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Preface

Legumes, or members of the Fabaceae family, mainly comprise herbaceous plants, 
including some shrubs and a few trees. Legumes rank second after cereals globally
in both production and nutritional terms. They contain significant amounts of many
other mineral components, making them an economically more feasible source of
protein than animal sources, particularly in developing countries. Legumes are not
only beneficial as human food, but they are also known to have promising positive
effects on soil properties: in agronomic studies, they are classed as restorative crops, 
green manuring crops, or cover crops. Legumes have also been shown to have moder-
ate tolerance properties under different abiotic stress conditions.

The nine chapters in this book deal with the biology and physiology of legume crops
as well as their production technologies and responses to various environmental 
conditions. The book provides the reader with a comprehensive overview of various
aspects of legume production technology, agronomic management, and the role of
legumes in future food security. We believe the book will be useful for undergradu-
ate and graduate students, teachers, and researchers, particularly in the fields of
agronomy and crop science.

We would like to thank all the authors for their outstanding and timely contributions. 
We are very grateful to Marijana Josipovic, Commissioning Editor, and to Blanka
Gugic and Mirna Papuga, Author Service Managers, at IntechOpen for their prompt
responses during the production of this book. We also thank Ayesha Siddika for her
reviews and formatting.

Mirza Hasanuzzaman
Department of Agronomy,

Sher-e-Bangla Agricultural University,
Dhaka, Bangladesh
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Chapter 1

New Age of Common Bean
Monika Vidak, Boris Lazarević, Jerko Gunjača  
and Klaudija Carović-Stanko

Abstract

Common bean (Phaseolus vulgaris L.) is a plant with high nutritional value that 
occupies an important place in human nutrition worldwide. Its yields vary widely and 
are often below the genetic potential of the species, given the diversity of cropping 
systems and climatic changes. Common bean landraces are a source of great genetic 
variability and provide excellent material for the selection and improvement of 
numerous agronomic traits and the creation of modern cultivars. It is also important 
to use high quality seed of high-yielding cultivars in production, because in common 
bean, in addition to yield and resistance to abiotic and biotic stress factors, traits 
such as nutritional value and digestibility are also the focus of interest. The success 
of common bean production depends to a large extent on the quality of the seed, the 
production approach and new breeding programs.

Keywords: breeding, common bean production, climate changes, genetic variability, 
landraces

1. Introduction

Grain legumes production have been neglected regardless of their potential to 
provide nutrition and food security [1]. They are at the crossroads of many societal 
challenges affecting agriculture, such as climate change, sustainability and food security 
[2]. Due to their high content of proteins, fibers, carbohydrates, vitamins and miner-
als, they play a crucial role in the development of a plant-based diet and are important 
nutritional components to eliminate hunger and malnutrition [1, 2]. In addition, they 
improve soil fertility, for example by fixing nitrogen through symbiosis with rhizobia, 
and at the same time keep crop yields high [3]. Nowadays, however, the trend is chang-
ing and many consumers are demanding local food for economic reasons (increasing 
farmers’ income, adding more value to local stakeholders, etc.), social reasons (i.e. 
maintaining the population in the area), environmental reasons (reducing traffic and 
gas emissions, landscape conservation and biodiversity, etc.) and because local products 
are perceived to be fresher or of better quality [4]. The COVID-19 pandemic and the 
Russian-Ukrainian war have led to drastic fluctuations in energy prices and disruptions 
in energy and food supply chains, access to fertilizers is limited, and future harvests are 
uncertain [5–8]. As a result, the availability and supply of an extensive range of food 
commodities and end products are under threat, with notable implications for sourcing, 
production, processing and logistics, and world markets have recently experienced 
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an increase in food prices [6]. Both crises initially seemed to be an opportunity for a 
low-carbon energy transition: the pandemic because it accelerated the transition from 
carbon-intensive energy to modern renewables (such as solar and wind) and illustrated 
the scale of changes in lifestyle and behavior in a short period of time, and the war 
because it highlighted the need for greater diversification of energy supply and reliance 
on local, renewable energy sources [6, 7]. However, early indications suggest that poli-
cymakers around the world are focusing on short-term, seemingly quicker solutions, 
such as supporting the established energy industry in the post-pandemic period to save 
the economy and finding new fossil fuel supply routes to increase energy security after 
the war [7]. Accordingly, interest in the use of grain legumes and their components in 
food is growing in many developed countries. Factors contributing to this trend include 
the fact that legumes are grown in almost all climatic conditions, as well as their nutri-
tional and health benefits [9].

The aim of this chapter is therefore to highlight the importance of common bean 
as one of the most important legumes in the world and to point out the possibility 
of creating new cultivars with desirable traits using new technologies (GWAS and 
high-throughput phenotyping).

2. Common bean importance

Although its Latin and English names (Phaseolus vulgaris L.; common bean) suggest 
that it is an ordinary plant species, considering the nutritional properties and genetic 
structure of the common bean, it can be concluded that, on the contrary, it is an excep-
tional species that represents a potential crop for future food and nutrient security  
[10, 11]. It originated in Mexico and, through later diversification and spread through-
out the Americas and the world, has become the most ecologically adapted species of the 
genus Phaseolus, quickly becoming popular for its nutritional qualities [12]. The com-
mon bean is the most widely cultivated legume in the world for direct human consump-
tion and a staple food that does not require industrial processing [2, 13]. It is mainly 
grown as a grain (i.e. dried beans) and as a fresh vegetable (i.e. snap beans, green beans) 
[2]. In 2021, global production of dry common bean is estimated at more than 27 million 
tons on more than 34 million ha [14], feeding more than 300 million people linked to the 
global agricultural economy [15]. An outstanding feature of the germplasm of common 
bean is its particularly high diversity [16]. It is grown all over the world in different local 
environments and climates, with extremely diverse cultivation methods, uses and range 
of environments to which it is adapted, which has contributed to the great diversity of 
common bean in terms of growth type, seed characteristics and maturity period  
[16, 17], but unfavorable environmental conditions, especially drought and salinity in 
soils, affect its overall performance and reduce productivity and harvest but also con-
sequently the nutritional value [10, 18]. As a food source, it can help reduce global food 
shortages in the coming years [11]. Common bean is a food with high nutritional value, 
but also with medicinal properties, which is why it plays an important role in human 
nutrition and is valued as a functional food [19, 20]. It contains all amino acids but is 
low in sulfur-containing amino acids such as methionine, cysteine and tryptophan, and 
is an excellent substitute for meat when combined with cereals, which contain plenty 
of them [21]. Although the nutrient composition of common bean seeds depends on 
factors such as origin, genotype and environmental conditions [22], it has the highest 
content of minerals in its seeds of all legumes [23]. In fact, the common bean is among 
the most nutrient-dense foods available and is often referred to as the “poor man’s meat”, 
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“the near-perfect food” and “the grain of hope” for poor communities [11, 24–26]. It is 
considered a potential food to address malnutrition [27]. In addition, the common bean 
properties are also recognized in other areas. For example, the use of common bean 
protein as a fish meal substitute and the production of functional fermented beverages 
from germinated bean seeds have recently been demonstrated [23, 28]. In addition, 
the N2-fixing capacity of this crop is well known to minimize the need for synthetic N 
fertilizer to increase yield and quality [29].

3. Common bean breeding

It is of great importance to make synergistic efforts to advance the efficiency and 
accuracy of common bean breeding and to develop genetic gain opportunities by 
integrating common bean genetic and genomic resources and improved phenotyping 
methods into breeding activities [11, 30].

