropathy [DN] is a complication of diabetes [32]. 
Moreover, it has been reported that 40% of patients undergoing dialysis are doing 
so because of DN [33], and approximately 50% of type II diabetes patients exhibit 
urinary albumin disease, which is an early stage of DN [34].

For CKD prevention, it is important to gain insight about commonly consumed 
foods and beverages in relation to kidney function. A report has been published in 
which PubMed was comprehensively searched for papers published until August 
2019 describing prospective cohort studies and was supplemented by manual 
searches of reference lists from appropriate studies [35]. In this report, there 
was convincing evidence that a healthy dietary pattern may lower CKD risk. Red 
(processed) meat, poultry, fish, dairy, vegetables, legumes, nuts, and fruits were 
recommended foods for CKD patients. Dietary patterns were recommended adher-
ence to the Dietary Approach to Stop Hypertension (DASH) diet, Mediterranean 
diet, and other healthy dietary patterns. As unhealthy diets, high-fat and high-sugar 
diets and high-acid-loaded diets were pointed out. In the Atherosclerosis Risk in 
Communities [ARIC] study of ~12,000 US participants with 23 years of follow-up, 
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consumption of legumes was significantly associated with lower risks of CKD, with 
an HR of 0.83 [95% CI, 0.72; 0.95] for high versus low intakes [36]. Soy protein, 
which is representative of legumes, has been reported to suppress the progression of 
DN [37, 38]. The effects of soy protein on DN/CKD in clinical trials are summarized 
in Table 3 [39–43].

Kidney disease patients are carefully monitored for protein intake, and restricted 
protein intake according to the progression of their condition by doctors and nutri-
tionists. However, there are some reports showing that mild protein restriction does 
not suppress the progression of kidney disease [44–46]. Therefore, it is necessary to 
consider not only the quantity but also the quality of protein. Legumes, including soy 
protein, can be regarded as very significant proteins to help treat nephropathy.

Study title Design of 
study

Number 
of 

subjects

Duration of 
study

Outcome 
[significant 
difference]

Reference

Soy protein 
intake, 
cardiorenal 
indices, and 
c-reactive 
protein in type 
2 diabetes with 
nephropathy.

Longitudinal 
randomized 
clinical trial 

study

41 4-y FPG↓, Total-C↓, 
LDL-C↓, TG↓, 

CRP↓, Proteinuria↓, 
Urinary creatinine↓

[39]

The effects of 
soy protein 
on chronic 
kidney disease: 
a meta-analysis 
of randomized 
controlled trials.

Meta-analysis 
[9 studies]

Total 197 6-wk~4-y Serum creatinine↓, 
Phosphorus↓, TG↓

[40]

Soy-based 
renoprotection.

Single arm 
intervention 
(3 studies)
Placebo-

controlled 
chronic 

intervention 
[22 studies]

Total 634 4-wk~6-mo Total-C↓, LDL-C↓, 
Urinary creatinine↓, 
[Urinary albumin↓]

[41]

Effects of 
soy protein 
containing 
isoflavones 
in patients 
with chronic 
kidney disease: 
A systematic 
review and 
meta-analysis.

Meta-analysis 
[12 studies]

Total 280 Serum creatine↓, 
Phosphorus↓, 

CRP↓, Proteinuria↓, 
BUN↓ [in 

predialysis 
subgroup]

[42]

Soy Protein and 
Chronic Kidney 
Disease: An 
Updated Review.

RCT (3 
studies), 
DBRCT, 

CRCT, LRCT
Total 6 studies

Total 335 1~24-wk Urinary urea 
nitrogen↓, 

Proteinuria↓, Blood 
sodium↓, Serum 

Creatinine↓

[43]

Note: ↓ sign represents decrease, after supplement of soy protein. Fasting plasma glucose [FPG]; total-cholesterol 
(Total-C); low-density lipoprotein cholesterol (LDL-C); C-reactive protein [CRP], blood urea nitrogen (BUN).

Table 3. 
Summary of clinical studies by soy protein for CKD.
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2.3 Anti-inflammatory roles of soy protein and peptides

Inflammation can occur when infectious microorganisms such as bacteria, 
viruses, and fungi invade the body and circulate in the blood, and/or when they enter 
certain tissues [47, 48]. Inflammation can also occur during the course of pathologies 
such as tissue damage, cell death, cancer, ischemia, and degeneration [49–51].

There are reports of the anti-inflammatory effects of soy protein and its 
hydrolysate peptides [52]. Among them, lunasin is considered one of the most 
studied bioactive peptides. Since its discovery in soybean twenty years ago, many 
researchers around the world have focused their studies on demonstrating the 
chemo preventive and chemotherapeutic activity of lunasin [53–55]. Lunasin 
is a 44 amino acid peptide isolated from soy that has three domains implicated 
in anticancer activity: an RGD motif [Arg-Gly-Asp], a helical domain with a 
sequence conserved in chromatin binding proteins [Glu-Lys-His-Ile-Met-Glu-
Lys-Ile], and a poly-aspartic acid tail [56]. Lunacin has been reported to have 
unique antioxidant, anti-inflammatory, and anti-cancer properties, and to play 
an important role in the regulation of cholesterol biosynthesis in the body [57]. 
Lunacin has potential as a dietary supplement by its high bioavailability and 
thermal stability.

Trypsin digests of soy proteins revealed that the sequence MITLAIPVNKPGR 
was able to stimulate phagocytosis in leukocytes. This peptide derived from 
β-conglycinin was named “Soymetide”. The Met at its N-terminus was essential for 
its activity [58]. Four residues of the C-terminal residues of Soymetide-13 could 
be removed to form Soymetide-9 [MITLAIPVN], which had the highest activity. 
In these 9 residues [Soymetide-9], Soymetide-4 [MITL] is the minimal sequence 
required for its activity [58].

Soy protein with or without isoflavones was shown to reduce oxidative stress and 
have anti-inflammatory properties by inhibiting nuclear factor-kappa B [NF-κB] 
and blocking the secretion of pro-inflammatory cytokines in model rats and mouse. 
In clinical study by subjects with end-stage renal disease and healthy women over 
70 years of age, their oxidative stress and inflammatory symptom were reduced 
[59]. The bioactive peptides RQRK and VIK were produced by digestion with pepsin 
and pancreatin from soy milk. These peptides inhibited lipopolysaccharide-induced 
inflammation in murine macrophages and the production of nitric oxide, interleu-
kin [I])-1, nitric oxide synthase, and cyclooxygenase-2 [60].

Inflammatory bowel disease [IBD] is an intractable disease that causes inflam-
mation of the gastrointestinal tract. Ulcerative colitis and Crohn’s disease are the 
two major pathologies of IBD [61]. Ulcerative colitis is a non-specific inflammatory 
disorder that causes ulcers and erosion, primarily in the colonic mucosa. Young 
et al. revealed that soy peptides were effective in preventing dextran sulphate 
sodium[(DSS)-induced colitis in pigs [62]. The soy-derived tripeptide Val-Pro-Tyr 
[VPY] has been reported that anti-inflammatory effects in Caco-2 and THP-1 mac-
rophages and inhibition of the secretion of IL-8 and TNF-α in a DSS-induced colitis 
model mouse [63]. They suggested that tripeptide VPY from soy peptides may be 
promising for the treatment of IBD.

Insulin resistance and diabetes has revealed to relate closely between nutri-
ent excess and activation of the innate immune system in most organs pertinent 
to energy homeostasis by the research for a mechanism linking the pathogenesis 
of obesity over the past two decades [64–66]. Inflammation has been revealed 
to occur as a consequence of obesity, and to play a causative role in generating 
insulin resistance, defective insulin secretion [i.e., MetS), and disruption of other 
aspects of energy homeostasis by recent many studies. It has been reported that the 
suppressive effect of soy protein on the progression of CKD/DN, which is highly 
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related to MetS, is also exerted by the anti-inflammatory effect in renal tubules 
[67]. From such a close relationship between MetS and inflammation, it is easy 
to predict that the beneficial effect of soy protein on MetS may be due to its anti-
inflammatory effect.

3.  Complementary effects of soy protein/peptide in combination with 
drugs

3.1 Effect of combined use with anti-hyperlipidaemic drugs

The mechanism by which soy protein lowers cholesterol differs from that of 
statins and fibrates. Soy protein lowers serum cholesterol levels by acting as a 
bile acid sequestrant, which binds bile in the gastrointestinal tract to prevent its 
reabsorption by performing the same anion exchange reaction as the resin  
cholestyramine [68, 69].

Statins and fibrates are drugs developed to improve blood lipid levels. Statins 
are known as the most efficient agents for reducing plasma cholesterol. Statins 
target hepatocytes and inhibit 3-hydroxy-3-methylglutaryl-coenzyme A [HMG-
CoA] reductase in cholesterol metabolism. Accordingly, statin and soy protein are 
expected to act additively or synergistically to decrease cholesterol levels. There 
are known serious side effects from statins, including muscle symptoms, rhab-
domyolysis [secondary renal failure due to destruction of specific muscle tissue], 
peripheral neuropathy, myopathy, liver dysfunction, and thrombocytopenia 
[70–73]. Rhabdomyolysis often induces sudden kidney failure [74]. Fibrates, which 
are antagonists of peroxisome proliferator-activated receptor α [PPARα], are used 
in adjunct therapy for hypertriglyceridemia and are usually used in combination 
with statins. As fibrate-related side effects, the slight gastric region discomfort and 
myopathy [myalgia with increased creatinine phosphokinase] have been reported. 
In addition, increasing of the gallstones risk has been known by fibrates because of 
increasing of cholesterol in the bile duct. Use in combination of statins and fibrates 
is reported to even more raise the risk of rhabdomyolysis. So, combination use of 
these two agents is contraindicated in principle.

Nabiki et al. examined the effects of SPI on weight loss, markers of diabetes, 
and parameters of dyslipidaemia in obese diabetic patients by treated with statins 
and/or fibrates because of high levels of LDL cholesterol and triglycerides [75]. As a 
result, body weights of these patients decreased significantly by approximately 1 kg 
and their waist circumferences got thinner significantly by approximately 2 cm. 
Total cholesterol, triglyceride, LDL cholesterol, apolipoprotein B, and glycated 
hemoglobin levels of these patients decreased significantly, and HDL cholesterol 
levels increased significantly. In addition, a lipid metabolism-improving effect was 
also observed in patients who did not decrease weight. Therefore, it was suggested 
that the improving effect of lipid metabolism-related factors in these patients was 
not only due to weight loss but also a direct effect of soy protein. Use of soy pro-
tein may help to reduce the drug dose for dyslipidaemia. SPI is recommended for 
patients with mild dyslipidaemia prior to drug therapy or for maladaptive disease 
patients, such as those who have side effects from medications.

Combination prescription of fibrates and statins for patients with renal dys-
function and dyslipidaemia is contraindicated. Thus, physicians are unable to 
adequately treat lipid abnormalities for chronic kidney disease patients. It has been 
reported that when chronic kidney disease patients with dyslipidaemia ingested 
β-conglycinin, a major component of soy protein, for 3 months, triglyceride and 
LDL cholesterol levels improved. Renal function during the consumption period 
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of β-conglycinin showed a tendency to improve despite protein intake [76]. 
β-conglycinin may help improve lipid abnormalities in patients with renal dysfunc-
tion as a complementary medical food material without decreasing kidney func-
tion. Moreover, β-conglycinin may improve renal dysfunction as a direct and/or 
secondary effect of ameliorating lipid abnormalities.

3.2 Concomitant effect with rheumatoid arthritis drug

Rheumatoid arthritis is due to inflammation triggered by an immune response 
to autoantigens. Many of these patients have swelling and pain due to polyarticu-
lar arthritis. Their pain interferes with activities of daily living [ADLs], such as 
cleaning, washing, dressing, and undressing. These patients are anxious for more 
comfortable ADLs with reduced pain. The mechanisms of onset of rheumatoid 
arthritis have been reported in many studies. Based on these results, numerous new 
therapeutic agents have been developed.

As a specific case of improved inflammation, outpatients with rheumatoid 
arthritis consumed soy peptide with therapeutic drugs and the levels of IL-6 and 
IL-1β were significantly lower in the soy peptide group than the placebo group 
[77]. An increase in blood IL-6 levels is associated with extra-articular symptoms 
of rheumatoid arthritis, such as general malaise, loss of appetite, weight loss, and a 
slight fever. The Disease Activity Score 28 [DAS 28, objective assessment of rheu-
matoid arthritis disease activity by physicians] and the Clinical Disease Activity 
Index [CDAI, patient’s own subjective indicator of rheumatoid arthritis disease 
activity] were calculated from the degree of ADLs’ improvement, the severity of 
pain, and subjective symptoms recorded by visual analogue scale [VAS]. The DAS 
28 score of the peptide group was markedly decreased, and the CDAI of the peptide 
group was significantly lower than that in the placebo group.

These effects on cytokines were also evident in a cell experiment using articular 
chondrocytes from patients with rheumatoid arthritis [78]. In this in vitro cell 
study, treatment with soy peptide significantly suppressed the mRNA levels of 
MMP-3 and ADAMTS-4 enhanced by IL-1β stimulation. This finding also suggests 
that soy peptides may prevent the degradation of articular cartilage.

4. Physiological effects of other legume proteins

Soy protein has excellent health benefits, but many soybeans grown in the world 
are genetically modified organisms [GMOs]. There is no problem with the safety of 
GMO soybeans. However, from the perspective of security, the use of soy protein 
in foods tends to be withheld. Recently, the use of pea and lupin proteins instead of 
soy protein has increased worldwide. Initially, pea protein was a substitute for soy-
bean protein as an ingredient with physical characteristics functions, after that, its 
beneficial health function has been reported mainly in sports nutrition. Mung bean 
protein has a structure very similar to that of β-conglycinin. Mung bean protein has 
been reported to be responsible for the beneficial physiological functions reported 
for β-conglycinin.

4.1 Pea protein

Field pea [Pisum sativum L.] is grown in 84 different countries and constitutes 
the largest percentage [36%] of total pulse production worldwide [79]. Global pea 
production has continuously increased over the last 30 years. In 2008, field pea was 
cultivated on over 10 million hectares worldwide with a total world production of 
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12.13 million tons [80]. The top 5 countries for pea production are Canada, Russia, 
China, India and the USA. The global market for pea protein is expected to reach 
34.8 million US dollars by 2020 [81]. The physical and chemical properties of pea 
protein can significantly influence its behaviors in food processing, storage and 
consumption [82, 83].

Life expectancy continues to increase worldwide. In the United States, adults 
65 years of age and older are projected to more than double from 600 million to 
1.6 billion worldwide between 2015 and 2050 [84]. Proper body composition, 
physical fitness, and a healthy appetite have been reported to lead to successful 
aging with higher performance [85, 86]. Skeletal muscle mass and strength begin 
to decline at age 30, and the rate of these losses accelerates at age 60 [87]. Protein 
ingestion strongly increases muscle protein synthesis rates [88]. Amino acids serve 
as precursors for de novo muscle protein synthesis and can act as strong signaling 
molecules activating translation initiation via the mechanistic/mammalian target of 
rapamycin complex-1 (mTORC1) pathway [89]. It was shown that BCAA ingestion 
increases myofibrillar protein synthesis rates during recovery from exercise only 
in young males [90]. Whey protein isolate [WPI] was used as the animal protein 
source because of its high concentration of BCAAs and its ability to increase satiety 
in response to a mixed meal [91]. While whey protein supplementation is known 
to enhance adaptations to resistance training, not all athletes are able or willing to 
consume whey or animal proteins. Vegetarian athletes who want to stick to a plant-
based diet or those with restrictions on other animal foods often rely on other plant 
proteins as an equivalent alternative to whey protein [92]. Self-identify as vegetar-
ian in just over 5% of U.S. adults aged 18–34 years and self-awareness as vegan in 
more than half of these respondents are reported in a 2016 Harris Poll conducted by 
the Vegetarian Resource Group [93]. Meat Free Mondays’ movement and an upsurge 
of plant-based protein food products in the marketplace strongly reflect the recent 
acceptance of these lifestyles [94].

Field pea contains a well-balanced amino acid profile [95]. Because of its avail-
ability, low cost, nutritional value and health benefits, pea protein has been widely 
used as a substitute for soybean or animal proteins in various functional applica-
tions [96–99]. Pea protein can also be used as a nutritional supplement for sports 
and exercises. Pea protein is an excellent source of BCAAs and has high and bal-
anced contents of leucine, isoleucine and valine. Indeed, there are reports that pea 
protein is as useful as whey protein in sports nutrition (Table 4) [100–103].

In the future, pea protein is expected to be widely used as a sports nutritional 
supplement as well as a physical and functional ingredient in place of soybean 
protein.

4.2 Lupin protein

Lupin (Lupinus L.) is an ancient pulse “bean” crop, and in the new genus of 
modern agriculture, the lupin seeds have great potential for high-protein food, 
animal feed, food potential, soil fertility improvement, plants as cover crops, crop 
residues as stable feed, and soil improvement [104, 105]. Lupin is well known for 
its ability to fix nitrogen and grow on infertile soils, and is further known to be 
valuable in terms of cropping rotations during the growing season in agriculture 
with cereals, hay, oilseeds, beans of other legumes, and disease break crops for 
pasture [104, 106]. Wild indigenous lupins have bitter alkaloids. All modern species 
of L. angustifolius have total alkaloid levels in seeds of up to 200 mg/kg [0.02%] 
or less, which is 100 times lower than the seed alkaloid levels of nearly wild types. 
Compared to almost all food crops, lupins have only recently become of interest in 
modern crop breeding.
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There has been considerable interest in lupin seeds recently, and as a human 
health food, the seeds are very high in dietary fiber, gluten-free, and virtually 
starch-free, and therefore have a very low glycemic impact [107]. What makes 
lupins even more valuable is that there are no genetically modified (GM) bean 
varieties under commercial cultivation. World production of lupin seed increased 
quickly in the 1970s and is dominated by Australian production.

Lupin seeds are high in protein, with levels similar to soybeans. Their grains 
are also known to be high in total dietary fiber, ~40 g/100 g dry matter, making 
lupins unique among ancient grains and beans. The main category of protein 
in lupin grains is globulin, with albumin making up the remainder. The major 
globulin categories are α-conglutin [35–37 g/100 g total protein], β-conglutin 
[44–45 g/100 g total protein], γ-conglutin [4–5 g/100 g total protein], and 
δ-conglutin [10–12 g/100 g total protein] [108–111]. Nutritionally, the limiting 
amino acids in lupin protein are the sulfur-containing amino acids methionine and 
cysteine [112]. Compared to soy protein, which have a more complete essential 
amino acid profile, the lupin protein was reported to be slightly below the required 

Study title Design of 
study

Number 
of 

subjects

Duration of 
study

Outcome 
[significant 
difference]

Reference

Pea proteins oral 
supplementation 
promotes muscle 
thickness gains 
during resistance 
training: a double-
blind, randomized, 
Placebo-controlled 
clinical trial vs. Whey 
protein.

Randomized, 
Double-Blind, 

Placebo-
Controlled 

Study

161 12-wk Biceps brachii 
muscle 

thickness↑

[100]

The Effects of Whey 
vs. Pea Protein on 
Physical Adaptations 
Following 8-Weeks 
of High-Intensity 
Functional Training 
(HIFT): A Pilot Study.

Randomized, 
Double-Blind, 

Placebo-
Controlled 

Study

15 8-wk Result of the 
resistance 
training 

program↑

[101]

Effects of Whey 
and Pea Protein 
Supplementation 
on Post-Eccentric 
Exercise Muscle 
Damage: A 
Randomized Trial.

Randomized, 
Double-Blind, 

Placebo-
Controlled 

Study

109 5-day Creatinine 
kinase↓, 

Myoglobin↓

[102]

The Short-Term 
Effect of Whey 
Compared with Pea 
Protein on Appetite, 
Food Intake, and 
Energy Expenditure 
in Young and Older 
Men.

Randomized, 
single-blinded 

crossover 
design

30 One shot 
[postprandial 

data]

Appetite↑, 
Energy 

expenditure↑, 
24-h energy 

intake↑

[103]

Note: ↓ and ↑ signs represent decrease and increase, respectively, after supplement of active compounds [pea protein 
only or, pea and whey proteins].

Table 4. 
Clinical studies of pea protein for sports nutrition.
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level of sulfur-containing amino acids needed by adults [113]. However, Singla 
et al. reported that the sulfur-containing amino acid levels of lupin protein were 
similar to those of soy [114]. This discrepancy is probably due to differences in lupin 
protein varieties and production environments. Carvajal-Larenas et al. reviewed 
in detail the amino acid composition of whole lupin seeds and concluded that it 
varies slightly among species. In vitro digestibility is ~98% high for uncooked lupin 
protein and is similar to soybean [115].

In vitro models of Lupinus albus γ-conglutin have shown the biological activity 
that enhances insulin and metformin activity on intracellular glucose consumption, 
indicating the potential for regulation on blood glucose by γ-conglutin [116]. As 
a possible improvement of lipid metabolism, an increase in LDL receptor activity 
has been demonstrated by HepG2 cells [117]. Furthermore, isolated lupin proteins 
of have been reported to have hyperlipidemic, anti-atherogenic, and hypocholes-
terolemic effects in rabbits, rats, and chickens [118, 119]. Several clinical human 
studies have shown that lupin protein decreases total and LDL cholesterol, as well as 
triglyceride and reduce the glycaemic response (Table 5) [120–127].

In general, the anti-nutrient factor of lupins is considered to be low compared to 
other legumes such as soybeans. Specifically, protease inhibitors are present at very 
low levels and are of minor importance in lupin crops. Trypsin inhibitor activity is 
described as “negligible” in Lupinus species, “very strong” at 43–84 trypsin inhibi-
tor units [TIU/mg] in soybeans, and high [17–51 TIU/mg] in common beans [128]. 
Bitter lupin seed varieties contain quinolizine alkaloids, which may be toxic to 
humans. These toxic effects were recently reviewed by Carvajal-Larenes et al. [115]. 
Therefore, its maximum legal level of 0.02 g/100 g lupine powder and food has 
been legislated in several countries. There were no differences in alkaloids in grains 
among commercial L. angustifolius cultivars from western Australia in the same 
region and season, and all samples were below the levels permitted for maximum 
human food use.

Lupin protein, a legume, is a plant protein with similar attributes to soybean 
protein [129] and can be a substitute for soybean in the food industry [130, 131]. 
Further extensive research is expected due to the need for alternatives to animal 
proteins.

4.3 Mung bean protein

The mung bean (Vigna radiata L.) is one of the most important edible legume 
crops, grown on more than 6 million ha worldwide (approximately 8.5% of the 
global pulse area) and consumed by most households in Asia [132]. For individu-
als who cannot afford animal proteins or those who are vegetarian, mung bean is 
comparatively low cost and is a good source of protein. Furthermore, mung bean 
protein is more easily digestible than protein in other legumes [133]. In addition to 
the nutritional properties of mung bean, it has been known that mung beans have 
various physical regulation functions from ancient times. In the Compendium of 
Materia Medica (the “Bencao Gangmu”), a well-known Chinese pharmacopeia, 
mung beans have recorded to be utilized as a traditional Chinese medicine for its 
detoxification activities, recuperation of mentality, ability to alleviate heat stroke, 
and regulation of gastrointestinal upset.

Mung bean protein isolate (MuPI) dose-dependently reduced plasma lipid 
levels, such as total cholesterol, triglycerides, and non-high-density lipoprotein 
cholesterol [non-HDL-C] in hamsters [134, 135]. The mechanism underlying the 
cholesterol-lowering activity of mung bean protein was speculated to increase fecal 
bile acid and sterol excretion and decrease cholesterol absorption and synthesis. 
This mechanism is the same as that reported for SPI [68, 69]. In another study, 
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Title Design of 
study

Number of total 
subjects

Outcome 
[significant 
difference]

Reference

Lupin protein compared 
to casein lowers the 
LDL cholesterol: HDL 
cholesterol-ratio of 
hypercholesterolemic 
adults

Randomized, 
double-blind, 

placebo-
controlled, 

parallel trial

43 Total-C↓, LDL-
C↓, LDL: HDL-C 

ratio↓

[120]

Hypocholesterolaemic 
effects of lupin protein 
and pea protein/
fiber combinations 
in moderately 
hypercholesterolaemic 
individuals

Randomized, 
double-blind, 
parallel group 

design

175 Total-C↓ [121]

Lupin protein positively 
affects plasma LDL 
cholesterol and LDL:HDL 
cholesterol ratio in 
hypercholesterolemic 
adults after four weeks 
of supplementation: a 
randomized, controlled 
crossover study

Randomized, 
controlled, 

double-blind 
crossover study

33 hypercholesterolemic 
subjects

LDL-C↓, HDL-
C↑, LDL:HDL-C 

ratio↓

[122]

Consuming a mixed 
diet enriched with lupin 
protein beneficiallyaffects 
plasma lipids in 
hypercholesterolemic 
subjects: A randomized 
controlled trial

Randomized, 
controlled, 

double-blind 
three-phase 

crossover study

72 hypercholesterolemic 
subjects

LDL-C↓, 
Homocysteine↓, 
TG↓, Uric acid↓

[123]

Australian sweet lupin 
flour addition reduces the 
glycaemic index of a white 
bread breakfast without 
affecting palatability in 
healthy human volunteer

Randomized, 
single-blind, 

cross-over 
design

11 healthy subjects Postprandial 
blood glucose↓

[124]

Lupin and soya reduce 
glycaemia acutely in type 
2 diabetes

Randomized, 
cross-over trial

24 diabetic adults Postprandial 
blood glucose↓, 

Insulin response↑

[125]

Hypoglycemic effect of 
lupin seed γ-conglutin in 
experimental animals and 
healthy human subjects

Randomized, 
double-blind, 
parallel group 

design

15 adult healthy 
volunteers

Postprandial 
blood glucose↓

[126]

Short-Term Effects 
of Lupin vs. Whey 
Supplementation on 
Glucose and Insulin 
Responses to a 
Standardized Meal in a 
Randomized Cross-Over 
Trial

Randomized, 
controlled, 

cross-over trial

12 healthy male and 
female volunteers

Postprandial 
blood glucose↓, 

Insulin response↑

[127]

Note: ↓ and ↑ signs represent decrease and increase, respectively, after supplement of active compounds. Total-
cholesterol (Total-C); low-density lipoprotein cholesterol (LDL-C); triglyceride (TG); high-density lipoprotein 
cholesterol (HDL-C).

Table 5. 
Clinical studies of lupin protein on improving lipid and glucose metabolisms.
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MuPI was found to lower blood triglyceride levels in normal rats by inducing 
adiponectin and reducing triglyceride synthesis via insulin signaling [136]. This 
mechanism is the same as that reported for β-conglycinin [23]. From these findings, 
MuPI can be expected to be more effective in improving lipid metabolism. The 
main component of MuPI, accounting for over 80% of the protein, is 8S globulin. 
8S globulin exhibited the highest degree of sequence identity [68%] and structural 
similarity with β-conglycinin [137, 138]. MuPI is expected to exhibit a four times 
stronger beneficial function on human health than SPI, in which β-conglycinin 
accounts for only 20% of the total protein.

The positive effects of MuPI on glucose metabolism in pre-diabetes patients 
was confirmed. In recent double-blind, placebo-controlled clinical trial, the test 
group subjects were instructed to consume a total of 2.5 g of MuPI twice daily for 
12 weeks, with pre-diabetes [fasting plasma glucose level of 110–125 mg/dL or 2-h 
plasma glucose level of 140–200 mg/dL by the 75-g glucose tolerance test]. In this 
study, MuPI was shown to suppress to increase fasting plasma glucose and insulin 
levels compared to the placebo group. Triglyceride levels significantly decreased 
in subjects with hyperlipidaemia [139]. Another double-blind, placebo-controlled 
clinical trial of 44 healthy subjects showed that after consumption of 3.0 g/d MuPI 
for 8 weeks, insulin levels and homeostatic model assessment of insulin resistance 
values significantly decreased, and plasma glucose levels showed a downtrend, 
although it was not significant [140]. The lack of a beneficial effect of MuPI on 
blood glucose concentrations may be attributed to the exclusion of volunteers with 
abnormal blood glucose concentrations in this study. In this study, the body compo-
sitions of subjects were measured by dual-energy X-ray absorptiometry. As a result, 
a decrease in body fat mass and an increase in lean body mass in the test group were 
revealed. Conversely, in the control group, body fat mass increased and lean body 
mass decreased. The differences in body fat mass and lean body mass within each 
group and between the test and control groups were not statistically significant. 
However, the adiponectin level in the test group significantly increased, and it 
decreased in the control group. There was a significant difference between the net 
changes in the test and control groups [140]. These findings indicate that MuPI 
might improve insulin sensitivity by decreasing the accumulation of visceral fat.

Non-alcoholic fatty liver disease [NAFLD] represents a spectrum of liver diseases 
involving hepatocyte dysfunction caused by hepatic triglyceride accumulation in 
these cells. The prevalence of NAFLD has increased with the increased prevalence of 
obesity and metabolic syndrome. NAFLD is now a common disease, affecting 30% of 
the US population and 20% of Asian and European populations [141]. Rodent studies 
have shown that SPI intake reduces hepatic triglyceride accumulation [142, 143]. The 
detailed mechanism underlying the hepatic triglyceride-reducing effect of SPI remains 
to be elucidated, but β-conglycinin is likely to play an important role [135]. Indeed, 
the administration of purified β-conglycinin results in an even stronger reduction 
in hepatic triglycerides than SPI administration [18, 144]. From these results, it is 
expected that MuPI also has a preventive effect on NAFLD by preventing hepatic 
triglyceride accumulation. The effect of MuPI on hepatic triglyceride accumulation 
elucidated the potential ability of MuPI to prevent NAFLD onset and progression in 
experiments using an atherogenic diet-induced NASH mouse model in mice fed a 
normal-fat or high-fat diet [145]. In the abovementioned clinical trial [140], Alanine 
aminotransferase [ALT] levels increased slightly in the control group, whereas signifi-
cantly decreased in the test group. Of the blood test items, ALT is one of important 
indicators of the degree of liver dysfunction.

The released peptides obtained from mung bean protein hydrolysate may 
exhibit bioactivity as angiotensin I-converting enzyme (ACE) inhibitors, 
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antioxidants, and anti-cancer Asiatic acid carriers due to their sequence charac-
teristics [146, 147]. A peptide [<3 kDa], with a small molecular weight isolated 
from MuPI hydrolysates, was reported to show high ACE inhibitory and antioxi-
dant activities, including DPPH radical scavenging activity, hydroxyl radical scav-
enging ability, and metal-chelating activity [146]. Three kinds of novel peptides 
exerting high ACE inhibitory activity were isolated from the alcalase hydrolysate 
of MuPI, and the amino acid sequences of these peptides were identified to be 
Lys-Asp-Tyr-Arg-Leu, Val-Thr-Pro-Ala-Leu-Arg, and Lys-Leu-Pro-Ala-Gly-Thr-
Leu-Phe [148].

The relationships between MuPI intake, strength, and lean body mass (LBM) in 
underactive vegetarians were examined, and the impact of MuPI supplementation 
on these indices was recorded utilizing an eight-week, randomized, controlled feed-
ing trial. LBM significantly correlated with grams of protein consumed daily and 
was also significantly correlated with grip strength and lower body strength [149]. 
Mung beans are inadequate in threonine, tryptophan, and the sulfur-containing 
amino acids cysteine and methionine, but they contain high levels of essential 
amino acids, notably leucine, lysine, and phenylalanine [150]. Although it is neces-
sary to consider the amino acid balance, it is expected that MuPI will be widely used 
in the field of sports nutrition in the future.

5. Conclusion

If the current pace of population growth continues, the global population is 
expected to surpass 9 billion by 2050. In addition to this increase in population, 
the change of dietary habits of emerging countries due to their increased GDP will 
require, in 2050, we will need twice as much protein as we had in 2005.

So far, we have been able to meet the increasing demand for protein by improv-
ing the productivity of agriculture. However, in the future, this growth alone will 
not be enough to absorb the increase, and the balance between supply and demand 
will begin to collapse as early as 2030. This prediction is called the “protein crisis,” 
and has recently begun to attract attention, especially in Europe and the United 
States. To solve this protein crisis, it is essential to use highly productive plant 
proteins as food ingredients instead of animal proteins, which are less efficient in 
production.

WHO has called for the need to address the double burden of malnutrition. This 
means that we need to look not only at nutrient deficiencies, but also at nutri-
ent excesses. Obesity caused by over-nutrition and the resulting lifestyle-related 
diseases are spreading around the world. In this regard, consumer demand for 
plant protein-based products is high and expected to grow considerably in the next 
decade. A variety of soy and other plant-based functional foods have been recom-
mended by many health organizations worldwide.

Currently, contributions to the SDGs (Sustainable Developing Goals) are being 
appealed around the world. There is widespread recognition that the replacement 
of animal protein with vegetable protein not only contributes to human health, 
but also to the earth health. Wider and prudent use of plant proteins in the diet can 
help to supply adequate high-quality protein for the population and may reduce the 
potential for adverse environmental consequences.

This chapter focused on the recently reported physiological functions of 
legumes-derived plant proteins, including soybeans. Further research is expected to 
lead to more widely use of the legumes introduced in this chapter and to the discov-
ery and use of legumes with new functionalities.
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Chapter 10

Unlocking Pharmacological and 
Therapeutic Potential of Hyacinth 
Bean (Lablab purpureus L.): Role 
of OMICS Based Biology, Biotic 
and Abiotic Elicitors
Krishna Kumar Rai, Nagendra Rai and Shashi Pandey-Rai

Abstract

Hyacinth bean also known as Indian bean is multipurpose legume crops  
consumed both as food by humans and as forage by animals. Being a rich source of 
protein, it also produces distinct secondary metabolites such as flavonoids, phenols 
and tyrosinase which not only help strengthened plant’s own innate immunity 
against abiotic/biotrophic attackers but also play important therapeutic role in 
the treatment of various chronic diseases. However, despite its immense thera-
peutic and nutritional attributes in strengthening food, nutrition and therapeutic 
security in many developing countries, it is still considered as an “orphan crop” 
for unravelling its genetic potential and underlying molecular mechanisms for 
enhancing secondary metabolite production. Several lines of literatures have well 
documented the use of OMICS based techniques and biotic and abiotic elicitors for 
stimulating secondary metabolite production particularly in model as well as in few 
economically important crops. However, only limited reports have described their 
application for stimulating secondary metabolite production in underutilised crops. 
Therefore, the present chapter will decipher different dimensions of multi-omics 
tools and their integration with other conventional techniques (biotic and abiotic 
elicitors) for unlocking hidden genetic potential of hyacinth bean for elevating 
the production of secondary metabolites having pharmaceutical and therapeutic 
application. Additionally, the study will also provide valuable insights about how 
these advance OMICS tools can be successfully exploited for accelerating functional 
genomics and breeding research for unravelling their hidden pharmaceutical 
and therapeutic potential thereby ensuring food and therapeutic security for the 
 betterment of mankind.

Keywords: Hyacinth bean, OMICS, biotic and abiotic elicitors, therapeutic, 
secondary metabolites, miRNAs

1. Introduction

Evolution, expansion and transformation of several wild crops via domestica-
tion and breeding have blessed the humans and animals with never ending wide 
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varieties of plant-based foods around the globe [1]. Nevertheless, ~ 1 billion popula-
tion around the world combat with hunger and malnutrition as they are unable to 
consume important vitamins/minerals thus affecting food and nutritional security 
in many developing countries [2]. These nutritional deficiencies could be due to 
the increased inclination towards consumption of specific crops as majority of the 
peoples relies on wheat, rice and maize for their food [1]. Several lines of literatures 
have documented that around 50% of total world population relies on above crops 
for catering while other crops like legumes are cultivated and consumed by mar-
ginal communities [3]. The crops cultivated by marginal communities are referred 
as neglected and underutilised crop species (NUCS) and rich source of vitamins, 
minerals and secondary metabolites having pharmaceutical properties [4]. These 
NUCS have the potential to counteract malnutrition by ensuring health/nutritional 
security, alleviate poverty by increasing resilience and sustainability to the farming 
systems [1]. However, compare to mainstream crops, less focused have been given 
towards the genetic improvement of NUCS.

Hyacinth bean (Lablab purpureus L.) which comes under the NUCS category is 
also an underutilised legume crops with great potential. The notable properties of 
hyacinth bean are (i) great adaptability under wide range of environmental condi-
tions, (ii) rich source of protein, fibre and secondary metabolites like tyrosinase 
which is used in the treatment of various chronic diseases (iii) being stress toler-
ant, it require low cultivation/maintenance cost which could help smallholder 
farmers and their communities to generate more income [5, 6]. In Asia and Africa, 
hyacinth bean is also extensively consumed both as pulse and vegetable and is also 
exploited as green manure, forage/fodder for livestock, ornamental or medicinal 
herb [6]. The crop is ancient origin of which dates back to 1500 B.C. in Africa and 
later on introduce to India where it is mainly cultivated in tropical and subtropi-
cal regions and commonly known as “Sem” [7]. Besides, hyacinth bean possesses 
remarkable therapeutic potential for pharmaceutical application therefore, also 
considered as medicinal legume [5–7]. Consequently, hyacinth bean is tremen-
dously used by therapeutic/pharmaceutical industries like for the large-scale 
production of drugs and skin ointments as it is rich source of aloe-emodin, rhein, 
chrysophanol, alkaloids, flavonoids and tyrosinase with broad spectrum pharma-
cological activities [8].

Furthermore, the seeds of hyacinth bean are also abundant in carbohydrate 
myoinositol that are exceptional in ovarian function in women by controlling 
oligomenorrhea and polycystic syndrome [8]. Additionally, the seeds also contain 
brassinolide which is a steroid which is clinically proven to cure prostate cancer in 
humans. The alkaloid spermidine found in hyacinth bean seeds is comprehensively 
used as a biomarker for the perception of skin cancer where as another alkaloid 
spermine is commonly used in the treatment of cancer/tumours [9]. Trigonelline 
another alkaloid found in its seed has demonstrated its role in the treatment of 
diabetes mellitus and also possess antimicrobial property against Salmonella 
enterica [8, 10]. Further, pantothenic acid obtained from hyacinth bean leaf have 
shown potential to combat aponeurosis thereby by stimulating fibroblast content in 
early postoperative period in rabbits [10, 11]. Flt3 receptor interacting lectin (FRIL) 
isolated from hyacinth bean seeds are exclusively employed as preservatives and has 
been used for preserving human cord blood for 1–2 months [12]. The hyacinth bean 
is also a rich source of flavonoids like isoflavone, kievitone and genistein which are 
phenomenal in reducing breast cancer progression in humans [12].

Despite of its pharmaceutical/therapeutic importance and catering food require-
ments of both humans and animals, hyacinth bean still lack focused research for its 
genomic improvement as compared to other mainstream crops (wheat, rice maize 
etc.). The genomic improvement through state-of -the art tools and techniques will 
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not only reform its architectural growth but will also pave the way for rewiring the 
biosynthesis of imperative metabolites which will significantly impact its growth, 
yield and therapeutic potential. Therefore, this chapter provides valuable insights 
about the different state-of -the art tools and techniques that can be employed for 
the genetic improvement of hyacinth bean and how they can be exploited to inspire 
its therapeutic potential. Further, role of biotic and abiotic elicitors in stimulating 
the production of important metabolites in hyacinth bean has also been critically 
reviewed.

2. Medicinal/therapeutic properties of hyacinth bean

Being sessile in nature, plants have to withstand against various adverse climatic 
conditions to maintain their growth and developmental architecture. The plants 
are able to survive stressful conditions by synthesising diverse range of secondary 
metabolites and protease inhibitors that improve their adaptability [13]. Hyacinth 
bean for example, produces higher level of trypsin inhibitor (14–27 unit/mg) which 
is a unique property of this orphan legume crop compared to any other major 
legumes [14]. Like other serine inhibitors, trypsin inhibitor could also function as 
antifeedant or could also be responsible for strengthening growth, development 
and productivity by efficiently modulating proteolytic events with in hyacinth 
bean, mechanism of which has yet to be revealed [15]. Besides this, hyacinth bean 
also contains wide range of alkaloids, phenols and flavonoids which can be used in 
treatment of various chronic diseases essentially arthritis, nephritis sepsis as well 
as skin diseases thus significantly contributing towards human and animal health. 
All these nutritional and therapeutic properties make hyacinth bean a prime source 
of food, forage and cash crop in arid and semi-arid areas. However, till date the 
genes encoding these secondary metabolites are still ambiguous as the crop it self 
is considered as “orphan crop” for its genome revolution [1]. Further, both conven-
tional and molecular breeding techniques also have been futile in the identifica-
tion/linking of quantitative trait loci (QTLs) with production of these imperative 
secondary metabolites [4]. Therefore, all the above information’s have reinstated the 
need to implement advance omics technology for unleashing the genetic constitu-
ent of hyacinth bean and to identify genes/proteins involved in the biosynthesis of 
important secondary metabolites.

2.1 Anti-inflammatory and analgesic properties

The phytochemicals or secondary metabolites synthesised by various under-
utilised crops have the potential to boost innate immune response in humans as well 
as in animals thus providing immunity against infection, injury and irritation [7]. 
Several lines of literatures have strongly substantiated that various fruits, vegetables 
and food legumes synthesise various phytochemicals which are effectively exploited 
for the treatment of anti-inflammatory disorders, however their mechanism of 
action is still vague and needs to explored [13]. Various legumes such as soybean, 
mung bean, moth bean including hyacinth bean have diverted the attention of plant 
science community due to the presence of functional biological compounds which 
not only have health benefits and can also be simultaneously used for the treatment 
of various chronic diseases [8]. Researchers have analysed, tested and confirmed 
that the crude extracts of mung bean, hyacinth bean and soybean checks the 
synthesis of nitric oxide (NO) which is an inflammatory mediator thus significantly 
reducing the ear edema in mice caused by up-accumulation of arachidonic acid 
[16]. Likewise, another researcher evaluated crude extract of Phaseolus vulgaris and 
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hyacinth bean was also effective in controlling the expression of 15-lipooxygenase 
(15-LOX) thus supressing the release of NO and prostaglandin E2 (PGE2). The 
limited release of NO and PGE2 further downregulated the expression of inducible 
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) with in the macro-
phages thus preventing the inflammatory disorder [17]. Overall, the result indicated 
that ethanolic extract of the above-mentioned beans can effectively modulate 
anti-inflammatory response by regulating the expressions of anti-inflammatory 
enzymes and transcription factors [17].

The phenols present in the dry seeds of legumes such as hyacinth bean have also 
been implicated to exaggerate anti-inflammatory response upon their adequate 
consumption [18]. A plethora of research have well indicated that seed and other 
ethanolic extract of food legumes is rich source of polyphenols and natural anti-
oxidants capable of stimulating anti-inflammatory activity by suppressing the 
expression of 15-LOX as well as modulating the expression of cyclooxygenase −1 
(COX-1) and COX-2 [19]. Similar findings have also been reported by Zhu et al. 
[16] in pinto bean, black bean and common bean where seed extract was effec-
tive in regulating the expression of interlukin-6 (IL-6), interferon-γ (IFN- γ) and 
IL-17A thus effectively ameliorating acute colitis in mice. In addition to phenolic 
compounds, these legumes also contain lectins which is protein capable of showing 
anti-inflammatory response after binding reversibly to carbohydrates [20]. For 
example, lectins isolated and purified from Clitoria fairchildiana showed enhanced 
anti-inflammatory activity against paw edema and reducing it up to 70% in affected 
mice [21]. Nonetheless, these phytochemicals have also been identified and docu-
mented in hyacinth bean which are capable of inducing multitude of immune 
response against chronic diseases, however, the functional genes/proteins respon-
sible for their synthesis, transport and mechanisms by which they induce immune 
response needs an in-depth investigation.

2.2 Anti-diabetic properties

The flavonoids such as flavanones, flavanols, anthocyanidins, flavones and 
isoflavones present in fruits and vegetables have delineated themselves as key play-
ers in the treatment of cardiovascular diseases, diabetes and cancers [22]. Various 
legumes are also a rich source of dietary flavonoids that can regulate carbohydrate 
digestion, glucose uptake and insulin signalling via various signalling pathways 
[23]. Among all the flavonoids, dietary isoflavones per se., daidzein and genistein 
are abundantly found in leguminous plants [24] found exclusively in soy foods. 
Increasing evidences have well suggested and evaluated the anti-diabetic proper-
ties of both the isoflavones i.e. daidzein and genistein in cell culture studies [24]. 
Dietary intake of both the isoflavones have been shown to modulate glucose metab-
olism and insulin levels in Type 1 & 2 diabetes thus exerting anti-diabetic effect 
by increasing lipid plasma composition and accordingly insulin sensitivity [25]. 
Concomitantly, another study used soy supplemented diet to control blood glucose 
level in mice [26]. The result of the study successfully demonstrated that soy food 
significantly improves lipid profile and glucose metabolism in the mice as direct 
result of increased phosphorylation of AMP activated protein kinase (AMPK) 
which in turn have caused favourable metabolic changes upon activation of genes/
proteins involved in fatty acid oxidation pathway in peroxisome [27]. This report is 
consistent with the previous findings attributing exceptional role of soy food in the 
modulation of genes/proteins of AMPK pathway thus efficiently controlling blood 
glucose levels similar to other flavonoids [27].

Some researchers have also reported neutral to moderate effect of soy food and 
methanolic extract of hyacinth bean rich in isoflavones in controlling plasma lipid 
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profile thereby confirming anti-diabetic effect of isoflavones could act differentially 
under in-vitro and in-vivo conditions [28]. For instance, dietary intake of isofla-
vones prevented the onset of diabetes in rats and improved blood glucose homeo-
stasis by stimulating the function of pancreatic β-cells. Further, the researchers also 
noticed a sharp increase in insulin/glucagon ratio and C-peptide level in affected 
mice as compared to normal healthy rats [29]. The possible reason behind improved 
insulin/glucagon ratio in affected mice that consumed isoflavones could be due 
to the downregulation of gluconeogenic enzymes such as phosphoenolpyruvate 
carboxykinase and glucose-6-phosphatase beta oxidation. Furthermore, research-
ers have also indicated that genistein could modulate pancreatic β-cells via distinct 
metabolic pathways, Ca2+ signalling and calmodulin kinase II pathway [30] thus 
effectively regulating insulin synthesis in target cells/tissues. The isoflavones such 
as genistein and daidzein have also been shown to modulate Janus kinase/Signal 
transduce and activation of transcription (JAK/STAT), ERK-1/2 (serine/threonine 
protein kinase) and nuclear factor kappa-light chain enhancer of activated B cells 
(NF-κB) pathways thus stimulating the synthesis cytokinin’s in response to patho-
logical alterations [31].

Genistein have also been documented to stimulate the expression of protein 
kinase A and cAMP cascade which play important role in the proliferation of INS1 
and pancreatic β-cells thus efficiently regulating glucose metabolism in mice [31]. 
However, in addition to isoflavones, anthocyanidin found in soybean seeds rich in 
cyanidin, delphinidin and petunidin have also demonstrated anti-diabetic effect in 
streptozotocin induced diabetic rats [32]. Researchers have used methanolic extract 
of anthocyanidin to diabetic mice and observed that the anthocyanidin effectively 
raised serum insulin concentration and glucose metabolism in rats. The possible 
reason behind the anti-diabetic effect of anthocyanidin could be due to the enhance 
translocation of GLUT4 (glucose transporter) which in turn have stimulated 
glucose uptake or anthocyanidin could have improved insulin signalling by causing 
phosphorylation of insulin receptor [33]. Similarly, in another study, researchers 
have also documented the beneficial effect of anthocyanidin by analysing it on 
diabetic animal model where they observe that diabetic animal treated with soy-
bean anthocyanidin showed enhanced plasma insulin levels and low triglyceride 
content [34]. Furthermore, researchers continued their observation up to 12 weeks 
and observed that the diabetic mice exhibited reduced body weight, blood glucose 
level, triglyceride levels as revealed by lower expression of lipogenic gene expres-
sion in liver and fat [35]. Although, various studies have demonstrated the anti-
diabetic effect of both isoflavones and anthocyanidin on animal system, there effect 
on controlling diabetes in humans are still limited. Therefore, efforts are needed to 
expand the dimension of research involving structural, biochemical and molecular 
characterisation of important therapeutic compounds obtained from underutilised 
legume crops for their efficient use in the human and animal welfare.

2.3 Anti-cancerous/tumour properties

The bioactive peptides found in certain legumes and cereals crops has been 
implicated to regulate growth and development of crops plants by imparting biotic 
and abiotic stress tolerance [36]. Further, researchers have also isolated and puri-
fied some of the plant bioactive peptides and demonstrated their pivotal impact on 
human health and immune response [37]. Lunasin, a 43 amino acid peptide initially 
identified and isolated from soybean has shown its tremendous competency in 
inhibiting cell division in tumour/cancer cells and protect DNA damage by delaying 
histone acetylation in mammalian cells under oxidative stress [38]. Later, lunasin 
was also identified in cereals and pseudo-cereals such as rice, wheat, barley and 
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amaranth, however, its present in extremely low quantity as compared to soybean 
[39]. Being a rich source of lunasin, soybean has been extensively investigated in 
order to get valuable insight into its structure and function properties, mode action 
in preventing cancer and the ecological factors that can influence its biosynthesis 
and transport [37]. Initially, lunasin was identified as chemo-preventive agent but 
in-depth investigations by several researchers demonstrated that lunasin can effec-
tively suppress skin tumorigenesis in mouse by delaying foci formation in DMBA 
NIH/3 T3 cells [40].

In addition, researchers have also well documented the chemo-preventive 
property of lunasin in breast cancer affected mice where they observed significant 
reduction (30–40%) in tumour cells after treating the mice with lunasin for two 
months [37]. However, not much research has been focused on lunasin therapeutic 
properties in soybean as well as in other underutilised legumes still researchers 
have hypothesised its broad-spectrum role in the treatment of lung cancer, colon 
cancer and leukaemia [36]. One of the possible mechanisms by which lunasin block 
cell division in cancer cells could be due to its ability inhibits cell cycle at G2 phase 
thereby inducing apoptosis in the affected cells [40]. Initial studies on lunasin’s 
mode of action revealed that it can bind to hypoacetylated histone cores in cancer 
cells and inhibit acetylation in breast cancer cells and prostrate cancer cells [37]. 
Recently, researchers have made striking discovery claiming that lunasin binding 
can suppress the integrin signalling in cancer/tumour cells thereby inhibiting focal 
adhesion kinase/protein kinase B (FAK/AKT) and extracellular signal-regulated 
kinase 1 (ERK1) signalling in cancer cells [41]. Certain plant protease inhibitors 
such as Bowman-Birk inhibitors and flavonoids such as flavon-3-ols found in 
soybean and other legumes have also demonstrated their role in controlling breast 
and colon cancer [41]. However, detailed characterisation of their structural and 
functional properties in many legume crops is still ambiguous and need extensive 
research by employing advance omics technology for their potential application.

2.4 Anti-hypertension properties

Hypertension is one of the most important factors (apart from diabetes and high 
cholesterol level) causing cardiovascular disease in humans which is characterised 
by the increase in systolic/diastolic arterial pressure [42]. Studies have well docu-
mented that healthy diet/lifestyle i.e. reduce sodium intake and physical exercise 
are important factors controlling blood pressure, hypertension and ultimately risk 
of cardiovascular disease [42]. Various major and underutilised legumes are rich 
source of secondary metabolites, fibres and micronutrients thus forming an impor-
tant framework of plant’s bioactive compounds for healthy diet [43]. For example, 
some bioactive peptides from food as well as grain legumes have demonstrated their 
potential to combat both hyper and hypotensive effects. Peptides having Glu-Phe, 
Ile-Arg and Lys-Phe dipeptides identified form legume crops have shown anti-
hypertensive effect by inhibiting the activity of Angiotensin-I- Converting Enzyme 
(ACE) [36, 44]. Similarly, proteins like tyrosinase and lupin present in legume 
crops have also shown their remarkable ability control both systolic/diastolic blood 
pressure in peoples suffering from hypertensive disorder [44].

The hypertensive property of both lupin and tyrosinase have also been exten-
sively investigated under in vivo conditions in Goto-Kakizaki rats suffering from 
hypertension due to excessive consumption of Na rich diet. The researchers fed the 
hypertensive rats with both lupin and tyrosinase for two weeks and then observed 
significant reduction in the systolic/diastolic pressure in both the groups [45]. 
However, lupin treatment also significantly improved endothelium-dependent vaso-
dilation in hypertensive rats more efficiently as compared to tyrosinase [45]. A large 
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body of literatures have also indicated that these bioactive peptides/proteins do not 
only possess hypertensive and ACE inhibitory effect but are also actively involved in 
lowering cholesterol and lipid levels [44]. Researchers have also extensively studied 
hypocholesterolaemia by using bioactive peptides and proteins and identified that 
the peptide Ile-Ala-Val-Pro-Gly-Glu-Val-Ala was compellingly involved in lowering 
cholesterol and triglycerides levels by stimulating the activity of bile salts [46]. 
Furthermore, other studies have also well documented the role of soybean peptides/
proteins in efficiently controlling high cholesterol and lipid levels by efficiently 
modulating ratio of low density/high density lipo-proteins and expression of 
beta-very-low-density lipoprotein (β-VLDL) receptors thus minimising risk factors 
for cardiovascular disease [46]. Researchers have identified and evaluated several 
of these bioactive peptides from other legumes crops as well, however efforts are 
needed for in-depth characterisation of their function and mode of action in other 
underutilised legumes such as in hyacinth bean.

2.5 Antioxidative properties

Reactive oxygen species (ROS) generated as a consequence of oxidative stress 
are concomitantly involved in the onset and progression of various chronic diseases. 
Increased level of ROS has been shown to instigate severe damage to nucleic acids, 
cause membrane damage via lipid peroxidation and inhibit protein synthesis thus 
causing cell death or apoptosis [47]. Several crop plants including legumes contains 
various bioactive compounds such as flavonoids, phenols and some peptides that 
can efficiently scavenge ROS thus ameliorating stress induced oxidative damages 
[48]. Flavonoids such as flavanones and flavon-3-ols present in the seeds of certain 
leguminous plants such soybean and hyacinth bean have been reported to have 
antioxidative effect as demonstrated by both animal and cell culture studies [49]. In 
a study conducted by Babu et al. [50] oral infusion of flavanones and flavon-3-ols 
to an alloxan induced insulin dependent diabetic mouse, significantly enhanced 
the activity of hepatic catalase, superoxide dismutase and glutathione reductase 
enzymes thereby confirming their function as antioxidants. Similarly, in another 
study, researchers orally administered a flavonoid rich compound apigenin to 
streptozotocin-induced diabetic rats that significant reduction in the triglyceride 
levels which could be due the antioxidative effect of apigenin that effectively main-
tained ion/osmotic homeostasis [51]. Moreover, like apigenin, researchers also used 
anthocyanidin and luteolin treatment to diabetic rats which ultimately protected 
rat cells from oxidative damage via controlling the synthesis of iterlukin-1β and 
interferon-γ [52]. Like other flavonoids, anthocyanidin is also extensively present 
in legume plants which have received significant recognition owing to their health 
benefits and potential antioxidative properties [52].

Antioxidant peptides like His-Trp-Tyr-Lys have demonstrated to play excep-
tional role in ameliorating stress induce oxidative damage by efficiently regulating 
the scavenging of ROS [53]. Moreover, several studies have shown that thiol group 
of Cys residue can efficiently chelate metallic ions thus lowering the effect of oxida-
tive stress and minimising the onset of chronic disease [53]. A study conducted by 
Morales-Medina et al. [54] reported that Val and Leu residues present at N-terminus 
of a peptide and Tyr and Trp residues present at C-terminus of same peptide have 
antioxidative properties that were effective in minimising lipid peroxidation and 
strengthening ion homeostasis. Furthermore, it is also well documented that seeds 
and leaves of legume plants are rich source of other bioactive compounds such as 
anthocyanins, polyphenols with antioxidative properties and are also capable of 
performing metal sequestration and stimulate the expression of other stress respon-
sive genes [55]. Additionally, Zhu et al. [56] evaluated various other peptides from 



Legumes Research - Volume 2

198

soybean and wheat having Leu-Leu-Pro-His-His repeat for its antioxidative activity 
by using distinct experimental procedure and conditions. The results indicated that 
the peptide was effective in stimulating 1,1-diphenyl-2-picrylhydrazyl (DPPH) 
activity, expression of enzymatic and non-enzymatic antioxidants such as catalase, 
superoxide dismutase, peroxidase and ascorbate thus controlling the level of ROS 
generation and minimising the chance of severe disease. Lunasin peptide found in 
soybean and other legume has also been extensively investigated for its antioxida-
tive properties where the researchers documented that lunasin was effective in 
scavenging both hydrogen peroxide and superoxide anion thereby protecting cell 
from oxidative damage [42].

2.6 Cytotoxic properties

Since ancient times legumes have been ascribed to have pharmaceutical/therapeutic 
values far beyond than providing essential nutrition in the form of amino acids [57]. In 
recent years, various proteins/peptides form several legume species have been included 
in the category of nutraceuticals i.e., food or products derived from them having 
medicinal or therapeutic role in the prevention of disease along with nutritional 
benefits [57]. Various legume-based bioactive proteins/peptides have been isolated and 
characterised for their functional role such as Bowman-Birk inhibitors (BBIs), Kunitz 
inhibitors (KIs) and alpha amylase inhibitors (AAIs) which are also commonly known 
as anti-nutritional compounds [58]. Several researchers during their early epidemio-
logical studies observed that the protease such as Bowman-Birk inhibitors isolated 
from soybean seeds were highly effective in the counteracting tumour growth under 
both in vitro and in vivo conditions [58]. Later, these inhibitors also demonstrated 
their involvement in the treatment of hypocholesteraemia, cell toxicity, lowering of 
blood glucose level and pressure. The BBIs are distributed across many plant species 
including fruits and vegetables which are characterised by the presence of conserved 
pattern of 14 cysteine residues forming disulphide linkages having multigene origin. 
An exceptional property of these protease inhibitors is that they are structurally and 
functionally stable under changing environment conditions and can effectively bind 
to IgE thus embarking their anti-proliferative effect in gut mucosa and colon cancer 
thereby keeping cellular toxicity at a bay [59]. Additionally, researchers have isolated 
and purified these inhibitors from liver, kidney and lungs to understand their mecha-
nism of action however, their course of action is still under debate [60].

Furthermore, AAIs have demonstrated themselves has a suitable candidate for 
controlling triglyceride levels thus keeping obesity under check whereas lectins 
obtained from the seeds of legumes have also shown immense therapeutic poten-
tial displaying cytotoxic and anti-cancer activity [60]. For example, concanavalin 
lectin obtained from the seeds of Canavalia ensiformis L. are structurally stable and 
are highly resistant to denaturation and in vivo proteolysis displaying strong anti-
hepatoma activity under acidic conditions [61]. The cytotoxic and anti-cancer activity 
of lectins have also been demonstrated using animal model where internalisation of 
lectins in small intestine showed stimulation in immune and hormonal activity thus 
confirming their role as therapeutic agents. Researchers in last few years have identi-
fied and characterised AAIs from soybean and Phaseolus vulgaris for clinical studies 
and obtained interesting outcome as AAIs were effective in controlling obesity and 
blood glucose level in hypercholesterolemic rat model [60]. Similarly, α-subunit of 
soybean 7S globulin protein has been well ascribed to stimulate the transcription 
of HepT9A4 hepatic cells thus increasing low density lipoprotein (LDL) uptake in 
HepG2 cells in hypercholesterolemic rat model [62]. However, the involvement of 
these protease inhibitors and lectins in the treatment of various chronic diseases are 
mainly confined to in vitro studies or animal model, therefore, efforts are needed 
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to increase the dimension of their application by performing more human clinical 
trials [63]. Furthermore, efforts are also being diverted towards the identification of 
these medicinally important bioactive compounds in underutilised legumes such as 
hyacinth bean for increasing the bioavailability of these bioactive compounds for the 
benefit of mankind.

2.7 Anti-microbial properties

Several major and underutilised legumes are rich source of bioactive phenolic 
compounds or polyhydroxylated compounds with immense anti-nutritional and 
therapeutic potential [46]. These phenolic compounds also play significant role in 
the stimulation of immune response, protect cells from oxidative damage and other 
pathogenic diseases [64]. Several studies have documented that some phenolic 
compounds isolated from seeds of legume crops are indispensably involved in the 
treatment of cancer disease, microbial/pathogenic attack, inflammatory disease 
thus providing potential health benefits [46]. Phenolic compounds are large group 
of compounds comprising phenolic acids, flavonoids, tannins and stilbenes [64]. 
Several recent studies have well documented the anti-microbial activity of phenolic 
compounds obtained from Faba bean, broad bean, adzuki bean and Dolichos bean in 
their crude methanolic extract of leaf and seeds [65]. The total antioxidant activity 
(TAA) of methanolic extract of various phenolic compounds and tannins obtained 
from adzuki bean and lectins have been shown to exhibit anti-microbial activity 
against several bacterial strains showing average zone of inhibition of 8–20 mm [66]. 
In addition, these methanolic extract have also shown potential anti-fungal activity 
against Saccharomyces cerevisiae, Candida albicans and Aspergillus niger [65]. Plethora 
of research have well documented that phenolic compounds are actively involved in 
the termination of ROS signalling as well as metal sequestration thus strengthening 
anti-microbial activity against various pathogenic micro-organisms [66].

In addition to phenolic compounds, several bioactive peptides have also 
been instigated to play important role in regulating various biological activities 
along with antimicrobial and anti-inflammatory effects [57]. Studies have well 
reported that several of the ACE-inhibitory peptides containing Arg-Lys residues 
at C-terminus have shown enhanced anti-microbial activities against pathogenic 
microorganism [44]. Similarly, peptide containing Leu-Leu-His-His residues also 
have been shown to posses anti-microbial and anti-oxidative properties. Moreover, 
a group of researchers working on legume bioactive proteins attempted to used 
bioactive peptides in conjunction with phenolic compounds and ascertain that 
the amalgamation of both stimulate the defence mechanisms of plants against 
pathogenic attack [44]. Similarly, a protein dolichin extracted from hyacinth bean 
exhibited strong anti-microbial activity against Fusarium oxysporum, Rhizoctonia 
solani and Coprinus comatus [10]. Likewise, a 36 KDa AAIs from hyacinth bean 
showed significantly inhibited conidial germination and hyphal growth of A. flavus 
[10]. In addition, several studies have well documented to inhibit the progression 
of human immunodeficiency virus (HIV) by regulating the expression of reverse 
transcriptase and alpha/beta glucosidase enzyme as well as it also demonstrated to 
have low ribonuclease and translational inhibitory activities [44].

3.  Integrated “OMICS” techniques for enhancing its therapeutic 
potential

Plants act as factories that synthesises wide array of nutritional and  
secondary metabolites with complex structure and functions. Essentially, 
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therapeutic/pharmaceutical secondary metabolites are often extensively isolated 
and purified from wild plant species or under-utilised crops as compared to 
cultivated species. However, the chemical synthesis of these medicinally impor-
tant metabolites is a daunting challenge and is not economically feasible. Recent 
advancement in the system biology tools have pave the way to exaggerate their 
synthesis in tissue culture plants, but still their applications are limited to certain 
plant species because of the complex nature of technological standardisation in 
respective crops and lack of proper understanding of biosynthetic pathway. In this 
section, we will be discussing recent advancements made in the system and syn-
thetic biology tools to provide detailed glimpse of the biosynthetic pathways and to 
explore the unprecedented possibilities of their application for the human welfare. 
These cutting-edged technologies can be successfully exploited for the improve-
ment/enhancement of secondary metabolites production or could also help in the 
identification of novel metabolites in cultivated plants as well.

3.1 Phenomics based imaging and analytical toolkits

The phenotype exhibited by plants at certain stages of growth/developments 
are the function of gene × environment interaction that govern a peculiar trait of 
interest expressed from the plant’s genome [67]. The term “phenotype” corresponds 
to precise and rigorous recording of the distinct phenotypic parameters from single 
cell to whole plant level, which if conducted explicitly can help facilitate identifica-
tion/classification of novel traits in several plant species. Phenomics is a sub-dis-
cipline of plant biology that deals with phenotyping under controlled green-house 
conditions as well as field experimentation using advanced imaging technologies 
and imaging tools [67]. Phenomics study is a three-step process involving (i) setting 
up experimental plot, light intensities, nutrition acquisition and temperature (ii) 
rigorous monitoring/phenotyping such as growth, stress response, photosynthesis, 
chlorophyll and secondary metabolite contents etc. using advanced imaging tools 
and (iii) computer-assisted data visualisation, interpretation and storage [68]. 
Recent technological advancements have paved the way for the development of 
high-resolution imaging platforms aided with advanced bio-informatic tools for the 
phenotyping several important traits in plants for cellular and functional analysis 
[69]. Therefore, phenomics has now been recognised as an indispensable tool that 
can provide valuable insights into plant’s morphology and physiology which can be 
further integrated with functional genomics data for analysing key traits such as 
secondary metabolites production and other economically important traits [68].

Several informatorily databases and analytical toolkits have been developed to 
facilitate phenomics and taxonomic studies in various cultivated and under-utilised 
crops at a greater pace. For example., PlantCLEF (2019) is an online repository that 
contain wide variety of images of plant’s organs with the sole purpose to facilitate 
identification and classification of underutilised crop plants having distinct features 
[70]. PlantCLEF act like a real-life computerised program that can identify and clas-
sify plant species using raw images by extracting similar traits/characteristics and 
matching them defined plant species and family [70]. Similarly, MPID (Medicinal 
plant images database) which is a premium database maintained by Hong Kong 
Baptist University that is known to accommodate vast range of phenotypic data 
related to medicinal and therapeutically important plants [71]. Furthermore, 
in addition to phenotypic data, it also acts as a repertoire of scientific/botanical 
names, therapeutic values, physiological and ecological parameters of more than 
1000 medicinal plants. Likewise, MPDB (Medicinal plant database of Bangladesh) 
database is also specifically dedicated to store phenotypic and physiological data 
associated with medicinal and aromatic plants found in Bangladesh [72].
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Apart from databases, several computer-based analytical tools and techniques 
have also been developed and implemented for recording high-resolution images 
and morpho-physiological parameters in selected plants [70]. Plant computer vision 
(PlantCV) is a freeware software package written explicitly in python language that 
provide valuable algorithms for analysing phenotypic data [71]. It can analyse phe-
notypic data for multiple plant species and compare them with in the database for 
identification of novel traits/characteristics in genetically un-explored crops [67]. 
Similarly, ImageJ is a Java based program equipped with various algorithms such as 
image enhancer, graphic correction, segmentation and measurement to facilitate 
accurate phenotyping of plant species [73]. HTPheno is an algorithm of ImageJ that 
allows monitoring of plant’s growth and development in terms colour spectrum. 
It captures image related to growth and fitness by various angles, time period and 
temperature/light conditions in the form high-resolution images [74]. However, 
despite of these technological breakthroughs, the implantation of these state-of-the 
art techniques are limited certain plant species. Therefore, efforts are needed to 
establish, standardise and implement these advanced phenomics techniques in vari-
ous under-utilised medicinally important crops in order to facilitate comprehensive 
analysis of their physiological, morphological and cellular functions.

3.2 Functional genomics approach

Identification of hereditary determinants governing morphological, physiologi-
cal and biochemical properties are of astute importance to uncover genetic potential 
of plant species. With the advent of next-generation sequencing techniques it has 
now become possible to perform in-depth studies on economically/therapeutically 
important under-utilised crops [75]. Till date whole genome sequencing projects 
has led to the development of draft genomes and chloroplast genomes of various 
medicinally important plants which can be efficiently exploited in-conjunction 
with advanced bio-informatic tools to obtain information about gene families, gene 
regulatory networks, miRNA and non-coding RNAs involved in gene regulation 
in those plants whose genome sequence is not available [76]. Furthermore, it can 
also result in the development of DNA markers for DNA fingerprinting and DNA 
barcoding to facilitate efficient taxonomic identification of plant under study using 
specific region of DNA [77]. Several DNA fingerprinting/barcoding primers such 
as 18-S-rRNA, 5S-rRNA, rupture of the cranial cruciate ligament (rccl), maturase K 
(matK), internal transcribed spacer (ITS), intergenic spacer (trnH-psbA) have been 
successfully implemented for identification and classification of medicinal plants. 
In addition, several dominant and co-dominant markers such as single nucleotide 
polymorphism (SNP), sequence characterised amplified region (SCAR), amplified 
fragment length polymorphism (AFLP), inter simple-sequence repeat (ISSR) and 
random amplified polymorphic DNA (RAPD) have also facilitated identification 
and authentication of medicinal plants [76].

Transcriptome-wide profiling of genes of regulatory pathways can help 
researchers gain valuable insight into the functional mechanisms of plant’s biosyn-
thetic pathways. In the recent years, researchers have exploited expressed sequence 
tags (ESTs) for transcriptome wide analysis of important medicinal plants [77]. 
Later, the scientists began to use microarray which is probe hybridization-based 
technique for studying regulation of gene expression and candidate gene discovery 
[78]. Recently, various transcriptome-wide analysis studies have been conducted 
in several medicinally important plants and their sequencing and expression 
profiling data are available in various online databases such as GarlicESTdb (garlic 
EST database), GEO (gene expression omnibus), ArrayExpress, RASP (RNA 
atlas of structure probing), AgriSeqDB (RNA sequence database), EGENES 
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(EST database) that can help expedite transcriptomic research in those plants in 
which transcriptome wide analysis has yet not been completed [79]. Likewise, 
several toolkits have also been designed that explicitly analyse microarray data 
and can also be used in conjunction with other phenomics, transcriptomics, 
proteomics and epigenomics for the identification of functional biological path-
ways liked with secondary metabolite synthesis [79]. Notably used toolkits are 
iArray, BRB-Arraytools, KEGG (Kyoto encyclopaedia for genes and genomes), 
GENEVESTIGATOR, PLEXdb, ExPath are the ones which offers various features 
for microarray data analysis, visualisation, interpretation and annotation in the 
form of heat map, graph and tables [80].

In addition, few databases have also been developed such as CroFGD 
(Catharanthus roseus functional genomic database), TeaCon (database of gene co-
expression network), PlaNet (plant co-expression network), AraNet (Arabidopsis 
co-expression network) for functional analysis and study of co-expression net-
works to identify functional biosynthetic pathways [81–83]. Furthermore, several 
non-coding RNAs (ncRNAs) such as small interfering RNAs (siRNA) and microR-
NAs (miRNAs) have also been discovered and are thought to play pivotal role in 
the regulation of secondary metabolite synthesis in medicinal and crop plants [84]. 
Intriguingly, several transcriptome-wide analyses in medicinal plants have well 
indicated that these ncRNAs whether siRNA or miRNA indeed have therapeutic 
properties which if harnessed systematically can help in the prevention of various 
chronic diseases such as cancer and influenza A virus infection [84]. In this context, 
a group of researchers have developed a miRNA database (MepmiRDB; medicinal 
plant microRNA database) devoted specifically for medicinal plants that provide 
plethora of information regarding gene sequence, expression levels and target 
miRNA for 30 different medicinal plants [85]. Besides, several software packages 
have also been developed such as sRNA-Seq-data, NATpipe, PLncPRO and CNIT 
that can greatly facilitate the identification ncRNAs, siRNAs and miRNAs in various 
medicinal plants as well as in crop plants that specifically involved in the regulation 
of secondary metabolites of therapeutic importance [85].

Several protein-coding genes have also been qualitatively and quantitatively 
analysed for their corresponding products to generate a profile of their proteome to 
help researchers gain valuable insights into the mechanisms underlying cellular and 
metabolic pathways in medicinal plants [86]. Fewer studies have been conducted to 
develop a complete proteome map in the medicinal plants describing the proteins 
involved in the regulation of secondary metabolite synthesis. For example, a study 
conducted by Jacobs et al. [87] identified various proteins involved in alkaloid bio-
synthesis in C. roseus using 2D gel electrophoresis and mass spectrometry. Likewise, 
Chin [88] also performed in-depth proteomic study using Matrix-Assisted-Laser 
Desorption and Ionisation (MALDI) Time of Flight (TOF) analysis to unravel pro-
teins involved in the secondary metabolite production in the germinating seeds of 
orchid plants. In addition, several online toolkits such as STRING (search tools for 
retrieval of interacting genes), PAIR (predicted Arabidopsis interactome resource), 
UniProt, Pfam (protein families), IntAct (molecular interaction database) can also 
be exploited in non-model crop plants such as hyacinth bean to gain functional 
insight into proteins involved in the secondary metabolite productions [79]. A list 
of putative genes/TFs involved in the regulation of bioactive metabolites in legumes 
are presented in Table 1.

3.3 Metabolomics approach

Metabolomics is also a functional genomics tool with the sole purpose to provide 
in-depth understanding of different cellular and metabolic pathways in various 
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organisms. Metabolomics is an advanced system biology tool with improved 
analytical methodologies, sensitivity and resolution that has been successfully 
exploited to understand biosynthesis of important metabolites in various plant 
species [103]. Several researchers have used this technique to discover candidate 
genes/proteins involved biosynthesis of specialised metabolites [104]. Furthermore, 
it has also provided great depth of understanding about the structural properties 
and diversity that exists among different metabolites as well as has facilitated to 
gain valuable insight into the type active ingredients that gives each metabolites its 
specific nutritional and medicinal properties [103]. Recent decades have witnessed 
the detailed characterisation of various medicinally important metabolites such 
as paclitaxel, artemisinin, vincristine, vinblastine, camptothecin and accuminata 
etc. from Pacific yew tree, Artemisia annua, C. roseus, Camptotheca acuminata and 
Papaver somniferum having anti-cancer and anti-malarial properties using this 
approach [104]. The identification of these medicinally important metabolites 
in above mentioned plants has served as model for studying the biosynthesis of 
specialised metabolites in other crop plants as well, which however, could not be 
possible by phenomics, genomics, transcriptomics and proteomics studies [105]. 
Metabolite profiling studies have been conducted in various transgenic plants by 
generating over-expression and gene-insertion based mutants to track the regula-
tion of flavonoid biosynthesis (Nguyen et al. 20). In addition, metabolomics-based 
reverse genetic approach has also led to the identification of putative genes involved 
in the regulation of flavonoid synthesis driven by the conjugative action of post-
translational modifications such as acetylation, phosphorylation, methylation, 
ubiquitination and biotinylation [105].