Breeding of common beans is often done locally and focuses on improving 
response to biotic and abiotic stresses, which are particularly challenging in certain 
locations [30]. Among abiotic stressors, drought is the number one environmental 
stress because of temperature dynamics, lighting intensity and lack of rain, affecting 
60% of total crop production worldwide [31, 32]. Farmers’ preferences in seed selec-
tion and seed lot management had a significant role in the evolutionary development 
of domesticated beans, their genetic diversity, population structure and chemical 
composition, which change over time and also depend on agroecological growing 
conditions [9]. In this context, various researchers around the world use local popula-
tions or samples of common bean landraces as reference sets to study their genetic 
diversity and population structure [9]. Although conventional plant breeding and a 
collection of global germplasm were the primary sources of improvements in com-
mon bean to produce cultivars with greater yield potential [30, 33], in the cases where 
the study samples come from gene banks, this diversity has remained static over the 
years [9]. Conventional plant breeding is also designed to address limited require-
ments and the specific needs of farmers and certain growing environments [30].

In common beans, in addition to yield and resistance to abiotic and biotic stress 
factors, traits such as nutritional value and digestibility are also the focus of inter-
est [13, 30, 34]. For years, a variety of breeding activities have been carried out 
to improve several key traits [11] but researchers recognize that current breeding 
projects would not be sufficient to meet expected future food needs under current 
climatic conditions [35]. However, to improve the efficiency and accuracy of bean 
breeding and increase genetic gain, there are tremendous opportunities such as the 
use of genomic tools and improved phenotyping methods [30]. Thus, common bean 
variability and a large number of local populations can be used for breeding purposes 
to create new cultivars with desirable traits (high yielding, adapted to abiotic stresses 
and with increased nutritional value), and new technologies such as genome-wide 
association studies (GWAS) and high-throughput phenotyping (HTP) can help to 
quickly select for these desirable traits.

4. GWAS for biofortification

Hidden hunger is generally a nutritional deficiency that occurs when the qual-
ity of food is inadequate for normal growth and development, i.e. as a result of an 
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energy-rich but nutrient-poor diet [36]. It is estimated that more than two billion 
people worldwide are affected, with young children and women of reproductive age 
living in low-income countries most at risk [36, 37].

Biofortification is a multidisciplinary strategy to improve staple foods in terms 
of mineral or vitamin content as a means to combat malnutrition in developing 
countries [24]. It can be achieved through a variety of approaches such as fertilizer 
application to the soil or foliage, conventional plant breeding or genetic engineering 
with genetic modification and transgenesis, using expertise from different fields [34]. 
Biofortification of common bean is an important strategy to reduce mineral deficien-
cies, especially in regions of the world where this crop plays a key role in nutrition 
[38]. Since iron, phosphorus and zinc deficiencies are among the most important 
nutrient deficiencies in the human diet, research on the genetic control of seed com-
position focuses mainly on the study of these minerals [10, 39–42]. Iron is essential 
for the prevention of anemia and for the proper functioning of many metabolic pro-
cesses, while zinc is essential for proper growth and resistance to gastrointestinal and 
respiratory infections, especially in children [24]. In recent years, many efforts have 
been made to achieve Fe biofortification of common beans with two main objectives: 
to increase the Fe concentration in common bean seeds and to reduce the content of 
phytic acid (PA), which is known to reduce the absorption of dietary iron [24, 38, 43]. 
Finally, research on Fe nutrition has shown that biofortified Fe in common beans can 
improve the nutritional status of the target population [44].

Recent advances in molecular markers, sequencing technologies and the finishing 
of the common bean genome sequence have opened up numerous opportunities for 
fine mapping and characterization of genes [9, 45–47]. The application of marker-
assisted selection (MAS) for more complex traits, such as yield, has recently shifted 
to genomic selection approaches that are based on genome-wide association studies 
(GWAS) [33]. Genome-wide association studies (GWAS) have become a widely 
accepted strategy for studying traits of importance to agriculture, thanks to the 
introduction of NGS-based SNP markers to decipher genotype–phenotype associa-
tions in many species [48]. Recently, a number of GWAS studies on diseases [49–52], 
abiotic stress [53, 54], agronomic traits [55–57], cooking time and culinary quality 
traits [58] and root traits [59, 60] have been conducted on common beans. In addi-
tion, the GWAS results can serve as a basis for understanding the genetic architecture 
of the nutritional properties of bean seeds, with the aim of increasing the macro- and 
micronutrient content in the bean breeding program [61].

4.1 Case study: Croatian common bean landraces

Although the common bean is an important food crop in Croatia, production is 
almost exclusively based on landraces, as there are no current breeding programs that 
would create new varieties [62]. On the other hand, in the course of the long tradition 
of bean cultivation in Croatia, many landraces with great genetic and morphological 
diversity have developed (Figure 1), known by their vernacular names, which are 
mainly based on the morphological characteristics of the seeds, i.e. the color and mosaic 
of the seed coat [62–64]. Landraces are an important source of genes for adaptation 
to local growing conditions and disease resistance [60, 65]. Furthermore, compared 
to modern cultivars, landraces are essential sources of key nutritional components for 
food security and a healthy food supply [66]. However, due to complex socio-economic 
changes in rural communities in recent decades, such as the low profitability of smaller 
farms and the aging of farmers who grow modern common bean cultivars and/or other 
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more profitable crops instead of landraces, there is a risk of genetic erosion of landraces 
[67]. In addition, current abiotic and biotic stress factors are also affecting Croatia, with 
a focus on drought, reducing agricultural production [68].

Accordingly, the aim of our studies was first to collect landraces of common 
bean throughout Croatia, in such a way as to include the most cultivated landraces 
that could be clearly distinguished based on seed morphological characteristics 
and accordingly divided into 10 morphotypes [62]. Subsequently, by combining 
phaseolin genotyping, analysis of SSR and SNP markers and morphological traits, 
174 accessions of Croatian common bean landraces were evaluated for their origin, 
genetic diversity, population structure and morphological diversity, and a set of 
true-type morphogenetic groups was created. The 122 accessions were classified into 
14 morphogenetic groups: (1) Mesoamerican (H1A) (‘Biser’, ‘Kukuruzar’, ‘Tetovac’, 
‘Trešnjevac’), (2) Andean indeterminate type (H2B1) (‘Dan noć’, ‘Sivi’, ‘Puter’, ‘Sivi 
prošarani’, ‘Trešnjevac’) and (3) Andean determinate type (H3B2) (‘Bijeli’, ‘Dan 
noć’, ‘Puter’, ‘Trešnjevac’, ‘Zelenčec’). Fifty-two accessions are putative hybrids 
between morphogenetic groups [69]. As published in Carović-Stanko et al. [62], the 
STRUCTURE analysis based on 26 SSRs identified K = 2 as the most likely number 
of clusters (ΔK = 20,533, 24) and assigned the accessions of Mesoamerican origin 
(phaseolin type ‘S’) to cluster A, while the accessions of Andean origin (phaseolin 
type ‘H’/'C’ or ‘T’) formed cluster B, which split into two clusters (B1 and B2) at K = 3 
(ΔK = 1935.93) and separated the vast majority of phaseolin type ‘H’/'C’ accessions 
from those with phaseolin type ‘T’. Thus, at K = 3, 48 (27.59%) accessions were 
assigned to cluster A, 29 (16.67%) to cluster B1 and 80 (45.96%) to cluster B2. For 
17 accessions (9.77%), the membership probabilities Q < 75% for any of the clusters 
and they were therefore considered as “mixed origin”. The Q values of each accession 
obtained at K = 3 were used to control for genetic background in the GWAS.

Figure 1. 
Diversity of Croatian common bean landraces.
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The created panel of accessions was then used for GWAS based on DArTseq-
derived SNP markers with the aim of identifying quantitative trait nucleotides 
(QTNs) associated with variation in seed nutrient content (N, P, K, Ca, Mg, Fe, Zn 
and Mn) for which phenotypic data on nutrient content were collected from a broader 
panel of 226 accessions in the research of Palčić et al. [70].