Several metabolomic studies have been conducted in model as well as crop 
legumes such as Medicago truncatula, Lotus japonicus, Glycine max and Pisum 
sativum to identify functional metabolites that are involved in the imparting 
biotic and abiotic stress tolerance for thus improving their growth and produc-
tivity [106]. However, fewer studies have conducted for the identification of 
medicinally important metabolites in legume plants compared to other model and 
medicinal plants [93]. Nonetheless, efforts are being made to revamp, standardise 
and implicate these advanced system biology tools for the identification, charac-
terisation and quantification of important metabolites in various under-utilised 
crops as well [106]. The techniques like gas-chromatography mass spectrometry 
(GC–MS), liquid chromatography-mass spectrometry (LC–MS), nuclear mag-
netic resonance (NMR), capillary electrophoresis-mass spectrometry (CE-MS) 
and high-performance liquid chromatography-time of flight-mass spectrometry 
(HPLC-TOF-MS) have been successfully used for the assessment of medicinal 
constituents of functional metabolites [106]. With the advent of technological 
breakthroughs, metabolomics has also facilitated the generation of various pro-
tein reference maps of various model plant species and legume crops which can 
expedite the functional genomic analysis of genes/proteins in those plant species 
whose genome sequence is not available [93]. Nevertheless, efforts are needed to 
generate more protein reference maps to unravel cellular and biochemical signal-
ling pathways and to identify novel genes and their product through comparative 
proteomic approach. The integrative analysis of “OMICS” datasets is crucial for 
the implementation of system biology tools for identification and mapping of 
secondary metabolite pathways in medicinal plants as well as legume crops and 
mechanism by which it can be achieved is depicted in Figure 1. Therefore, it has 
now become imperative to generate resourceful OMICS database that can help 
in the advancement integrative omics technology for precise understanding of 
molecular mechanisms and their possible application in legume improvement 
through breeding programs.
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4.  Role of biotic and abiotic elicitors for enhancing its therapeutic 
potential

In plants, increase synthesis and accumulation of secondary metabolites occur 
upon their exposure to adverse climatic conditions which not only strengthen 
their growth but also revamp their innate immune response [107]. Several studies 
have indicated that distinct physical, chemical and microbial factors could act as 
abiotic/biotic elicitors for stimulating genes of metabolic pathways which will in 
turn result in the increase production important/specialised metabolites [108]. 
Now a day’s elicitation is extensively used as a biotechnological tool to induce the 
biosynthesis of medicinally important metabolites in various tissues and organs 
of tissue cultured plants. The functional mechanism behind elicitor’s elicita-
tion involves signal perception by the receptors designed specifically to initiate 
signal transduction of the genes/transcription factor involved in the biosynthetic 
pathway (Figure 2) which in turn enhance the production and accumulation of 
different metabolites [107]. This section briefly describes different biotic/abiotic 
elicitors that can be employed for enhancing the production of secondary metabo-
lites in medicinal as well as crop plants. A list of different biotic/abiotic elicitors 
involved in the regulation of bioactive metabolites in legumes are presented in 
Table 2.

Figure 1. 
Systemic workflow depicting the application of integrated OMICS tools as well as role of different biotic/
abiotic elicitors for improving the biosynthesis known bioactive compounds and identification of novel 
therapeutic metabolites in legume crops. In this process, tissue culture plants or plants grown in field are 
treated with different biotic or abiotic elicitors either independently of in combination. The plants are then 
analysed for the differential expression of genes involved in the regulation of secondary metabolites using 
integrated OMICS techniques. Candidate genes are discovered using various techniques such as cDNA-AFLP, 
SAGE, analysed by bioinformatics tools and are rewired using synthetic biology tool. The transformed 
plants are then exploited for sustainable production of important bioactive metabolites. GWAS: Genome 
wide association studies; MAS: Marker assisted selection; SNP: Single nucleotide polymorphism; QTLs: 
Quantitative trait loci’s; miRNA: microRNA; siRNA: Small interfering RNA; NMR: Nuclear magnetic 
resonance; HPLC: High performance liquid chromatography; GC: Gas chromatography; LC: Liquid 
chromatography; MALDI-TOF-MS: Matrix assisted laser desorption ionisation-time of flight-mass 
spectrometry; cDNA AFLP: Complementary DNA amplified fragment length polymorphism (RNA finger 
printing technique); SAGE: Serial analysis of gene expression; DdPCR: Differential display PCR; SM: 
Secondary metabolites; CRISPR-CAS 9: Clustered regulatory interspaced short palindromic repeat, CRISPR 
associated protein 9; TFs: Transcription factors.
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4.1 Biotic elicitors

Biological materials such as proteins, carbohydrates, inactivated enzymes, and 
polysaccharides etc. whether of plant, fungi or bacterial origin either in crude or 
purified form is used to induce the synthesis of secondary metabolites are termed 
as biotic elicitors [120]. Researchers have well indicated that proteins/enzymes are 
being explicitly used to stimulate the defence system of plants by increasing the 
synthesis of secondary metabolites involved in the regulation of stress responsive 
genes [121]. In tissue culture generated plants, several glycoprotein elicitors have 
been shown to elicit the production of phytoalexin, lectins and agglutinins that 
tremendously ameliorate the stress-induced oxidative damage [122]. Similarly, vari-
ous fungal elicitor proteins such as PebC and PevD1 from Botrytis cinerea from and 
SsCut from Sclerotinia sclerotiorum elicited multiple defence response tomato and 
cotton plants in response to various biotic and abiotic stresses [123]. Furthermore, 
these elicitors have also been shown to activate G-proteins which in turn can also act 
as elicitor in stimulating secondary metabolite synthesis in plants such as stimula-
tion of flavonoids and isoflavanones in soybean, benzophenanthridine alkaloids in 
bloodroot and β-thujaplicin in Cupressus lusitanica [122]. Ca2+ signalling also play 
pivotal role in the activation of various protein kinases such as calcium dependent 
protein kinase (CDPKs) and mitogen activated protein kinases (MAPKs) that have 
stimulated the sesquiterpenes biosynthesis in tobacco and French bean plants [120].

Polysaccharides such as xyloglucans, oligogalacturonides, hemicellulose and 
pectin derived from plant, bacterial or fungal cell wall could also be exploited as an 

Figure 2. 
Schematic representation of mechanisms by which biotic/abiotic elicitors signalling pathways involved in 
the biosynthesis of important bioactive metabolites in plants. The elicitors are perceived by the receptors 
which then interacts with various components of signal atransduction pathway. This interaction activates 
certain transcription factors which in turn regulate the expression of various biosynthetic genes/proteins thus 
stimulating enhanced production of important therapeutic metabolites. SA: Salicylic acid; NO: Nitric oxide; 
MeJA: Methyl jasmonate; ROS: Reactive oxygen species; CDPKs: Calcium dependent protein kinases; MAPKs: 
Mitogen activated protein kinases; IP3: Inositol triphosphate; DAG: Diacyglycerol; TFs: Transcription factors.
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elicitor to stimulate secondary metabolite synthesis in plants [124]. For instance, a 
polysaccharide derived from Trichoderma atroviride D16 was successfully regulated 
the genes involved in the production of tanshinone diterpene in Salvia miltiorrhiza 
and also increased the production of hairy roots up to 60% compared to control 
plants [125]. Likewise, oligosaccharide derived from Fusarium oxysporum efficiently 
stimulated the production of artemisinin in Artemisia annua and flavonoids in 
Fagopyrum tataricum plants suggesting definitive role of biotic elicitors in the stimu-
lation of therapeutically important metabolites [126]. In another study, researchers 
also successfully exploited oligogalacturonides as biotic elicitor to stimulate the 
synthesis of phytoalexins in soybean plants [125]. The oligogalacturonides was also 
further utilised efficiently to stimulate stress defence response in Nicotiana tabacum 
plants by stimulating the biosynthesis of nutraceuticals [126]. Furthermore, the 
oligogalacturonides based elicitation of phytoalexins was also confirmed by Ferrari 
et al. [127] in soybean cell cultures.

Various phytohormones/signalling molecules such as salicylic acid (SA), nitric 
oxide (NO) jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) which can 
serve as an elicitor to elicit secondary metabolites production and stress-induced 
defence response in various plant species [127]. Among all, the role of SA, NO 
and JA have been extensively investigated for the elicitation of secondary metabo-
lites synthesis and imparting resistance against biotic/abiotic stress induced 
oxidative damage in plants [128]. Methyl-jasmonate a derivative of jasmomic acid 
precisely activated the production of indole glucosinolate, β-thujaplicin and ter-
penes indole alkaloids in Arabidopsis, C. roseus and C. lusitanica plants [129, 130]. 
Similarly, studies have also indicated that both methyl jasmonate and salicylic 
acid either alone or in combination significantly enhanced the therapeutic attri-
butes of Hemidesmus indicus by stimulating the synthesis of 2-hydroxy 4-methoxy 
benzaldehyde [131]. Moreover, Gai et al. [132] also observed SA and methyl 
jasmonate based elicitation of pharmacologically active alkaloids in the hairy root 
cultures of Isatis tinctoria L. Apart from plants, researchers have also widely used 
SA and methyl jasmonate to elicit the pharmaceutical alkaloids biosynthesis in 
microalgae Arthrospira platensis suggesting their robust application in prokaryotic 
system [133].

Various plant growth promoting rhizobacteria (PGPR) and arbuscular mycor-
rhizal fungal inoculum in conjunction with methyl jasmonate have been shown 
to enhance production of various secondary metabolites in Rauvolfia serpentine, 
fenugreek and Solanum khasianum [118, 134]. Bacterial and fungal based elicita-
tion of therapeutically important compounds is being commonly used by various 
researchers because apart from increasing secondary metabolites production they 
also significantly improve growth and developments of plant exposed to various 
biotic and abiotic stress conditions [118]. In a study, Gorelick and Bernstein [135] 
observed differential effect of fungal elicitation in Cannabis sativa plants where 
fungal elicitation increases the production of cannabinoid and 3-deoxyantho-
cyanidin but causes significant reduction in anthocyanin content. Furthermore, 
researchers have also used arbuscular mycorrhizal fungal inoculum along with 
foliar application of chitosan that significantly boosted the biosynthesis of menthol 
and essential oils in Mentha × Piperita L. [136].

4.2 Abiotic elicitors

Elicitation of secondary metabolite synthesis by using substance of non-biolog-
ical such as inorganic salts of heavy metals (VOSO4, NiSO4, CdCl2, AgNO3, CuCl2), 
UV-radiation, heat, light etc. is known as abiotic elicitation and the substance 
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used are known as abiotic elicitors. Abiotic elicitors such as high temperature, salt, 
drought, light and heavy metals etc. have also been successfully used as physical 
and chemical stimuli to elicit the biosynthesis of medicinally important metabolites 
in various plants [122]. These abiotic elicitors have been successfully used either 
independently or in combination either by foliar spray, irrigation or as hydroponics 
under both open field or controlled conditions for secondary metabolite production 
in medicinally important plants [122]. Present section deciphers the functional 
mechanism by which these different abiotic based elicitors elicit the production of 
therapeutically important compounds.

Drought is one of the most prevalent abiotic stress that alter plant growth 
and productivity around the globe [108]. Researchers have also indicated that in 
order to cope up with drought induced oxidative stress, plants synthesise certain 
metabolites such as glycine betaine and proline as mean to strengthen their defence 
system [122]. Based on this notion, researchers are using mannitol, calcium chloride 
and polyvinyl pyrrolidone (chemical which are used to induce drought stress) 
as a physical elicitor to induce the production of terpene indole alkaloids up to 
2-fold in treated C. roseus plants compared to non-treated control [107]. Likewise, 
researchers have also observed increased synthesis of anti-inflammatory metabolite 
saikosaponins in Bupleurum chinense plants exposed to mild drought stress [137]. 
Furthermore, exposure of drought stress also significantly enhanced the produc-
tion of rosmarinic ursolic and oleanolic acid in Prunella vulgaris [122]. Similarly, 
researchers have also observed sharp increase in the glycyrrhizic acid and betulinic 
acid content in Glycyrrhiza uralensis and Hypericum brasiliense plants upon exposure 
to drought stress conditions [137].

Salinity is also known to affect wide array of physiological and biochemical 
properties in plants thus affecting their growth and development [137]. Prolong 
exposure to salinity stress causes cellular dehydration and generation of oxidative 
stress in plants thus limiting their ion/osmotic homeostasis [122]. However, in order 
to withstand to salinity stress, plants synthesised various secondary metabolites 
like phenols, alkaloids and terpenes as an ameliorative mechanism to overcome 
oxidative damage. For instance, researchers observed significant increase in the 
biosynthesis of terpene indole alkaloids (TIAs) in C. roseus plants exposed to mild 
salt stress as compared to control plants. Similarly, another group of researchers 
also enhanced production of vincristine alkaloids and anthocyanin in C. roseus and 
Grevillea ilicifolia plants exposed to salt stress [137]. Salinity induced elicitation of 
secondary metabolites are also reported in Datura innoxia, Oryza sativa, Triticum 
aestivum and Trifolium repens where researchers have observed enhance synthesis of 
various alkaloids, polyamine and glycine betaine using NaCl as an elicitor [138].

High light intensity and temperature are also able to alter the course of second-
ary metabolites production in plants [138]. Prolong exposure of both high light 
and temperature can induce oxidative stress in plants that can have adverse effect 
growth, ontology and development. High temperature can also lead to the induc-
tion of premature leaf senescence, stomatal closure and can stimulate transpiration 
rate to a greater extent [137]. Nonetheless, despite affecting plant’s growth these 
physical factors have also been reported to stimulate the biosynthesis of important 
secondary metabolites in the root of Panax quinquefolius [138]. Likewise, research-
ers have stimulated the production of gingerol and zingiberene metabolites by 
culturing Zingiber officinale explants under high light conditions. Moreover, expos-
ing plants to short-term UV-B radiations have also been reported to stimulate the 
secondary metabolite synthesis. For example., Klein et al. [139] observed increase 
biosynthesis of betacyanin and betaxanthin metabolites in Alternanthera sessilis 
and Alternanthera brasiliana by exposing them to 10–40 J cm−2 of UV-B radiation. 
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Similarly, UV-B radiation (up to 30–90 min) and low temperature treatment 
significantly improved hypericin biosynthesis in Hypericum perforatum adventi-
tious roots and enhances the synthesis of total hydroxycinnamic acids (HCAs) and 
some sesquiterpenes in Crepidiastrum denticulatum [140]. Furthermore, exposure 
of both high/low temperature have also been shown to improve biosynthesis of 
ginsenoside, hypericin and hyperforin metabolites in Panax ginseng and Hypericum 
perforatum plants [137].

Increasing bioaccumulation of heavy metals such as As, Cd, Cu, Ni, Co and 
Ag have significantly impacted the agricultural lands and productivity. These 
heavy metals when presence in excess amount adversely affects plant growth and 
development [137]. However, at low levels these heavy metals act as co-enzymes/
co-factors in various cellular and metabolic pathways thus stimulating secondary 
metabolite production in plants [122]. Several researchers have well documented 
the role of heavy metals in stimulating oil content, shikonin/digitalin levels 
in Brassica juncea and production of betalains in Beta vulgaris [107]. Likewise, 
stimulatory effect of Cu2+, Co2+, CdCl2 and AgNO3 in stimulating lepidine in 
cultures of Lepidium sativum, betacyanins in callus of Amaranthus caudatus, 
tanshinone in root culture of Perovskia abrotanoides and various sesquiterpenoids 
in Datura stramonium [122]. In the recent years, researchers have synthesised 
various nanoparticles using various metals that have induce compelling impact 
on the plant, secondary metabolite production. For example., CdO nanoparticles 
not only induced the biosynthesis of phenolic compounds but also significantly 
improve growth and productivity of barley plants [141]. Likewise, Tripathi et al. 
[142, 143] also reported development of silver nanoparticles in Withania coagulans 
possess strong antibacterial, cytotoxic and antioxidative properties and was also 
able to enhance the production of withanolides. A large body of literature have 
well characterised the functional mechanism by which the nanoparticles can 
induce secondary metabolite synthesis is by stimulating ROS bursts [122]. These 
ROS act as signalling molecules at lower levels but can impose severe repercussion 
on the growth and development of plants when their level reaches beyond their 
antioxidative defence system. Thus, these nanoparticles presented themselves as 
most efficient mean to strengthen secondary metabolite production that will not 
only improve plant performance under stress conditions but can also improve the 
therapeutic/pharmacological potential of plants.

5. Conclusion

In the present era, hyacinth bean has been recognised as an omnipotent legume 
crop which has the ability to conquer malnutrition, food/hunger index and several 
chronic diseases all around the globe. Being rich source of genetic and genome 
resources, the information’s reviewed here can significantly contributes towards 
unravelling its structural, biochemical and molecular genomics which can lead to 
the identification of signalling pathways involve in the biosynthesis of important 
therapeutic metabolites/compounds. Furthermore, the implementation of multi 
“OMICS” techniques are the need of the hour which can transform hyacinth bean 
and other underutilised legume crops from being “orphan” to “model crop” by 
exploiting them in the breeding programs. These underutilised legumes hold the 
potential for developing sustainable agriculture which can lead to hunger and 
disease-free world in the era of global warming/pandemic. Therefore, synergistic 
use of multi OMICS tools are of ultimate requirement for expanding the current 
horizons of underutilised legume crops to address important problems relevant to 
Nations be it on health, nutrition and environment.
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Chapter 11

Vigna unguiculata (L.) Walp: 
A Strategic Crop for Nutritional 
Security, Well Being and 
Environmental Protection
M. Duraipandian, K.E. Poorani, H. Abirami  
and M.B. Anusha

Abstract

Cowpea is the common legume crop plant widely cultivated in all over the world 
for human consumption and animal feed. The global biological name of cowpea 
is Vigna unguiculta (L.) Walp. The crop is cultivated globally in all warm-seasons, 
semiarid or specifically tropical regions by even poor farmers but originated from 
anciently to Africa. Cowpea able to grow in even variety of polluted soils and 
able to grow vigorously withstand in both biotic and abiotic stress conditions. 
Morphologically herbaceous dicotyledonous plant, grow annually. The entire 
plant parts of Vigna unguiculata (L) Walp such as dry seeds, leaves, roots and pods 
consumed by all humans and animals Cowpea has rich in nutrition, vitamins 
and minerals so preferred by many farmers cultivated as intercrop with other 
cereals. In this review able to discuss the nutritional, medicinal as well as ecologi-
cal significance. The seeds of cowpea have high content of proteins, fiber foods 
like carbohydrates, low cholesterol, minerals and vitamins. The nutrient value is 
higher and delay hungry sense in cowpea when compare to other cereals or pulses. 
The cowpea used for various medical aspects to lower cholesterol, promote body 
growth, iron source to increase blood cells, improve gall bladder function, maintain 
good circulatory system, increase insulin production, decrease body weight and 
do excellent antioxidant mechanism. The black eye pea also maintains good health 
to reduce both communicable and non-communicable diseases. Cowpea to form 
symbioses with variety of beneficial soil microorganisms to increase soil fertility, 
soil-root aeration, improve humidity and do fix atmospheric nitrogen to reduce 
global warming, climate change and also increase activity of biogeochemical cycle 
in the environment. In future people focus on to cultivate cowpea with to increase 
global production in all countries.

Keywords: legume, tropical, biotic & abiotic, intercrop, nutrition, Fiber food, 
Symbiosis and biogeochemical cycle

1. Introduction

Legumes are third largest family of flowering plants which consist of over 
20,000 species, under the family of Fabaceae, amoung them Vigna unguiculata (L.) 
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Walp is an annual, herbaceous, commonly cultivated throughout the landscape 
of the earth, with high values in its nutrients, medicinal value and also helps in 
ecological balances. This crop is cultivated worldwide. The cultivar group such as 
Sesquipedal is wildly known as long or sneak or asparagus bean with have sixteen 
ovules present and the seeds arranged within the pod compactly and it is suggested 
as a sub species in Ref. with molecular level [1].

It is an important crop in the semiarid regions across India, Africa and Russia, 
naturally it is the farmers friendly crop due to crop survival, yield, resistance 
towards pest, tolerance in sandy soil, low rainfall, whole plant is used as cattle feed 
and also well-suited to intercropping with other crops as the plant fixes nitrogen 
with Agrobacterium.

There are many species can exist but the common sub-species are includes as V. 
unguiculata, Viola biflora, V. textilis and V. Sesquipedalis are recognized. Among the 
subspecies, the V. unguiculata, V. biflora and V. textilis are cultivated worldwide. The 
bean plants have more morphological difference and found in same species with 
high differences in the shape, structure and size, shape, and structure. Cowpeas are 
growing by in semi-erect, erect and climbing manner.

The bean crop is cultivated for the purpose of cattle feed and its seeds have high 
nutrient values, in terms of rich protein, carbohydrates, vitamins and minerals. The 
cow pea plant green stems and leaves and seed coats are high nutrients, so consider 
as cattle feed which increase cattle milk production for many application for in the 
dairy industry. Many varieties cowpeas were traditionally cultivated in some states 
India, but in Africa consider as primary cultivar. The countries such as United States 
of America, United Kingdom, Europe and some parts of Asia.

The cowpea was emerging crop for food and Nigeria considered as largest 
production country approximately 3.67 million tons and the second largest cultivar 
Niger global production of cowpea are approximately 2.6 million tons and other 
countries cowpea production is approximately 2 million tons in 2020. The produc-
tion of cowpea is marginally reduced in globally approximately 8.2 million tons in 
2020. Cow pea seeds are usually cooked and made into stews and curries, or ground 
into flour or paste.

Most cowpeas are grown on the African continent, particularly in Nigeria and 
Niger and also in India which account for 66% of world production. Recently the 
estimate suggests that cowpeas are cultivated on 12.5 million hectares of land. 
The cowpea has been cultivated in tons of three million and two hundred million 
humans consume in everyday. The large number of production of cowpea in many 
places should drastically reduction by the involvement of many pests and insects, 
particularly causing over ninety percentage loss in crop yield.

2. Taxonomy of cowpea

Kingdom Plantae

Sub kingdom Trcheobionta

Super division Spermatophyta

Division Magnoliophyta

Class Magnoliopsida

Sub class Rosidae

Order Rosales
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Figure 1. 
Morphology of Cowpea.

Family Fabaceae

Genus Vigna

Species V. unguiculata (L.)Walp

Sub species Sesquipedalis (L.) Verdc

Source: Wolfram Alpha Knowledge Base, 2011.

Figure 2. 
V. unguiculata (L.) Walp Floral Diagram with Floral formula.
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The most common important cultivar of cowpea is V. unguiculata is globally 
accepted. The V. unguiculata is belongs to tracheobionta sub-kingdom means have 
well developed xylem for water and ions transport and prominent phloem for stor-
age function. The super division of cow pea is having starchy seeds.

The Magnoliopsida class of this plant describes the ovule enclosed with ovary. 
The order of the plant os Rosales means the petals separated. This group crops fam-
ily Fabaceae is particularly bean or pea plants. There are many sub species such as 
Sesquipedalis, Tenuis, Dekindtiana and Stenophylla characterized in 1993.

Cowpea are annual, small, sub erect herbaceous plant, have tap root system 
with root nodules, Glabrous stems and leaves are alternate and compound in 
nature. The fruits have pods and have cross pollination and epigeal seed ger-
mination. Inflorecence is receme, flowers bisexual, have five fused sepals and 
five free petals. It also has polyandrocium and monocarpellary superior ovary 
(Figures 1 and 2).

The word ‘cowpea’ primarily mentioned in America on 1798. The bean plant 
fodder was eagerly eating the cow animals, so the name as cowpea. The common 
name V. unguiculata plant is easily identified by the presence of black-eye on the 
hilum of bean like seeds. These plants cultivated in southern states in the earth. 
The pea seeds characteristically by pods are tightly closed so called as crowder pea. 
Their pods based leading to the other common names of southern pea or crowder 
pea. The cow pea plants varied in different place to place and different varieties of 
seeds present across the india and other countries (Figure 3). The black eyed seeds 
of the cowpea are common. The sub species Sesquipedalis have long pods in Asia so 
it called Chinese long-bean.

3. Multidimensional applications of cow pea

The cow pea does efficiently fix nitrogen to enhance to fertility of the differ-
ent kinds soils. This is improvement of biodiversity on the particular cow pea 
growing area. The Excellent Manures are prepared by the senescence parts of 
long bean crop. The grains and leaves from cow pea food for all animals includ-
ing humans and cattle, the cattle milk have rich nutrients as well as improve 
income of people. Below image describe the various uses of cowpea in daily  
life (Figure 4).

Figure 3. 
Variety of cowpea grown by the many countries of people.
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4. Nutritional aspects of cowpea

The seeds from cowpea seeds have high content of proteins, carbohydrates, low 
cholesterol, minerals and vitamins. The leaves of cowpea also have high proteins. 
The calorie values are higher in cowpea when compare to other crops. The nutrient 
value will be more and easily cultivable even in polluted or low mineral soils, so 
many countries consider it is important chief food source.

The homo-polysaccharide starch is present in all crops but in cowpea has to 
do delay in digestion than other crop starch, so it is good for all animals as well as 

Figure 4. 
Cow pea consider as source of income and multidimensional applications.

Figure 5. 
Nutrient content of cow pea seeds (g/100 g).
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Figure 7. 
Mineral quantity of cow pea seeds (g/100 g).

people consumption. The cowpeas seed have high content of vitamin B9 and helps 
in reduce or remove inborn error metabolism by means of efficiently develop neural 
tube in babies like fetus.

Figure 6. 
Vitamin constituent of cow pea seeds (g/100 g).
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The cowpea cultivated by very poor people so it is called poor man crop and 
easy to grow under high drought conditions. These beans have phyticacids and 
some metabolic inhibitors which decrease the nutritional value. Some physiologi-
cal methods like soaking, autoclaving fermentation, seed germination and stage of 
debranning used for the anti-nutritional properties of the cowpea by to is increased 
the cowpea nutrient bioavailability in soil.

Although the researchers has been identified importance of nutrients in 
many crop varieties. The anti-nutritional factors are high in dried seeds in some 
corps including cowpea than young or old leaves and pods. The below the images 
(Figure 5) describes the nutrient values, (Figure 6) describes the vitamin con-
stituents and (Figure 7) describes the mineral quantity present in gram/100 gram 
of dried seeds or leaves.

5. Nutraceutical aspects of cowpea

Vegetable-based food systems are more sustainable than meat-based ones 
because it requires less energy, land, and water resources. The proteins from pulses 
is used for the balanced growth with have high nutrients to prevent human diseases 
and maintain good health [2].

The cowpea plants have highest medical constituents such as high fibers, 
important vitamins like vitamin B complex, folic acids and vitamin K for to pro-
mote good health. Cowpea has more potassium content, it lowers cholesterol, low 
fat, have high iron and antioxidants and do weight loss (Figure 8). The phenolics 
and carotenoids components and anthocyanins pigments are involved and maintain 
good anabolic and catabolic processes [3, 4].

The seed content of cowpea is used for decrease cholesterol formation so to 
decrease the body weight [5], cowpea seeds also increase blood cells in hemato-
poiesis to improve cardiac circulation and do efficient food digestion and also 
reduce digestive problems such as constipation, etc. [6]. The cow plants have lack 
of glycemic content of index is to delay the digestion of starch, so the cowpea 
seeds have high dietary fiber involved in insulin metabolism to decrease hunger for 
approximately in twelve hours [7].

Cowpea regular consumption to cause prevent or reduce many chronic commu-
nicable and non communicable diseases [8], the cow pea seeds have high nutrients to 
remove many gastric syndromes [6]. Cowpea beans also eradicate many heart diseases, 

Figure 8. 
V. unguiculata (L.) Walp have approximately ten medical applications.
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decrease cholesterol diseases and improve weight loss [9]. Cowpea seeds or leaves have 
many medical properties, including reduce carcinoma, improve insulin, reduce lipid 
diseases, decrease pathogenic infections and remove certain allergies [10, 11].

The high content of carbohydrates, proteins as well as essential amino acids of 
cowpea seeds used for many health or therapeutic purposes. Cowpea proteins are 
highly valuable for both consumption and some culinary and some cowpea seed 
proteins also used for designing the texture of foods [12]. High regular intake of 
cowpea seeds may reduce blood plasma cholesterol like low density lipoprotein and 
also reduce non communicable diseases like many cancers and atherosclerosis or 
myogenic heart diseases [13].

6. Symbiotic relationship of cowpea for environmental protection

Legume plants are known to form symbioses with extremely broad range of 
beneficial soil microorganisms (BSM), the examples of almost all plant-microbe 
mutuality systems present in soil. The different legume plants have interaction with 
many beneficial microorganisms to increase nutritious, minerals and also do the 
intake of water from soil via prominent root hairs (Figure 9).

Cowpea plants promote the other plant development and also give protection to 
many bacterial of fungal plant pathogens and insect-pests. In the field of environ-
mental sciences and agricultural aspects, the cowpea consider do most important 
beneficial legume to do the symbioses, they are bacterial specifically root nodule 
(RN) symbiosis and the fungi particularly arbuscular mycorrhiza (AM).

These symbioses explains the metabolic and genetically relations with host 
plants and have that plant growth promoting rhizosphere bacteria which are 

Figure 9. 
Cowpea (Legumes) involved in N2 fixation and Carbon fixation. Courtesy: Sanjay K. Jaiswal, Frontiers in 
Sustainable Food Systems.



233

Vigna unguiculata (L.) Walp: A Strategic Crop for Nutritional Security, Well Being...
DOI: http://dx.doi.org/10.5772/intechopen.103025

beneficial endophytic bacteria interact with legumes such as cowpea. The RNS 
requires a set of genes belonging to common symbiosis signaling pathway (CSSP), 
most of which are present in all land plants including legumes that can form a 
second symbiosis with, the fungi arbuscular mycorrhiza (AM) [14, 15].

Legumes are able to fix nitrogen from the air in symbiosis with Rhizobium 
bacteria [16]. The symbiotic relationship between plants with Rhizobium bacteria 
or any fungi to do fix the atmospheric nitrogen and compensate the ecological gas 
balance and also do the growth of crop plants to ultimately improve agriculture and 
maintain sustainable development of life.

The cowpea plants is eager to absorb high heavy metals such as copper from 
highly polluted soil or industrial effluents or etc., so it is otherwise called hyper-
accumulator plants [17]. The cow pea consider as great pollution eradicator.

7. Conclusion

Cowpea have morphologically and taxonomically well adapted in tropical coun-
tries. The herbaceous nature of cowpea is easy for crop cultivation, crop rotation 
as well as intercrop. It have able to withstand drought or seasonal conditions. The 
nutrient aspects have more starchy content to proof that stable food for poor people. 
Cowpeas have other high protein less fat and high vitamins and minerals for main-
tain excellent metabolism for consuming organisms. Cowpea do fixing atmospheric 
nitrogen by to symbiotic relations with microorganisms with do recycling with 
biogeochemical cycles to enhance atmospheric gases.

The cowpea is one of the the largest cultivator crop among legume family and is 
commonly cultivated crop in most of the countries globally. The cow pea has highest 
nutrient values so used for maintain good nutrient calories required for our body. 
This crop plant is considered as good medical applications to cure or reduce the 
most non-communicable diseases in animals and or human systems. Cow also pea 
maintain ecological balances by fixing nitrogen, to chelate heavy metals for water 
and soil pollution removal and it used as bio-fuel production to improve our green 
environment and reduce fossil fuels to control other environmental pollutions.

8. Summary

V. unguiculata (L.) Walp is considered as green vegetable crop and the dried 
seeds were placed in pulses. Excellent to cultivation of the crop in any soil type and 
able to grow most arid climates and induce and develop more farm industries in 
global scale. Cowpea has poor digestion ability and considered as most stable food 
for very poor or developing countries. In Neolithic times the black eyed seed is most 
common starchy food. This crop have more chances to grow in tropical lands.

The morphological aspects ultimately deals with, the cowpea is recognized as 
an annual crop, herbaceous woody and greenish in nature. The seedlings were early 
to germinate in less moisture conditions. Cowpea leaves are rich in main green 
pigments such as chlorophyll a and chlorophyll b and also have reticulate venation 
made by vascular bundles. Inflorescence of the plant is raceme with five free petals 
with five fused sepals. The Androecium is nine plus one in number and is respon-
sible for the development of male gametes. The gynoecium is ready to provide an 
egg. The double fertilization of the egg with pollen grain to fuse to form fertile black 
eyed seeds. The seeds nutritional information of cowpea deals with the presence 
high concentrations of carbohydrates, proteins, minerals and vitamins. The major 
ingredient is starch among the chemical components was highly recommended. 
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All vitamins regulate metabolism, specifically high concentration of niacin as 
coenzymes in cowpea and improve cellular growth. The irons and phosphorous are 
dominant minerals present in cowpea to regulate growth anabolism and catabolism.

The medical aspects enumerate the cowpea is no limit. The cowpea has high 
potassium to improve cell signaling in animals. The legume lowers the blood glucose 
level to reduce the diabetes among humans and it lowers blood cholesterol. The 
seeds have high in full of dietary fibers to regulate metabolism. The fiber content of 
cowpea is responsible to maintain very low fat in our body. Cowpeas have marvel-
ous cell antioxidant mechanism to remove reactive oxygen species and reduce 
the effect certain toxic substances due to stress and radiation. The seeds rich in 
protein contents, the ingredients of cowpea show wonderful circulatory system 
and improve cardiac muscle function and lower the blood pressure. The black eyed 
seeds also induce gall bladder bile secretion for digestion purpose. Cowpea role in to 
decrease body weight, it means that improve weight loss.

The ecological review deals with by symbiotic relationship among various types 
of beneficial microorganisms. The root nodules of cowpea have to fix atmospheric 
nitrogen to ammonia with the help of Vesicular Arbuscular Mycorrhiza fungi and 
also certain bacteria like Rhizobium and other some organisms. The Agrobacterium 
also do fix atmospheric nitrogen to by Nif genes cowpea induce their flavonoids 
with acetosyringone to transfer DNA to host plant induce cancers or other mecha-
nisms to improve growth of crop plants.

© 2022 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. 
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Chapter 12

Health Risks Associated with 
the Consumption of Legumes 
Contaminated with Pesticides 
and Heavy Metals
Motunrayo Ganiyat Akande

Abstract

Legumes have high nutritional value and they are important sources of protein, 
carbohydrates, fats and dietary fiber. The contamination of legumes with pesticides 
and heavy metals has been reported in scientific literature. Human beings are 
mainly exposed to the residues of pesticides and heavy metals through the dietary 
route. The purpose of this review chapter is to highlight the acute and chronic 
health risks that human beings may be exposed to as a result of the ingestion of 
legumes polluted with pesticides and heavy metals. Additionally, the mechanisms 
through which pesticides and heavy metals engender different undesirable health 
outcomes in human beings were stated. Scientific literature were perused and the 
information contained in them were collated to derive this chapter. Pesticides cause 
short-term health effects including hypersensitivity and mortality, while heavy 
metals induce acute effects like seizures and death. Some chronic untoward effects 
of pesticides are congenital disabilities and neurological damage. Heavy metals 
elicit disorders like anemia, hypertension and cancer. It is envisaged that the find-
ings documented in this review will create awareness of the health risks posed by 
the contamination of legumes with the residues of pesticides and heavy metals so 
that food safety measures can be enforced globally.

Keywords: Legumes, Health risks, Pesticides, Heavy metals, Contamination

1. Introduction

Legumes are plants that belong to the family, Fabaceae or Leguminosae, and they 
include chickpeas, cowpea, lentils, soy, etc. [1]. They are highly nutritious and can 
be consumed as food by human beings and animals [2].

Pesticides are chemical substances that are manufactured for the control of 
pests in domestic, agricultural and industrial settings, among others [3]. They are 
classified as herbicides, fungicides, bactericides and insecticides mainly for agricul-
tural applications [4]. Insecticides comprise carbamates, organochlorines, organo-
phosphates, neonicotinoids, pyrethroids; herbicides include benzothiazolyl urea, 
carbamic and sulfanilic acids, isoxazolyl urea, phenylpyrazole and pyridinium; 
while fungicides contain carboxamides, carbamates, dithiocarbamates, etc. [5, 6].
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Heavy metals (HMs) are a group of metals that possess high atomic weights and 
densities beyond 5 g/cm3 [7]. They are usually derived from agricultural, mining 
and industrial activities, as well as effluents [8]. It has been observed that HMs for 
instance, lead (Pb), cadmium (Cd), zinc (Zn), nickel (Ni) and copper (Cu), build 
up in the soil and in plant uptake structures and evoke injurious effects on the 
environment and the health status of human beings [7, 9, 10]. Besides, HMs have 
the propensity to be toxic when the populace are exposed to them or when they are 
consumed in proportions beyond the acceptable daily limits [11].

Different food stuffs such as legumes, cereals, fruits, vegetables, etc. have been 
contaminated with pesticides and HMs in various parts of the world. It is notewor-
thy that the common environmental pollutants, pesticides and HMs, increasingly 
cause numerous health hazards to the populace because of their permeation and 
upsurge in the food chain, as well as their persistence in the bionetwork [12].

In 2020, [13] identified the organophosphate pesticides (malathion, parathion, 
ethion and carbophenothion) in cowpea (an African legume) from Gwagwalada 
market in Abuja, Nigeria, through the use of Gas Chromatography–Mass 
Spectrometry. The levels of the pesticides found in the cowpea samples exceeded 
the maximum residue limits set by the European Union and the Agency for Toxic 
Substances and Disease Registry. Additionally, [14] confirmed the contamination of 
cowpea by residues of organochlorine (endosulfan and lindane), and organophos-
phorus (malathion) pesticides in high levels in Northern Cameroun.

Furthermore, heavy metals including nickel, cadmium, manganese and cobalt 
were detected in cowpea by [15]. In the research, the concentrations of nickel, 
cobalt and manganese discovered in the legumes were below the acceptable limits 
by FAO/WHO, while the cadmium concentration was beyond the FAO/WHO limit 
permitted. However, in a study conducted in Saudi Arabian markets, it was discov-
ered that kidney beans and haricots contained high levels of Mn, while peas had 
elevated levels of zinc beyond the standard permissible levels [16]. Hence, regular 
monitoring of food stuffs for HM content was advocated.