DArTseq analysis was carried out by Diversity Arrays Technology Pty Ltd., Bruce, 
Australia (https://www.diversityarrays.com/). The quality of the SNP markers derived 
from DarTseq was determined using the parameters ‘reproducibility’ (percentage 
of technical replicate pairs that score identically for a given marker), ‘call-rate’ (per-
centage of samples for which a given marker was scored) and ‘MAF’ (minor- allele 
frequency) [71]. The marker sequences were aligned against the reference genome of 
P. vulgaris [46] using BLASTN [72]. By excluding all SNPs with MAF < 0.05 and all 
SNPs with >0.05 heterozygotes, a final quality control of the SNP data was performed, 
resulting in the final set of 6311 high-quality DArTseq-derived SNPs. The missing 
SNP data were imputed using the Beagle 5.1 genotype imputation method [73]. The 
imputed dataset was then used to construct a kinship matrix using four methods 
implemented in the software TASSEL 5 [74]: (1) centered IBS [75], (2) normalized IBS 
[76], (3) dominance-centered IBS [77] and (4) dominance-normalized IBS [78]. In 
addition, as suggested by Diniz et al. [79], we have used the corrected kinship matrix.

Linkage disequilibrium, the random association between alleles at different loci 
was measured by the squared value of the coefficient of determination (r2). Bias 
caused by relatedness and/or population structure was removed by correcting r2: (a) 
for relatedness using different relatedness matrices (rV

2), (b) for population structure 
using Q values obtained with STRUCTURE (rS

2), or (c) for both (rVS
2) [80]. The Hill 

and Weir model [81] was used to represent the decline of LD as a function of distance 
between loci. According to the uncorrected r2 estimate, the strength of LD did not 
decrease at all even at a distance of 10 Mbp, and the value of r2 remained above 0.3, 
even for pairs of loci at opposite ends of the chromosome. The bias caused by con-
sanguinity is stronger than the bias caused by population structure. There was almost 
no difference between the correction for consanguinity alone and for consanguinity 
and population structure, in both cases the r2 value fell below 0.1 at about 1 Mbp. 
Although the differences between the curves for the different kinship matrices were 
not so pronounced, the centralized IBS matrix was used for GWAS as it gave a slightly 
better result.

Before performing GWAS, missing phenotypic data were imputed with the 
method PHENIX which was implemented in the R package of the same name [82]. 
Before imputation, outliers with the option “trim” in “phenix” were removed (trim.
sds = 1.96). GWAS was performed using single-locus models fitted in TASSEL 5 [83] 
and multi-locus models used in the R package MLMM [84]. In both cases, mixed 
linear models were fitted with corrections for population structure and genetic 
relatedness (Q and K matrices). TASSEL “raw” p-values were subjected to adjust-
ment for multiple testing using the “qvalue” package for R [85], with a q-value of 
0.2 chosen as the significance threshold. The distribution of TASSEL “raw” p-values 
was visualized using Manhattan plots created with the “CMplot” package for R [86]. 
In creating the Manhattan plots, an approximate threshold was calculated for each 
trait as the p-value of a hypothetical SNP that would have a q-value of 0.2. A similar 
approximate significance threshold was calculated for MLMM, by using zero-step 
p-values to estimate the p-value of a hypothetical SNP that would have a q-value of 
approximately 0.2. Violin plots were created to visualize the distribution of alleles 
across subpopulations for each QTN.
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On chromosomes Pv01, Pv02, Pv03, Pv05, Pv07, Pv08 and Pv10 were 
detected 22 QTNs which were associated with nitrogen content of the seeds 
(Figure 2). A total of five QTNs were associated with seed phosphorus content, 
four on chromosome Pv07 and one on Pv08. On chromosome Pv09, one QTN 
was found for seed calcium content and on chromosome Pv08 one for seed 
magnesium content. On chromosome Pv06, two QTNs were found for the zinc 
content of the seeds.

As expected, fitting the multilocus model to the MLMM resulted in significantly 
fewer discoveries of marker-trait associations. Of the 22 QTNs found by TASSEL for 
N, the MLMM confirmed only two: one of four on chromosome Pv01 and the first of 
two QTNs on Pv10. Similarly, only one of the four QTNs found by TASSEL for P was 
on chromosome Pv07. An additional discovery was a QTN found by MLMM for N on 
chromosome Pv05.

Regarding the relationship between the sizes of the different variance compo-
nent estimates by MLMM, the comparison of the residual sum of squares (RSS) 
plots for N and P can be summarized in two key points: (1) population structure 
explained 40% of the total variability for N and 0% of the total variability for P; (2) 
the error variability was similar to the genetic variability for N and twice as large for 

Figure 2. 
Circular Manhattan plot for significant markers detected by TASSEL for N.
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P. Consequently, MLMM discovered three QTNs with p-values below the threshold 
for N and only one for P despite the similar relative size of genetic variability for  
N and P.

The largest proportion of total phenotypic variability is explained by QTN Mg_8, 
which explains 13% of the total phenotypic variability for Mg. Associated markers 
were distributed throughout the genome, except on chromosomes Pv04 and Pv11, 
where none were found. N is the trait associated with the greatest number of mark-
ers, but individual marker effects were smaller than for other traits. Most markers 
were located closer to the ends of the chromosomes and only a few were closer to the 
centromeric region.

The strong effect of population structure on N may be related to the effect of 
allelic substitution at the QTN loci. In all subpopulations, the reference allele was 
always present for all QTNs, and the mean N content of individuals carrying the 
reference allele in subpopulation A (Mesoamerican origin) always lies somewhere 
between the mean values of subpopulations B1 and B2 (Andean origin). There are 
three possible scenarios for the distribution of the SNP alleles. They could be present 
only in the subpopulations of Andean origin, but their positive effect, which is visible 
in B1 and B2, has almost disappeared at the level of the total population hidden by the 
effect of population structure. In the second scenario, the SNP allele is only present 
in subpopulation A (Mesoamerican origin) and has an obvious negative effect that is 
attenuated by the effect of population structure. Finally, if an SNP allele is present in 
all subpopulations, its effect varies from one subpopulation to another and becomes 
almost invisible at the population level. The same scenarios occur with other ele-
ments, e.g., with P (Figure 3).

This result will serve as a basis for breeding and improving common beans for 
nutrient content.

Figure 3. 
P seed content distribution for different allele classes within subpopulations (A Mesoamerican; B1 Andean; 
B2 Andean). Diamonds designate subpopulation means for reference allele homozygotes (gray) and SNP 
homozygotes (yellow).
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5. Phenotyping

Climate change and growing populations have led to the need to develop inte-
grated biotechnological approaches to increase agricultural production while coping 
with environmental threats. This has led to the concept of developing “climate-proof 
crop varieties” [31]. In plant breeding and quantitative genetics, a large number of 
measurements are usually made to select superior individuals or identify regions in 
the genome that control a trait, which requires high-throughput phenotyping [87]. 
The tools and applied methods of phenotyping differ in the various -omics disci-
plines, but basically, they are all used to assess and measure complex traits related to 
growth, yield, quality and adaptation to various biotic and abiotic stress factors [88]. 
Therefore, it is necessary to monitor the plant during its growth and development for 
the early detection of plant responses to stress in each growing season (because each 
season is different) [89]. This can be done by using new non-destructive automated 
phenotyping techniques with integrative and simultaneous quantification of multiple 
morphological and physiological traits, allowing early detection and quantification of 
different stress factors on a whole-plant basis, i.e. timely identification of how certain 
stress factors such as drought or e.g. nutrient deficiencies affect the plant [90]. That 
is, high-throughput phenotyping (HTP) technology plays a crucial role in developing 
new or better crops through traditional or molecular breeding using marker-assisted 
selection or genetic selection [35]. The most widely used methods for the non-
destructive investigation of phenotypic traits of plants under stress conditions, com-
bining different techniques for measuring gas exchange and techniques for imaging 
and analyzing the images obtained, are multispectral imaging and multispectral 3D 
scanning, and chlorophyll fluorescence imaging [90]. These methods provide precise 
insight into the physiological state of plants under specific environmental conditions, 
excellently detect morphological and biochemical changes such as light utilization 
by the photosystem II (PSII) and the underlying biochemical processes, leaf pigment 
content, chemical composition of leaves, morphological and architectural features 
of leaves and shoots, etc., and enable rapid data collection and processing [90, 91]. 
HTP enables objective, fast and precise quantification of morphological, anatomical, 
physiological and biochemical properties of plants and modeling of ideotypes of 
agricultural crops adapted to growing in specific agroecological conditions [92]. By 
growing plants in controlled conditions of growth chambers that enable the manage-
ment and control of environmental factors such as temperature, duration, spectral 
composition and intensity of light, availability of nutrients and water, in combination 
with the latest available methods of spectral analysis (VIS, NIR, IR), chlorophyll 
fluorescence and measurements of gas exchange, the phenotypic properties of plants, 
i.e. the complex interaction of genotypes with their environment, are analyzed in an 
innovative way [88].

In recent years, HTP technology has revolutionized phenotyping and accelerated 
plant breeding in screening large numbers of plants at different phenological stages 
[35]. To increase the accuracy and efficiency of plant trait evaluation non-destructive 
and high-throughput methods have been developed [93]. By using advanced sensors 
and data acquisition systems, HTP platforms can take full advantage of monitoring, 
quantifying and evaluating specific phenotypes for large-scale agricultural experi-
ments [94]. Platforms can be used in the laboratory and in the field under controlled 
and natural conditions and are not necessary to wait for the plants to mature in the 
field, as the desired traits can be studied quickly in the early stages [35]. This is a 
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crucial step in breeding to select better performing cultivars in terms of yield, abiotic 
and biotic stress tolerance to accelerate crop improvement programs [35].

To improve the production and quality of common beans, it is necessary to possess 
in-depth knowledge of its genetic diversity, the genome and the functions of the 
genes, but also to be familiar with the new phenotyping techniques [35, 95].

As drought is one of the significant environmental stressors due to its significant 
detrimental effects, there is an increasing need to create tolerant genotypes of agricul-
tural crops [32]. The analysis of gas exchange is based on the fact that drought stress 
causes rapid closure of stomata [96]. By closing the leaves, the plant saves water, but 
also reduces the diffusion of CO2 needed for photosynthesis from the atmosphere 
into the leaf. By measuring stomatal conductance (gas exchange) it is possible to 
quantify drought stress and select tolerant genotypes [97]. The analysis of chlorophyll 
fluorescence is based on the fact that the light energy absorbed by the chlorophyll 
molecules in the photosystems can undergo one of three processes: It can be used to 
initiate photosynthesis (photochemical reactions), it can be released as heat or it can 
be re-emitted as long-wave light radiation, i.e., fluorescence. These three processes 
are interdependent, i.e., any increase in one process leads to a decrease in the value 
of the other two. Photosystem two (PSII), located in the thylakoid membranes of 
chloroplasts, is responsible for the uptake of light energy and the initiation of pho-
tosynthesis, and at the same time is very sensitive to abiotic stress. Therefore, the 
measurement of chlorophyll fluorescence, which provides information on changes 
in the efficiency of photosynthesis, is one of the most commonly used methods for 
stress assessment in plants [98]. Multispectral analyses are based on the reflection 
of light of different wavelengths. Many physiological and chemical properties of 
plants affect the way their tissues absorb and reflect light. When a plant is exposed 
to stress, these properties can change and thus the intensity of the light reflected by 
the leaves also changes [99]. The spectral reflectance data of the leaves are used to 
calculate vegetation indices. Some of the commonly used vegetation indices to assess 
abiotic stress are the normalized differential vegetation index (NDVI), anthocyanin 
index (ARI) and chlorophyll index (CHI) [100, 101]. Since drought stress leads to 
physical and biochemical changes (reduction of leaf area, wilting of the plant, closure 
of stomata, closure of PSII, disruption of gas exchange, decrease in the intensity of 
photosynthesis, changes in the composition of pigments, etc.), these parameters can 
be used to assess the tolerance of genotypes to drought.

Also, for the successful production of beans and obtaining a high yield, a good 
supply of nutrients to the plant is necessary [102]. Their level can be determined by 
analyzing the soil, but the nutritional status of beans can be determined by analyzing 
plant material (leaves). Nutrient deficiency in plants leads to specific symptoms that 
can be easily detected, for example, by 3D scans with PlantEye F500 multispectral 3D 
scanner (Figure 4) and chlorophyll fluorescence measurements with CropReporter™ 
(PhenoVation B.V.,Wageningen, The Netherlands) (Figure 5) [103].

Current ground-based phenotyping platforms are likely to be replaced by new and 
specialized UAVs (drones) and will facilitate next-generation breeding programs to 
develop improved varieties [35].

The combination of HTP methods with advanced high-throughput genotyping 
techniques in genome-wide association studies (GWAS) will allow the identifica-
tion of gene regions and genes associated with specific phenotypic traits (such as 
drought resistance, increased efficiency of nutrient utilization or disease resistance). 
The implementation of the results of this research into breeding programs through 
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marker-assisted breeding will enable a faster and more efficient breeding process that 
will produce new, more efficient and more productive crop genotypes.

6. Conclusion and future perspectives

In these challenging times (climate change, sustainability and food security), the 
success of common bean production depends not only on seed quality and produc-
tion approach, but also to a large extent on breeding programs. The implementation 
of the results of GWAS and phenotyping research into breeding programs through 

Figure 4. 
Color [red, green, and blue (RGB)] and pseudo-color [near infra-red (NIR) and normalized differential 
vegetation index (NDVI)] images of 3D common bean plants grown for 9 days (MT3) in treatment solutions 
[12 modified Hoagland’s solution (control), and solutions without nitrogen (N), phosphorus (P), potassium (K), 
magnesium (Mg), and iron (Fe)] [103].

Figure 5. 
Color and pseudo-color images of common bean plants with maximum quantum yield of PSII (Fv/Fm), effective 
quantum yield of PSII (Fq’/Fm′) and non-photochemical quenching (NPQ ) taken during four measurements 
(MT1-MT4), for 12 days every 3 days of growth in the control [12 modified Hoagland solution (Cont)] and 
solutions without nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg) and iron (Fe) [103].
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Chapter 2

The Role of the Internal Structure 
of Fabaceae Seeds in the Processes 
of Dormancy and Germination
Enoc Jara-Peña and Manuel Marín-Bravo

Abstract

The germination processes of Fabaceae seeds are well studied based on physiological 
parameters. However, in many cases, especially in wild seeds, there is a predominance 
of dormancy processes that must be reversed to finally produce germination, generally 
applying scarification processes. In the anatomical studies of seeds, a certain conforma-
tion of the structure of the cover is appreciated, with a predominance of sclerenchy-
matic tissues and waxy covers that are the cause of the difficulty of the entry of water 
to produce the imbibition of the seed. Mechanical or chemical scarifications are usually 
recommended to produce effective scarification. The characterization of the anatomical 
details of the seed coat allows us to predict the appropriate scarification technique with 
which optimal seed germination can be obtained.

Keywords: anatomy, seminal seed coat, mechanical scarification, ecological 
restoration, Fabaceae seeds

1. Introduction

The seed is the main reproductive organ of the spermatophytes. In nature, the seed 
is a basic food source for many animals and can be stored alive for long periods, thus 
ensuring the preservation of valuable plant species and varieties [1]. The seed plays 
a fundamental role in the dispersal, renewal, persistence of plant populations, forest 
regeneration, and ecological succession. For this reason, it is considered to be one of 
the main resources for the agricultural and silvicultural management of plant popula-
tions, for reforestation and the conservation of plant germplasm.