It has been observed that fertilizers and pesticides are responsible for the 
increased level of soil pollution by non-essential micronutrients such as arsenic, 
cadmium, mercury, nickel and lead [17]. These non-essential micronutrients in the 
soil are conveyed through various plants as they accumulate in the edible portions 
[18]. Subsequently, the general population and animals may be exposed to the 
residues of these environmental contaminants (pesticides and HMs) when they 
consume plants that have been polluted with them.

The aim of this review chapter is to underscore the acute and chronic health 
risks that human beings may be exposed to during their life time as a result of the 
consumption of legumes contaminated with pesticides and HMs. In addition, the 
mechanisms through which pesticides and HMs engender different undesirable 
health outcomes in biological systems were highlighted.

It is envisaged that the information in this review chapter will stimulate and 
enhance concerted efforts towards the regular monitoring of legumes and other 
foodstuffs for pollutants in order to attain food safety.

2. Mechanisms through which pesticides induce adverse health effects

When human beings consume pesticides in legumes and other food sources 
through the dietary route, the pesticides may cause acute and chronic health risks 
through diverse mechanisms. For instance, organophosphate pesticides (chlor-
pyrifos, diazinon, dichlorvos, fenitrothion, malathion, parathion, etc.) bring 
about deleterious health effects by inhibiting the function of acetylcholinesterase, 
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reducing the secretion of insulin, and perturbation of the metabolism of nutrients 
in living systems [19–21].

Moreover, organophosphate pesticides stimulate the release of reactive oxygen 
species and this phenomenon might cause oxidative stress [22, 23]. Oxidative stress 
refers to a disparity between the levels of prooxidants and antioxidants thereby 
culminating in damage to vital molecules including DNA, RNA, lipids and proteins 
in biological systems [24]. Oxidative stress has been identified as an important 
mechanism through which different kinds of pesticides cause biological injuries to 
human beings and animals.

The organochlorine pesticides are chlorinated hydrocarbons that persist in the 
environment and they include methoxychlor, dieldrin, chlordane, mirex and lin-
dane, among others [25]. They cause the stimulation of the nervous system through 
the perturbation of action potentials, thereby leading to paralysis and death [26]. 
Dietary exposure brings about the bioaccumulation of organochlorine pesticides in 
the body, and this may terminate in derangements in human health [27].

Carbamates such as methiocarb, carbaryl, aldicarb, propoxur and carbofuran 
reversibly inhibit acetylcholinesterase in mammals and humans [19]. This group of 
pesticides are capable of causing apoptosis and necrotic changes in the cells of the 
immune system [28]. Consequently, the immune system becomes compromised and 
affected individuals become susceptible to various diseases when they are exposed 
to these pollutants in food and other sources.

Pyrethroids (e.g. allethrin, permethrin, cypermethrin and deltamethrin) are 
neurotoxicants and they disrupt the muscular structures and modify voltage-
dependent sodium channels in the body [29]. They exhibit low acute toxicity to 
mammals and avian species. Conversely, at low levels, pyrethroids elicit acute 
toxicity to diverse aquatic species and arthropods [30].

3. Acute health risks associated with dietary exposure to pesticides

Acute health risks may become visible instantaneously or within 24 hours sequel 
to exposure to a pesticide [31]. Pesticides can have access to human bodies through 
the dermal [32], ocular [33], oral and respiratory [34] routes. According to [35], 
the exposure of the populace to pesticide residues through the oral route is about 
five orders of enormity compared to the other routes. It has been affirmed that 
pesticides can produce acute health disorders such as hypersensitivity, asthma and 
mortality in people [8, 36–38].

4. Chronic health risks related to dietary exposure to pesticides

It has been reported that chronic detrimental health risks do not manifest in 
human beings even within a day subsequent to pesticide exposure [31]. Chronic 
health risks evoked by exposure to pesticides in food such as legumes include 
congenital disabilities and decreased birth weight [36, 37]. Additionally, many 
organophosphate insecticides bring about declines in sperm counts, viability, den-
sity and motility; inhibition of spermatogenesis, reductions in testes weights, and 
sperm DNA damage in males [38]. Other chronic adverse effects of pesticides entail 
hindering the activities of hormones, their time of release, or mimicking these 
hormones, thereby culminating in reduced fertility and deformities in the male and 
female reproductive tracts [39]. These harmful effects may result in declines in the 
population of human beings affected. Also, pesticides perturb the immune system 
function and elicit carcinogenicity [40, 41].



Legumes Research - Volume 2

240

Some investigators have asserted that organochlorine pesticides and their active 
metabolites are linked to neurological aberrations, cancers, hypertension, cardio-
vascular and dermatological disorders in humans [42–44]. Besides, the exposure 
of the populace to organophosphate, organochlorine and carbamate pesticides may 
evoke chronic neurological disorders such as Alzheimer’s and Parkinson’s disease 
[45]. According to [46], pesticides affect neuronal function negatively by hyper-
phosphorylation and the disruption of microtubules thereby ultimately causing 
Alzheimer’s disease.

5.  Mechanisms by which heavy metals induce health risks in the human 
population

Heavy metals can accumulate in the bones or adipose tissues of human beings 
through dietary intake (for example, the consumption of legumes and other crops), 
thereby leading to the diminution of critical nutrients and undermined immune 
defenses [8].

Lead induces oxidative stress in tissues and it is plausible that it brings about 
deleterious effects in humans that consume legumes and other plants contaminated 
with it through this mechanism [47]. Also, lead, a ubiquitous lethal HM, may 
activate the development of tumors through the production of reactive oxygen spe-
cies, as well as the promotion of damage to DNA and its repair mechanisms in living 
organisms [48].

Furthermore, it has been documented that arsenic sets off neoplasms through 
the alteration of the genome of human beings, perturbation of DNA and induction 
of oxidative injury [49, 50]. Another common HM, mercury, generates carcinogen-
esis through oxidative damage and interference with the structure, mending and 
preservation of DNA in living organisms [51].

These myriads of mechanisms may be responsible for the untoward acute and 
chronic health hazards reported in human beings who have consumed foodstuffs 
such as legumes, cereals, fruits, vegetables, etc. that have been tainted with HMs 
over a period of time.

6.  Acute health risks associated with dietary exposure of individuals  
to heavy metals

Heavy metal contamination is a health menace to both adults and children [52]. 
When HMs build up in human tissues internally, for instance, when legumes pol-
luted with HMs are eaten for some time, they may harm the central nervous system, 
and produce seizures, headache and coma [8].

There is scientific evidence that lead may engender neurotoxicity, nephrotoxic-
ity and impaired haeme synthesis [53]. When children have contact with cadmium 
through a range of routes, for example the oral route (by feeding on legumes such as 
chickpeas, cowpea, etc.), they become exceedingly prone to lead intoxication and 
permanent neurological abnormalities may ensue [54]. Other acute impacts of lead 
exposure documented in children are inattention, hyperactivity, increased dullness, 
irritability, headache, convulsion, coma and death [55, 56].

Copper is important for the normal functioning of the brain, but it can be 
noxious if the cellular concentration surpasses the metabolic requirement [57]. 
Elevated levels of copper can cause dysfunctions in the working memory of indi-
viduals [58], while short-term exposure to copper through dietary and other routes 
have been linked with stomach pain, haematemesis, melena, jaundice, anorexia 
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and vomiting [59]. Moreover, rhabdomyolysis, cardiac and renal failure, hepatic 
necrosis, haemolysis, methemoglobinemia, encephalopathy, as well as mortality can 
occur in severe copper toxicity [60]. These harmful acute impacts of high cop-
per levels may be attributed to its induction of oxidative stress, DNA damage and 
lessening of cell proliferation [61].

Moreover, the distortion of the concentrations of high-density lipoproteins and 
impairment of the immune system have been ascribed to excessive concentrations 
of zinc in the bodies of human beings [62]. People are usually exposed to zinc 
through the ingestion of contaminated food, for instance, legumes, pulses, among 
others [63].

7.  Chronic health risks linked with the exposure of people to heavy 
metals through the oral route

Chronic health effects like diabetes, neurodegenerative diseases, renal damage, 
bone disorders and tumors of the breast, prostate and lungs have been elicited by 
Cd in people [64–66].

There are existing reports that indicate that the long-term effects of lead expo-
sure through food and other routes are manifested as anemia, abdominal colic, 
miscarriages, male infertility, birth defects, renal diseases and behavioral dysfunc-
tions in children [67, 68]. It has also been observed that lead may elicit decreased 
circulating maternal thyroid hormone thereby influencing growth patterns 
adversely [67, 68].

It is known that tremendous amounts of arsenic in the soil, food crops (includ-
ing legumes, cereals, vegetables, etc) and groundwater can stimulate cancer and 
dermal aberrations, as well as disorders in the heart, stomach, intestines, liver, 
kidneys and brain, among others [62, 69–73].

Furthermore, excessive copper consumption can activate hepatic damage and 
other gastric-related problems in people [62, 74, 75]. Wilson’s disease, a form of 
chronic Cu toxicity in human beings, is characterized by alterations in mental 
states, motor disorders, dysphagia, incoordination, haemolytic anemia, renal and 
hepatic dysfunctions [72]. It has been shown that human beings become susceptible 
to chronic copper poisoning when they ingest food items (for instance, legumes, 
pulses, cereals, etc.) contaminated with copper probably through polluted irriga-
tion sources [76]. Additionally, persistent bronchitis, emphysema, pulmonary 
disorders and fibrosis were reported in people following long-term exposure to 
nickel through dietary sources [77].

8. Conclusion

This review chapter highlighted the mechanisms through which the widespread 
pollutants, pesticides and HMs, evoke acute and chronic health disorders in human 
beings. Pesticides are usually applied in agricultural settings for the control of vec-
tors and the enhancement of crop yield, while most HMs are utilized for industrial 
purposes.

Human beings may be susceptible to various health risks engendered by pes-
ticides and HMs through the consumption of food crops, for example, legumes, 
contaminated with them. This may eventually pose serious threats to the wellbeing 
and survival of the populace except if regular monitoring of food items for the 
residues of these ubiquitous contaminants are conducted globally by the appropri-
ate agencies.
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Chapter 13

Fermentation as Strategy 
for Improving Nutritional, 
Functional, Technological, and 
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Abstract

Compared with cereals and other plant-derived food matrices, legumes can be 
considered as valuable sources of proteins with high biological value, dietary fibers, 
minerals, oligosaccharides, and phenolic compounds. Nevertheless, the presence 
of different antinutritional factors (ANFs) limited the large-scale use of such 
ingredients by the food industry. The potential of several biotechnological processes 
and enzymatic treatments in decreasing ANF in legumes and legume-derived 
ingredients was investigated. Among these options, fermentation is traditionally 
recognized as suitable tool to improve the overall quality of legumes in different 
areas of the world. The scientific community demonstrated the effectiveness of 
the use of selected lactic acid bacteria and biotechnologies inspired to sourdough 
fermentation in ANF degradation, improving technological and sensory profile of 
legume grains and flours as well as contributing to their safety in terms of spoilage 
or pathogenic microorganisms and toxic compounds. Apart from their consump-
tion as they are, legumes are the main ingredient of many traditional food products, 
and fermentation allows them to be used as ingredients in innovative formulations 
of staple foods, such as baked goods and pasta with high nutritional and functional 
profile.

Keywords: fermentation, legumes, lactic acid bacteria, antinutritional factor, 
biotechnologies, sourdough, bread, pasta

1. Introduction

The challenge of feeding the growing world population and the necessity to 
provide a nutritionally balanced diet while reducing greenhouse gas emissions, as 
well as a transition to a diet higher in plant- rather than animal-derived proteins, 
require relevant increases in vegetables production. In this context, the fortifica-
tion of foods and beverages has been identified as an effective, sustainable, and 
promising intervention capable of modulating the diet toward healthier choices, 
addressing environmental concerns, and meeting nutritional deficiencies and 
recommendations. To date, several studies investigated the nutritional value of 
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additional ingredients to be used as wheat alternatives in cereal-based products, 
such as bread and pasta.

Legumes are considered as good source of high biological value proteins and 
dietary fibers. Moreover, they are rich in phenols, minerals, vitamins, and oligo-
saccharides. The optimal technological properties of the legume flours (e.g., high 
water-binding capacity and solubility) make them suitable ingredients for gluten-
free foods.

Nevertheless, legumes contain part of their nutritional compounds under a 
nonbioavailable form and several antinutritional factors (ANFs) that may decrease 
digestibility of other nutrients or cause physiological discomfort or conditions. 
Furthermore, legumes have poor technological, rheology, and sensory attributes if 
compared with gluten-containing cereals. Hence, the full exploitation of such food 
matrices goes through the most suitable bioprocessing.

Lactic acid bacteria (LAB) are the group of microorganisms most largely used 
at food industrial level, having the status of Generally Recognized as Safe (GRAS). 
Used as natural (e.g., sourdough and spontaneous fermentation) or selected 
starters, LAB have the capability to conjugate desired functional activities, sensory 
properties, and microbiological safety.

Overall, bioprocessing including LAB fermentation is considered a safe, sus-
tainable, and effective tool for improving the functional and nutritional features 
of many plant-derived matrices and to obtain suitable technological, sensory, 
and shelf-life characteristics of fermented foods and beverages (Figure 1). The 
positive effects of LAB fermentation are in part related to the acidification, 
although further effects can be observed, such as those related to the synthesis of 
metabolites and the activation of the flour endogenous enzymes. The properties 
of the fermented matrix are often profoundly different from the unfermented 
ingredients. Among the main nutritional advantages of the LAB fermentation, the 
increase of the protein digestibility and the decrease of the glycemic index have 

Figure 1. 
Main nutritional, functional, and safety properties deriving from LAB fermentation.
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been largely investigated. More recently, also the degradation of the antinutritional 
compounds (e.g., trypsin inhibitors, phytic acid, saponins, condensed tannins, and 
α-galactosides) and the synthesis of bioactive compounds have been described. 
Starting from the conventional application of the sourdough-inspired procedures, 
innovative biotechnological protocols, based on the use of selected starters, 
automatized bioreactors, and semiliquid formulations have been recently proposed 
to extend to a large-scale application the use of legumes in food industry.

Indeed, fermentation (both spontaneous or guided by selected LAB) has been 
recognized as the most suitable and sustainable process to exploit the potential of 
legumes to fortify staple foods such as baked goods, pasta, extruded snacks, and 
plant-based fermented beverages.

In this chapter, the scientific evidence confirming the nutritional, functional, 
rheology, sensory, and shelf-life improvements of fermented legumes and derived 
food products is described.

2. Nutritional insights

As recommended by global organizations, due to the growing concerns related 
to the environmental impact of animal breeding and the health risks associated 
with high meat intake, the decrease in animal-derived foods consumption led to 
the need for more plant-based foods in diet and more energy-efficient processing 
[1]. Simultaneously, the large market growth of foods designed for vegetarian, 
vegan, and gluten-free diets generated an increased consideration in improving the 
nutritional quality of grains-derived ingredients to be used in food preparation [2].

Leguminosae family, belonging to the Dicotyledonae group, includes 18,000 
different species. After cereals, legumes are the most important group of crops, and 
their consumption is widely distributed all over the world.

A large variety of legumes used for human diet are cultivated extensively or 
locally [3, 4]. The economic importance of the Leguminosae family is related to the 
low input required for their cultivation, the positive impact on the soil fertility, and 
the great adaptability to underrestrictive pedoclimatic conditions [4]. Moreover, the 
advantages of cereal-legume intercropping, also providing an efficient exploitation 
of natural resources, have been abundantly demonstrated [5].

Legumes are excellent sources of proteins with high biological value, providing 
many essential amino acids, contain carbohydrates and dietary fibers, and supply 
relevant levels of vitamins, minerals, oligosaccharides, and phenolic compounds 
[6]. The frequent consumption of legumes is effective to prevent or decrease risks 
of cardiovascular disease (CVD) [7], type 2 diabetes [8], some types of cancer [9], 
and overweight and obesity [10].

When cereals and legumes are combined in food formulations, protein effi-
ciency improved thanks to complementary essential amino acid profiles [11]. 
Overall, compared with cereal, legumes contain less starch, more protein, and more 
fiber, whereas lipid content is either equal or higher. Starch content in wheat varies 
between 60 and 80%, whereas it ranges from 40 to 65% for legumes except for 
lupin, having a markedly lower starch content [1]. Proteins in legume flours vary 
between 20 and 30% and can reach up to 40% in faba and lupin flours, against the 
9–18% in wheat and other cereals [1]. Fiber content is circa 2% (on dry matter) in 
wheat flour and semolina, while it can reach 10% in pea and faba flours, and even 
20–40% in chickpea, lentil, and lupin flours [1]; however, legume flours are often 
obtained from whole grains (not dehulled) resulting in a higher proportion of fiber. 
Ultimately, lipid content varies between 1 and 3% (on dry matter) in wheat and 
legume flours except for chickpea and lupin flours in which it can reach 10–13% [1].
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Besides nutritional composition, the main proteins contained in cereals and 
legumes also present several differences in terms of type and functionality. In 
wheat, for example, gluten proteins (gliadins and glutenins) are the most abun-
dant, accounting for 80% of total protein fraction [12]. In legumes, globulins are 
the dominant group, accounting for 50–70% of total proteins [13]. Wheat gliadins 
and glutenins contain higher concentration of sulfur amino acids compared with 
legume globulins, meaning they have more reactive cysteine residues [13, 14]. 
Moreover, low-molecular-mass albumins are present in both cereal and legume 
grains, reaching, respectively, 15 and 15–40% of the total proteins content [13]. 
Just as for proteins, starch granules in wheat and legumes show differences. They 
both contain linear amylose and branched amylopectin organized in semicrystalline 
and amorphous structures; however, they differ in shape and amylose/amylopectin 
ratio [15]. Legume starches have a higher proportion of amylose than wheat starch, 
ranging from 24/76 to 40/60 for pea and lentil starches and from 23/77 to 35/65 for 
chickpea starch [16].

3. Antinutritional factors and microbial degradation

Legumes contain several ANFs, such as raffinose, phytic acid, condensed 
tannins, saponins, alkaloids, lectins, pyrimidine glycosides, and protease inhibi-
tors [17]. Overall, ANFs decrease the bioaccessibility and bioavailability of other 
nutrients, and, in some cases, are responsible for adverse reactions to the ingestion.

The content of raffinose-family oligosaccharides (RFOs, raffinose, verbascose, 
and stachyose) in legumes ranges from 1 to 6% with stachyose as the most abundant 
compound [18]. While in cereals, it is commonly lower than 1.5%, with raffinose as 
the sole or the most abundant compound [19, 20]. RFOs are nondigestible oligosac-
charides that may result in adverse digestive symptoms when about 15 g/person per 
day are exceeded [21], a threshold that is readily reached in legume-based diets. 
Raffinose and RFO are indeed fermented by the intestinal microbiota with abun-
dant gas production, causing discomfort and flatulence.

Phytic acid is the main storage compound for phosphorous and minerals in 
cereal and legume seeds. In legumes, its concentration can reach 20 g/kg [22, 23]. 
Phytic acid and divalent minerals (e.g., Ca2+, Zn2+ and iron) form stable complexes 
(phytates) that are insoluble and not hydrolyzed in the gastrointestinal tract, 
thus reducing the bioavailability of minerals for the monogastrics. Ca2+ and Zn2+ 
deficiencies are commonly observed in developing countries, and complexation 
of dietary minerals by phytates in plant-derived foods contributes to the mineral 
deficiency [17]. Iron uptake from plant-derived foods is impeded not only by com-
plexation with phytate but also by complexation with condensed tannins [24, 25].

Proanthocyanidins, gallotannins. and ellagitannins, commonly referred to 
as tannins, are phenolic compounds that occur in a wide variety of plant foods. 
Their presence in cereals and legumes is dependent on the plant species and the 
cultivar [26]. Tannins impart bitter taste, reduce protein and starch digestibility by 
inhibition of pancreatic enzymes, and reduce iron uptake [26, 27]. The presence of 
tannins reduces the caloric content and the glycemic index of foods [28], but the 
abundance in diet reduces the supply of macro- and micro-nutrients.

Lectins and specific inhibitors of digestive enzymes (proteases and amylases) 
further reduce the digestibility of starch and proteins in legumes [26, 29].

Some ANFs are heat-labile (e.g., protease inhibitors and lectins) and easily 
removed by thermal treatments. Nevertheless, phytic acid, raffinose, tannins, and 
saponins are rather thermostable. Dehulling, soaking, air classification, extrusion, 
steaming, and pregelatinization are the main technological options for decreasing 
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the negative impact of ANF on legume consumption [30–32]. Nevertheless, biologi-
cal methods such as germination, enzyme treatments, and especially, fermentation 
seem to be more efficient [30, 31, 33, 34].

Proteolysis, enzyme inhibition due to acidification, acid activation of flour 
endogenous enzymes (e.g., phytases) and/or microbial enzyme activities  
(e.g., α-galactosidase, β-glucosidase, phytases, tannases) are responsible for the 
inactivation of most ANFs.

Raffinose family oligosaccharides are hydrolyzed through the activity of 
α-galactosidases, levansucrase, and sucrose-phosphorylase activities of lactic acid 
bacteria [35, 36] or corresponding enzymes of fungal cultures; their removal in 
legume fermentations has been amply reported [37].

In cereal matrices [22], the phytase activity is often sufficient to degrade 
phytates, especially in acidic conditions [18, 38]. Therefore, phytate degradation 
in LAB-fermented matrices spontaneously occurs without microbial enzymes 
involvement [18]. The optimal pH for the activity of the cereal phytases corre-
sponds to 5.5; nevertheless, phytases are still active at pH levels lower than those 
commonly reached by sourdough (3.8–4.2) [18]. Sourdough fermentation and 
other types of traditional bioprocesses involving LAB (e.g., fermentations for 
production of cereal porridges or beverages) allow the increase of the mineral 
bioavailability [39]. Compared with that found in cereals, the phytase activity in 
legumes is poor [22, 40]. Nevertheless, pretreatments and processing conditions 
including fractionation, germination, soaking, thermal treatments, and fermenta-
tion drastically decrease phytate levels in legumes [41]. In many spontaneously 
fermented legume products, substrate-derived phytases are inactivated, and 
phytate degradation is achieved by fermentation with bacilli or fungal cultures, for 
example, Rhizopus stolonifer or Aspergillus oryzae, which hydrolyze phytate with 
extracellular enzymes [42, 43].

Metabolism of tannins or other polyphenols by LAB was deeply character-
ized only in a few fermented plant-derived matrices [44, 45]. Lactiplantibacillus 
plantarum, Lactiplantibacillus paraplantarum, Lactiplantibacillus pentosus have 
been identified, among the LAB, as the species that could decrease the tannins 
concentration through their tannases (tannin acyl hydrolase, EC 3.1.1.20) [46–48]. 
However, characterization of fermented cassava allowed identifying uncommon 
tannase producers such as Weissella cibaria and Leuconostoc mesenteroides ssp. 
mesenteroides [49]. Most of tannase producers were found in fermented vegetables 
but also in human feces. In L. plantarum, tannase is very well characterized. Its 
activity was demonstrated and characterized by Rodríguez et al. [47], and genetic 
analysis showed that it constitutes a novel family of tannases [50]. LAB tannases are 
intracellular. Genes involved in tannins degradation are regulated in a coordinated 
way and are inducible by tannin and other phenolic compounds [51].

The lactic fermentation of grass pea (Lathyrus sativus) with L. plantarum low-
ered the levels of phytic acid and trypsin inhibitory activity [52]. Selected strains 
of L. plantarum and Levilactobacillus brevis decreased the content of raffinose up to 
circa 64% during sourdough fermentation of different legume flours. Sourdoughs 
made with different legume flours (bean, lentil, pea, grass-pea, chickpea) con-
tained an increased phytase activity compared with the unfermented controls [34]. 
The combination of legume sprouting and sourdough fermentation decreased the 
content of phytic acid, condensed tannins and raffinose, and trypsin inhibitory 
activity [53, 54].

Besides the abovementioned ANFs, faba bean is rich in two glucosidic ami-
nopyrimidine derivatives, vicine and convicine, which, upon hydrolysis of the 
β-glucosidic bond, generate the aglycones divicine (2,6-diamino-4,5-dihydroxypy-
rimidine) and isouramil (6-amino-2,4,5-trihydroxypyrimidine), respectively [55].  
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Divicine and isouramil trigger favism disease in susceptible individuals. 
Technological processes (air classification, roasting, and boiling) and selection 
of cultivars with low content of such compounds seemed to be only in part effec-
tive [55, 56]. On the contrary, β-glucosidase from LAB effectively degraded the 
pyrimidine glycosides from faba bean suspension and flour [30]. When used as 
starter to ferment fava bean flour, L. plantarum expressed β-glucosidase activity and 
decreased the content of vicine and convicine by more than 90%. The degradation 
was complete after 48 h of fermentation, and aglycone derivatives were not detect-
able [57]. Similar results were obtained when flours from different faba bean acces-
sions collected from the Mediterranean area were subjected to the LAB fermentation 
[58]. Ex-vivo hemolysis assays on human blood confirmed the lack of toxicity of the 
fermented fava bean [57].

4.  Decrease of allergens, biogenic amines, mycotoxins, and chemicals 
through fermentation

Different legume proteins act in susceptible individuals as allergens. Their com-
plex structures are difficult to degrade. The selection of legumes’ natural variants or 
the use of specific biotechnological processes has been exploited to solve this issue. 
However, some side effects such as an increase in the protein synthesis pathways of 
the seed and the synthesis of other proteins that might be allergenic have been also 
reported [59–62]. Overall, plant proteins exhibit low digestibility compared with 
animal proteins. Poor protein digestibility can cause gastrointestinal disorder, and 
the increase in protein digestibility could reduce the level of immunoreactive pro-
teins in their active forms, thus reducing the risk of food allergies symptoms [63]. 
Several studies showed that LAB fermentation increases the digestibility of plant 
proteins through the combined activity of microbial and endogenous proteases and 
peptidases [64, 65]. The use of fermentation to reduce or eliminate allergenicity of 
soy products represents an interesting opportunity to produce hypoallergenic food 
products from legumes [66, 67]. It was indeed shown that fermentation of soybean 
meal with L. plantarum or Bifidobacterium lactis allowed a significant increase in the 
total amino acids and a low immunoreactivity.

Besides allergens, many undesirable substances, contaminating foods and feeds, 
are harmful to human and animal health. These include mycotoxins, which are 
widely present in food and feeds commodities. The role of different microorganisms 
including fungi, yeasts, and bacteria in mycotoxins degradation has been investi-
gated. Several studies extensively reported that mycotoxin degradation mechanisms 
are different and include cell wall binding, enzyme degrading, or structure modifi-
cation. However, the degradative mechanisms are strain-dependent [68–73].

For example, patulin is a mycotoxin synthesized by different fungi, such as 
Penicillium expansum, able to colonize different fruits and vegetables [74]. Its 
toxicity is due to the high reactivity with thiols [75], which leads to the decrease 
of cellular glutathione levels. The capability of some yeasts or heterofermentative 
lactobacilli to release thiols during fermentation allows the patulin inactivation. 
Patulin degradation can also occur thanks to the conversion in inactive forms by  
L. plantarum esterase and reductase activities [76]. It was also reported that fermen-
tation of legumes and cereals allows the decrease of aflatoxin concentration [77]; 
however, the mechanisms have not been completely clarified [78]. The mycotoxins 
absorption by the bacterial biomass has also been hypothesized [79].

Fermented foods often contain biogenic amines, derived from microbial metab-
olisms, and characterized by a dose-dependent toxicity. Biogenic amines (BAs) are 
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produced not only by Gram-positive and Gram-negative bacteria, but also by yeasts 
and molds [80]. Also LAB are considered as BAs producers in fermented foods and 
Enterococcus, species of the former Lactobacillus genus, Streptococcus, Lactococcus, 
Oenococcus, Pediococcus, Weissella, Carnobacterium, Tetragenococcus, Leuconostoc, 
Sporolactobacillus are the main genera showing this trait [81]. BAs production 
is a strain specific feature, and some studies revealed that the involved enzyme 
is encoded by unstable plasmids [82, 83]. Therefore, horizontal gene transfer is 
essential to disseminate this ability in LAB [82, 83].

Many intrinsic and extrinsic parameters affect the BAs production (e.g., pH, 
temperature, and water activity); nevertheless, their control is often difficult 
during food processes. The BAs production is strain-dependent; therefore, the 
starter selection is an efficient tool to decrease their accumulation in fermented 
foods. Another effective strategy includes the use of amine oxidizing selected 
starters [84].

Through their oxidases, such microorganisms catalyze the oxidative deamina-
tion of BAs and their conversion to aldehydes, hydrogen peroxide, and ammonia 
[85]. Kim et al. [86] isolated strains of Bacillus subtilis and Bacillus amyloliquefaciens 
from fermented soybean foods. They observed the ability of B. subtilis to degrade 
putrescine and cadaverine and of B. amyloliquefaciens to oxidize histamine and 
tyramine. Similarly, Kang et al. [87] showed the ability of B. subtilis and B. amylo-
liquefaciens strains to reduce tyramine in Cheonggukjang. Eom et al. [88] isolated 
from buckwheat sokseongjang, a Korean traditional fermented soybean food, three 
strains (belonging to B. subtilis and Bacillus idriensis species), which were able to 
degrade histamine and tyramine but also unable to produce them. Lee et al. [89] 
recently proposed the use of L. plantarum strains to reduce BAs content during Miso 
fermentation. The possibility to use amine oxidizing starter cultures is an effective 
tool to decrease the BAs concentration in fermented foods obtained with legumes, 
especially when traditional production methods are used.

Another growing concern for the consumer is represented by the potential 
presence of chemicals and pesticides in foods, especially if correlated to the global 
recommendation to increase the dietary uptake of fruit and vegetables. It has been 
reported, for example, that the cumulative intake of pesticides by high consumers 
of fruits and vegetables in Brasil exceeds the Acute Reference Dose [90]. There 
is a consensus that the level of residual pesticides in foods needs to be decreased. 
However, the replacement of conventional pesticides in agriculture is a slow and 
difficult process. Therefore, the possibility to degrade pesticides through fermenta-
tion has been investigated. Several chemicals can be converted by microorganisms, 
but many of the most effective species characterize the environmental microbiota 
and are not easily usable in food processing.

The conversion of pesticides during food fermentation has been investigated 
in correlation, for example, to the large diffusion of contaminated soy (geneti-
cally resistant to the herbicide glyphosate). The degradation of organophosphorus 
insecticides was observed during the fermentation of Kimchi by Leuc. mesenteroides, 
Lv. brevis, L. plantarum, and Latilactobacillus sakei strains [91].

Lv. brevis was also seen as an active catalyst against the same family of com-
pounds during the fermentation of milk products [92]. The degradation of organo-
chlorine pesticides has also been investigated in milk during yogurt and cheese 
production showing the effect of starters [93]. Other examples refer to the capa-
bility of Micrococcus varians to degrade DDT (dichlorodiphenyltrichloroethane) 
to DDD (ddichlorodiphenyldichloroethane) and lindane to 2,4-, 2,5-, 2,6-, and 
3,4-dichlorophenol and of Lactococcus lactis subsp. lactis to degrade dinitrotoluene 
isomers [94, 95].
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5.  LAB as biopreservation agents against pathogenic and spoilage 
microorganisms

Besides decreasing antinutritional factors and allergy, LAB can fulfill a task of 
biopreservation [96]. This word can be defined as the extension of shelf-life and 
food safety by means of natural or controlled microbiota and/or their antimicrobial 
compounds [97]. Overall, LAB fermentation is one of the most common methods of 
food biopreservation.

In South-East Asia, specific biopreservation strategies to limit pathogens and 
spoilage microorganisms contamination in foods have been proposed. Overall, the 
most common contamination of legumes in the field is represented by sporulat-
ing bacteria; then, fungi can develop and produce mycotoxins. Finally, different 
pathogens can occasionally derive from cross-contamination with other foods.

Phan et al. [98] studied LAB strains isolated from fermented products 
from Vietnam, including dua gia (bean sprouts), identifying L. plantarum, 
Limosilactobacillus fermentum, and Lactobacillus helveticus strains as dominant. In 
legumes, such as in other products, it is important to use bacteria that can grow rap-
idly to become dominant compared with the endogenous microbial contaminants.

The biopreservation mechanisms by which LAB inhibit spoilage organisms 
include the destabilization of cell membrane and subsequent interference with 
the proton gradient, inhibition enzyme activity, and creation of reactive oxygen 
species [96]. Moreover, LAB strains are able to produce antimicrobial compounds 
such as low-molecular-weight metabolites (reuterin, reutericyclin, diacetyl, 
fatty acids), hydrogen peroxide, antifungal compounds (propionate, phenyl-
lactate, hydroxyphenyl-lactate, and 3-hydroxy fatty acids), and bacteriocins that 
may be exploited in the biopreservation of foods [99]. There is a wide number 
of bacteriocins produced by LAB that are classified into three classes: Class I 
(Lantibiotics), class II (Non Lantibiotics), and class III (Big peptides) depend-
ing on their chemical and genetic characteristics. The antibacterial activity of 
nisin, the most studied lantibiotics, has been demonstrated against Listeria spp., 
Micrococcus spp., and sporulating bacteria such as Bacillus spp. and Clostridium 
spp. [100]. Nguyen et al. [101] isolated the LAB from nem chua and deter-
mined their antimicrobial activity against pathogenic and sporulating strains 
such as Bacillus cereus, Listeria monocytogenes, Escherichia coli, and Salmonella 
typhimurium. Five strains NH3.6, NT1.3, NT1.6, NT2.9, and NT3.20 showed 
a broadened antimicrobial activity against both pathogenic Gram-positive B. 
cereus and Ls. monocytogenes and Gram-negative E. coli [101]. L. plantarum HA2, 
HA3, HA5, HA8, and HA9 and L. fermentum HA6, HA7, and HA10 isolated from 
Vietnamese fermented vegetables showed an intense antifungal activity against 
different indicator molds and yeasts (Aspergillus terreus, Aspergillus fumigatus, 
Aspergillus niger, Absidia corymbifera, Paecilomyces lilacinus, Geotrichum candidum, 
Fusarium sp., Scopulariopsis brevicaulis, Curvularia lunata, Penicillium spp., and 
Candida albicans) [102]. These LAB strains are currently investigated for the 
specific use in legume-fermented products [96].

Fungi are the most common spoilage microorganisms of baked goods and 
represent a huge economic problem in bakery sector. The use of chemical preserva-
tives is currently the only effective tool to prolong the microbial shelf-life of baked 
goods [103, 104]. Nevertheless, the European directive on preservatives has recently 
decreased the allowed concentrations of preservatives, and consumers require clean 
label and preservative-free baked goods. Therefore, the scientific and industrial 
research is now oriented toward the search for new preservatives, derived from 
natural sources. Overall, plants produce proteins and peptides involved in fungal 
resistance mechanisms, and seeds of many different species of leguminous plants are 
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rich in such active compounds [105]. It was reported that the water-soluble extract 
of Phaseolus vulgaris cv. Pinto showed inhibitory activity toward a large spectrum of 
fungal species isolated from bakeries. The antifungal proteins corresponded to pha-
seolin alpha-type precursor, phaseolin, and erythroagglutinating phytohemagglu-
tinin precursor. Bread manufactured with the addition of this water-soluble extract 
(27%, v/w) did not show fungal contamination until at least 21 days of storage at 
room temperature, ensuring a level of protection comparable with that afforded by 
calcium propionate (0.3%, w/w) [106]. A pea (Pisum sativum) protein hydrolysate, 
obtained by a food-grade protease, showed high inhibitory activity toward several 
fungi isolated from bakeries. The antifungal activity was correlated to pea defensins 
1 and 2, nonspecific lipid transfer protein (nsLTP), and a mixture of peptides, 
encrypted in leginsulin A, vicilin, provicilin, and nsLTP, and released by the enzy-
matic activity of the protease [107]. A mixture of legumes-derived protein hydroly-
sates inhibited Aspergillus parasiticus, Penicillium carneum, Penicillium paneum, and 
Penicillium polonicum. Several native proteins and a mixture of peptides, encrypted 
in legume vicilins, lectins, and chitinases, were identified as the compounds respon-
sible for the antifungal activity [108].

More recently, a LAB-fermented chickpea flour was proposed as fresh pasta 
ingredients aiming at prolonging the shelf-life of the product, moreover, achieving 
different nutritional advantages [109].

6. Traditional and novel fermented legume products

6.1 Traditional foods

Legumes are used as food ingredients worldwide, but only in few geographical 
areas they are commonly used for the production of fermented foods (Table 1), 
such as Japanese natto, Nigerian dawadawa or iru, Nepalese kinema, and Thai thua 
nao. Fermented legumes are consumed directly or used as ingredients or flavoring 
agents [124]. Yukiwari-natto and hama-natto spontaneous microbiota are domi-
nated by molds, while Bacillus spp. is commonly isolated in itohiki-natto. Molds 
are also responsible for meitauza, oncom, and sufu fermentation, while yeasts 
dominate the fermentation of the Indian papad/papadam. Tempe is characterized 
by a microbial consortium including molds and LAB. Also Indian idli, wadi, and 
dhokla are produced by the combined fermentation activities of LAB and yeasts. 
Complex microbiota including LAB, yeasts, and molds characterize the fermenta-
tion processes for obtaining inyu, kecap asin, kecap manis, meju, miso, soy sauce, 
and tauco [118, 125].