Knowledge about the germination of native species is considered the initial step 
in ecological restoration processes [2]. This knowledge is not only related to germi-
nation requirements, but also includes storage techniques to ensure its availability in 
the medium and long term [3]. Although there are few studies on the propagation of 
native Andean species [4], the importance of the ecological requirements of seeds 
in relation to ecological restoration programs is currently recognized [5]. Among 
the physiological processes that control germination is dormancy, which allows the 
seeds to remain for long periods of time in the soil until the environmental condi-
tions are favorable for the establishment of seedlings [6]. Several types of dormancy 
have been described, including physical dormancy, which is determined by the 
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characteristics of the seed (or fruit) cover and prevents the absorption of water by 
the embryo [7]. This type of dormancy is considered one of the most evolved in 
angiosperms and one of the families that presents them in a notorious way is the 
Fabaceae, which has the so-called hard seeds in which the characteristics of the 
thickening of the seed coat that prevent the adequate hydration of the embryo and 
therefore the triggering of the germination process; [8, 9]. The identification of 
the anatomical components of physical dormancy in seeds and the methods for the 
seed to get out of this state are key to understanding the germination and dispersal 
process of species that present this type of dormancy [9, 10]. This paper reports the 
effects of mechanical scarification in the germination of three promising Fabaceae 
seeds from the Peruvian Andean zone in relation to the structural anatomical 
characteristics of the seed coat.

2. Taxonomics aspects

The Fabaceae is one of the largest and most important families of angiosperms 
and is considered monophyletic in both morphological and molecular analyses 
[11]. Geographically, the Fabaceae are trees, shrubs, and herbs distributed in the 
South American Neotropics. In Peru around 145 genera and 1000 species have been 
registered, the endemic species occupy mainly the so-called Mesoandean regions, 
such as the humid and dry puna and the humid montane forests, between 1100 and 
4800 meters of altitude [12]. The genus with the largest number of endemic species 
is Lupinus, in contrast to the genus Astragalus with few endemic species. Many of 
the Fabaceae species are promising phytostabilizing species, and there is a priority 
need to carry out detailed taxonomic studies and a greater collection of specimens 
of these genera [12]. Astragalus garbancillo Cav. (Figure 1A, D), It is a species that 
forms dense shrubby perennial tufts that in very cold places are small-sized plants, 
frequently glabrous and erect or sometimes decumbent stems. The fruit is an oblong 

Figure 1. 
Evaluated species and their seeds. A, D Astragalus garbancillo. B, E Lupinus ballianus. C, F Lupinus 
condensiflorus.
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legume, sometimes compressed and puberulent with 3–4 seeds [13]. Lupinus bal-
lianus C.P. Sm. (Figure 1B and E), is a shrub approximately 1.50 meters tall, with 
branches and petioles with an attenuated pubescence [13]. Lupinus condensiflorus 
C.P.Sm. (Figure 1C and F), is a shrubby species 60 to 110 cm long, with sericeous-
adpressed stems and branches. Fruits are 2.9 cm x 2.9 cm x 0.8 cm broad, hairy, with 
3–5 seeds, and rostrate [14].

3. Methodology

3.1 Method of collecting fruits of species of Astragalus and Lupinus

The fruits of the seeds of the evaluated species were collected in different localities 
of the Peruvian high Andean region (Table 1). Aspects of the reproductive phenology 
of the species were previously defined, through a previous visit to the natural popula-
tions of these species, taking into account that the beginning of flowering, fruiting, 
fruit ripening, and seed dispersal; they are different if we compare it with the fruits of 
non-domesticated plants [15]. The ripe fruits were manually detached from the floral 
clusters and then stored in Kraft paper bags. Once the collection was finished, the 
fruits were wrapped with a paper towel to reduce humidity [16]. The criteria estab-
lished to determine the maturity of the fruits were the change in coloration and the 
reduction in moisture content. It was observed that in most of the fruits and seeds of 
the high Andean plant species, maturation ends in the month of July, while the disper-
sal of the seeds begins in the month of August and ends in the month of October, this 
physiological process coincides with the dry season that prevails in the Andean region 
of the country.

3.2 Determination of seed moisture content

Seed moisture was determined based on dry weight (dw) by weighing them in 
Petri dishes on an analytical balance. For each species, five replicates and 20 seeds per 
Petri dish were weighed in the case of Lupinus ballianus and L. condensiflorus and 
100 seeds in the case of Astragalus garbancillo, because the seeds are small in the latter. 
For the determination of the dry weight, the seeds were dried in an oven at 105°C for 
4 hours. Seed moisture content was expressed in terms of the weight of water con-
tained in seed as a percentage of the total weight of the seed before drying, known as 
wet weight based on fresh weight (fw) [17, 18] and was calculated using the following 
equation [19]:

( ) ( ) ( ) ( )=Moisture Content %dw fresh weight – dry weight / dry weight ]x 100  (1)

3.3 Seed pre-treatment by mechanical scarification

A part of the evaluated seeds was subjected to a mechanical scarification treat-
ment to ensure their hydration and ensure the appropriate conditions to achieve opti-
mal germination. The outer coverings of the seeds were scraped using fine sandpaper, 
taking care not to deeply damage the testa. The scarified seeds were disinfected in a 
30% sodium hypochlorite solution for 20 minutes, rinsed several times in distilled 
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water and then sown in Petri dishes conditioned with filter paper and sterile water, 
hermetically covered and incubated in a growth chamber at 21°C during the day, 
15°C at night, with a photoperiod of 12 hours of light and 12 hours of darkness and 
with a relative humidity of 80% during the day and 90% at night. A germinated seed 
was considered when it presented the emergence of a radicle of at least 0.5 mm long. 
Finally, on the tenth day, the calculation of the accumulated percentage of germi-
nated and non-germinated seeds was made according to the species and treatment 
evaluated.

3.4 Experimental design and statistical treatment

The experiment was carried out under laboratory conditions using a completely 
randomized experimental design. They were evaluated under two light conditions 
(with and without light) and with two scarification treatments (with mechanical 
scarification, and without scarification). For each species, four treatments were 
evaluated, with five repetitions for each treatment (Number of Petri dishes). For 
the germination test, 20 pre-treated seeds of each species were added to each Petri 
dish. The distribution of the experimental units (Petri dishes with seeds) within the 
growth chamber was carried out at random. In the statistical analysis, it was carried 
out according to the experimental design, and the variance analysis (ANOVA) was 
carried out, and the multiple comparison test of means by Tukey (α = 0.01), using the 
Infostat program version 2016e.

3.5 Observation of the internal structure of the seed

Representative seeds of the evaluated species were cut transversally by freehand, 
rinsed in 50% sodium hypochlorite, washed, stained with 1% toluidine blue, and 
mounted in diluted glycerine for observation at 100 and 400 magnifications in light 
microscopy [20]. For the observation of the seeds in scanning electron micros-
copy, the material was treated following the steps of fixation with Carnovsky, 
post fixation with 1% osmium tetroxide, dehydration with a battery of alcohols, 
drying of the samples at a critical point with CO2. Mounting of the samples with 
double-sided adhesive tape, conductive tape, and gold plating on an ion coating. 
[21]. Observations were made between 90 and 5000 magnifications in the INSPECT 
S50 Scanning Electron Microscope (FEI, Hillsboro, Oregon), from the equipment 
laboratory of the Faculty of Biological Sciences of the National University of San 
Marcos.

Localities District Province Region Altitude 
(m)

Coordinates UTM

Santa Rosa Aquia Bolognesi Ancash 3, 798 265,166, 8,894,157

Cerro 
bendita

Lachaqui Canta Lima 3, 780 322,491, 8,722,856

Caruya- 
Rio blanco

Chicla Huarochiri Lima 3, 889 363,325, 8,701,373

Table 1. 
Places of origin, altitude and geographic coordinates (UTM) of fruits, and seeds of Andean species of Astragalus 
and Lupinus evaluated.
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4. Results

4.1 Moisture content of Astragalus and Lupinus seeds

Significant statistical differences (p < 0.0093) were obtained in the moisture content 
of Astragalus garbancillo seeds compared to Lupinus ballianus and L. condensiflorus seeds. 
The highest moisture content in the seeds was registered in Astragalus garbancillo, while 
in the Lupinus species the moisture content remained at values below 10% (Table 2).

4.2 Germination of the seeds of Astragalus and Lupinus species

In the germination of the seeds of the species, significant statistical differences 
(p < 0.001) were obtained in the analysis of variance (ANOVA) between the evalu-
ated treatments. In the mean separation analysis by Tukey’s test of the number of 
germinated seedlings, differences were obtained, being the highest values obtained 
in the number of germinated seeds with the treatment with mechanical scarification 
in the species of Astragalus garbancillo and Lupinus condensiflorus compared with the 
lower value obtained by the seeds of Lupinus ballianus. Additionally, the seeds of  
A. garbancillo presented the least thickness in the seed coat (Table 3).

In the germination of the seeds of the evaluated species, statistically significant 
differences (p < 0.001) were obtained with the scarification and light factors accord-
ing to the analysis of variance (ANOVA). The seeds with mechanical scarification of 
the testa and light treatment were the ones that germinated in the highest quantity 
(except L. ballianus) (Table 4).

Species Seed moisture content (%)

Astragalus garbancillo 11.74 a

Lupinus condensiflorus 9.12 b

Lupinus ballianus 8.95 b

Least significant difference 2.15

a, b indicates significant differences between treatments (Tukey, α = 0.0093).

Table 2. 
Moisture content of the seeds of the evaluated species.

Scarification factor Number of germinated seeds

A. garbancillo L. condensiflorus L. ballianus

With mechanical scarification 18.33 a 18 a 13 a

Without mechanical 
scarification

1.6 b 3.8 b 1.83 b

Least significant difference 0.72 2.1 3.51

Seed coat thickness (μm) 7.95 8.30 9.0

a, b indicates significant differences between treatments (Tukey, α = 0.01).

Table 3. 
Accumulated number of germinated seeds of the evaluated species in relation to scarification and thickness of the 
seed coat.
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4.3 Internal anatomical structure of the seed

In the transverse plane, the internal structure of the seminal layer of the seeds of 
the evaluated species shows a characteristic color for the species (Figures 1A–3A). 
An epidermal coat composed of a compact uniseriate layer of palisade sclereids 

Scarification factor and light Number of germinated seeds

A. garbancillo L. condensiflorus L. ballianus

With mechanical scarification 19.4 a 15.9 a 15.4 a

Without mechanical 
scarification

7.1 b 2.5 b 4.1 b

With lighting 13.6 a 10.2 a 7.6 b

In darkness 12.9 a 8.2 b 11.9 a

Least significant difference 1.25 2.19 1.91

a, b indicates significant differences between treatments (Tukey, α = 0.01).

Table 4. 
Number of germinated seeds accumulated in the species according to the scarification factor and light evaluated in 
laboratory conditions.

Figure 2. 
Anatomical characteristics of the Astragalus garbancillo seed. A, internal view of the seed. B, sagittal section of 
the seed. C, detail of the seed coat. D, detail of the aleurone layer and cotyledon. Em, embryo. Hi hilum. Ln, lens. 
Co, cotyledon. Sc, seed coat. Cl, clear line. Pl, palisade layer. Os, osteosclereids layer. P, parenchyma. Al, aleurone 
layer.
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(macrosclereid type), with non-uniformly thickened walls, about 10 microns thick, 
thicker in Lupinus ballianus and thinner in Astragalus garbancillo (Figures 2B, C, 3B, 
and 4B). At the level of the hilum region, the palisade layer is thickened. On the outer 
wall of this palisade layer, there is a refringent linear region in the cell walls, thick in 
L. ballianus, thin in A. garbancillo, and intermediate in L. condensiflorus. Table 3 shows 
the comparative results of the seminal coat thickness for the three species. The cells 
of the adjacent sub-epidermal layer differentiate into hourglass-shaped cells called 
osteosclereids (Figures 2C, 3B, and 4B). The tissue underlying this layer is a type of 
colorless large elongated cell parenchyma with a tangentially collapsed appearance. 
Next, a single-stratified inner layer of quadrangular cells containing Aleurone granules. 
The innermost tissue, with a positive reaction to Lugol, corresponds to the cotyledon 
with starch-reserving parenchyma (Figures 2D–4D).

Under the scanning microscopy view, the thin cuticular surface of the testa 
appears finely rough and uniform in Astragalus garbancillo (Figure 5A), smooth 
and uniform in Lupinus ballianus (Figure 6A). and irregularly alveolate in L. 
condensiflorus (Figure 7A). In the region of the hilum, the funicular tissue can be 
seen, made up of a fine pubescence with a loose appearance, leaving in the central 
part the fine fissure of the hilar groove, oriented longitudinally in Lupinus species 
(Figures 6B and 7B) and transversally oriented in A. garbancillo (Figure 5C). thin 
refringent line of this palisade layer of sclereids can be highlighted on its outer part 
(Figures 5D, 6D, and 7C). In this hilar region, the palisade cell layer of the seed 

Figure 3. 
Anatomical characteristics of the seed of Lupinus ballianus. A, internal view of the seed. B, detail of the seed 
coat. C, detail of the aleurone layer and cotyledon D, cotyledon storage parenchyma. Em, embryo. Hi hilum. Ln, 
lens. Co, cotyledon. Sc, seed coat. Cl, clear line. Pl, palisade layer. Os, osteosclereids layer. P, parenchyma. En, 
endosperm. Al, aleurone layer.
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Figure 4. 
Anatomical characteristics of the seed of Lupinus condensiflorus. A, internal view of the seed. B, detail of the 
seed coat. C, detail of the aleurone layer and cotyledon D, cotyledon storage parenchyma. Hi hilum. Ln, lens. Co, 
cotyledon. Sc, seed coat. Cl, clear line. Pl, palisade layer. Os, osteosclereids layer. P, parenchyma. En, endosperm. 
Al, aleurone layer. Pa, storage parenchyma.

Figure 5. 
Scanning microscopy images of Astragalus garbancillo seeds. A. Detail of the surface of testa. B. Longitudinal 
section at the level of the hilum. C. Surface view of the hilar region. D. Cross section of the seed coat.
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Figure 6. 
Scanning microscopy images of Lupinus ballianus seeds. A. Detail of the surface of testa. B. Detailed view of the 
hilar region. C. Longitudinal section of the seed. D. Cross section of seed coat.

Figure 7. 
Scanning microscopy images of Lupinus condensiflorus seeds. A. Detail of the surface of testa. B. Detailed view 
of the hilar region. C. Longitudinal section of the seed. D. Detail of the seed storage parenchyma.
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coat is particularly thickened (Figures 5B, 6C, and 7C). In L. condensiflorus, the 
endosperm cells are irregularly polygonal in shape (Figure 7D).

5. Discussion

The seeds of Astragalus garbancillo had the smallest diameter of the seed coat, 
associated with the palisade layer of sclereids (Figure 2C), which would explain the 
greater effectiveness of mechanical scarification expressed in the greater number of 
germinated seeds (Table 3). On the contrary, the seeds of Lupinus ballianus presented 
the thickest seed coat associated with the largest diameter of the palisade layer and 
the lowest germination percentages, which indicates that mechanical scarification was 
not effective for this species. A separate case represents the seeds of L. condensiflorus, 
which presented a thick seed coat and yet had a high percentage of germination. 
In the seeds of this species, its seminal coat was characterized by presenting a thin 
refringent line (Figure 4B), if we compare it with the thick refringent line shown 
by L. ballianus (Figure 3B), hence we associate this characteristic with effective 
mechanical scarification and its high percentage of germination. In fact, both species, 
A. garbancillo and L. condensiflorus, presented high germination percentages with the 
light factor associated with its thin refringent line (Table 4). Indeed, the presence of 
the thickened line on the outside of the seed coat and its hydrophobic cuticular layer 
would be determining a certain degree of impermeability of the seed coat to water 
and oxygen, which can be broken with a simple mechanical scarifying action. Seed 
dormancy refers to the state by which viable seed does not germinate when provided 
with favorable conditions for germination, such as adequate moisture, an appropriate 
temperature regime, normal atmosphere, and, in some cases, light [22]. This form 
of dormancy found in the evaluated seeds would correspond to the so-called physi-
cal dormancy, where the seminal seed coats (or fruit pericarps) are impermeable to 
water. This type of impermeability is considered to be one of the most evolved types 
of dormancy [23]. In this type of dormancy, the impermeability of water in the seed 
is caused by the presence of palisade cells, which constitutes an impermeable layer 
to water, so it forms a barrier to its entry [24]. For this reason, the effectiveness of 
scarification is demonstrated, which is a mechanical or chemical method, by which 
germination is induced through breakage, abrasion, or softening of the seed coat, 
making it more permeable to the inhibition of humidity [1].