Fermentation has an important impact on the nutritional and sensory profile 
of legumes [2, 96]. However, production of traditional fermentation products 
is often managed empirically, with rudimentary equipment, and based on the 
activity of endogenous microorganisms [96]. The quality of raw materials as 
well as the biotechnologies is not standardized [96]. These products are char-
acterized by the local cultural identity. Despite their important sensorial role 
in Asian food, bringing, for instance, the umami taste to the meals [126], the 
necessity to improve overall quality and to minimize food safety hazards has 
been recently highlighted [127].

LAB have an important role in some of the traditional fermented legume 
products (such as in vietnamese tuong and cambodian sieng), but many other 
microorganisms (bacteria, yeasts, and molds) are involved in spontaneous fermen-
tation processes. Nevertheless, the advantages of legumes fermentation with LAB 
are gaining interest from the scientific and food industry community [2].
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Product Main 
ingredients

Microorganisms Area Reference

Adai Legume seeds 
and cereal grains

Lactic acid bacteria 
(Pediococcus spp., 
Streptococcus spp., 
and Leuconostoc spp.)

South India [110]

Afiyo (okpehe or kpaye) Mesquite bean 
(Prosopis sp.)

Nigeria [111]

Aisa Albizia saman 
seeds

Bacilli (Bacillus 
spp.) and 
staphylococci 
(Staphylococcus 
spp.)

Nigeria [112]

Amriti Black gram dal 
(Vigna mungo)

Aerobic mesophilic 
bacteria

India [113]

Bedvin roti Black gram dal, 
opium seed or 
walnut flour

India [114]

Chungkokjang 
(cheonggukjang or 
jeonkukjang)

Soybean (Glycine 
max)

Bacilli (Bacillus 
spp.)

Korea [115, 116]

Dawadawa 
(soydawadawa)

Soybean Nigeria [117]

Dawadawa, kinda, iru, 
soumbala

Locust bean 
(Parkia 
biglobosa)

West and 
Central 
Africa

[117]

Dhokla Rice grains and 
bengal gram dal 
(Cicer arietinum)

India [118]

Dosa Black gram dal 
and rice grains

India [118]

Douchi Black soybean China [117]

Gochujang/Kochujang Soybean, red 
pepper, rice, 
barley malt 
powder

Bacilli (Bacillus 
spp.)

Korea [115]

Idli Black gram dal 
and rice grains

India, Sri 
Lanka

[118]

Kinema, hawaijar, 
tungrymbai, aakhone, 
bekang, peruyyan

Soybean Darjeeling 
hills and 
North East 
of India, 
Bhutan, 
Nepal

[117]

Maseura (masyaura) Black gram dal/
ricebean (Vigna 
umbellate)

Lactic acid bacteria, 
bacilli, and yeast

India, Nepal [119]

Meitauza Okara (soybean 
press cake)

China, 
Taiwan

[117]

Meju Soybean Fungi and bacilli 
(Bacillus spp.)

Korea [115]

Natto Soybean Japan, Korea [117]
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Product Main 
ingredients

Microorganisms Area Reference

Oncom: Hitam (black) 
and merah (red)

Peanut (Arachis 
hypogaea) press 
cake

Indonesia [118]

Oso Cathormion 
altissimum seeds

Nigeria [117]

Otiru African 
yam bean 
(Sphenostylis 
stenocarpa)

Nigeria [117]

Owoh African yam 
bean

Nigeria [117]

Papad or papadam Black gram, 
bengal gram, 
lentil (Lens 
culinaris), red 
gram (Cajanus 
cajan) or green 
gram (Vigna 
radiata) flour

India [118]

Pitha (chakuli, enduri, 
munha, chhuchipatra, 
podo)

Black gram dal 
and rice grain

Lactic acid bacteria India [110]

Sepubari Black gram dal India [120]

Soybean paste: Doenjang 
or jang, miso, tauco, tao 
chieo

Soybean, wheat 
or rice grains

China, 
Indonesia, 
Japan, Korea, 
Thailand

[117]

Soy sauce: Jiang you, 
shoyu or tamari shoyu, 
kanjang, kicap, kecap, 
taosi, ketjap, inyu

Soybean/black 
soybean and 
wheat grains

China, 
Japan, Korea, 
Malaysia, 
Indonesia, 
Philippines, 
Indonesia, 
Taiwan, 
Hong Kong

[117]

Sufu or furu Soybean China, 
Taiwan

[118, 121]

Tempeh Soybean East Java, 
Indonesia

[118, 122]

Thua nao Soybean Thailand [117]

Tuong Soybean Bacilli 
(Bacillus spp.), 
enterobacteria

North and 
central 
Vietnam

[123]

Vada Legume and 
cereal

Lactic acid bacteria 
(Pediococcus spp., 
Streptococcus spp., 
and Leuconostoc 
spp.)

India [110]

Ugba/ukpaka African oil bean 
(Pentaclethra 
macrophylla)

West and 
Central 
Africa

[117]
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6.2  Sourdough-inspired fermentation, sprouted flours, and baked good 
fortification

Besides the direct consumption as conventional dishes, legumes have a great 
potential as ingredients in various baked goods and pasta. Their use as fortifiers 
should increase their consumption as strongly recommended in many dietary 
guidelines. With this goal in mind, in the past decades, many researchers focused on 
using legume flours (also sprouted), fermented or not, as part of food formulations. 
Fermentation of legumes mainly determines improvement of the protein digestibil-
ity and related nutritional values and the biological availability of fibers and total 
phenols (Table 2). However, unlike cereal flour sourdoughs, very little is known 
about the microbiota of sourdough-type propagation, when only legume flour is 
used. Coda et al. [136] explored this topic investigating, through 16S rRNA gene 
pyrosequencing and culture-dependent analysis, the microbial ecology of faba bean 
sourdoughs obtained from an Italian and a Finnish cultivar, belonging respectively 
to Vicia faba major and V. faba minor groups. Among the LAB isolates, Pediococcus 
pentosaceus, Leuc. Mesenteroides, and Weissella koreensis had the highest frequency 
of occurrence in both sourdoughs. The presence of hulls and the different micro-
bial composition reflected on biochemical characteristics of Finnish sourdoughs, 
including acidification and phenolic compounds [136].

Traditional varieties and biotypes, often replaced by modern cultivars selected for 
improved agronomic and commercial traits, can also be rediscovered and valorized 
through fermentation [34, 58, 130, 133]. Nineteen Italian legume flours, fermented 
with selected strains of L. plantarum and Lv. brevis. and compared with doughs with-
out bacterial inoculum, had higher concentrations of free amino acids, soluble fibers, 
and total phenols. During sourdough fermentation, the level of γ-aminobutyric acid 
(GABA) markedly increased reaching up to 624 mg/kg [34]. GABA-producing strains 
of L. plantarum and Lc. lactis subsp. lactis were employed as starters for sourdough 
fermentation of a blend of chickpea and pseudo-cereals resulting in sourdough bread 
with very high levels of free amino acids and GABA (up to 504 mg/kg) [131]. The 
pairing between sourdough fermentation and legumes to accumulate GABA was per-
formed also using adzuki bean flour [128] and extracts from kidney beans subjected 
to liquid state fermentation [129]. Type I sourdough, containing wheat-legume flour 
mixtures, was also used (15%, w/w) in bread making. The fortification increased the 
antioxidant activity and the in vitro protein digestibility (IVPD). According to the 
levels of carbohydrates, dietary fibers, and resistant starch, the bread fortified with 
wheat-legume sourdough had a decreased value of starch hydrolysis index [32].

Nevertheless, either considering gluten-free products or wheat-based baked 
goods, the lack of gluten is one of the challenges deriving from the use of legumes. 
The addition of wheat-legume flours increases water absorption providing more 
water for dough starch gelatinization during baking and preventing stretching and 
tearing of gluten strands [53]. Substitution of wheat flour with legumes at levels 
higher than 20–30% causes detrimental effects on dough and bread properties, 
which results in sticky and excessively compact [53, 140]. Hence, maintaining good 

Product Main 
ingredients

Microorganisms Area Reference

Wadi Black gram dal Northern 
India

[118]

Yandou Soybean China [117]

Table 1. 
Main traditional food products containing fermented legumes.
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technological properties is a key factor in the success of products that go beyond 
laboratory-scale levels. Sourdough fermentation of legume flours, mainly interfer-
ing with starch gelatinization, and fibers hydration lead to the improvement of the 
structural characteristics of the fortified bread [32, 128, 148].

Fermentation can further contribute to improving the structural properties 
of fortified baked goods if exopolysaccharides-producing LAB are selectively 
employed. Indeed, the replacement of wheat flour (up to 43%) with a faba bean 
sourdough fermented with Weissella confusa strains [132, 139] compensated the glu-
ten dilution and improved bread volume and crumb softness. The gluten-dextran 
interactions might have strengthened gas cells and, hence, prevented their collapse 
during proofing and baking [143]. This, combined with water-binding capacity, led 
to higher loaf volume and softer crumb.

The increase of the antioxidant activity during fermentation was largely docu-
mented in legume flours most likely associated with the biotransformation between 
soluble phenols and the release of bound phenols [31, 34, 132–135, 143]. The 
bioconversion of phenolic compounds into more available and biologically active 
forms mainly relies upon acidification and microbial enzymes. In LAB phenolic 
compounds metabolism comes from the need to detoxify such compounds but 
also have a role in preserving the cellular energy balance [149–151]. Fermentation 
of black chickpea with L. plantarum T0A10 enabled the release of 20% of bound 
phenolic compounds and the conversion of free phenolic acids leading to high 
scaveng ing activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-
bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) radicals and intense inhibition 
of linoleic acid peroxidation [133]. Caffeic, coumaric, ferulic, phenyllactic, and 
4-hydroxibenzoic acids were found in high amount in faba bean flour subjected to 
air classification and fermented with Leuconostoc citreum TR116, resulting in a bread 
having better nutritional and technological performances compared with bread 
obtained with unfermented faba bean [137]. Indeed, phenolic acids are not only 
appreciated for their potential antioxidant activity after ingestion, they can also be 
advantageous with regard to the microbial shelf-life of food products [152].

Fermentation can also be used to enhance the content of compounds lacking in 
vegetable matrices such as vitamin B12. Species of the former Lactobacillus genus 
were found to produce pseudo-vitamin B12, an inactive form for humans, whereas 
Propionibacterium freudenreichii DSM 20271 was effectively used to singly ferment faba 
bean, soy bean, and lupin flours [138], increasing vitamin B12 content up to 400 ng/g.

The release of bioactive peptides showing in vitro activities toward cancer, 
cardiovascular diseases, oxidative damage, inflammation, hypertension, and 
high cholesterol [142, 153] is also an appealing trait of lactic acid fermentation. 
Lunasin is a bioactive peptide (43-amino acid residues) already characterized for 
anticancer, antioxidant, anti-inflammatory, and cholesterol-lowering functional 
activities. Lunasin is mainly recovered from soy and used as dietary supplements 
and for pharmaceutical formulations. The fermentation of different legumes 
with selected strains of L. plantarum and Lv. brevis allowed the enrichment of the 
matrices in lunasin-like polypeptides, released from native proteins in which they 
are encrypted in nonactive form. Extracts from these legume sourdoughs showed 
marked inhibition on the proliferation of human adenocarcinoma Caco-2 cells 
[130]. Fermentation with L. plantarum CECT 748 and treatment with a commercial 
protease of lentil flour led to the release of several antihypertensive peptides show-
ing angiotensin-converting enzyme inhibitory activity (up to 85%) [143].

As an ancient practice, germination of legumes is becoming an emerging process 
because of the significant enhancement in bioactive components (e.g., vitamins, 
dietary fibers, peptides and amino acids, and phenols) and palatability. The fortifica-
tion of baked goods with flours from sprouted legumes has been proposed recently 
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[154]. During germination, reserves within the storage tissues of the seed undergo 
hydrolysis in low-molecular-weight compounds and mobilize to support seedling 
growth [155]. Parameters such as temperature, humidity, steeping (soaking), and 
length of germination determine the degree of these changes [156]. Nevertheless, the 
combination of germination and sourdough fermentation seems to better exploit the 
nutritional modification of grains in terms of protein and starch hydrolysis and min-
eral solubility [157]. Sprouting and sourdough fermentation with Furfurilactobacillus 
rossiae, L. plantarum, and Fructilactobacillus sanfranciscensis enhanced the nutritional 
and functional features of chickpea and lentil by increasing the concentrations of 
peptides, free amino acids, and GABA.

Fermented sprouted flours were used to make breads with high protein 
digestibility and low starch availability and appreciable sensory attributes [54]. 
Germination followed by sourdough fermentation improved the IVPD and 
enhanced the sensory properties of soybean and African breadfruit seeds [147]. The 
same occurred for the germinated and fermented cowpea flour, which fortified the 
bread formula with high lysine content and optimal essential amino acid balance 
[53]. While more recently, sprouted lentil sourdough, added with 25% sucrose, and 
fermented with W. confusa SLA4, led to the synthesis of dextran up to 9.7% [144]. 
Wheat bread supplemented with 30% of this sourdough showed increased specific 
volume and decreased crumb hardness and staling rate, compared with the control 
wheat bread, as well as increased total and soluble fibers content [144]. Attempts 
to enhance the nutritional properties of legumes were also made combining gela-
tinization to fermentation with lactic acid bacteria. Fermentation of gelatinized 
flours (red and yellow lentils, white and black beans, chickpeas, and peas) with L. 
plantarum MRS1 and Lv. brevis MRS4 led to the further degradation of the antinu-
tritional factors (condensed tannins, raffinose, phytic acid, and trypsin inhibitors), 
increased the protein digestibility, and reduced the starch hydrolysis index [31].

6.3 Use of fermented legumes in pasta making

Just like bread, pasta is considered a staple food worldwide with the potential 
to modulate the diet, and the addition of fermented legumes accounts for a further 
step toward this goal. Regardless, the biotechnology used for the production, higher 
content of proteins and fibers, and lower starch content characterize legume-
containing pasta. Nonetheless, fermentation contributes to improving not only the 
nutritional profile, but also the technological features of fortified pasta [158].

Faba bean flour, either raw or fermented (spontaneously or with selected start-
ers), used as dough or freeze-dried material, is among the most reported legume 
flours in pasta-making [141, 159–161]. The percentage of semolina replacement 
mostly ranges from 10 to 50% [141, 160, 161], reaching up to 100%, as in the case of 
gluten-free faba bean pasta described by Rosa-Sibakov and colleagues [159].

Besides the increase in proteins and dietary fibers content, which is directly pro-
portional to the percentage of semolina replacement with both raw and fermented 
faba bean, as consequence of the proteolysis occurred during fermentation, a higher 
content of peptides and FAA was observed in pasta containing faba bean fermented 
by L. plantarum DPPMAB24W [141]. The proteolysis occurring during the LAB 
fermentation also allowed the increase of the protein digestibility. Moreover, 
essential amino acids (EAAI), biological value (BV), and protein efficiency ratio 
(PER) indexes increased when 30 and 50% of the semolina was replaced by fer-
mented faba bean flour [141]. The Nutritional Index (NI) of the pasta fortified with 
30% of fermented faba bean flour was twofold higher than that of the conventional 
semolina pasta. This parameter is commonly considered as a global predictor of the 
protein quality of foods, since qualitative and quantitative factors are included in its 
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calculation [162]. Replacement level higher than 30% led to the decrease of the NI, 
as a consequence of a weakening of the gluten network, unable to retain the soluble 
protein fraction during cooking [141]. The use of fermented faba bean flour as 
ingredient allowed a marked reduction of the starch hydrolysis index (HI) and, con-
sequently, of the glycemic index (GI) [30, 141, 160]. As previously demonstrated, 
[163], this decrease can be correlated to the high level of dietary fibers and resistant 
starch and also to the effect of biological acidification [163].

Experimental pasta was also produced using exclusively fermented faba bean 
flour [159]. Whereas protein and starch content were similar between fermented 
and unfermented faba bean pasta (circa 35% and 43%, respectively), RS was found 
progressively higher in fermented fava bean pasta suggesting the possibility to use 
fermentation as a mean to decrease GI of commercial gluten-free products [164], 
usually higher than that of conventional foods [165].

Similar effects to those obtained in pasta fortified with fermented faba bean 
were obtained when spontaneously fermented pigeon pea (Cajanus cajan) (presum-
ably due to LAB growth) was also used in pasta making [166–168]. Compared with 
semolina pasta, true protein digestibility (TD) and PER markedly improved (6 and 
73%, respectively) in pasta fortified with fermented pigeon pea as consequence of 
the complementarity of amino acids composition deriving from legumes and cereal 
proteins [167, 168].

A Mediterranean black chickpea flour was fermented with L. plantarum T0A10 in 
semiliquid conditions and used (15% replacement level) to fortify a semolina pasta 
(116). Fermentation with the selected starter enabled the release of 20% of bound 
phenolic compounds and the conversion of free compounds into more active forms 
(dihydrocaffeic and phloretic acid) in the dough. Moreover, fortified cooked pasta, 
showing scavenging activity against DPPH and ABTS radicals and intense inhibition of 
linoleic acid peroxidation, was appreciated for its peculiar organoleptic profile [133].

Despite all the nutritional advantages deriving from the use of fermented legumes 
in pasta making, good sensory and textural properties remain a necessary foundation 
to achieve products approved by consumers. Differences in sensorial attributes and 
textural properties between pasta fortified with prefermented ingredients and the 
conventional one are often perceived unpleasant by trained assessors especially when 
semolina replacement exceeds 50% [169]. Increased chewiness, sourness, flavor, and 
off-flavor intensity were observed when fermented faba bean was added to pasta [159], 
as well as the onset of the red color, as the consequence of Maillard reaction [170]. 
However, fermentation also showed an important role in the improvement of sensory 
and textural characteristics of legume flours since it allowed the elimination of beany 
flavor [171]. Since the balance between flavors and off-flavors often lies in the amount 
of fortifier added [167], the right compromise between higher nutritional and func-
tional properties and acceptable sensory and rheological ones should be addressed.

7. Conclusion and future perspectives

The rising demand for healthier plant-based food lies in the increasing aware-
ness of the adverse risks associated with the consumption of animal proteins as well 
as the environmental impact animal farming entails. In this evolving agricultural 
system, legumes play a fundamental role in regard to both the support of good and 
sustainable agronomical practices and the maintenance of healthier diets.

Apart from their consumption as they are, legumes are the main ingredient of 
many traditional food products. Nevertheless, their consumption is often limited by 
antinutritional compounds and poor sensory and technological properties. Recently, 
the effectiveness of sourdough fermentation-inspired biotechnologies has proved to 



267

Fermentation as Strategy for Improving Nutritional, Functional, Technological, and Sensory…
DOI: http://dx.doi.org/10.5772/intechopen.102523

Author details

Michela Verni1, Erica Pontonio1, Marco Montemurro1 and Carlo Giuseppe Rizzello2*

1 Department of Soil, Plant, and Food Sciences, University of Bari Aldo Moro, Bari, 
Italy

2 Department of Environmental Biology, Sapienza University of Rome, Rome, Italy

*Address all correspondence to: carlogiuseppe.rizzello@uniroma1.it

be pivotal in improving legumes and legume-based foods acceptability and safety. 
Through the release of bioactive peptides, phenolic compounds, and soluble fibers or 
the degradation of antinutritional compounds, fermentation with selected starters 
proved to be able to improve the nutritional and functional properties of legumes. By 
synthesizing exopolysaccharides, better rheological properties can be obtained while 
microbiological safety can be achieved through the degradation of biogenic ammines, 
mycotoxins, or activity toward spoilage or pathogenic microorganisms.

Fermentation allows overcoming the issues that hold back legumes’ potential 
and intensifies their use as ingredients in innovative formulations of staple foods, 
such as baked goods and pasta with a more balanced nutritional and functional 
profile.

The underlining idea behind functional foods is to reduce the prevalence of diet-
related diseases by modulating the consumption of commonly eaten foods fortified 
with high-value ingredients. Fermented legumes fit the profile of such ingredi-
ents, but educating consumers on their health benefits, so that they can make an 
informed choice, is of paramount importance. It is necessary to get rid of the stigma 
of legumes as “poor man’s meat” and recognize their value not only in agricultural 
practices but also their pivotal role in healthy and sustainable diets. Furthermore, 
there is growing recognition that changes in nutrition are critical to achieve several 
of the Sustainable Development Goals developed by the United Nations to promote 
prosperity while protecting the planet. In order to meet the global food demands, 
focus should be put into promoting the cultivation and utilization of local or 
underutilized legume crops often neglected and underexploited, which yet have a 
great impact on the biodiversity as well as in enhancing food and nutrition secu-
rity. Whereas, from an academia point of view, those mechanisms, which are still 
unclear or need more exploiting, behind the advantages of fermentation in terms of 
biopreservation and safety in general, should be pursued as research topics, since 
they can further unleash legumes’ potential.
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Abstract

Neglected and underutilized crops (NUS) are those crops that are entirely 
ignored or little attention is paid to them by agriculture researchers, plant breed-
ers and policy-makers. There has been renewed interest in NUS as many of these 
varieties and species, along with a wealth of traditional knowledge are being lost 
at an alarming rate. This chapter provides an overview of underutilized legumes in 
Sub-Saharan Africa (SSA). There is a recognized need to explore the diversity of 
indigenous micro symbionts associated with underutilized legumes. The biochemi-
cal mechanism in legumes remains elusive to date as evidence is mounting for 
allelopathic inhibition of nitrifying microorganisms by root exudation of phenolic 
compounds. A cross-sectional study was undertaken to explore the potential 
relationship between enzymatic processes of certain legumes and high tolerance to 
drought stresses, high biomass productivity, erosion control and dune stabilization 
and general soil health. Pigeon pea among other legumes have a huge untapped 
potential for improvement of both in quantity and quality of production in Africa.

Keywords: NUS, PGPR, PGPF, African legumes, pigeon pea, food security

1. Introduction

Cajanus cajan (L.) Millsp. (C. cajan) (Family: Fabaceae) also known as pigeon 
pea, is a famous food and cover/forage crop bearing a high amount of key amino 
acids like methionine, lysine and tryptophan [1]. It is one of the key promising 
sources of antioxidants and key enzyme inhibitors that can be exploited for future 
bioproduct development in tropical and subtropical regions in the world. This 
legume is one of the underutilized species in sub-Saharan Africa. Other economi-
cally important legumes include sword beans (Canavalia ensiformis), Bambara 
groundnut (Vigna subterranea), and Lima beans (Phaseolus lunatus) among several 
others [2, 3]. Neglected and underutilized species (NUS) has been a question of 
great interest in a wide range of fields.

The role of NUS in fighting poverty, hunger and malnutrition has received 
increased attention across several disciplines in recent years. There has been a 
growing recognition of the vital links between NUS, nutritional diversity, food 
sustainability and wealth creation. One well-known study that is often cited in 
research on NUS is that of Padulosi [2], who defined NUS as those species which are 
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entirely ignored by agricultural researchers, plant breeders and policymakers. It is 
a widely held view that NUS is not traded as commodities. Agricultural species that 
are not among the major staple crops often come under the heading of ‘neglected 
and underutilized species’ (NUS) and are sometimes called ‘orphan’ crops.

If [2]’s findings are accurate, many of these varieties and species, along with a 
wealth of traditional knowledge about their cultivation and use, are being lost at 
an alarming rate. Evidence suggest that nearly 30,000 edible plant species have 
been identified, of which over 7000 plant species have been used in the history of 
civilization to meet food requirements [4]. Recent trends in NUS have led to a pro-
liferation of studies as researchers have shown an increased interest in these species. 
It was established that barely 150 species are commercially cultivated and, of these, 
just 103 crops provide up to 90% of the calories in the human diet.

Several divergent accounts of NUS have been proposed, creating numerous 
controversies. The relationship between crop diversity, dietary diversity, nutrition 
and health has attracted conflicting interpretations from the scientific commu-
nity. NUS offers opportunities to enrich diets with healthier food (particularly 
legumes, fruits and vegetables). The gradual shift from diets based on local foods 
to a ‘Western-style’ diet, high in fats, salt, sugar and processed foods, increases the 
incidence of non-communicable diseases, such as diabetes, obesity, heart disease 
and certain types of cancer.

African legumes can contribute significantly to the dietary supply of nutrients 
especially protein, essential amino acids, dietary fiber, vitamins, and minerals in 
the diet. However, compared to the well-known pulses, like the common bean, 
oilseed legumes, soybean, the African legumes are greatly underutilized and 
 under-researched [5].

Numerous studies have attempted to explain the consistent contribution of NUS 
in fighting poverty, hunger and malnutrition and in generating income in both 
domestic and international markets [6–10]. This chapter examines the relationship 
between the biochemical mechanism through the enzymatic processes resulting to 
allelopathic inhibition of nitrifying microorganisms by root exudation of phenolic 
compounds in pigeon peas and related legumes. These could be exploited for 
future bio-product development to bring about sustainable crop production and to 
also ameliorate the effect of both biotic abiotic stresses to boost yield and restore 
depleted soil nutrients.

1.1 Neglected and underutilized legumes in Sub-Saharan Africa

Previous studies of NUS have established that in some countries like the Côte 
d’Ivoire, a considerable variety of minor leafy vegetables, legumes and vegetable 
crops are utilized and appreciated for their rich nutritional value. In the same way, 
minor forest and timber forest species are collected from the wild in Ghana which 
is utilized in developmental projects in the country such as housing construction, 
furniture and other arts and crafts. In the same vein, sword beans (C. ensiformis) 
are common food crops in the region. Similarly, in East Africa however, demand 
for leafy green vegetables is ever more recognized due to their nutritive value. 
In Uganda on the other hand, despite disregard on the part of stakeholders more 
especially the agricultural research and development programs, poor communities 
continue to grow and market miscellaneous underutilized species which are locally 
processed in form of artifacts and are mainly exported around the globe. NUS also 
serves as an alternative food source and is equally exploited for ornamental and 
medicinal value, generating significant income for some populations in West Africa. 
The use of some NUS is also significant in Malawi, particularly about Bambara 
groundnut (V. subterranea), sorghum, finger millets and pearl millets. In Nigeria, 
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NUS such as fonio (Digitaria exilis, Digitaria iburua), Ethiopian tef (Eragrotis tef), 
Lima beans (P. lunatus), Pigeon peas (C. cajan) and V. subterranea, Crotalaria spp. 
and Solanum nigrum. Zimbabwe reports significant use of NUS, especially finger 
and pearl millets [2, 3].

1.1.1 Sword beans (C. ensiformis)

C. ensiformis (Sword beans) is a leguminous crop that could potentially be used 
as a biocontrol [11]. The article provides valuable insight into this leguminous vine. 
It is native to South and Central America however; it has adapted well to thrive in 
depleted soils of the tropics and subtropics worldwide. C. ensiformis is beneficial in 
curbing erosion, sandbank stabilization, soil rejuvenation, conservation, improve-
ment and general soil health. It is grown for food, fodder, as a cover crop or green 
manure. C. ensiformis is resistant to drought and pests but does not grow well in 
excessively wet soil and has certain compounds such as Canavaine that increase its 
resistance to pest and herbivory due to the presence Concanavalin A—a lectin that 
guards against diseases caused by microorganism infections Canavanine is lethal 
as, when consumed, it could interchange l-arginine during protein synthesis and 
cause proteins to become malformed [11]. The beetle Caryedes brasiliensis thrives on 
C. ensiformis seeds as it contains an arginyl-T-RNA synthase that can discriminate 
between canavanine and l-arginine, countering the toxic effects.

1.1.2 Bambara groundnut (V. subterranean)

Bambara groundnut (V. subterranea (L.) Verdc.) is an indigenous legume crop, 
cultivated by subsistence farmers throughout sub-Saharan countries [12]. Neglected 
and underutilized legumes have for long been a question of great interest in a wide 
range of fields. In recent years, researchers have shown an increased interest in this 
neglected legume and considerable literature has grown up around the theme. It 
serves as the main source of income generation to subsistence farmers in Zimbabwe, 
Swaziland, Uganda and Zambia with a suitable land area (84, 100, 98 and 95%) 
respectively for cultivating this legume. A pilot study was initiated in seven rural 
districts of Zimbabwe aimed at improving nutrition, food security and maximiz-
ing its production. Follow-up studies according to Mubaiwa [12] report revealed 
a decline in production due to increasing climate and weather variability which in 
turns negatively affected food security. In an effort to keep this in check, agriculture 
and policy-makers in Zimbabwe have recognized the hidden potentials of NUS in 
improving food security by adapting to current climate change.

One major finding on Bambara groundnut in Nigeria is by Onuche et al. [13] 
who referred to it as “special” legume as it can adapt to high temperature and 
resistant to drought and suitable also for marginal soils where other leguminous 
crops are unlikely to thrive as it requires little resource from the soil in general. It is 
regarded also as special because it is not prone to total harvest failure even in low 
and uncertain rainfall regions. It increases soil fertility and boost yield of other 
crops cultivated around it. Therefore, it could potentially serve as great source of 
bio-fertilizer which is safe and free from high cost of synthetic chemicals commonly 
used as fertilizers which are indeed detrimental to health.

Bambara groundnut (V. subterranea) is a grain legume indigenous to sub-Saha-
ran Africa where it is widely cultivated by subsistence farmers. The center of origin 
is most likely North-Eastern Nigeria and Northern Cameroon, in West Africa. 
The species is also grown to a lesser extent in some Asian countries such as India, 
Malaysia, Philippines and Thailand [4]. It is cultivated for its subterranean pods, is 
extremely hardy and produces reasonable yields even under conditions of drought 
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and low soil fertility. There is notable paucity of empirical research focusing specifi-
cally on neglected underutilized legumes in relation to soil microbial interaction.

To date, very little attention has been paid to the role of NUS such as Bambara 
nut in sustainable crop production. Previous studies have failed to find any  
consistent association between neglected underutilized legumes and rhizosphere 
and rhizoplane microbial relations. Research studies in these areas should contrib-
ute to an increase in the utilization of African legumes. It has been proposed that 
African legumes are drought-tolerant crops, thus excellent candidates utilized as 
climate friendly food crops. Global warming and climate change with the resultant 
effects of low agricultural productivity and food insecurity are important global 
issues. African legumes therefore have great global potential as sustainable food 
sources [3].

Miscellaneous underutilized grain legumes play significant roles in the food 
cultures around the world as absolute sources of quality protein, natural medi-
cine, animal fodder, natural fertilizers, and environmental restoration products, 
alongside the well-established soil enrichment property of symbiosis with nitrogen-
fixing bacteria also contain high-quality proteins and micronutrients which are 
comparable to those found in conventional legumes. They are also indispensable in 
crop rotation strategies to fertilize agricultural soils [5].

1.1.3 Lima beans (P. lunatus)

P. lunatus L. was similarly reported to have tolerance and resistant traits against 
insects’ attack [14]. Lima Beans roles in sustainable crop production have been 
investigated by Ruiz-Santiago et al. identifying plant-insect interactions as a deter-
mining factor for sustainable food and nutritional security. This could be utilized 
to influence the impact of herbivorous insects and their expression under varying 
climatic condition to achieve sustainable environmentally safe crop production. 
P. lunatus was similarly reported is an important legume for the poor population 
of the Brazilian northeast region [15]. The legume is able to take advantage of the 
nitrogen fixation process, but research to date has not been able to explore the 
diversity of indigenous microsymbionts.

1.1.4 Pigeon peas (C. cajan)

The study by Ayenan et al. [16] offers probably the most comprehensive empiri-
cal analysis. It was established from the report findings that in terms of production 
and quantity, pigeon pea is the 5th legume after cowpea (Vigna ungulata), Bambara 
groundnut (V. subterranean), Soy bean (Glycine max) and groundnut (Arachis 
hypoaea). Pigeon pea is a perennial shrub that has many advantages over annual 
legumes as it ensures several harvests and capable of enhancing soil fertility. The 
legume can withstand harsh environmental stress and has high drought tolerance 
which are the major challenges in this present-day climatic variability constraints.

Sinan et al. [1] in a recent study carried out the enzymatic assays, revealed that 
C. cajan has high amount of essential amino acids such as methionine, lysine and 
tryptophan. The study similarly was able to determine the total phenolic (TPC) 
content and total antioxidant capacity of the legume. Their study therefore serves 
as a baseline which gives opportunity for further investigation as the methanolic 
extract among other extract (hexane, ethyl acetate, aqueous) of prepared from 
C. cajan stem bark shows prominent antioxidant ability. This suggest that C. cajan 
could serve as a new source of antioxidant and key enzymes inhibitor (α-amylase 
and α-glucosidase enzymes) among others which could be exploited for future 
bioproduct development.
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From the archives of the ECHO’s Seed Bank [16], in a paper titled “factors to 
consider when selecting a pigeon pea variety” highlighted how pigeon pea requires 
lesser amount of nitrogen (N2) into a form useful to the plant. Interestingly, C. cajan 
are reported to require lesser amount of N2 compared to other crops like maize. It 
obtains N2 from the atmosphere, assimilate it and are released to the soil as the plant 
die provided that this legume residues are kept in the field. Motis [17] also high-
lighted that pigeon pea has extensive roots which could grow through hard layers 
of soil aggregates, increasing soil porosity and aeration which in turn improves soil 
fertility. This report therefore is to infer that mixed cropping could be beneficial to 
other crops when pigeon pea is incorporated.

1.1.5 Common bean (Phaseolus vulgaris L.)

Common bean is one of the most familiarized beans worldwide. The developing 
countries especially in the sub-saharan regions mainly rely on common bean as a 
protein source; an alternative to animal protein, which are highly costly and beyond 
the reach of many low-income earners especially among the rural population.

Ismail et al. [18] recently identified six bacterial and four fungal strains which 
were isolated from the common bean (P. vulgaris) root plant for their growth pro-
moting properties using molecular techniques and all the microbial isolates showed 
varying activities to produce indole-3-acetic acid and different hydrolytic enzymes 
such as amylase, cellulase, protease, pectinase and xylase. All the six bacterial 
endophytes isolates were reported to display phosphate solubilizing capacity. To 
increase the reliability of measures, each bacterial and fungal were tested twice by 
conducting a field experiment to evaluate the promotion activity of the metabolites 
of the most potent endophytic bacterial and fungal strains, in comparison to two 
exogenous applied hormones; IAA and benzyl adenine (BA) on the growth and 
biochemical characteristics of the P. vulgaris. Base on the results findings of Ismail 
et al. [18] it was established that both bacterial and fungal endophytic metabolites 
surpassed the exogenously applied hormone in increasing the plant biomass, pho-
tosynthetic pigments, carbohydrates, and protein contents, antioxidants, enzyme 
activity, endogenous hormones and yield traits. Therefore, it could be deducted that 
endophytic bacteria Brevibacillus agri (PB5) shows promising traits as a stimulator 
for growth and productivity of the common bean.

2.  Role of plant growth promoting microbes in sustainable crop 
production

PGPR play a pivotal role in promoting plant growth either directly (by enabling 
resource acquisition of essential nutrients and elements like nitrogen, phosphorus), 
moderating plant hormone levels, or indirectly serving as biocontrol agents by 
decreasing the inhibitory effects of various pathogens on plant growth and develop-
ment [19, 20].

According to Finkel et al. [21], growing crops continuously in agricultural soils 
can result in pathogen build up as well as bring about the emergence of disease 
suppressive soils. These soils in the long run convey resistance to plant pathogens 
and contain biocontrol agents within their resident bacterial community. Hassan 
et al. [22] points out that plant growth promoting rhizobacteria may affect plant 
growth, development and disease suppression by one or more direct or indirect 
mechanisms.

Ahemad and Kibret [23], in their study on the current prospect of mechanisms 
and application of plant growth promoting rhizobacteria point out that 80% of 
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microorganisms isolated from the rhizosphere of various crops possesses the 
ability to synthesis and release of auxins as secondary metabolites. Phytohormones 
like auxins, gibberellins, cytokinin, ethylene and abscisic acid facilitate plant cell 
enlargement and extension in symbiotic and non-symbiotic roots [24]. It is now 
well established from a variety of studies that indole acetic acid (IAA) is involved 
in multiple processes in plant growth and development such as aiding cell division, 
differentiation and vascular formation which are the three most essential processes 
involved in nodule formation. Therefore, it was suggested that auxins levels in host 
legume plants are necessary for nodule formation [23–30]. Supporting this view is 
the study by Camerini et al. [31] that introducing IAA biosynthesis pathway in the 
inoculation with Rhizobium leguminosarum bv Viciae produced potential nitrogen 
fixing root nodules containing up to 60-fold more IAA than nodules formed by 
wild-type counterpart in Vicia hirsute. Therefore, drawing from the extensive range 
of sources, Rhizobium sp. have shown to produce IAA.

Gouda et al. [32] claims that plants have always been in symbiotic relationship 
with soil microbes (bacteria and fungi). The leguminous crops and beneficial 
microbes create a mutual relationship in the rhizosphere to fix the atmospheric 
nitrogen into plant available form. Mehmood’s et al. [33] work on plant growth pro-
moting rhizobacteria is complemented by Hassan’s [22] study of the interactions of 
rhizo deposits with plant growth-promoting rhizobacteria in the rhizosphere, holds 
the view that plant release certain exudates such as sugars, sterols, growth factors, 
etc. which stimulate the movement of beneficial microbes towards plant roots. On 
reaching the root, the beneficial microbes are known to form nodules.