Dormancy is considered to have evolved as a strategy to avoid germination in 
conditions where seedling survival is low [15, 19]. Seed dormancy breaking also 
depends on a balance between growth inhibitors and growth promoters. Among the 
numerous plant germination inhibitors, some are located in the fruit wall or in the 
seed coat. The stimulating effect of the elimination of the seed coat and the covers 
associated with germination determines that this is considered in itself as one of 
the inhibitory sources of germination. In this sense, in Fabaceae seeds, it is usual to 
find that the quality of light does not greatly affect the germination process [25]. 
Germination and seedling establishment are critical stages in the biological cycle of 
plants [26]. Seedling emergence is the event most important phenological of a crop’s 
establishment. It represents the moment in which a seedling becomes independent of 
the non-renewable seminal reserves and when photosynthetic autotrophism begins. 
Emergence time often determines whether a plant competes successfully with its 
neighbors, whether it is consumed by herbivores, infested by diseases, and whether it 
flowers, reproduces, and matures at the end of its growth stage [27].



31

DOI: http://dx.doi.org/10.5772/intechopen.109627
The Role of the Internal Structure of Fabaceae Seeds in the Processes of Dormancy…

The seed coats of some species have characteristics that help germination and 
seed emergence. The testa of seeds eaten by animals and by humans can resist diges-
tive processes and allow them to pass through the intestinal tract unharmed and 
thus facilitate seed dispersal. However, the use of corrosive chemical agents such as 
sulfuric acid may not always be considered the appropriate simile of this biological 
process [28]. In studies carried out on the emergence of seedlings in other Lupinus 
species under greenhouse conditions, it is mechanical scarification that determines 
the highest percentage of seedling emergence obtained with testa scarification, 
presenting up to 80% efficiency compared to chemical scarification with sulfuric acid 
[29]. Although the International Rules for Seed Testing (ISTA) recommends using 
concentrated sulfuric acid, for 2 to 45 minutes depending on the species, to scarify the 
test, this method is mentioned to be expensive and dangerous and should be followed 
with caution [19]. Under natural conditions, it has also been suggested that exposure 
of the seeds to high temperatures will be responsible for the release of dormancy [30].

The humidity factor is one of the conditions for triggering the seed germination 
processes. It is considered that the thread acts as a hygroscopic valve, by forming a 
fissure capable of interacting with the moisture content from the outside [7]. It is 
known that the combination of an impermeable testa with the valvular action of the 
thread allows reaching a high degree of desiccation in the hard seeds of Fabaceae, thus 
obtaining a certain percentage of humidity that is not affected by fluctuations in the 
external humidity content. of the seed [31]. This moisture is kept in equilibrium with 
the environment outside the seed and is the most important factor in determining the 
rate at which seeds deteriorate. For this reason, the moisture content within the seed 
is also an important aspect to consider in the postharvest of the crop. The determina-
tion of the moisture content before storing the seeds makes it possible to accurately 
predict the storage life potential of the accessions [19]. The highest moisture content 
recorded for Astragalus garbancillo (Table 2) seeds indicates their greatest potential to 
preserve their germination power for longer periods of time in relation to the dry sea-
son in the Andean region, in fact, we associate this feature with the shorter length of 
the hilar fissure compared to Lupinus species (Figures 5C, 6B, and 7B). Additionally, 
we know of the influence of factors such as soil depth and its composition on the 
germination of especially hard cover seeds, such as Fabaceae seeds, and that they 
can effectively plan the establishment of species in projects of ecological restoration 
projects [32].

6. Conclusions

It is concluded that seed dormancy of the studied Andean Fabaceae species is 
related to the structural characteristics of the seed coat, especially the sclereid layer. 
Under the evaluated conditions, Astragalus garbancillo seeds had the thinnest sclereid 
layer compared to seeds of species of the genus Lupinus, with a thicker seed coat. 
Based on the germination percentages obtained, the mechanical scarification carried 
out on the seeds of A. garbancillo was the most effective method that allows them to 
come out of dormancy. The seeds of this species with a thin seminal coat also had a 
higher moisture content, which is why they have a greater potential for conservation 
in function and are ideal for ecological restoration programs.
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Chapter 3

The Legumes of Neltuma spp. 
(ex Prosopis spp.) and Their 
Properties for Human and  
Animal Food
Marisa Jacqueline Joseau, Sandra Rodriguez Reartes  
and Javier Eduardo Frassoni

Abstract

The objective of this chapter is to present the advances in the use of Neltuma  
(ex Prosopis) pods for human and animal consumption, taking into account their 
distribution in Argentina. Images of the distribution of principal species used in forest 
cultivation, types of pods, nutritional tables and possible uses are included. Fruit 
threshing machine to obtain seeds and flour from the National Germplasm Bank of 
Prosopis of the Faculty of Agricultural Sciences of the National University of Córdoba, 
and some regional recipes are described.

Keywords: Algarrobo, morphological characteristic, fruit, flour, recipes

1. Introduction

The word “algarrobo” refers to several species of the genus Fabaceae, a word deriv-
ing from the Spanish Arabic dialect (“al jarruba”) [1] which means “the tree.” This 
was the name given to the specimens of the species Ceratonia siliqua L., which were 
spontaneously distributed along the coasts of the Mediterranean Sea and Middle East 
[2]. When Spanish people arrived in America, they assigned the name “algarrobo” to 
specimens of Neltuma (ex Prosopis) and coincidentally the native communities called 
it “taku” which also means “the tree.” These species coincide in being legumes with 
similar aspects in their shape and use, mainly food for animals and humans [3]. All of 
these species present pods as fruit. An example of the component of the typical pods 
is shown in Figure 1. The vulgar name for these pods is “algarroba.”

The genus Neltuma (ex Prosopis) has a wide diffusion in various phytogeographical 
regions of the country, extending from Prepuna to Patagonia, mainly in the Provinces 
of Monte, Chaco and Espinal [4, 5]. Hughes et al. [6], divide the genus Prosopis sensu 
Burkart [7] into three genera: Anonychium, Neltuma and Strombocarpa, two of which 
are present in Argentina with 39 recognised taxa amongst species, varieties and 
subspecies (Table 1).
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Scientific name Vulgar name

N. x vinalillo (Stuck.) C.E. Hughes & G.P. Lewis

N. affinis (Spreng.) C.E. Hughes & G.P. Lewis ñandubay, espinillo

N. alba (Griseb.) C.E. Hughes & G.P. Lewis árbol, algarrobo blanco, ibopé-pará

N. alba var. panta (Spreng.) C.E. Hughes & G.P. Lewis algarrobo panta

N. alpataco (Phil.) C.E. Hughes & G.P. Lewis alpataco

N. alpataco var. lamaro (Phil.) C.E. Hughes & G.P. Lewis alpataco

N. alpataco f. rubra (Phil.) C.E. Hughes & G.P. Lewis alpataco

N. argentina (Burkart) C.E. Hughes & G.P. Lewis algarrobilla, algarrobo de guanaco

N. caldenia (Burkart) C.E. Hughes & G.P. Lewis caldén, huichru

N. calingastana (Burkart) C.E. Hughes & G.P. Lewis cusqui

N. campestris (Griseb.) C.E. Hughes & G.P. Lewis

N. castellanosii (Burkart) C.E. Hughes & G.P. Lewis

N. chilensis (Molina) C.E. Hughes & G.P. Lewis algarrobo de chile, algarrobo blanco

N. chilensis var. catamarcana (Molina) C.E. Hughes & G.P. Lewis

N. chilensis var. riojana (Molina) C.E. Hughes & G.P. Lewis

N. denudans (Benth.) C.E. Hughes & G.P. Lewis algarrobo patagónico

N. denudans var. patagonica (Benth.) C.E. Hughes & G.P. Lewis

N. denudans var. stenocarpa Benth.) C.E. Hughes & G.P. Lewis

N. elata (Burkart) C.E. Hughes & G.P. Lewis algarrobillo, huschillo

N. fiebrigii (Harms) C.E. Hughes G.P. Lewis

N. flexuosa (DC.) C.E. Hughes & G.P. Lewis

N. flexuosa var. depressa (DC.) C.E. Hughes & G.P. Lewis

N. flexuosa var. fruticosa

N. flexuosa f. subinermis (Burkart) C.E. Hughes & G.P. Lewis algarrobo, algarrobo negro

Figure 1. 
Components of a typical Neltuma pods (algarroba).
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Tree and shrub carobs are multiple-use species [8]. The aboriginal populations 
and the conquerors knew about these attributes [4, 9]. Species in this genus provide 
not only wood forest products (WFP), but also non-wood forest products (N-WFP). 
The tree species of this genus offer a wood that is highly appreciated for its hardness, 
stability and preservation. It is used in carpentry and for furniture. It is also used for 
poles, rods and in the manufacture of charcoal (calorific value: 4200 kcal/kg) [10].