It is documented that 80% of plant available nitrogen comes from biological 
nitrogen fixation (BNF), while remaining 20% is contributed by other non-
symbiotic organisms [34]. Nitrogen fixing organisms are generally categorized as 
symbiotic N2 fixing bacteria including members of the family rhizobiaceae which 
forms symbiosis with leguminous plants (e.g. rhizobia) [28]. Non-leguminous trees 
(e.g. Frankia) and non-symbiotic (free living, associative and endophytes) nitrogen 
fixing forms such as cyanobacteria (Anabaena, Nostoc), Azospirillum, Azotobacter, 
and symbiotic nitrogen fixing bacteria provide only a small amount of the fixed 
nitrogen that the bacterially-associated host plant requires [29]. On a global scale, 
BNF provides the largest input of nitrogen to agricultural soils. Inoculation of these 
efficient plant beneficial rhizo-microbe species usually increases plant’s productiv-
ity. If Rhizobium is inoculated as biofertilizer in the crops such as groundnut, pigeon 
pea, soybean, etc., it can supply ~19–22 kg ha−1 which can raise the production by 
~17–33% [34]. Gouda et al. [32] in a similar study on ‘revitalization of plant growth 
promoting rhizobacteria for sustainable development in agriculture’ reported that 
plant growth promoting rhizobacteria fix atmospheric nitrogen in the soil includ-
ing the strains of Azoarus sp., Beijinrinka sp., Pantoea agglomerans and Klebsiella 
pneumoniae. Symbiotic nitrogen fixing rhizobia within the rhizobiaceae family 
(a-proteobacteria) infect and establish symbiotic relationship with the roots of 
leguminous plants. On the other hand, arbuscular mycorrhizal fungi (AMF) were 
similarly reported to improve growth, nodulation and nitrogen fixation in legume-
Rhizobium symbiosis [26].

2.1 Phytohormone production

Plant hormones or plant growth regulators are a wide range of microorganisms 
within the rhizosphere involved in secretions of substances known as exudates that 
regulate growth and development of organic materials [32]. They are also referred 
to as organic compounds that influence physiological changes in the plant at low 
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concentrations [35]. Like Shah et al. [35] and Gouda et al. [32] hold the view that 
at a minimum concentration (<1 mM), growth hormones/regulators can promote, 
inhibit, or modify growth and development of plants. Similarly, Kumar et al. [36] 
maintain that hormones are the basic chemical signals that influence plant’s ability 
to respond to the environment even at a low concentration of these active organic 
compounds [33]. Surprisingly, these growth regulators (also known as exogenous 
plant hormones) can be induced or activated by certain microbes, such as PGPR in 
plants [22, 37].

Organic plants hormones are classified into five (5) groups; auxins, ethylene, 
cytokinins, gibberellins and abscisic acid [23, 32, 33, 35, 36]. Microbial synthesis 
of the phytohormone; auxin (indole-3-acetic acid/indole acetic acid (IAA)) has 
a long history. According to Ahemad and Kibret [23], 80% of microorganisms 
isolated from various crop rhizospheres have the ability to synthesis and release 
auxins as secondary metabolites. Auxins are a group of plant hormone relevant in 
the advancement of root formation which in turns leads to increase in absorption of 
essential nutrients by the roots of plants [34]. IAA has been implicated in almost all 
aspects of plant growth and development, likewise in defense responses.

Generally, IAA is a commonly produced phytohormone associated with cell 
division, cell enlargement, cell extension, cell differentiation; stimulates seeds and 
tuber germination; increases the rate of xylem and root development and adventi-
tious root formation and initiation; controls vegetative growth process; mediates 
responses to light, gravity and fluorescence; affect photosynthesis, pigment forma-
tion, biosynthesis of various metabolites and resistance to stressful conditions. It 
was also reported that rhizobacterial IAA could increase root exudation by loosen-
ing the plant root cell walls, which in turn helps the rhizobacterial colonization and 
growth [38]. IAA produced by PGPR is also reported to modifying plant morpho-
logical functions to uptake more nutrients from the soil [23, 33–35].

Gibberellins can also alter the plant morphology by elongation of stem tissues 
[34–36]. Ethylene generally is an essential metabolite for the development of 
plants [23].

According to Sarkar et al. [34]; cytokinin has similar functions as gibberellins 
in stimulating lateral shoot development, leading to advance plant development. 
In addition to that, cytokinin encourages tissue expansion, cell division and cell 
enlargement, enhanced root hair formation, inhibition of root elongation, shoot 
initiation, or specific physiological responses in plants [35, 39]. Ethylene is the only 
gaseous hormone [36]. Kumar et al. [36] also referred to it as “wounding hormone” 
because its production can be induced by physical or chemical disturbance of plant 
tissues. Ethylene has many effects on plant growth and development, such as rapid 
seedling death and deprived growth when secreted in excess [33].

Ethylene production in excess can inhibit root growth. Mode of action of some 
PGPR involves the production of 1-aminocyclopropane-1-carboxylate (ACC), a 
deaminase enzyme which significantly improves growth parameters. In the same 
view, Dutta et al. [38] report that ACC deaminase production of PGPR brings about 
growth and advancement by decreasing the levels of ethylene, inducing salt toler-
ance [23] and reducing drought stress in plants. ACC is a predecessor of ethylene in 
the biosynthesis pathway of ethylene in plants [36].

Therefore, it was reported that although ethylene being an essential metabolite 
for plant growth and development, under different stress conditions such as drought 
or salinity stress, the ethylene level drastically increases, this could negatively 
influence plant growth [23, 35]. In a nutshell, several forms of stress are relieved 
by decreasing ethylene production [40]. Through ACC deaminase producers such 
as effects of phytopathogenic microorganisms (viruses, bacteria, fungi, etc.), and 
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resistance to stress by polyaromatic hydrocarbons, heavy metals, radiation, wound-
ing, insect predation, high salt concentration, drought, extremes of temperature 
(hot/cold), high light intensity and flooding.

The major noticeable effects of seed/root inoculation with ACC deaminase-pro-
ducing microbe are root elongation, promotion of shoot growth and enhancement 
in rhizobial nodulation and N, P and K uptake as well as mycorrhizal colonization in 
various crops [23, 33, 38].

Kachroo and Kachroo [41] make an interesting contribution with regards to 
the impact of salicylic acid (SA) and jasmonic acid (JA) in plant defense mecha-
nism. It is a widely held view that many phytohormones are now well known to 
mediate induced defense signaling, SA and JA are two major players that have 
been traditionally attributed roles in regulating plant defenses. SA and JA activate 
specific signaling pathways, which can act individually, synergistically or antago-
nistically, depending upon the pathogen involved. In addition to plant defense, SA 
and JA also regulate various developmental processes including flowering, root 
growth, floral nector secretion, senescence, development, cell growth, trichome 
development and thermogenesis. JA is an important regulator of plant responses 
to both biotic and abiotic stresses and is particularly well known for its role in 
plant defense against insects and herbivores. Febble’s [11] work on C. ensiformis, 
complemented by Ruiz-Santiago’s [14] study of P. lunatus taken together these 
studies provide important insights into the role of legumes in defense against 
herbivorous insects due to the activities of the vital phytohormones. Table 1 

Phytohormones Crops PBRMs

Gibberellin Alder Bacillus sp.

Soybean

Soybean

Cytokinin Soybean Pseudomonas fluorescens

Lettuce and rapeseed Rhizobium leguminosarum

Wheat Paenibacillus polymyxa

Indole acetic acid (IAA) Soybean Bradyrhizobium japonicum

Soybean Bradyrhizobium amyloliquefaciens

Wheat Azospirillum brasilense

Radish Bradyrhizobium sp.

Rice Enterobacter cloacae

Rice Aeromonas veronii

Lettuce Agrobacterium sp.

Lettuce Alcaligenes piechaudii

Lettuce Comamonas acidovorans

Jasmonic acid (JA) Soybean B. japonicum

Soybean Bradyrhizobium amyloliquefaciens

Salicylic acid (SA) Soybean B. japonicum

Soybean Bradyrhizobium amyloliquefaciens

Adopted from [34].

Table 1. 
Plant beneficial rhizosphere microorganisms (PBRMs) as an efficient phytohormone producer in various 
plants.
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summarizes the essential phytohormones in certain crop species and the associ-
ated plant growth promoting rhizomicrobes.

2.2  Role of plant growth-promoting bacteria (PGPR) and fungi (PGPF) in 
sustainable agriculture

In a comprehensive literature review on role of Plant Growth-Promoting 
microorganisms in Sustainable Agriculture and Environmental Remediation [42], 
highlighted the most influential accounts of soil microorganisms, particularly the 
rhizobacteria that have the potential to influence growth, yield and nutrient uptake 
by crops either directly or indirectly as well as maintain soil fertility and health.

PGPR can enhance the plant tolerance by promoting the plant growth, even in 
poor growth conditions and increase agricultural produce of different crops under 
stressful environment [43–45]. Apart from the above-mentioned facts, recent 
reports suggest that application of PGPRs also improves nutritional quality and 
antioxidant status of the crops [46, 47]. Harnessing the above-mentioned plant-
microbe interactions can also help in reclamation of degraded lands, reduction in 
usage of chemical fertilizers and agrochemicals [48]. A prominent agricultural 
symbiotic association exists between the rhizosphere bacteria and roots of the 
legumes by the formation of root nodules. Previous studies showed that plant-
fungal associations are much older than the rhizobia-legume interaction. In various 
plant-fungal interactions fungi help in phosphate acquisition and make it available 
to plants [49]. Some reports also indicate that the DMI-2 protein is required for the 
initiation of the plant-arbuscular mycorrhizae interaction, which helps in phos-
phate solubilization. Although, the underlying mechanism of the PGPR and PGPF 
interactions with the plants are quite different, some studies showed a similarity 
between them. In Medicago truncatula, a type of arbuscular mycorrhizal fungi 
(AMF), the interaction releases some small diffusible factors to activate the similar 
genes by the rhizobacterial nod factor [50]. This confirms the analogy of the PGPR 
and PGPF to some extent and needs further clarification from cutting-edge research 
on the topic. Supporting this view [51], stated that plants use receptor-like kinases 
to monitor environmental changes and transduce signals into plant cells. The study 
further added that M. trancula DOES NOT MAKE INFECTION 2 (DMI2) protein 
functions as a co-receptor of rhizobial signals to initiate nodule development and 
rhizobial infection during nitrogen-fixing symbiosis. However, the mechanisms 
regulating DMI2 protein level and folding associated with arbuscular mycorrhizae 
are still unknown.

Mutualistic association (co-inoculation) of PGPR and PGPF (arbuscular 
mycorrhizae fungi) increases the growth, nutrient uptake potential, and yield of 
the plants [52]. PGPF can directly enhance the nutrient uptake (P, Zn) and water 
use efficiency of the inhabiting plant by increasing the root surface with hyphal 
network. With increased water use efficiency, AMF also controls the N2O emission, 
which is a potent greenhouse gas emitted from agricultural fields [53]. AMF alone 
or in combination with certain PGPR enhances plant growth indirectly by inhibit-
ing growth of root pathogens and optimizing soil structures [54]. Apart from this 
PGPF can also regulate soil health and fertility by improving the overall soil nutri-
ent dynamics [55].

The negative effect of climate change is also mitigated by AMF through mainte-
nance of proper soil aggregation and thereby providing another major advantage to 
agricultural crop production. More and more studies show that the mycorrhizae can 
play an essential role in plant growth by enhancing plant vigor in poorly perform-
ing soils, and through their ability to store large amounts of carbon, which in turn 
may improve some of the effects of climate change. In conclusion, we can say that 
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application of PGPR and PGPF in combination or alone can negate the hazardous 
effect of chemical fertilizers, improve soil health, reduce environmental stresses 
and promote sustainable agriculture [56–58]. The interaction of AMF and rhizo-
bacteria thus can promote plant growth by improving soil structural properties as 
well as the enhanced availability of nutrients and reduce disease progression in a 
sustainable manner [43].

3. Soil health, rhizosphere microbes and sustainable crop growth

The concept of soil health has a long history. Attention was much given to soil 
health in well developed countries initially. This may probably be due to increasing 
concern of global food security in terms demand for high quality food and feed as a 
result of exponential growth in population and to keep in check the state of the soil 
health in general.

According to some studies, some authors are of the opinion that SH has to 
have inherent components before it can be termed as healthy soil, considering the 
biological physical and chemical qualities. Health of the soil is a function of its 
environmental sustainability [59, 60]. There are certain properties to look out for to 
determine ‘healthy soil’. One of the inherent elements of a healthy soil is the ability 
to be adapted to diverse ecological resources in an optimally balanced condition. 
It also has to be self-purifying from soil pollutants through elution or biotransfor-
mation and thirdly, it has to be suppressive of harmful biota (phytophytogenic) 
maintaining beneficial soil microbes [60].

While a variety of definitions to the term ‘soil health’ have been suggested, this 
chapter will use the definition suggested by Semenov et al. [60] that, soil fertil-
ity was traditionally defined as the ability of soil to provide plants with mineral 
elements, water, air and overall ability to live in favorable physical and chemical 
environment. Organic fertilizers when used solely, serves as biological control 
against harmful organisms. Similarly, exclusion of chemical pesticides and using 
genetically modified organisms in organic farming system offers improved physical 
and chemical soil properties. The report established that organic farming increases 
soil health and microbial biodiversity by limiting mass development of pathogenic 
microbes.

According to Soil Science Society of America (SSSA), soil quality is the ability 
of the soil to function within the limits of the ecosystem to preserve its biologi-
cal productivity and quality, ensuring healthy plants and animals. It was further 
established that methods and parameters have been developed, including portable 
devices and sets of tools (Environmental Box Kit Soil quality) for the determination 
of the quality of the soil. These kits are essential in determining soil conductivity, its 
pH, resistance during plowing, density, organic carbon, carbon microbial biomass, 
humidity, moisture capacity, nitrate content, soil respiration rates, etc.

Increasing agricultural production to feed the snowballing population in 
sub-Saharan Africa (SSA) is very challenging [59]. These results due to poor soil 
quality resulting from soil degradation, unsustainable management practices, and 
available arable land for mass production to feed the ever-increasing population 
of subsistence farmers and non-agricultural population. Han et al.’s [61] report on 
organic and inorganic/chemical fertilizers established that both have their positives 
and negatives on plant growth and soil in general. Chemical fertilizers/inorganic 
fertilizers according to their study are reasonably affordable, very rich nutrient 
contents, and could easily be assimilated by plants. Despite these beneficial effects, 
chemical fertilizers when used excessively could affect both the plant and the soil 
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community through nutrient loss, surface water and groundwater contamination, 
soil acidification or basification, reductions in useful microbial communities, and 
increased sensitivity to harmful insects.

On the other hand, organic manure similarly has several positive effects owing 
to the stable supply of both essential nutrients and micronutrients, improved 
microbial activity due to amplified nutrient availability resulting from breakdown 
of harmful elements, improved soil structure and root development and sufficient 
soil water for physiological activities [61]. Organic manure is said to be produced 
from the decomposition of animal byproducts which are utilized to overcome envi-
ronmental degradation and low plant productivity resulting from excessive utiliza-
tion of chemical fertilizers. Organic manure is cost-effective and environmentally 
friendly particularly when waste from livestock industries is recycled which in turn 
promote agricultural productivity.

In a recent development, Fasusi et al. [45] have shown that nodule formation 
is enhanced by the low availability of nitrogen, but microorganisms that produce 
an enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, have the 
potential to degrade 1-aminocyclopropane-1-carboxylate before its conversion to 
ethylene and may also enhance the formation of a nodule. Such formation is part of 
a common strategy developed by leguminous plants and Rhizobiaceae bacteria to 
decrease the concentration of oxygen to which the nitrogenase is exposed due to the 
inhibitory effect of oxygen on nitrogenase activity.

4. Conclusion

This study set out to review in detail the available information on enzymatic 
processes in pigeon peas and related legumes like the allelopathic inhibition of 
nitrifying microorganisms by root exudation of phenolic compounds, legumes’ 
tolerance to drought stresses, high biomass productivity, relationship between 
plant growth promoting bacteria (PGPB) and plant growth promoting rhizofungi 
(PGPF) and general soil health towards sustainable crop production. This study 
has examined the peer reviewed literature on pigeon pea among others legumes as 
having huge untapped potential for improvement of both in quantity and in quality 
of production in Africa. The most obvious finding to emerge from this study is that 
pigeon pea requires lesser amount of nitrogen (N2) compared to other crops like 
maize. Secondly, pigeon pea has extensive roots which could grow through hard lay-
ers of soil aggregates, increasing soil porosity and aeration which in turn improves 
soil fertility. Taken together, these findings suggest a role for pigeon pea in promot-
ing crop yield. The present study is important in furthering our understanding of 
the role pigeon pea and related legumes play in boosting yield when mixed cropping 
is practiced. This is the first study to report an association between underutilized 
African legumes, enzymatic processes involved in mutualistic association of PGPR 
(rhizobacteria) and PGPF (arbuscular mycorrhizae fungi) and nodule formation to 
bring about increases in growth, nutrient uptake potential, and yield of the plants. 
The study is limited by the lack of information on pigeon pea and accurate state-of 
the art about the enzymatic processing of pigeon pea seed in promoting its techno-
functional potentials. The strengths of the study included the in-depth analysis of 
Role of Plant Growth-Promoting Bacteria (PGPR) and Fungi (PGPF) in Sustainable 
Agriculture, Neglected and Underutilized Legumes in Sub-Saharan Africa and 
general Soil Health for Sustainable Crop Growth. Further research should be 
undertaken to explore how the mechanism of enzymatic processing of pigeon pea 
works for sustainable food security.
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5. Challenges and future research perspectives

Role of Rhizosphere Microbes in Soil Fertility and Sustainability ‘Zero Hunger 
Challenge’ is the major goal of human efforts. This goal can be achieved by sustain-
able increment in the arena of agricultural productivity to satisfy the demands of 
abruptly spreading human population. Growing more and more foods from less and 
less farm holdings is a demand feature of our economy. The time of action is now. 
There is growing realization that agriculture must diversify. NUS more especially 
legumes have an important role to play in advancing agricultural development beyond 
the Green Revolution model of improving and raising the yields of staple crops.

NUS are local and traditional but are globally significant and thus require  scientific 
and political attention beyond the local and national levels. Some of the major chal-
lenges to the sustainable use of NUS are neglected by agronomic researchers and 
policy-makers, genetic erosion, loss of local knowledge, marketing and climate 
change. The main purpose for the review is to encourage scientists and policy-makers 
to optimize and promote the benefit of NUS and to create links between scientific and 
traditional knowledge by establishing interdisciplinary research networks to identify 
suitable material for NUS breeding by means of strengthening cooperation among 
stakeholders and creating synergies at local, regional, national and international levels.
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Chapter 15

Function of Urease in Plants with 
Reference to Legumes: A Review
Peter S. Joseph, Dickson A. Musa, Evans C. Egwim  
and A. Uthman

Abstract

Urease (urea amidohydrolase, EC 3.5.1.5) is a nickel-containing enzyme 
produced by plants, fungi, and bacteria that catalyzes the hydrolysis of urea into 
ammonia and carbamate. Plant (especially legumes) ureases hold a special place in 
science history, participating on some important landmarks of biochemistry as it 
was the first enzyme ever to be crystallized in 1926. Finding nickel in urease’s active 
site in 1975 was the first indication of a biological role for this metal. Despite the 
abundance of urease in tissues and seeds of some members of Legumes families, 
and its ubiquity in virtually all plants little has been revealed of the roles of urease. 
This review will explore many faces of these ureases from legumes and other plants, 
their roles, nutritional relationship between plants and the commensal bacteria 
with which they associate. In addition, we will explore the possibility that bacteria 
participate in turnover of the “plant” urea pool. Plant ureases possess insecticidal 
and fungitoxic properties independent of its ureolytic activity. Altogether, with this 
review we wanted to invite the readers to take a second look at ureases from versa-
tile plants especially legumes for various biotechnological applications.

Keywords: legumes, plant, urease, urea

1. Introduction

Ureases (urea amidohydrolase, EC 3.5.1.5) are ubiquitous enzymes produced 
by plants, bacteria and fungi, animals do not produce these metalloenzymes. They 
are found to be the most proficient known enzymes to date, the enzyme catalyzes 
the hydrolysis of urea to form carbamate and ammonia; the carbamate then 
decomposes to form carbon dioxide and another molecule of ammonia, enabling 
the reaction rate to be faster by at least a factor of 1014 when it is compared to the 
decomposition of urea by elimination reaction [1–4]. The proficiency of urease 
Computational modeling brought about a proposal of a value equivalent to 1032 
multiplied by the theoretical rate of uncatalyzed hydrolysis of urea [5]. But in 
solution, it can be debated upon that the value obtained is not visible based on some 
limitation imposed due to the substrate diffusion in water. Ureases from Plants 
maintain a special position in the history of science, involving in some relevant 
events in biochemistry. For example, Urease contributed about three landmarks in 
the history of Biochemistry. One, the Canavalia ensiformis (jack bean) seeds urease 
isolated and crystallized by a scientist called James B. Sumner, who in 1926 demon-
strated the enzymes’ proteinaceous nature [6], this findings in 1946 was laureated 
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with the Nobel Prize in Chemistry. Two, the biological importance of nickel (N2+) 
was in 1975 recognized as obligatory for urease’ catalytic activity after studies 
conducted by Zerner’s and colleagues who reveal the existence of nickel ions in jack 
bean urease’ active site [7]. Three, the identification of a toxin in plant as a urease in 
the year 2001 may be regarded as another breakthrough that has to do with ureases, 
which brought about the discovery of properties of these enzymes that are non-
catalytic [8]. This discovery increased our knowledge on the functions carried out 
by these proteins, asides their function in metabolism of nitrogen [9]. This urease 
enzymes belongs to the super family of phosphotriesterases and amidohydrolases, 
that possesses in their active sight two catalytic Nickel metal(s) with a few reported 
exceptions [8, 10]. Takeuchi’s findings as stated in Real-Guerra et al. make all this 
possible after he observed that Glycine max (soybean) seeds’ crude extracts shows 
high amounts of urease activity [11]. As at that time, research on urease only focus 
on microorganisms and in algae. Takeuchi’s discovery was the first report that shows 
the existence of ureases in higher plants. The advantage of this finding is that it gave 
researchers knowledge on the large availability of urease globally, thereafter, so 
many other researches on ureases were carried out, taking advantage of the legu-
minous plant urease having the aim to understand functions of the enzyme. Urease 
from G. max was among the main focus on enzymology development, involving 
several researches associated with this enzyme which brought about hypothesis 
that were important to Michaelis and Menten’s observation on the reaction rate of 
enzymes and the substrates they catalyzed [12]. Till date, after those first experi-
ments more than a century ago, urease from legumes continued to generate atten-
tion by researchers globally, in various fields such as biochemistry, physiology and 
genetic.

A leguminous plant belongs to the family Leguminosae otherwise known as 
Fabaceae. They produce their seeds around a pod [13, 14]. This plant family is 
large with more than 18,000 species shrubs, climbers, trees and herbs whereby 
only few has been studied for urease extraction and utilization. Common legumes 
that have been used for the extraction of urease include mung bean, Pisumsativum 
seeds, peas, some beans species, peanuts, lentils, soybeans, upins, lotus, green 
beans and sprouts are known as food or grain legumes. Different legumes are 
shown in Figure 1.

Figure 1. 
Some species of legumes.
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In this review, we shall focus on ureases from legumes, providing informa-
tion generated over time and exposes some areas that need to be focused by 
researchers.

2. Metabolic origins of urea in plants

Mammals synthesize urea via the Krebs-Henseleit cycle (also called the argi-
nine, ornithine, or urea cycle) as nontoxic form of jettisoned ammonia [15]. Plants 
usually have the opposite problem, i.e., how to conserve nitrogen, which after 
carbon, is the most limiting element in plant nutrition [16]. This contention is 
consistent with the presence of urease in plants and in most bacteria and fungi [17] 
and its absence in mammals. Whereas in the latter, urea is a nontoxic “waste” form 
of ammonia in excess, in the former, ureolytic activity is necessary to recycle urea 
nitrogen (urea is 47% nitrogen). We discuss in this section the metabolic and tissue 
origins of plant urea.

2.1 The precursor of urea

Arginine, by the action of arginase, is the immediate precursor of urea in the 
mammalian arginine (urea) cycle. Although an active functional arginine cycle in 
plants has been debated [18], it is clear that arginase (EC 3.5.3.1) is widely spread 
in the plant world. Plant arginases resemble the animal enzyme in their high pH 
optima (approximately 9.7) and Mn2+ requirement [18–22]. As arginase is widely 
spread, so is its substrate abundant: arginine is a main nitrogen transport and 
plants’ storage compound. It is the nitrogen main transport compound of decidu-
ous [23] and coniferous [24] trees and a major component of underground storage 
organs (bulbs, roots, tubers [25]). It was shown to be among the amino acids in the 
seeds of 379 angiosperms that is predominant [26]. It was recalculated (in mol %) 
the reported average seed amino acid composition of these 379 species. Arginine 
accounted for 7.7% of seed amino acids and its “N-weighted” contribution was 
21.1% of total amino acid nitrogen, the highest contribution of any amino acid, with 
glutamine a close second (18.6% based on the assumption that half of the glutamate 
in protein hydrolyses came from glutamine) [26]. In Glycine max, arginine contains 
18% of seed protein-bound nitrogen [27]. At least 50% of free amino acid N in 
developing seeds of pea [28] and soybean [27] is in the arginine pool. In addition, 
many legume seeds are exceedingly rich in free canavanine [29], an arginine analog. 
Half of arginine nitrogen (and two-thirds of canavanine nitrogen), in the guanidino 
moiety, is convertible to urea by arginase kanavinase action.

3. Repercussion of urease activity elimination in plants

In higher plants it appears that urea can be assimilated only by urease action. 
Urease-negative plants and cultures, induced genetically [30] with urease inhibitor 
[31, 32] or by nickel deprivation [33–36], have been observed either to accumulate 
urea or to be blocked in the ability to employ urea as a nitrogen source. All plant [37] 
and bacterial [3] ureases are probably nickel metalloenzymes. Seed ureases from 
jackbean [7, 38] and soybean [39] have been shown to contain nickel. Duckweed 
plants [40] and callus of soybean, rice, and tobacco [34, 37] are dependent on nickel 
for maximal growth with urea as sole nitrogen source. Urease appears to be the 
only nickel-requiring enzyme in plants since, as indicated below, nickel-deprived 
soybean plants have the same phenotype as those genetically blocked in urease 
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synthesis [41]. Thus, higher plants appear to lack the ATP-dependent urea amido-
hydrolase reported in algae and yeast [42–45]. This biotin-containing carboxylase/
hydrolase appears not to be a nickel metalloenzyme and has a urea-assimilatory 
function (e.g., [46] in these urease-negative lower eukaryotes. In an interesting 
example of the potential of urease to provide nitrogen for the plant, [47] developed 
transgenic tobacco plants engineered for resistance to cyanamide. The resistance 
gene, from soil fungus Myrothecium verrucaria, codes a cyanamide hydratase that 
converts cyanamide to urea. Although urea levels are raised in such plants, the 
endogenous urease apparently hydrolyzes much of the liberated urea.

3.1 Effect urease on protein deposition and embryo development

Given that urease is the plant’s only means of assimilating urea, the next question 
is the metabolic version of “If you are so smart how come you are not rich?” When 
applied to urease it would read, “If you’re so important how come the plant survives 
without you?” Indeed, completely urease negative mutant soybean plants develop to 
maturity and produce a relatively good yield of seeds that germinate at normal fre-
quency to propagate another generation. However, if the role of urease is to recycle 
urea nitrogen generated from arginine (and possibly ureide) degradation, then a 
protein-rich plant such as soybean may provide a “suppressing” background for a 
urease defect. Soybean has indeed been intensively bred for large and protein-rich 
seeds. However, even in soybean we question the dispensability of urease. Urease-
negative mutant plants [41] and nickel-deprived wild type [35, 36] exhibit necrotic 
leaf tips, apparently due tourea “burn.” Similar observations were made in nickel-
deprived tomato [48, 49]. More important, perhaps, than the deleterious effects 
of leaf burn is the loss of significant quantities of nitrogen in a urea dead-end, lost 
nitrogen that could have a significant negative impact on seed protein deposition 
during pod fill. The assessment of the agronomic impact of a urease-negative phe-
notype on soybean performance requires extensive field testing of isogenic or nearly 
isogenic paired urease-positive and urease-negative lines, preferably in multiple 
environments. To obtain these lines we are currently engaged in the long process 
of backcrossing, generation advance, selection for uniformity in maturity group 
and plant architecture, etc., and amplification of seed stocks [50]. Our prediction 
that total seed protein of plant will decrease as suggested by [36], who reported a 
correlation between seed yield and nickel content per seed. However, there was too 
much variation in their material to obtain a statistically significant difference. It was 
observed that at the time of flowering completely urease-negative soybean mutants 
accumulated approximately 100 dry wt of total leaf (green plus necrotic tip) [41]. 
Assuming that 10% of the leaf dry weight is protein (16% nitrogen), much of which 
is destined to provide amino acids during pod fill, accumulated urea (47% nitrogen) 
represents 18% of the nitrogen in leaf protein. The developing soybean embryo 
does not generate urea [41]. Thus, other than recycling maternally derived urea, 
urease appears to play no direct role in embryo metabolism. However, it is possible 
that in monocots a urease role is more critical in embryo development. It has been 
reported that nickel is essential for development of viable barley embryos [51]. Post 
dormancy grains could not be rescued by nickel, whereas developing grains could 
be rescued by the feeding of nickel to the maternal plant. The role of nickel in barley 
embryo development is not known and may be unrelated to urease. (Urease is the 
only nickel metalloenzyme yet identified in plants). However, it is possible that 
a loss of urease activity under nickel-deprivation conditions leads either to urea 
poisoning or to nitrogen starvation of the embyro. It would be informative to study 
barley embryo development in vitro, where both nickel availability and nitrogen 
source can be manipulated.
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3.2 Effects of urease on germination

What is the consequence of blocking urease action during germination when 
large of amounts of arginine and ureides are mobilized and generate urea? In soy-
bean we observed a 7–8 h delay in germination of its protein-rich seeds imbibed in 
the potent urease inhibitor [52–54] phenylphosphorodiamidate (PPD) [55]. Protein-
poor Arabidopsis thaliana seeds imbibed in water with 50 PPD did not germinate at 
all. That PPD acts specifically on urease and brings about inhibition of germination 
by nitrogen limitation is indicated by parallel dose-response curves for germina-
tion and urease inhibition, and by reversal of inhibition of germination with added 
nitrogen sources, NH, NO, (5 mM), or casein hydrolysate (1 mg/ml) [55]. Similar 
respose was observed for a cyclotriphosphazatriene urease inhibitor [56]. Within 
A. thaliana, large seeds germinated in distilled water tend to produce seedlings 
that survive longer than those from small seeds [57]. Phenyl phosphorodiamidate 
may effectively reduce seed size by depriving the seedling of that portion of its 
nitrogenous reserves catabolized to urea. Hydrolyzed A. thaliana seed meal contains 
5.5 g arginine per 16 g total nitrogen [26]. Thus, 1.76 g or 11% of seed nitrogen (free 
plus that bound in protein and nucleic acids) is in arginine and, potentially, 5.5% 
(or more, if arginine is proportionally higher in “reserves”) seed nitrogen can be 
converted to urea by arginase. Seed nitrogen in nucleic acids is another generator of 
urea; greater than 40% of urea generated in 6-day Arabidopsis seedlings is elimi-
nated by allopurinol [55]. In other species, e.g., Lupinus texensis [58] and wild radish 
[59], larger seeds tend to germinate at a higher frequency than small seeds. We have 
observed a crude correlation, across species, between seed size and resistance to 
PPD inhibition of germination and will extend studies of relative PPD sensitivity to 
large seeded soybeans vs. selected small-seeded sister lines [60], when these lines are 
made available to the public.

3.3 Loss of chemical protection

As described in the next section, G. max contains two different isozymes of 
urease: the enzyme which is ubiquitous is made in all the examined tissues, more 
so, embryo-specific synthesis of urease is dependent to the embryo that is develop-
ing and it is conserved in the seed that is mature where its specific activity is about 
1000-fold higher than that of the ubiquitous urease in any tissue [61, 62]. Since 
mutants that lacks the embryo-specific urease do not display any of the abnormali-
ties related with loss of the ubiquitous enzyme necrotic leaf tips, accumulation of 
urea in leaves or seeds, retarded germination [41] it was concluded that this enzyme 
has no important physiological use. In vitro culture of developing cotyledons of 
pea [63] and G. max [41, 64] indicates that ureases play little or no role in embryo 
nutrition since urea was an extremely poor source of nitrogen. Indeed, urea is not 
normally generated within the developing glycine max cotyledon in vivo [41], in 
agreement with the lack of ureide delivery to the legume embryo from maternal tis-
sues [65, 66]. The obvious question from the observations of the previous paragraph 
is why would the developing soybean embryo and those of jackbean, watermelon, 
and many other members of Leguminosae and Cucurbitaceae [67] invest in a very 
active ureolytic activity when it never “sees” urea. Although much urea is generated 
upon germination [41] and although much of the embryo-specific urease is retained 
in seedling cotyledons and roots [68], the loss of the embryo-specific urease causes 
no discernible increase in seedling urea levels over those of wild type [41]. It is 
suggested, therefore, that the embryo-specific urease plays no urea assimilatory role 
but rather that of chemical defense in seeds. To draw two parallels, at least, with the 
pathogenic effects of bacterial urease on vertebrates, active seed urease could cause 
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either hepatic coma by subversion of the urea cycle or peptic ulceration by local-
ized increases in NH+ and OH-ions (urea + 3H2O + 2NH4

+ + HCO− + OH−). A micro 
aerophilic, bacterium, Helicobacter pylori, can colonize gastric epithelium because its 
active urease creates a more basic micro environment in this acidic milieu [69, 70]. 
Arguments summarized by [71] link urease from bacteria to ulceration of the gastric 
mucosa either by cytotoxicity of ammonia directly or by its prevention of proton 
flux from gastric glands to the gastric lumen leading in a back-diffusion of protons. 
Hepatic coma results when intestinally derived nitrogenous compounds, e.g., 
ammonia, bypass the liver and get to the brain. Administration of urease inhibitors 
has proven effective in reducing hyperammonemia [72, 73]. It is easy to visualize 
an active seed urease mimicking these bacterial effects (the bacterial and plant 
seed ureases have >50% amino acid identity) [74], especially urease aided by other 
cytotoxic components in the seed i.e. protease inhibitors, lectins that disrupt intes-
tinal brush borders [75], etc. Another postulated chemical defense for seed urease 
is its induction of a hostile environment upon microbial and perhaps insect attack. 
With this second model, wounding or infection of the immature embryo will lead 
to the release of arginase from mitochondria that is ruptured. Cytoplasmic arginase 
would generate urea from the large pool of arginine which is at least 50% of free 
amino acid nitrogen [27, 28] and cytoplasmic urease would rapidly convert urea to 
ammonia. It was observed that cultured cotyledons containing the embryo specific 
urease commit suicide (probably by the combined effects of ammonia toxicity and 
medium alkalinization) in the presence of urea (20 mM), whereas those containing 
only the ubiquitous urease isozyme survive and utilize this urea, albeit poorly [41]. 
The assessment of pest resistance and herbivore avoidance of soybean cultivars 
lacking the embryo-specific urease requires extensive field testing of isogenic lines 
exposed to a variety of pathogens and pests. In addition to the abundant storage 
proteins, seeds contain several moderate- to high-abundance proteins with enzy-
matic or other biological activity. It is easy to invoke a plant protection role for many 
of these proteins: phytohemagglutinins (lectins) [75], lipoxygenases [76], ribosomal 
inactivators [77] and inhibitors of amylase [78], and animal proteases [79]. The lack 
of an essential physiological role for many of these proteins in plant is suggested 
by the relatively high frequency of cultivars and varieties lacking one of the urease 
[61], lipoxygenases [80–82], etc. Lack of an essential physiological role for the seed 
(embryo specific) urease is further suggested by the high prevalence of seed urease 
nulls in Japanese populations of Glycine soja [83], a sexually compatible close relative 
of cultivated soybean (Glycine max).

4. Physiology of leguminous soybean ureases and their functions

Carbon followed by nitrogen is the major limiting element for the performance 
of plant [84], and a regular demand for utilization of nitrogen targeting the devel-
opment of mechanism that are efficient for the uptake of nitrogen and metabolic 
pathways for remobilization if nitrogen in plants [85, 86]. A pressure like this even-
tually led to nitrogen content reduction of proteins from plants [87]. Since urea is 
known to be a major source of nitrogen in plants, arginase’ activity is found to be the 
only known pathway involved in the in vivo generation of urea; it may be generated 
also due to ureides and purines degradation [88], even though this pathway happens 
to attract so much debate. The only way urea can be assimilated is after it has been 
hydrolyzed by urease into carbon dioxide and ammonia [89], this happens to be 
the major physiological function attributed to plant ureases [85]. Re-assimilation 
of ammonia will then be performed by an enzyme called glutamine synthetase 
utilizing glutamate as substrate [64]. The activity of urease is found in almost all 
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species of plant and is found to be ubiquitous in all tissues of plants [62, 68, 90], this 
shows the great advantage of its physiological function to the entire plant. For ages, 
the importance of urease-mediated metabolism of urea in plant was not regarded 
because, there was an assumption that plants have difficulty in taking up urea, 
otherwise they are broken down by soil microorganisms leading to the absorption 
of nitrate and ammonia. Presently it has been established that plant can absorb urea 
from the soil actively, via the activity of a committed transporters urea [91] and can 
also process urea imported from the soil efficiently, even though the concentrations 
is high. These discoveries focuses at urease as an area for research on improving plant 
nitrogen metabolism urea that is urea based, the widely utilized fertilizer globally 
[92]. G. max happens to be an exciting model for research based on the physi-
ological function of urease in import plants, because it has so far become the only 
plant that the genome have been sequenced which shows above one isoform of the 
enzyme. Soy bean urease ub-SBU has been identified to be the isoform accountable 
for recycling every urea that is derived metabolically [93–95]. This has been shown 
because mutants with noes-SBU never assemble urea in any tissue and do not have 
any deterioration on urea utilization as the major source of nitrogen, although ub-
SBU is available at levels only 0.1–0.3% that of es-SBU [61, 93]. G. max mutants that 
have no activity of ub-SBU show a distinguishing feature phenotype consisting of 
necrosis of the tips of leaf, because of urea “burn”, and accumulation of urea in many 
tissues [41, 96]. Urease is the only Nickel dependent enzyme discovered in plants 
and the same phenotype as mentioned earlier, has been studied for plants grown 
under the deprivation of Nickel [35].

It is interesting to note that there is no physiological function, either assimilatory 
or that of any other characteristics, could possibly be seen due to bountiful es-SBU. 
In reality, types of cultured cotyledons that are wild were not able to grow due to 
urea presence, because of a sudden increase in pH as a result released ammonia that 
was not controlled. A similar effect was not seen on mutants having ub-SBU only 
[41]. It was concluded that es-SBU could possibly be associated in protection against 
predators in plant. For the case of microbes or attack of insect, protection of chemi-
cal was postulated. Using a model like this, immature embryo that is infected would 
bring about the release of arginase release from mitochondria that is ruptured 
which will generate urea in abundance from the pool of arginine and urease from 
the cytoplasm would transform urea to ammonia rapidly [96]. This hypothesis still 
waiting for demonstration to be carried out, meanwhile a report has been published 
stating that mutants that lack the activity of urease were highly susceptible to be 
infected by microbes [97].

5. Biotechnological potential functions of urease from legumes

Many questions on why ureases are ubiquitous and multimeric has been asked, 
a possible answer is that the “earliest” enzyme may have gotten other form of 
“traits” during the evolutionary pressure of a biosphere that is complex which led 
to increase in competition [97]. Due to these “extra traits” findings on ureases, 
some applications of biotechnology can be suggested. Legumes such as G. max may 
be targeted and attacked by several organisms, which may include virus, fungi, 
nematodes, and insects. These pests and pathogens may cause serious damage in 
pods, seeds, stems, roots and leaves, and most times are specific to tissues [98]. 
Even though measures have been taken for control, pests decrease the G. max pro-
duction globally by about 28% [99], there is need for urgent development of new 
technology for the control of these pests; also exploring natural compounds of plant 
is an important strategy. There are so many biotechnological potentials in respect to 
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plant ureases and their derived peptides. Many sources that are edible are found to 
be in abundant in ureases, which include legumes and potatoes, they are even eaten 
in their raw form e.g. cucumbers, or some fruits like watermelon and melon [97]. 
Hence, issues of bio-safety could possibly be managed better since es-SBU, JBU and 
Jaburetox’ derived peptide seems to be non-toxic to mammalians [100, 101], the 
fungi toxic and entomotoxic characteristics of these molecules are very important 
when putting into consideration the strategies biotechnology which aims to provide 
security to crops that are relevant commercially against natural enemies. The proof 
of an in vivo effect of G. max urease in protecting the plant against fungi [102] 
are creating excitement. The chances of choosing G. max cultivars having higher 
content of urease or to increase the production of these proteins found in the plant 
via genetic manipulations, so as to improve the resistance to fungi and insects, is 
encouraging. In addition, the premise of utilizing naturally occurring proteins in 
plant to increase resistance seems to be more appealing to the public more than the 
option of foreign genes insertion (from animals or microorganisms) into crops. As 
stated some time back that G. max having a high ureases content could be also agro-
nomically valuable, not regarding the defense function, for allowing more thorough 
absorption of fertilizer containing urea by the plant [33, 39]. More so, considering 
the fact that G. max meal is widely used as feed for animals and the potential of 
becoming a source of protein to humans, a higher content of urease in G. max 
could be interesting for increasing nutritional quality of G. max, after processing 
it appropriately, because urease has higher methionine content more than many 
other G. max seed proteins. G. max has a very low amount of amino acids contain-
ing sulfur, about half of which are regarded as best as feed for animal. Even though 
this issue can be dealt with by supplementing the feed with free methionine, the 
supplementation are associated with problems, including leaching of the methio-
nine when processing the degradation of bacteria leading to formation of volatile 
sulfides that are not desirable [103]. Improving methionine content in G. max by 
increasing the biosynthesis of endogenous proteins, like ureases, is an approach that 
is so interesting.

6. Some effects of legumes containing urease used as animal feed

It has been estimated that G. max meal accounts for about 67% of the total 
sources of protein utilized in feeds of animal around the globe [104], because 
of majorly its high concentration of protein which is around 44–48% [105]. 
Nonetheless, G. max possesses an unusual high amounts of bioactive compounds 
having antinutritional or/and properties that are toxic, that possesses on the 
body of animals’ metabolism a negative effect [106]. The content of urease was 
not different evidently among 11 tested soybean cultivars [107]. Contrarily, 
the content of urease was found to vary among several other soybean cultivars 
[108–110], and the urease levels positively correlated with antinutritional effects 
in rats [109]. The negative effects of utilizing meals containing urease as feed for 
animals are reported. Urea is regularly mixed with the feed of animals and, when 
G. max that are not processed are mixed with urea, the activity of urease will 
enabled the release of ammonia, which is an effect that is not desired in a feed 
that are mixed [111]. In ruminant animals, ammonia quickly enters the blood 
which can cause affects that is adverse ranging from depressed feed intake and 
performance of the animal, to Mortality due to toxicity of ammonia [112]. In 
dairy cows, the liver whose responsibility is remove potentially toxic ammonia 
from circulation, was able to remove ammonia added to portal blood until the 
supply was up to 182 mg/min but, at infusion rates that is high, peripheral blood 
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concentrations of ammonia increased, supporting the assessment that a rapid 
hydrolysis of dietary urea can rise above the capacity of the liver to remove it 
[113]. In chickens, it was shown that meals of G. max from a particular source 
regularly produced a high incidence of tibialdyschondroplasia (TD) and the 
major striking difference between the meals was the high antitrypsin and values 
of urease in those that induced the disease [114]. TD incidence was previously 
shown in broilers to increase when 1.5 or 30% ammonium chloride was added 
to the feed [115], meanwhile it was not shown when calcium chloride was added 
[116]. These could indicate that the ammonia released by urease may a function 
in TD incidence on meals of G. max fed on chickens. For addition of nitrogen 
supplement to be allowed in the feed of animals, so as to protect the animals 
from the production of high ammonia level which is toxic, there is need for pre-
treatment of the G. max meal. The major method used is the treatment by heat to 
do away or reduce the anti-nutritional effects and/or factors that are toxic in G. 
max, which include urease [103, 117], meanwhile these treatments should be kept 
at a low level, because it may be possible to destroy some important constituents 
of the seed [106]. To do away with the activity of urease, many effective treat-
ments are required, which includes steam-heating at 120°C for 7.5 min or at102°C 
for 40 min [103], boiling for 60 min. at 92°C [109], and dry-heating at 100°C and 
2 kgf/cm2 for 60 min [117]. All these treatments do away with the activity of ure-
ase, coupled with a reduction of many anti-nutritional factors. The best method 
to evaluate the processing adequacy and final quality of the G. max meals is by 
conducting biological tests. Nevertheless, the required time, complexity and cost 
of these tests have negative effect their use. From 1940s, the use of urease test has 
been in existence as an indirect method of evaluating the adequacy processing G. 
max using heat because it is fast, require minimum skill and minimum amount 
of laboratory equipment. A discovery revealed a correlation that is high among 
trypsin inhibitors activities, lectins and urease, which indicate that the G. max 
processing can be estimated adequately by these analytical criteria to a consider-
able extent. In the past years, several guidelines were developed to facilitate the 
measurement of urease activity [103]. These guidelines are used to quantify 
directly or indirectly the amount of ammonia released. The one that was first 
developed is the method by Caskey-Knapp [118] in a buffer solution the meal 
is incubated with urea and then the addition of phenol red. Meals that are not 
properly processed will lead to an increase in the pH of the solution after incuba-
tion, which will be observed by a change in color of the solution from red-orange 
to pink, but meals that are well processed will show a little or no color change. A 
study suggested another alternative method, having the potential to distinguish 
meals with low levels of the activity urease, based on the meal incubation with 
urea in a buffered solution and using colorimeter to determine the urea residual 
with pdimethylaminobenzaldehyde [119]. Also, a method was propose d for 
direct titration of ammonia as a measure of urease activity [120] and adapted 
[121], whereby urea incubation with the meal is carried out, maintaining the 
pH of the solution by adding HCl slowly. The system is therefore titrated with 
NaOH. The difference in titration between a urease inactivated (control) and the 
sample is considered as the urease activity of the meal. Other two methods were 
developed for determination of ammonia directly, which is based on phenol-
hypochlorite reaction [122, 123]. So many adaptations and modifications of these 
methods were developed as time passes by. Meanwhile, regardless of the method 
used, the activity of urease is a very good indicator of G. max meals that are not 
properly processed. This method could also be applied to other meals suspected 
to contain urease. However, this activity is not a good indicator G. max meals 
that are over processed.
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7. Mechanism of action for insecticidal property in leguminous plant

Ureases from plants such as G. max (soy bean) and jack bean (JBU and cana-
toxin) are discovered to exhibit insecticidal activity in insects with cathepsin 
B-based (cysteine protease) and cathepsin D-based (aspartyl protease) digestive 
system. But no effect was observed in insects that relay on digestive enzymes 
which are trypsin-like [124, 125]. It is interesting to note that, no change was seen 
in the insecticidal effects of canatoxin and G. max ureases was after the enzyme 
was treated with an irreversible inhibitor of ureolytic activity, which indicate that 
ureolytic and insecticidal activities are not related [100]. In canatoxin, it was shown 
that its entomotoxic effect depends on an internal 10-kDa peptide (called pepcana-
tox), which is released by canatoxinhydrolysis by cathepsins in the digestive system 
of insects that are susceptible. Nonetheless, a 13-kDa recombinant peptide named 
jaburetox-2Ec, analog to pepcanatox, was cloned in Escherichia coli and was discov-
ered to have insecticidal activity [126]. But with ureases from plant, there was no 
insecticidal activity seen in bacterial (Bacillus pasteurii) urease [100] and it was pro-
posed that the entomotoxic peptide released from canatoxin by insect cathepsins is 
not present in ureases from microbes due to the subunit structure which is made up 
of two or three chains [100] and peptides that links and connect the different chains 
exhibit the insecticidal activity. Canatoxins has been studied extensively in several 
applications including industrial, agricultural, and medical [127]. Insect pest are 
the main cause of damage in agriculture having negative effect on commercially 
important crops globally. Having transgenic crops with intrinsic resistance to pest 
propose an alternative that is promising for chemical pesticides to prevent the crop 
losses [128]. Since plant ureases exhibit insecticidal property, to know their three-
dimensional structure and the structural basis of their mechanism of its endomo-
toxic peptide could be used effectively for the development of transgenic plants that 
are resistant to insects. From the industrial point of view, a large number of research 
papers have been published four decades ago in legumes urease immobilization 
studies. Legumes urease structural integrity and important resistance to chemical 
and thermal deactivation have been studied extensively for immobilization studies. 
Based on these facts, the present study reveals some details of leguminous canatoxin 
urease, which may be utilized by researchers to design better carriers for enzyme 
immobilization and areas by utilizing these plants.

8. Summary and prospects for research on urease from legumes

In summary there are several indications that urease is important for efficient 
nitrogen assimilation. The urease substrate urea is derived from ureides and argi-
nine. Arginine, is the richest nitrogen repository among the amino acids of legumes 
and plant seeds storage proteins. Urease are significant during the fixation of nitro-
gen in “tropical” legumes for example soybean and other plants. Urease-negative 
plants accumulate substantial, non-utilizable urea in both maternal and embryonic 
tissue. During germination of urease-negative seeds, further urea accumulates 
as a dead end in nitrogen metabolism. Although this accumulation may not be a 
lethal defect for large protein-rich legume seeds like soybean, small or protein-poor 
seeds, such as Arubidopsis, may be severely retarded or blocked in germination by 
the lack of an active urease. The better known, abundant legume seed ureases, for 
example, canatoxin urease, may perform a chemical defense function, similar to 
those postulated for some ureases of pathogenic bacteria. The ureases characterized 
to date, both from plants and bacteria, resemble each other in primary structure 
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and in their requirement for accessory genes. Although the functions of the acces-
sory genes have not yet been fully characterized they are undoubtedly involved in 
insertion of a nickel cofactor at the urease active site. A study of urease has revealed 
what may be a universal phenomenon in plant biochemistry: that enzyme profiles 
may be a composite of both plant and microbial activities. Indeed, the microbial 
contributions may be physiologically significant to the plant; in legume such as 
soybean it has been observed that bacteria are responsible for generating urea from 
ureides and mitigating urea accumulation in some urease negative mutants. In the 
future, there is a real need to quantify nitrogen fluxes through urea and to assess 
in the field and greenhouse the effects of urease inactivation on germination, 
seedling vigor, protein deposition, etc. Such studies are best performed in isogenic 
plant lines differing in the presence or absence of urease. Leguminous plants such 
as Soybean is so far the best experimental subject in light of its battery of urease 
mutants, its importance as a protein crop, and knowledge of its physiology. The 
ability to eliminate the abundant embryo specific urease, exclusively, will allow 
us to focus on its possible defense roles, especially when the seed urease-negative 
trait is combined with those eliminating lectins [82], protease inhibitors [129], and 
other putative defense factors. Obviously, improved understanding of the extent of 
plant-bacterium interdependence requires that we successfully cure plants of the 
bacterium. It is not clear whether this has been achieved, even in plants regenerated 
from cell culture. Finally, we need the knowledge and understanding of the nature 
of ureases’ control and also to find out if urease is participate in the ensemble of N 
assimilatory enzymes whose expression is coordinately controlled.

9. Conclusion

Plant ureases especially those from legumes are without any iota of doubt 
important events in the history of science, which has been an area of research as 
early as 1900s. Nevertheless, despite several researches, there are still lots of work 
that need to be carried out to completely understanding this complex molecule. The 
several characteristics exhibited by these enzyme shows that ureases are not just 
enzymes for the hydrolysis of urea, it also presents a wide array of biotechnological 
applications which are so interesting.

10. Future perspective of urease from legumes

Intensive study of the toxic properties of ureases from plants can be of great 
interest in developing an alternative strategy in agriculture as biosecurity which will 
be very important to crops against so many natural enemies. Urease from legumes 
can also be isolated, purified, characterized and immobilized for the diagnosis of 
urea level of patients in the medical laboratories.
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Chapter 16

Legume Protein: Properties and 
Extraction for Food Applications
Elisha Onyango

Abstract

Grain legumes are important sources of protein for nutritional and techno- 
functional applications. Their protein content is 18-50% protein on dry matter 
basis. Most of the protein is of the storage type, of which 70% are globulins. The 
globulin proteins are mainly legumins and vicilins, which are also known as 7S and 
11S globulins, respectively. Several methods comprising wet and dry processes 
are used to extract protein from legumes. Choice of extraction method mainly 
depends on legume type and desired purity and functionality of extracted protein. 
Dry processing is suitable for starch-rich legumes, and involves fine milling and 
air classification. Wet processing uses solubility differences to extract and separate 
protein from non-protein components. The major extracted protein products are 
protein concentrate and isolate. Functional properties of protein depend on its 
amino acid profile, protein structure, hydrophobic, and hydrophilic effects. The 
major functional properties for food applications are solubility, water absorption 
capacity, oil absorption capacity, gelling, texturization, emulsification and foaming. 
They indicate ability of a protein to impart desired physico-chemical characteristics 
to food during processing, storage and consumption. The food products where 
isolated legume protein can be used include bakery products, plant based dairy 
alternative products, beverages and meat analogues. 

Keywords: grain legumes, protein content, protein extraction, functional properties, 
food applications

1. Introduction

Grain legumes are important sources of protein for food at household level 
and also for applications during food processing. Legume protein has nutritional and 
techno-functional benefits and uses. In terms of nutrition, the protein is a rich and 
low-cost source of some of the essential amino acids, which has relevance for food, 
nutrition security and health. As the world population continues to increase, they 
are sustainable and affordable alternatives to animal protein. They are also increas-
ingly being used in processed food as functional ingredients to impart desirable 
characteristics such as texture. This emanates from techno-functional properties of 
protein such as solubility, emulsification, water holding capacity, foaming, gelation, 
and oil holding capacity. These properties are important in formulation of food 
products such as plant based milk products, bakery products, beverages, meat ana-
logues, and other categories of food products which require incorporation of protein 
as functional ingredient to achieve a optimal product. The functional properties 
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of legume protein varies, and is influenced by type of legume, cultivar, molecular 
weight, amino acid composition, and charge distribution, and processing [1, 2].

Grains legumes are contained in pods at harvest, and are used as food either 
as dry or immature seeds. They are in the class Leguminosae. Their major common 
characteristic is ability to fix nitrogen from the atmosphere as a result of nitrogen-
fixing microorganisms that is present in their nodules. They have been important 
sources of food for humans for over a thousand years in most parts of the world. 
Grain legumes are generally classified as either pulses or oilseed. Pulses include dry 
beans (Phaseolus spp.), dry peas (Pisum sativum), dry broad beans (Vicia faba), 
lentil (Lens culinaris), chickpea (Cicer arietinum), lupins (Lupinus spp), dry cow 
pea (Vigna unguiculata), pigeon pea (Cajanus cajan), bambara groundnuts (Vigna 
subterranea), vetch (Vicia sativa), and other minor pulses. Oilseeds are soybean 
(Glycine max), peanut (Arachis hypogaea), rapeseed (Brassica napus), sunflower 
(Helianthus annuus), sesame (Sesamum indicum) and other minor oilseed crops. 
They form key part of human food, as they are generally good sources of protein, 
energy, and micronutrients [3, 4]. Grain legumes generally have a common charac-
teristic of being rich in protein. Their protein content range from about 18 to 50% 
on dry matter basis [5]. About 40 species of grain legumes exist in the world [6]. 
Besides their use as food, protein from legumes is also added to food during process-
ing to achieve desired functional properties in the end product. They are therefore 
good sources of protein for food applications. Soybean and pea are among the major 
legumes that have been most explored and used in food applications. The other 
legumes have generally found lesser applications in industrial use. Their extraction 
and characterization continue to generate more knowledge on their properties 
and food applications. This chapter discusses protein from grain legumes, their 
 characteristics, functional properties, and extraction for food applications.

2. Grain legume composition and protein characteristics

Grain legumes content of protein, carbohydrates, lipid, and micronutrients 
vary with type of legume, environment and agronomic factors. The macro-nutrient 
content of major grain legumes is approximately 18–50%, 0.8–21%. 60–69% and 
0.9–7.2%, representing protein, oil, carbohydrates and fiber, respectively [6, 7]. 
Composition of grain legumes is presented in Table 1.

Legume protein are generally classified into three groups, namely storage, bio-
logically active, and structural. Storage protein are the most abundant in legumes. 
They are a store of nitrogen for germination. Biologically active protein include 
lectins, enzymes and enzyme inhibitors, while structural proteins are ribosomal, 
chromosomal and membrane proteins. The storage proteins can further be clas-
sified into albumins, globulins, prolamins and glutelins. At the basic level, they 
can be differentiated by their solubility in various solvents. Albumins are soluble 
in water, globulins in dilute salt solution, prolamins in 75% ethanol, and glutelins 
show difficulty to solubilize but are soluble in dilute alkali. They can also be dif-
ferentiated by their occurrence in monocotyledonous, cereals; and dicotyledonous 
plants, legumes. Albumins and globulins are the major storage protein in legumes, 
whereas prolamins and glutelins are the major protein in cereals. Globulin and 
albumin fractions account for about 70% and 10–20% of total protein in legumes, 
respectively [34]. The molecular weight of albumins is about 5–80 kDa, and is 
therefore generally low. Trypsin inhibitors, lectins, and amylase inhibitors may in 
some cases be part of albumins. As nitrogen source for germination, the storage 
proteins are rich in nitrogen containing the amino acids asparagine, arginine and 
glutamine [35].



321

Legume Protein: Properties and Extraction for Food Applications
DOI: http://dx.doi.org/10.5772/intechopen.100393

The major classes of globulin proteins in legumes are legumins and vicilins. They 
are also referred to as 7S and 11S globulins respectively, based on their Svedberg 
sedimentation values (S) [36]. This is similar for peas, soybean and other grain 
legumes. But they occur in different ratios in legumes, but both are oligomers. 
The 11S type is a hexamer made up of six subunits of molecular weight of about 
340–360 kDa; whereas the 7S fraction has molecular weight of about 145–180 kDa 
made up of trimers of molecular weight of about 60–70 kDa [34, 37, 38]. Vicilins 
generally vary among the legumes in terms of molecular weight. Legume protein 
is low in cysteine, cysteine, methionine and tryptophan, which are sulfur contain-
ing amino acids. Only soybean contains all the essential amino acids required for 
human nutrition. Its protein also has good digestibility. Thus it has high quality 
protein almost comparable to protein from animal sources in terms of nutritional 
quality. But legumes in general have high nutritional value due to their high protein 
content, and content of other macro- and micro-nutrients.

Protein occur in structures described as primary, secondary, tertiary and 
quaternary. The primary structure denotes the linear sequence of the amino acid 
of the protein but providing little information that explains protein functionality. 
The higher structures are determined by conformational fold and helps in under-
standing protein molecular characteristics such as net charge, size, shape and other 
properties.

Legume Composition (g/100 g) Ref.

Protein Carbohydrate Crude 
fiber

Fat Ash

Dry bean 
(Phaseolus spp)

16–25 39–56 6.3–18.9 1.5 2.9–4.3 [8]

Black gram 
(Vigna mungo)

24 51–59 5.5 1.44 1.4 [9]

Green gram 
(Vigna radiata)

26–27 62–70 4.6 1.6–1.8 1–3.7 [10, 11]

Dry peas (Pisum 
sativum)

20–30 41–46 3.3–6.5 1–4 2–3 [12–14]

Dry broad beans 
(Vicia faba)

26–38 55–60 6.4–8.4 0.7–1.1 2.7–3.5 [15, 16]

Lentils (Lens 
culinaris)

23–29 60 13–14 0.8 2.4–2.8 [17–20]

Chickpea (Cicer 
arietnum)

17–22 56–63 4.8–8 4.5–5.7 1.9–3.2 [21, 22]

Cowpea (Vigna 
unguiculata)

27 69.8–76 1.4–14 5 3.2–4.1 [23–25]

Pigeon peas 
(Cajanus cajan)

19–21.7 54 9.8–13 1.2–1.3 3.9–4.3 [26, 27]

Lupin (Lupinus 
spp)

40 47.7 10.8 8.9 3.15 [28]

Soybean 
(Glycine max)

40–44 30–34 4.5 18–19 3–4.8 [29–31]

Peanut (Arachis 
hypogea)

24–28 38 4.1–4.8 44–49.5 2.3–2.5 [32, 33]

Table 1. 
Composition of selected legume sources of protein.
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3. Technologies for extracting legume protein

Several technologies exist for extraction of protein from legumes. Some have 
found success in commercial processing, while others have not mainly due to 
economics of the technologies. The methods include several wet extraction and dry 
processes. Extraction of protein from legume to an appropriate level of purity is 
necessary for its use in food formulations. Choice of extraction process depends on 
amount of protein required in the protein extract, legume type, functionality  
desired in the protein and nature of previous processing [35]. The processing 
methods can generally be classified into two categories, namely aqueous and dry 
processing. The various legumes differ in composition as some are lipid rich, while 
other are starch rich. Each is suitable for protein extraction using a particular 
method. Dry processing which involves fine milling and air classification is suitable 
for starch-rich legumes as pea and faba bean, but generally not used to process  
oil-rich legumes such as soybean, peanut and similar seeds [5, 39].

3.1 Aqueous extraction

Aqueous processing involves using water or alkaline solution to solubilize 
protein from legume flour or flakes in the initial processing step. It uses solubility 
differences to separate protein from carbohydrates, fiber and other non-protein 
components. This is then followed by purification and drying. This method has 
been used for several decades in soy protein extraction. Extraction efficiency 
depends on pH, temperature, ionic environment and solvent to flour ratio. It has 
variations depending on raw material which is being used for protein extraction. 
It is desired to achieve highest protein recovery without the process being detri-
mental to protein functionality. The major extracted protein products in terms of 
 application in food are protein concentrate and isolate.

3.1.1 Protein concentrate

Processing of grain legumes into protein concentrate follows the following 
general steps, namely cleaning, de-hulling, flaking, defatting, protein extraction, 
neutralization and drying. Production of protein concentrate from legumes is illus-
trated in Figure 1. De-fatted soy flakes or flour is the starting raw material. Protein 
extraction can be carried out using three methods. The methods are washing with 
(1) aqueous alcohol (60–90%), (2) acid leaching at pH 4.5 and (3) moist heat water 
leaching. If extraction was done using alcohol, solvent is removed in a process step 
referred to as desolventization. The protein may then be neutralized to pH 7 then 
dried. Drying options include drum drying and spray drying, with the latter being 
preferred and most commonly used. Protein concentrate products contain about 
70% protein.

3.1.2 Protein isolate

Protein isolate is more refined than concentrate. Its processing generally involves 
alkaline extraction of protein followed by protein recovery at their isoelectric pH of 
about 4.0–5.0, depending on the legume. The general principles of this extraction 
approach can be applied, with appropriate modifications, to extract protein from 
different legumes. Process options exist for unit operations such as preparation, 
defatting, pH of carrying out protein recovery and drying. The general process and 
its possible modifications are described here. Figure 2 illustrates processing steps 
involved in production of protein isolate from legumes.
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Processing starts with cleaning of legume seeds to remove impurities such as 
stones, mold infected seeds, discolored seeds, sand, soil and other foreign matter. 
Grains such as soybean, chickpea, and pigeon pea are du-hulled to remove the 
fiber-rich seed coat. The seed coat is also referred to as hull, husk, testa, or husk 
depending on grain legume. The grain is then prepared into flakes or flour. Then 
defatting is carried out. The most commonly used method to remove fat is by 
hexane extraction. It can be carried at either low or high temperature of around 
60–80°C. The high temperature also inactivates lipoxygenase, which contributes 
to causing off-flavors in the resultant extracted protein. Defatting using hexane 
leaves residual oil of about 0.5–1% (w/w) of the extracted protein. The residual 
lipid is composed of phospholipids and polar lipids. They cannot be extracted with 
hexane. They are sources of off-flavors as they participate in auto-oxidation and 
lipoxygenase mediated reactions. Following defatting, the solvent is the recovered 
from the meal and oil. Alternative defatting processes include supercritical carbon 
dioxide extraction, enzymatically aided extraction, organic solvent extraction, and 
aqueous extraction [40]. They have various degrees of efficiency and cost implica-
tions. They have however not been used for commercial processing due to cost and 
efficiency.

The intermediate product obtained at the above step can be toasted and cooled 
to make defatted soy flour. Toasting is applied to inactivate trypsin inhibitors. 
The product obtained from removal of solvent is also called flakes, which can 
also be milled into flour, as starting materials for aqueous extraction into protein 
 concentrate and isolate.

Figure 1. 
Process flow diagram for production of protein concentrate.
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To extract proteins, the flakes is milled into flour and mixed with water at a 
ratio of 1:6. The pH is adjusted to 9 using lye so that protein goes into solution. 
Legume proteins are generally soluble in aqueous media. In solutions where pH 
is less or greater than isoelectric pH, a net positive or negative charge occurs 
resulting in repulsion and protein staying in solution [41]. Clarification is then 
carried out to remove non-protein insoluble materials such as carbohydrates 
and insoluble fiber. Clarification can be done using centrifugation, filtration or 
membrane process. Protein is then recovered from the solution. Recovery can be 
done using ultra-filtration or precipitation. Precipitation can be achieved using 
isoelectric precipitation, salting out, salting in, heating or organic solvents. 
Isoelectric precipitation is the most commonly used method during commercial 
scale processing. It is generally not detrimental to protein functionality. But it may 
cause protein to aggregate and also result in changes in solubility as a result of 
non-covalent interactions. Isoelectric precipitation is carried out by adjusting the 
acidity of the protein solution using dilute acid to pH 4.0–5.0. Separation is then 
done by centrifugation or decanting. The resultant protein is washed, then may be 
neutralized to pH 7. Final processing step involves drying by spray or drum drying. 
In the former method, a thin layer is applied to a heated drum to evaporate water. 
The preferred method is however spray drying because it gives protein that has less 
heat damage. Some aggregation may however occur. Protein isolate contain at least 
90% protein.

Figure 2. 
Process flow diagram for production of protein isolate.
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3.2 Dry extraction

Dry fractionation can produce protein-enriched products which possess native 
functional properties. This is mainly because the process is mild [5]. Dry process-
ing involves physical separation of starch and protein. It relies on the principle 
that milling can separate protein bodies from other seed components to give flour 
streams that is fractionated into different components. This has applications in 
starch rich legumes such as pea and faba bean. The method is however not applica-
ble to grains that are rich in oil. In general, size of starch granules partly determines 
suitability of a particular legume for dry fractionation [5]. Milling is considered 
effective when it removes the protein bodies from starch granules, the latter being 
bigger in size. For pea and faba bean, starch and protein can be separated by milling 
followed by air classification. During air classification, protein separate as fine par-
ticles while starch are the coarse particles. Protein are separated as the light fraction, 
and starch as the heavy fraction based on their different shape, density, and size. 
This results in protein and starch enriched fractions.

Dry process involves milling and air classification. Starch granules are separated 
from protein bodies during fine milling usually by pin milling. This enables their 
separation during fractionation by air classification. Two processes are therefore 
involved in dry processing, namely, reducing particle size by milling and separation 
of the particles using their shape, density, size, and electrostatic properties [42]. 
The starch rich fraction is re-milled and fractionated. Particle size and shape are 
the main properties which are manipulated during dry extraction. The particle size 
can be varied by size reduction in the range, coarse, >500 μm; fine, 50–500 μm and 
ultrafine, <50 μm. Particles sizes selection enhance protein and starch enrichment 
and also reduce content of undesirable components such as anti-nutrients. Impact 
mill can produce the above range of particle size, while hammer milling can be used 
to produce only coarse and fine particle size. Ultrafine milling is used for protein 
and starch enrichment with pulses such as peas and faba beans. Air classification 
is applied after fine milling to obtain protein enriched fraction. The resulting end 
product has its protein content doubled compared to the raw material. Dry milling 
of faba bean and Lima bean have been reported to give protein yields of 63–75% and 
43–50%, respectively [5, 42]. Air classification has not been found to be successful 
with oilseeds due to generation of free lipids [5].

4. Functional properties and food applications of legume proteins

Legume proteins have diverse application in foods due to their functional 
properties. They contribute to food having desirable textural characteristics during 
processing, storage and consumption. The major functional properties that are rel-
evant for food applications are solubility, water absorption capacity, oil absorption 
capacity, gelling property, texturization, flavor binding, emulsification and foam-
ing. These properties depend on amino acid profile, protein structure, hydrophobic, 
and hydrophilic effects. The functional properties that are key to their application 
in food are reviewed below.

4.1 Functional properties

4.1.1 Solubility

Solubility of legume protein is important in formulation of products such as 
plant based dairy alternative products and beverages among many other similar 
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products. Protein possess minimum solubility at pH corresponding to their p1. This 
is because of a zero net charge at their pI which results in aggregation of proteins. In 
general, legume proteins have minimum solubility in the range pH 4–4.5, and solu-
bility maxima at above pH 8 and below pH 2.5. There solubility is high at low and 
conditions, and high alkaline conditions. Solubility is lowest at the isoelectric points 
of proteins. This is taken advantage of during protein extraction when purifying 
proteins. Solubility of proteins is affected during processing depending on level of 
heat treatment. Protein of high solubility is achieved by mild processing conditions 
mainly in terms of heat treatment. Solubility of legume proteins generally vary with 
heat treatment and pH [43].

4.1.2 Water absorption capacity

Water absorption capacity (WHC) refers to the amount of water that protein 
can absorb. It is also be referred to water binding capacity. Commercially prepared 
soy protein isolate can absorb water at 4–5.5 times its weight, and 2.4–3.4 for 
concentrates [4]. In fava bean, lentils, cow peas, chickpeas, soybean, beans and 
peas WHC was reported to be in the range 2.39–6.78 g of water per gram of protein 
concentrate [44]. This generally indicates wide variation in WHC, and suggests 
that some of the protein isolates are better suited than others for use where WHC 
is intended to be achieved. Soybean and pea protein isolates have been reported 
to improve viscosity and prevent syneresis in cultured dairy products [45]. These 
are partly functions of their WHC. In another study [46], WHC was found to be 
4.09–6.13 g/g for pinto bean, lima bean, red bean, kidney bean, black bean, navy 
bean, red bean, mung bean, lentil and chickpea. WHC of flour produced from 21 
legume samples which included green gram, chickpea, lentil, soybean and several 
bean varieties was found in another study to be 1.32–3.14 g/g [47]. Protein products 
from legumes are in the form of flour, protein concentrates and isolates. They differ 
in level of refining, with flour being less refined and isolate being highly refined 
source of protein. The various forms of protein have different uses. Refining whole 
flour such as by defatting and removal of other non-protein components as much 
as possible improve functional properties such as WHC and oil holding capacity 
[48]. Compared to other legumes, soybean and pea have generally been extensively 
characterized for functional properties and also used in food applications. WHC 
of 7 protein isolates from 7 pea cultivars were reported to range be in the range 
1.88–2.37 g/g [49].

4.1.3 Oil absorption capacity

Oil absorption capacity (OAC) refers to the weight of oil absorbed per unit 
weight of protein. Legume proteins have been reported to have OAC in the range 
1–4 g/g protein [50, 51]. OAC has been reported to be in the range 3.46–6.37 grams 
oil per gram of protein concentrate in fava bean, lentils, cow peas, chickpeas, 
soybean, beans and peas [44]. Like WHC, OAC also varies among legumes, thus 
they vary in their effectiveness in achieving OAC. Lentil and chickpea and several 
types of common beans was reported to have OAC in the range 0.93–1.38 g/g [46]. 
In another study, flour prepared from 21 legume samples comprising green gram, 
chickpea, lentil, soybean and several bean varieties had OHC of 0.62–2.57 g/g [47]. 
OHC as well as other functional properties will vary with type of legume as well 
as form of protein. In a study, OHC of protein isolates from 7 pea cultivars ranged 
from 1.07 to 1.40 g/g [49].
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4.1.4 Emulsification

Plant protein exhibit emulsifying properties. This relates to their ability to stabi-
lize oil in water and water in oil emulsions thereby reducing interfacial tension and 
phase separation [15, 52, 53]. Thus they play a role as emulsifiers due to hydrophobic 
and hydrophilic balance at the interface of oil and water. Proteins align at interface 
so that the hydrophobic part face the oil phase, while its hydrophilic part face the 
water phase. Emulsification properties can be measured using methods such as 
turbidimetric method and droplet size measurement. The former comprise emul-
sifying activity index (EAI) and emulsifying stability index (ESI). Emulsification 
properties of legume protein affected by pH, temperature, protein concentration, 
and ionic environment [46]. Bean and pea protein isolates were reported in a study 
to have similar emulsifying capacity of about 27%, but emulsion stability was 
higher for pea protein isolate [54]. A study reported emulsifying activity index 
and emulsifying capacity index of protein isolates from 7 cultivars of pea to be 
31.09–39.05 m2/g and 10.97–11.26 min, respectively [49]. Pea and soybean protein 
products are one of the most characterized and used in food applications.

4.1.5 Foam formation and stability

Legume protein are also important in foam formation and stability. When 
protein unfold to form a interfacial skin that hold air, this is referred to as foam. 
Foaming property of a given legume protein can be measured by homogenizing 
known concentration of protein dispersion to form foam. Foam capacity (FC), 
also known as form expansion (FE), is calculated as percent increase in volume 
from whipping, and foam stability (FS) measures change in volume over time 
[39]. Foaming is utilized in food applications such as whipped toppings, cakes, 
meringues, leavened breads and beverages. In a study, protein from fava beans had 
high foaming capacity than protein from lentils, cow peas, chickpeas, soybean, 
beans and peas [44].

4.1.6 Gelation

Legume proteins, as other proteins, can also form gels upon heating. Heat 
induced gelation involves unfolding of proteins, and exposure of reactive groups 
leading to aggregation into a gel. Gelation imparts characteristics such as water 
holding capacity to the food. It also holds ingredients. This has applications in foods 
such as meat and desserts. Gelation affected by pH and ionic environment. Gelling 
effectiveness is evaluated using the parameter, least gelling concentration (LGC) 
which is the lowest concentration of protein required to form a stable gel [19]. 
Legume protein can provide suitable gels for food applications [55–57].

4.2 Food applications

Legume proteins applications in food formulation are in the areas of nutritional 
enhancement, technological and functional properties. The advantages of using 
plant proteins include their being abundant, low cost, and healthful compared 
to alternatives such as chemical based ingredients. Legume proteins can be used 
in the form of flours, concentrates and isolates depending on the particular food 
application. Soybean is currently the most widely used legume protein. The areas 
where the proteins can be used include bakery products, plant protein based dairy 
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type products, meat analogues, and emulsifiers [5, 58–60]. Bambara groundnuts 
can have applications in acidified high acid beverages owing to properties of vicilin 
fraction of its protein [61].

5. Conclusions

Grain legumes are important sources of protein and other macro- and micro-
nutrients. Besides having a significant role in nutrition and food security where 
they are grown, they are also source of proteins whose functional properties have 
diverse food applications. As the world population continues to increase, legume 
protein have potential to play a significant role to fill the gap for demand for more 
protein. Methods for extracting legume protein for food applications can generally 
be classified into dry and aqueous methods. The various legume proteins still need 
to be characterized for their ability to impart desired physico-chemical properties in 
food systems during processing, storage and consumption.
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Abstract

African yam bean, an underutilized legume usually cultivated for its edible 
tubers and seeds, is known for its nutrition-rich qualities; however, the crop’s level 
of consumption is low. The underutilization of the crop could be attributed to 
several constraints, including long cooking hours of up to 24 hours. Cooking time 
is an important food trait; it affects consumers’ choices, nutrients content, and 
anti-nutrient conditions. Additionally, foods requiring long cooking hours are non-
economical in terms of energy usage and preparation time. The prolonged cooking 
time associated with AYB places enormous limitations on the invaluable food 
security potentials of the crop. Therefore, the availability of AYB grains with a short 
cooking time could lift the crop from its present underused status. To efficiently 
develop AYB grains with reduced cooking time, information on the crop’s cooking 
variables is a prerequisite. This review presents available information on variations 
in cooking time, cooking methods, and processing steps used in improving cook-
ing time and nutrient qualities in AYB. Likewise, the review brings to knowledge 
standard procedures that could be explored in evaluating AYB’s cooking time. This 
document also emphasizes the molecular perspectives that could pilot the develop-
ment of AYB cultivars with reduced cooking time.

Keywords: Seed hardness, Mattson Bean Cooker, GWAS, QTL, Cooking Time

1. Introduction

Food and nutrition security which is part of livelihood, is notably attracting 
the attention of stakeholders, spanning across nations, research organizations, the 
general public, academic institutions, and policymakers. At present, the world popu-
lation is estimated at 7 billion; however, by 2050, the population is expected to reach 
9.3 billion. As of 2017, the number of food-insecure people worldwide was estimated 
at 690 million [1]; however, by 2050, a 70–85% increase in food production will be 
needed to feed the projected 9.3 billion people [2, 3]. Notwithstanding, upscaling the 
adoption and utilization of sustainable crops offers considerable potentials in boost-
ing food production amidst the prevailing challenges.

Grain-Legumes are sustainable, capable of surviving under harsh climate 
conditions. The grain legumes require minimal fertilizer inputs because of 
their ability to fix atmospheric nitrogen through symbiosis with soil Rhizobia. 



Legumes Research - Volume 2

336

Also, intercropping legumes with other crops has improved soil fertility and crop 
productivity [4–6]. Importantly, legumes are a good source of food and feed for 
humans and animals, respectively; crops within the legume category are nutri-
tionally rich; most significantly, they provide affordable sources of protein  
[7, 8]. The contribution of legumes as food and feed differs across types, while 
some legumes are known worldwide and considerably utilized (soy bean) (Glycine 
max L), common bean (Phaseolus vulgaris L), cowpea (Vigna unguiculata L.))  
others are less known and underutilized (African yam bean (Sphenostylis steno-
carpa Harms), lablab beans, (Lablab purpureus L) wing bean (Psophocarpus 
tetragonolabus L.). Adopting and accepting underutilized legumes such as African 
yam bean as a food crop is vital for their survival; nevertheless, AYB’s adoption 
and utilization is intertwined with several factors, including cooking time, nutri-
ent potentials, palatability, and value-added products.

1.1 African yam bean

African yam bean which, is commonly referred to as AYB, is one among the 
underutilized grain legumes of tropical Africa. The crop is grown for its edible seeds 
and tuberous roots. Figure 1 presents AYB seeds harvested from a field evaluation 
in 2020. AYB seeds are enclosed in pods measuring about 3–15 cm long, such that 
a single pod can accommodate up to 30 seeds. The crop is a climber usually grown 
in mixed cropping with major crops [10–12]. AYB is locally adopted and has wide 
adaptability across diverse environmental conditions [13, 14]. Even though the crop 
is usually cultivated as an annual crop [15–17], some schools of thought consider 
it as perennial [18–20]. The cultivation of AYB majors among smallholder farm-
ers across sub-Saharan Africa, of which Nigeria is one country prominent on the 
list [21]. The consumption of AYB is known to contribute to daily nutrition, food 
availability, and diet diversification to communities utilizing it; this date back to the 
Nigerian civil war of 1967–1970, where the crop’s food and nutritional potentials 
were efficiently utilized in fighting malnutrition and hunger [15, 22–24].

The seeds of AYB provide an affordable source of protein when compared with 
other plant sources and animal extract. Aside from its rich protein content, its high 
carbohydrate content [25, 26] is comparable to the amount reported in grain cereals. 

Figure 1. 
Dried AYB seeds. (A) Non variegated seeds (B) Variegated seeds. Source: field evaluation (Shitta et al. [9]).
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AYB’s amino acid (histidine, isoleucine, lysine, methionine) profile is more in quan-
tity than the amount observed in soybean [27–29]. Likewise, several authors have 
reported the presence of essential nutrients in AYB’s seeds [25, 26, 30–36]. AYB tubers 
(Figure 2) contain considerable amount of magnesium (167 mg/100 g), potassium 
(1010 mg/100 g), protein (15–16%), and carbohydrate (67–68%) [34]. In addition to 
the crop’s nutritional qualities, the crop is flexible for use in various diets; it can be uti-
lized as a condiment, or as a whole meal, or as a snack. The contribution of AYB in feeds 
enrichment is an added advantage of the crop’s food and nutrition attributes [37, 38].

Considering the enormous potential of AYB and its role in some African traditions 
[39–41]; the efficient utilization of AYB can reduce hunger and nutritional challenges 
in sub-Saharan Africa. Nevertheless, the food potential of the crop remains widely 
untapped, which can be attributed to several constraints such as long cooking hours 
of up to 24 hours [41–44], a long-maturity cycle of 9–10 months [16, 17, 45], and the 
abundance of anti-nutrition factors [35, 46–49]. However, the genetic variability 
reported in the crop [9, 50–53] provides a foundation for breeders to develop improved 
cultivars. In particular, the availability of AYB cultivars with reduced cooking time 
could boost the cultivation and consumption of the crop. Up-to-date information on 
cooking-related attributes is a prerequisite for improving cooking time trait. Keeping 
the above in view, the present review brings to knowledge cooking variables reported 
in AYB. Also, the review proposes the application of standard procedures and molecu-
lar technology for advanced studies. Furthermore, the present document is intended to 
stimulate more research interest towards improving cooking time in the crop.

Figure 2. 
AYB tubers. Source: field evaluation (Shitta et al. [9]).
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1.2 Structure of African yam bean seeds

Past research investigations have explained the relationship between seed 
properties, variety type, seed storage conditions, and cooking time [54, 55]. 
Table 1 presents the physical properties reported in AYB seeds. AYB seeds are, 
dicot in nature and they can measure up to 10 mm in length and 7 mm in width 
and thickness[9, 50–53, 56]. The seeds of AYB differ in texture across germ-
plasm; they could be rough, wrinkled, or smooth. The electron microstructure 
study of seeds revealed the presence of smooth starch granules exhibiting 
different sizes and shapes [57]. The cells were bounded by cell walls same as 
observed in other legumes [58, 59]. Likewise, the round undulating surface 
observed in the cotyledon is similar in structure to that of cowpea [59, 60]. 
For seeds subjected to milling, the cotyledon and cell components showed 
structural change. Equally, cell wall materials and protein matrix were reduced 
to flakes and particles; however, the structure of starch granules remained 
unchanged. The micrographs of cotyledon, flour, and starch showed the size 
of starch granules within the range of 4–40 μm for lengths and 4–25 μm for 
diameter [57].

2. Cooking quality in African yam bean

Preparing and cooking food is an integral part of daily living [61, 62]. For 
example most grain legumes are subjected to cooking before consumed; the cook-
ing process converts raw food into a ready-to-eat product. Also, cooking facilitates 
the destruction of foodborne pathogens, thereby eliminating microbial hazards 
and achieving quality [63]. Moreover, the physical and chemical changes that 
occur during cooking increases the digestibility and availability of nutrient for use 
and storage in the body [64]; through processes including inactivation of anti-
nutrient, starch gelatinization, proteins denaturation, leaching of polyphenols 
and solubilization of polysaccharides among other factors [59, 65, 66]. Despite 
the importance of cooking in food and nutrition the cooking culture is dwindling, 
especially in industrialized societies where individuals are exposed to a busy 
lifestyle with little time at their deposal. To cope with busy schedules, consump-
tions are choosing convenience food that requires less cooking time. Also, reports 
have shown that consumers are ready to pay more in exchange for long cooking 
hours [67, 68].

Cooking time, an attribute of cooking quality is defined as the time from the 
beginning of cooking up to when the food becomes tender and suitable to eat [66, 
69]. AYB, the same as most legumes is characterized by seed hardness, requiring long 

Seed thickness (mm) Seed length (mm) Seed width (mm) 100 seed weight (g) References

— 8.90 6.90 24.70 [23]

6.99 8.69 6.80 29.79 [56]

6.66 8.57 6.77 28.80 [51]

6.30 8.21 — 20.83 [48]

6.22 8.06 6.31 22.42 [53]

6.20 8.40 6.35 25.30 [9]

Table 1. 
Means of some physical properties reported in AYB seeds.
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cooking hours of up to 24 hours (Table 2) in some scenarios [80]. Seed hardness has 
been identified as a heritable trait but also affected by seed composition, produc-
tion, and, storage environment [54, 81, 82]. The mechanism by which seeds become 
hard-to-cook is categorized as a very complex phenomenon; it includes processes such 
as changes in the intracellular cell wall, middle lamella, polysaccharides, and other 
components. The hard-to-cook mechanism in seeds has been extensively reviewed by 
authors [83–85]. According to a particular study, an increase in calcium ion concentra-
tion led to a subsequent increase in seed hardness and a decrease in phytate concen-
tration. It was also reported that a higher rate of leaching in phytate and peptic acid 
occurred in cooked and soaked hard-to-cook seeds than in fast-to-cook seeds [85].

Generally, grains with short cooking time are more preferred by consumers; 
because less time is invested in their preparation, and importantly less energy is 
spent when compared to energy requirements for grains with long cooking time. 
In addition, several studies have shown that nutrients such as minerals and pro-
teins are conserved when grains are cooked over a short period. In contrast grains 
requiring long cooking hours usually lose a significant amount of nutrients [55, 86]. 
Cooking methods reported in AYB include boiling, steaming, roasting, and frying. 
However, advanced procedures including, sensory analysis: involving sensory panel 
[87, 88]; tactile method: [89] a method of compressing seeds within the thumb; 
texture analysis: [87] a method that measures the resistance of seed compression 
using a texture analyzer [90] have been investigated in major legumes.

2.1 Cooking method reported in AYB

2.1.1 Boiling

Boiling cooking method is a moist approach whereby the target food is sub-
merged into a liquid. Cooking is achieved through the transfer of heat from the 

Source Cooking method Cooking time (mins) End product References

Whole AYB seeds Boiling 480 Flour [70]

Whole AYB seeds Boiling 228 Paste [47]

Whole AYB seeds Boiling 60 Porridge [71]

Whole AYB seeds Roasting 60 Flour [47]

Whole AYB seeds Roasting 10 Flour [43]

Whole AYB seeds Boiling 155 — [43]

Dehulled AYB and 
maize flour

Frying 10 Kokoro [72]

Dehulled AYB wet 
flour

Frying Cheese [73]

Dehulled AYB-wheat 
flour

Baking 20 Cookies [74]

Dehulled AYB 
cowpea flour

Steaming 50 Moi-moi [75]

Dehulled AYB wet 
flour

Steaming 60 Moi-moi [71, 76]

AYB-maize-coconut 
fiber

Roasting 5 Flour blend [77]

Whole grain Roasting 45 Flour [78]

Whole grain Roasting 300 Flour [79]

Table 2. 
Source, cooking method, cooking time, end product, and references reported in AYB cooking experiments.
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cooking equipment to the liquid in contact with the food. The food surface absorbs 
the heat and through conduction, the heat passes through to cook the food. The 
boiling method was experimented with selected AYB grains. The steps included 
boiling the grains in water for 480 minutes (Table 2) and thereafter oven drying for 
24 hours before milling into flour [70]. In another report, AYB grains were boiled 
for 228 minutes. The analysis of the boiled seeds showed a reduction in phytate 
content and an increase in moisture content [47]. In addition, the boiling cook-
ing method was reportedly used in preparing porridge. The procedure included 
presoaking seeds overnight and boiling them for 60 minutes. The porridge analysis 
showed an increase in carbohydrate, gross energy, fiber, lipid, water absorption 
capacity, oil absorption, bulk density, and gelation capacity however a decrease in 
protein and moisture content was observed [71].

2.1.2 Roasting

The roasting method is commonly used in preparing “roasted AYB grain,” a 
popular snack consumed in combination with other food in South-East Nigeria  
[19, 40, 43]. Roasting was effective in increasing the level of phosphorus and 
in-vitro protein digestibility of grains. An increase in phytic acid was also reported; 
however, the tannin level was shown to be at the barest minimum [43]. In the 
preparation of breakfast cereal from AYB grains in combination with maize and 
coconut fiber, the blends were roasted for 5 minutes at 2800c temperature. The 
formulated blends revealed a protein content of 18.26%, moisture content of 4.20%, 
ash content of 7.36%, and energy content of 339.47% [77]. The roasting approach 
was likewise used in preparing AYB flour. The grains were subjected to roasting for 
45 minutes (Table 2) using firewood as the energy source. Then, the roasted grains 
were dehulled and milled. The analysis of the roasted flour showed a decrease of 
about 0.27 mg/100 g in the level of the tannin content [78]. In a separate study, 
AYB grains were roasted in an oven at 1200c for 300 minutes; and the roasted grains 
were dehulled and milled. The analysis of the dehulled flour showed a reduction in 
the emulsifying capacity, foam capacity, and stability of the flour, also the samples 
presented a high water and oil absorption capacity [79]. In a further experiment, 
researchers investigated the effect of roasting on the proximate, mineral, and 
anti-nutrient content of AYB grains. The study preceded the roasting of grains over 
firewood for 1 hour at 3000c temperature condition. An increase was reported in the 
levels of calcium, potassium, copper, iron, manganese, magnesium, phosphorus, 
and sodium, and a drastic reduction in the percentage level of phytate, oxalate, tan-
nins, hydrogen cyanide, and trypsin inhibitor was reported. On the contrary, there 
was no significant increase in the nutrient content [47].

2.1.3 Steaming

The steaming approach involves the use of steam as the cooking medium; 
the steam is mostly generated from vigorously boiling water. Unlike reported in 
boiling method, the steaming procedure does not require submerging the food 
directly into the water; in steaming, the target food gets cooked as the result of 
the steam or vapors generated from the boiling water. Steam is considered a good 
heat conductor, nevertheless, the temperature release from steam does not exceed 
that of boiling water except in the pressure system [91]. Steaming was reported 
to have minimal effects on chlorophyll, soluble protein, sugar, vitamin c, and 
glucosinolates [92]. The steaming process helped preserve antioxidant proper-
ties and maintained the lowest biogenic amine content in bean varieties [93]. In 
AYB, the steaming approach was reportedly used in preparing a traditional snack 
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called “Moi-Moi”. The procedure involved dehulling and wet milling of the grains 
accompanied by spicing. For the Moi-Moi to get cooked, it was steamed for about 
60 minutes [71, 76]. The analysis of the AYB Moi-Moi showed a lower gelation 
capacity, higher water absorption capacity, lower oil absorption capacity when 
compared to Moi-Moi made from cowpea. The sensory analysis of AYB Moi-Moi 
showed no significant difference in color and flavor from Moi-Moi made from 
cowpea (cowpea is the most common grain for preparing Moi-Moi). Additionally, 
the acceptance level of the AYB Moi-Moi was similar to Moi-Moi constituted from 
cowpea [71]. Some researchers utilized the steaming cooking method in making 
Moi-Moi from AYB and cowpea blends, they reported a total steaming time of 
about 50 minutes [75].

2.1.4 Frying

Frying is one of the ancient and well-known cooking methods used for food 
preparation; the procedure is known for its ease, speed, and unique flavor and taste 
[94]; in addition, frying gives an attractive color, texture to food. The frying process 
involves the use of fat or oil which serves as the medium of direct heat transfer with 
the food [63, 95]. The transfer of heat, oil, and air during the frying process brings 
about changes like loss of moisture, oil uptake, starch gelatinization, aromatiza-
tion, denaturation of protein, and changes in the color of the food. The changes in 
food and oil are largely dependent on the food property, the quality of oil, heating 
process, length of immersion, the rate at which air mixes with the oil, temperature, 
and the quality of the frying medium [96]. Frying could lead to the release of toxic 
products through oxidation, which usually occurs when oil is continuously used 
under high temperatures and atmospheric air [97]. The frying method of cooking 
was reportedly used in the preparation of traditional snacks commonly known as 
“akara” or “beans ball”, a snack widely eaten in Nigeria. The grains were soaked 
overnight and dehulled before wet milling (paste) and spicing. The frying medium 
(groundnut oil) was heated to 185-1900c, and the total frying time was about 5 
minutes (Table 2). The end product (akara) showed an increase in carbohydrate, 
gross energy, water absorption capacity, oil absorption capacity, bulk density, and 
gelation capacity. Meanwhile, no significant difference was reported in accepting 
the AYB akara from the usual cowpea akara [71]. In like manner, the frying method 
was used in preparing Kokoro a popular snack in South-West Nigeria. The Kokoro 
process involved deep-frying the paste constituted from the AYB-Maize blend for 
about 10 minutes. The proximate analysis conducted on the Kokoro showed an 
increase in protein, sugar, ash, moisture, potassium, and calcium as the proportion 
of AYB flour increases. On the contrary, a decrease in fat and starch was observed 
with an increase in AYB flour [72]. Furthermore, the frying process was used to 
produce AYB cheese, using palm oil as the frying medium. The sensory evaluation 
indicated a general acceptance of the AYB cheese [73].

2.1.5 Baking

The baking process is a method whereby the raw dough is transformed into 
crumb and crust texture, under the influence of heat. During baking, the changes 
that occur include the crust formation, yeast inactivation, coagulation of protein, 
volume expansion, starch gelatinization, and moisture loss [98–100]. The baking 
approach was used in producing cookies from AYB-wheat composite flour. The 
cookies were baked for 20 minutes using an oven mark of 1800c. The nutritional 
analysis of the cookies showed an increase in protein content from 8.59 to 9.35% 
fat from 3.84 to 4.63%, ash from 4.84 to 5.21%, and crude fiber from 3.84 to 4.22%. 
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An increase in mineral content corresponding to a percentage increase in the level 
of AYB flour was also observed [74].

2.2 Technological gap in the evaluation of AYB cooking time

In AYB, the majority of the cooking time investigations were conducted using 
basic approaches like firewood, gas, and kerosene stove. No information is docu-
mented on the use of standard equipment such as texture analyzer and Mattson 
bean cooker; however, the use of Matson bean cooker and texture have been 
reported in several legumes.

2.2.1 Mattson bean cooker

One standard method of measuring cooking time in pulses is to evaluate using 
a Mattson bean cooker [101]. The equipment is easy to use, cost-effective, and 
generates unbiased data compared to other methods [90]. The use of Mattson 
cooker is recommended in grain genetic improvement for evaluating new variet-
ies [66]. Mattson first developed the Mattson bean cooker, having 100 plungers 
[102], but was later redesigned to have 25 plungers [103]. The usage of the equip-
ment involves placing individual presoaked seeds on each of the saddle on the rack 
such that the tip of each plunger comes in contact with the surface of the seed. 
The weight of each plunger can be optimized to suit the size of the target grain by 
adjusting the number of lead buckshot inside each plunger. To initiate the cooking 
test, the lower part of the cooking rack is immersed in a boiling water bath up to 
half of its height. When a seed reaches tenderness, the plunger penetrates that 
particular seed and drops a short distance through the hole in the saddle. The top 
of a plunger that has dropped (penetrated a seed) will be lower than the top of the 
plungers which are yet to drop. The scenario makes it visibly easy to identify the 
plunger that has penetrated its seed [66, 90]. The cooking time for a set of seeds 
(25) has been explained differently by researchers; the cooking time was defined 
as the time required for 100% of the seeds to get penetrated [104]. In an additional 
study, the cooking time was recorded as the time 92% of seeds got penetrated 
[105]. Operating the Mattson cooker requires the uninterrupted attention of the 
user; the user manually records the time each plunger penetrates a seed the situa-
tion becomes more critical when multiple plungers penetrate at the same time. To 
overcome the bottleneck of manual recording several researchers have reported 
the use of an automated Mattson cooker where the cooking time is automatically 
recorded [66, 90, 106].

2.2.2 Texture analysis

The texture is an important trait of food characterized by its mechanical, geo-
metrical, surface, and body attributes detected by senses of vision, hearing, touch, 
and kinesthetics [107, 108]. The mechanical attributes have to do with the qualities 
of the food under stress conditions; like hardness, cohesiveness, elasticity, and 
adhesiveness. In contrast, the geometrical attributes are related to the size, shape, 
and structural arrangement of the product. The surface attribute has to do with 
the sensations produced (in the mouth) around or in the surface of the product by 
moisture and fat or either of the two; similarly, the body attributes are related to the 
feelings produced in the mouth and how the moisture and fat or both are released 
[109]. Of recent, instrumental texture analysis has proven to be efficient in evaluat-
ing the mechanical and physical qualities of the raw and finished product, of which 
the application of texture analyzer is a well-established protocol. A texture analyzer 
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is used for evaluating the hardness, fragility, adhesiveness, springiness, cohesive-
ness, gumminess, chewiness, and resilience of food [54, 88]. The instrument is easy 
to operate; it eliminates subjective judgment, as may be found in sensory evalu-
ations [109]. The selection of a probe for use during analysis is dependent on the 
type of test, which could be a compression test, penetration (puncture) test, trac-
tion (tension). The different texture analysis test types were previously reviewed 
[109]. The texture analyzer has been applied in several texture studies in legumes, 
fruits, vegetables, meat, milk, among others [109, 110].

3. Methods of reducing cooking time in AYB

Several studies have reported a significant decrease in cooking time after seeds 
were subjected to processing methods like presoaking, dehulling, frying, steaming, 
and blanching [43, 71, 111, 112].

3.1 Presoaking of seeds

Presoaking is a long-age traditional practice used in homes to reduce cooking 
time, especially in grain legumes. The approach is flexible, simple, and common both 
at the domestic and industrial levels. The process involves the imbibition of water 
through the outer cuticle, the seed coat, and then into the cotyledons; [69, 113]. The 
first step in imbibition is the penetration of water by the seed, and the process can be 
through the seed coats since the seed coat has high fiber content and thus high-water 
holding capacity. Water inhibition can also occur through the micropyle or hilum; 
when the water reaches the cotyledons, the seed starts to absorb water and swell until 
the seeds attain their maximum water uptake capacity. Presoaking of seed before 
cooking enables the easy identification of unhydrated seeds, which can be discarded 
to achieve uniform cooking time. The procedure reduces cooking time because the 
hydrated seeds acquire a soft texture and thereby speeding up the cooking process 
and shortening the cooking time [114]. Also, soaking aid the easy identification of 
hydratable seeds and improves the nutrient quality of foods since the soaked content 
is usually discarded. Soaking grains before cooking is a good practice used tradition-
ally in increasing food safety especially in situations when consumers have no idea of 
the storage preservatives used for the target grain.

The effect of presoaking in shortening the cooking time of AYB’s seed was 
reported by several authors. Presoaking AYB seeds in distilled water over a vary-
ing time of 6, 12, 18, and 24 hours reduced cooking time by 50%. The process also 
reduced the level of tannin and phytate, in addition to improving in-vitro protein 
digestibility. Soaking for 12 hours was the most effective in reducing cooking time, 
tannin, phytate, and in-vitro protein digestibility; however, soaking for 24 hours 
before dehulling was observed to significantly increase crude protein level by 16% 
[43]. In a similar study, AYB seeds were presoaked each in 0.20%, 0.40%, 0.60%, 
0.80% and 1.00% of akanwu (sodium sesquicarbonate), and common salt (sodium 
chloride) and water for a duration of 6, 12, 18, 24, 30, 36 hours. Seeds soaked for 
6 hours in 0.060% akanwu and 1.00% common salt showed a 50% decrease in 
cooking time, while seeds soaked in tap water achieved a 50% reduction in cook-
ing time after 24 hours of presoaking. Meanwhile, seeds presoaked in tap water 
took about 180 minutes to get tender [112]. According to a study, a 50% reduction 
in cooking time was achieved when seeds were presoaked for 12 hours in either 
1% potash or 4% common salt. Seeds soaked for 12 hours in 4% common salt 
reached tenderness after 45 minutes of cooking however seeds that were not soaked 
remained hard even after 60 minutes of cooking [111]. In a similar experiment, 
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presoaking seeds in a different medium (water, alkali, brine, alkaline-brine) 
reduced the cooking time to a considerable level; the most effective medium was 
alkaline-brine, with a maximum cooking time of 100 minutes as against 210 min-
utes reported for cooking dry raw seeds [115]. In a separate study, AYB grains 
soaked overnight reached tenderness after 60 minutes of cooking [71]. Notably, 
aside from reducing cooking time, presoaking is also effective in investigating 
nutrient and anti-nutrient content [15, 43, 116–119].

3.2 Dehulling

Dehulling is a procedure through which seed coats or testa are removed either 
mechanically or using a machine. In most traditional setting, the process is carried 
out using either mortar and pestle or grinding stone, depending on the available 
option. Dehulled seeds have a good appearance in texture, cooking quality, palat-
ability, and ease in digestibility. The approach reduces cooking time in grains 
legumes because during the dehulling process impermeable seed coats which 
usually prevent water uptake are removed [120]. Dehulled AYB grains showed 
the shortest cooking time of 35 minutes as against 80 and 150 minutes reported 
for whole seeds and soaked seeds, respectively [121]. The dehulling approach was 
observed to have a significant effect on the functional properties of AYB flour; a 
higher bulk density (0.93 g/cm3) was reported as against the bulk density (0.59 g/
cm3) in cowpea and pigeon pea (0.70 g/cm3). Similarly, the swelling index (5.9 g/
cm3) of dehulled AYB flour is more than the observed value in cowpea (3.7 g/cm3) 
and pigeon (4.1 g/cm3). The water absorption capacity (2.8 ml/h20/g) in dehulled 
AYB flour was also higher than the observed in cowpea (1.2 ml/h20/g) and pigeon 
pea (2.4 ml/h20/g) [122]. In a further experiment, a higher water capacity of 
71 ml/g was observed for dehulled AYB than the value of 60 ml/g reported for raw 
samples [71].

About 80–90% of the total amount of potential anti-nutrient factors (polyphe-
nols) in grain legumes are found in the seed coats, and thus dehulling has proven 
to be effective in reducing anti-nutrient contents especially those found in the seed 
coats [123, 124]. Authors reported a drastic reduction in oxalate, phytate, saponin, 
trypsin inhibitor, and tannin content of dehulled AYB flour [122]. Similarly, an 
increase in protein but a decrease in calcium and iron was reported for dehulled 
AYB flour [43]. In a separate study, the proximate analysis of dehulled AYB flour 
showed high protein content, high carbohydrate concentration, and sufficient level 
of amino acid [125].

3.3 Other processing methods in AYB

3.3.1 Fermentation

Fermentation increases the bioaccessibility and bioavailability of nutrients and 
sensory quality in addition to shelf life [126, 127]. The process involves the biochemi-
cal modification of food by microorganisms and their enzymes [128]; the process 
is capable of disrupting the activities of pathogens [126, 129]. The fermentation 
process was explored for the preparation of “tempeh” from AYB grains; tempeh is a 
traditional food usually made from fermented soybean or soybean already broken 
down by microorganisms. The procedures for making AYB tempeh included: cook-
ing presoaked grains for 45 minutes at 1000c and inoculating the cooked grains with 
spore suspension to initiate fermentation. The inoculated grains were allowed to 
ferment over 42 hours. The final product showed significant changes in crude protein 
and carbohydrate. An increase in protein and amino nitrogen content was reported 
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whereas a decrease in carbohydrates was observed. The quality of the AYB tempeh 
was acceptable to a large number of sensory panelists [130]. Meanwhile, some 
authors reported the minimal effect of fermentation on calcium, iron, magnesium, 
and zinc contents. However, they reported about a 34% reduction in phytate level 
and only tannin traces were detected [43]. Further research investigated the solid 
(3 days) and liquid (62 days) state fermentation approaches in making sauce from 
AYB grains. The prepared sauce revealed an increase of 11.94%, 4.85%, and 16.75% in 
ash, protein, and carbohydrate contents respectively. The sensory evaluation showed 
the acceptability of the AYB sauce was not significantly different from the level of 
acceptance of the commercial soy sauce in terms of color, aroma, and flavor [131].

Other studies used the fermentation process to formulate a yogurt-like product 
from dehulled and whole AYB grains. The process involved: the extraction of milk 
from grains which was followed by inoculation with a starter culture. For fermen-
tation to occur, the inoculated milk was kept undisturbed over a time frame of 
12 hours. The analysis of the formulated AYB yogurt presented a high total viable 
and Lactobacilli counts. As storage time increases, a decrease in the microbial 
load of the yogurt was observed [132]. In a similar experiment, raw AYB grains 
fermented for 48 hours showed an increase in protein and oil content [70]. “Dawa-
Dawa” a traditional condiment was reportedly prepared through fermentation. The 
grains were boiled in water laced with “potash”, the boiled grains were later dehulled 
and allowed to ferment at room temperature for 72 hours. The proximate analysis 
of the “Dawa-Dawa” showed an increase in crude protein from 22.00 to 32.80% and 
crude fibers from 5.70 to 7.77%, ash content increased from 3.20 to 4.60%, and lipid 
from 1.20 to 1.38%. Nevertheless, a decrease in carbohydrates from 74.20 to 57.21% 
was observed in the product [133].

3.3.2 Germination

Germination is a complex process that involves a mature seed to make an immedi-
ate change from maturation to the germination-driven stage and prepare for seedling 
growth [134]. The stages of germination include uptake of water by the seeds 
(imbibition) and the second phase is the reinitiating of metabolic processes followed 
by the emergence of the radicle through the seed envelopes. The germination process 
was used to prepare flour from AYB grains. The grains were soaked in water at 
room temperature for 48 hours. After soaking, the grains were allowed to sprout for 
96 hours and subjected to oven drying. The dried grains were further dehulled and 
milled into flour. The germinated AYB-wheat composite flour showed an increase in 
protein; for every increase in the percentage of AYB flour [74].

4. Molecular perspectives for shortening cooking time in AYB

4.1 Seed hardness attribute

Seed hardness is an important quality of grain legumes; the trait acts as a barrier 
against seed coat pathogens and seed damage. Likewise, it affects germination, seed 
processing, and cooking time [82, 135]. Seed hardness is heritable but can also be 
influenced by environmental conditions at production and storage time [81, 82]. 
The genetic factors responsible for seed hardness are not well understood; however, 
the roles of a few genes have been documented [82]. The influence of the environ-
ment on seed hardness is reflected in the hard-to-cook phenomenon, which is not 
also independent of genetic influence [82, 84]. Understanding the genetic basis 
of cooking time in AYB is a necessity for improving the trait. It is noteworthy that 
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genetic architecture in cooking time is yet to be reported in AYB; thus, no molecu-
lar approach has been documented in studying AYB’s cooking time. Molecular 
techniques like GWAS and QTL could locate loci that controlled cooking time and 
thereby facilitate the identification of fast cooking lines. Likewise, new breeding 
techniques, including ZFNs, TALENS, and CRISPR/Cas9, have provided researchers 
the flexibility to insert desired traits precisely and quickly.

4.2 DNA technology

Previously, it would require about 7–10 years to transfer a target trait from a 
species to an adapted cultivar. The conventional process requires, handling a large 
number of progenies and several cycles of field evaluation. However, with molecu-
lar biology, a gene can be transferred in a single experiment, and within 5–6 years 
the new cultivar could exhibit a stable gene expression [136]. Presently, advances in 
plant molecular biology have provided processes and platforms through which the 
genetic architecture of traits can be well understood, manipulated, and transferred 
from different backgrounds [136, 137]. In addition, through DNA technology, 
gene sequences and functions can be accessed. Similarly, specific region (s) on the 
chromosome can be identified, molecular markers can be developed and genetic 
maps can be constructed, among many other possibilities. Genetic manipulation 
using physical, chemical, and biological mutagenesis presents added advantages 
with an enormous contribution to crop improvement. Among the widely used DNA 
technology reported in crop improvement programs are Genome-Wide Association 
Study (GWAS), Quantitative Trait Loci (QTL) Mapping, and Genome Editing.

4.2.1 GWAS

Over the years, GWAS has been implemented across a wide variety of crops 
such as soybean, maize, common bean, sorghum, and rice [55, 138–141]. GWAS 
identifies genetic variants across the genome and associates the variants with the 
target phenotype. The commonly used GWAS approach involves identifying single 
nucleotide polymorphism (SNPs) markers and testing each marker for evidence of 
an association between the marker and the trait of interest. The marker-trait asso-
ciation approach relies on linkage disequilibrium (LD) between markers and causal 
polymorphisms [142, 143]. To minimize false genotype–phenotype association that 
may arise from population structure, a linear mixed model analysis option is usually 
implemented. The application of GWAS has contributed significantly to identify-
ing candidate genes; identified markers can be mapped to reference genomes, and 
thereafter candidate genes can be identified [143]. Once genomic regions of a target 
trait and the corresponding alleles at each locus are identified, the allele can be 
incorporated into another variety through crosses. The resultant progenies with the 
desired allele combination can be subjected to marker-assisted selection. GWAS in 
combination with marker-assisted breeding offers great gains for improving quanti-
tative traits with low heritability [136].

4.2.2 QTL mapping

QTLs are phenotypically defined regions on the chromosome that contribute 
to allelic variation for a biological trait [144]. QTL technique has become a popular 
approach [144, 145] used to study complex traits [146, 147]. The application of QTL 
analysis in crop improvement was reported by several authors [82, 148]. Regions 
on the chromosomes that significantly affect variations of quantitative traits are 
identifiable through QTL mapping. The ability to locate chromosomal region (s) is 
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important in identifying target genes and in understanding the genetic mechanism 
of genetic variation. Majorly, QTL mapping reveals information on QTL’s having a 
significant effect on trait variation, and also answers the question to what extent is 
the variation due to additive, dominant, and epistasis effects of the QTL? The map-
ping of QTL also shows the genetic correlation of different traits and also answers 
the question does the QTL interact with the environment? [149]. The ability of QTL 
mapping to unravel and, at the same time provide answers to genetic questions 
makes it a powerful technique in crop improvement.

4.2.3 Genome editing

The discovery of genome editing technologies has revolutionized plant and 
animal research. Through genome editing, researchers can introduce sequence-
specific modifications into the genome of different cell types and organisms. 
The site-specific nucleases (SSNs) have successfully been used in precise gene 
editing. The SSNs create double-stranded breaks (DSB) in the target DNA. The 
DSB is repaired through non-homologous end joining (NHEJ) or homolog-
directed recombination (HDR) pathways resulting in insertion/deletion 
(INDELS) and substitution mutations in the target region (s), respectively [150, 
151]. The technology produces defined mutant; also, the edited crops typically 
carry the desired trait [152]. Gene editing has been reported in plants including 
Arabidopsis [153], rice [154], and other crops, The genome editing techniques 
include meganucleases, zinc finger nucleases (ZFNs), transcription activator-
like effector nucleases (TALENs), clustered regularly interspaced palindromic 
repeats (CRISPR/Cas9). These techniques have been extensively reviewed 
[151, 155].

5. Conclusion

Despite the unique attribute of AYB as a seed and tuber producing crop, the 
crop is underutilized due to identified limitations, including long cooking hours 
and the abundance of anti-nutrition. Different cooking hours have previously been 
reported for AYB grains; the lengthiest cooking duration was 24 hours. The cook-
ing hours were observed to be dependent on the cooking methods used, the energy 
source, and the germplasm considered. The boiling cooking method presented 
the most prolonged cooking hours (24) while roasting gave rise to the least cook-
ing time of 5 minutes. The diverse cooking methods experimented within AYB 
effectively reduced the level of anti-nutrient content in the grains. Nevertheless, 
processing methods such as presoaking and dehulling were observed as the most 
effective in improving both cooking time and nutritional contents. Fermentation 
and germination likewise showed positive effects in enhancing the nutrient quality 
of AYB food products.

Furthermore, the application of recommended equipment like the Mattson bean 
cooker and texture analyzer could efficiently evaluate cooking time and seed hard-
ness across AYB germplasm. The adequate phenotyping of cooking traits using basic 
and standard equipment will provide definite baseline information that breeders 
could use to select parental materials for hybridization and genetic improvement 
of cooking traits. Additionally, DNA technology which has proven to be effective in 
providing solutions to complex problems could be exploited through GWAS, QTL 
mapping, and genome editing for the improvement of AYB’s cooking attributes. 
Conclusively, the present review is targeted at stimulating researchers’ interest in 
developing AYB cultivars with reduced cooking time.
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