Amongst the N-WFP of plant origin, the genus Neltuma (ex Prosopis) provides 
leaves, fruits and seeds that are an important source of food for animals. The fruits 
and their derivatives can also be used as human food. The leaves have high protein 
value. They contain 22% crude protein, 15% digestible protein and 55% dry matter 
digestibility [10].

There are numerous uses of the N-WFP of vegetable origin offered by the species 
of the genus Neltuma, amongst of them are: resin, gum, bark and fruits. For example, 
tannin is extracted from the bark, which is used in the tanning of leather and also 
in dyes [11]. The fruits, seeds, bark and flowers also have a medical use [11]. Ethyl 
alcohol can be obtained from the fermentation of the fruits [10, 12]. Neltuma species 
can act as biocontrol agents. Proof of this is the stem extracts of N. chilensis that are 
effective in the control of a Homoptera [13].

Other N-WFP that are obtained in Neltuma forests are animals and animal 
products, such as cattle, goats, sheep [14] from which products like meat, leather, 
milk, cheese and wool are obtained. The species of this genus are good producers of 
nectar and pollen, so beekeeping becomes important and favoured, generating other 
resources of animal origin, such as honey, wax, propolis and pollen [10, 15].

Scientific name Vulgar name

N. hassleri (Harms) C.E. Hughes G.P. Lewis algarrobo paraguayo

N. hassleri var. nigroides (Harms) C.E. Hughes G.P. Lewis

N. humilis (Gillies ex Hook.) C.E. Hughes & 
G.P. Lewis

algarrobilla, barba de tigre

N. kuntzei (Harms ex Kuntze) C.E. Hughes & 
G.P. Lewis

itín, palo mataco

N. nigra (Griseb.) C.E. Hughes & G.P. Lewis algarrobo negro, ibopé-hú

N. nigra var. longispina (Griseb.) C.E. Hughes & G.P. Lewis

N. nigra var. ragonesei (Griseb.) C.E. Hughes & G.P. Lewis

N. pugionata (Burkart) C.E. Hughes & G.P. Lewis algarrobo de las salinas, algarrobo

N. ruizlealii (Burkart) C.E. Hughes & G.P. Lewis

N. ruscifolia (Griseb.) C.E. Hughes & G.P. Lewis vinal, ibopémorotí

N. sericantha (Gillies ex Hook.) C.E. Hughes & 
G.P. Lewis

Strombocarpa abbreviata (Benth.) Hutch.

S. ferox (Griseb.) C.E. Hughes & G.P. Lewis churqui, churqui jujeño

S. reptans (Benth.) A. Grey mastuerzo, retortuño

S. torquata (Cav. ex Lag.) Hutch. tintitaco, tusca

Table 1. 
Taxa present in Argentina of the genus Neltuma and Strombocarpa (ex Prosopis).
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Neltuma is also important because it provides services to the forest. It acts as a 
protective source by providing nitrogen to the soil through the symbiotic association 
with fixing bacteria and also shade for cattle. Some indirect benefits are: the pasture 
under its canopies is of better quality, and it supplies abundant organic matter to the 
soil for present semi-persistent foliage, etc. [10].

In North America, soils under Neltuma canopy have more than 1000 kg/ha of 
nitrogen and more than 8000 kg/ha of carbon than soils outside tree canopies [16]. 
The contributions of organic matter, nitrogen and phosphorus of N. flexuosa forest 
are significant in the phytogeographical regions of Central Monte of Argentina, 
constituting true islands of fertility [17]. This species has not only to create edaphic 
heterogeneity in the region, but also contributed to create climatic heterogeneity, 
modifying the microclimate, water regime and light conditions under its canopy. This 
environmental heterogeneity allows a different spatial distribution of species and 
increases diversity at a regional scale [18]. In India, Neltuma has been used to improve 
high pH (10.4) soils. On the other hand, Neltuma species can grow in saline concen-
trations equal to ocean water [16].

The rural inhabitants of the southern sector of the Calchaquí Valley, province 
of Catamarca, recognise the use of pods of three species that they call “white,” 
“black” and “panta,” identified from the morphology of its fruit and depending on 
its flavour. As regards the possible production, a total of 9 products obtained from 
the pod were mentioned (flour, coffee, fodder, liquor, “añapa,” “aloja,” “arrope,” 
“aguardiente” and seedlings), being used by families as a source of fodder, food, 
drink and medicine [19].

“Patay” is defined as a kind of dry bread, floury and sweet paste that is 
obtained by drying, grinding and sifting the fruits, compressing the flour obtained 
and then proceeding to cook it. It is marketed locally. The “chuningo” is similar to 
the previous one, but the ground dough is soaked and eaten without baking. The 
drinks are: the “aloja,” a native alcoholic fermented drink obtained by ferment-
ing the pods of “algarrobo” which is made by grinding the fruits with water; the 
“añapa,” which is a non-fermented, sweet and refreshing drink, is prepared simply 
by crushing the fruits in a mortar with water. The sweet product is the “arrope,” 
which is a type of honey obtained by cooking, grinding and sifting. (4). Amongst 
the flours are: whole fruit flour (FF), mesocarp flour (MF), seedless fruit flour 
(SFF), seed flour (SF), cotyledon flour (CF) and meso- endocarp residue (R). 
When the flour is toasted, it can be used to prepare substitutes for chocolate and 
coffee [20].

2.  National Germplasm Bank of Prosopis of the Faculty of Agricultural 
Sciences of the National University of Córdoba (BNGP)

The BNGP’s main objective is the conservation and commercialization of seeds of 
quality and known origin. It currently has 1650 accessions in the Passive Bank cor-
responding to 1106 trees of 9 Neltuma (ex Prosopis) tree species from different regions 
of Argentina [21]. In the last 8 years, it has managed to register 24 Seed-Producing 
Areas (10 for N. alba, 5 for N. chilensis, 3 for N. flexuosa, 2 for N. nigra, 3 of N. chilensis 
x N. flexuosa, 1 of N. alba x N. sp.), and 2 Seed Stands (N. alba and N. flexuosa), 
from which it obtains seeds to respond to the needs of afforestation and restoration. 
Figure 2 shows some of the locations of the species present in the BNGP.
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3. Characterisation of Neltuma species

The collected species are morphologically characterised in the laboratory. A mea-
surement of leaf and fruit characters is carried out to confirm the taxon of belonging 
following the specifications proposed by Verga [22] and Joseau et al. [21, 23].

Figure 2. 
a) Phytogeographic Regions of Argentina. Distribution of the main Neltuma species in Argentina: b) N. alba, c) 
N. chilensis, d) N. flexuosa, e) N. nigra and f) N. caldenia.

Figure 3. 
View of leaves and fruits of a) N. chilensis, b) N. alba, c) N. nigra, d) N. caldenia and e) N. flexuosa.
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INASE [24] establishes marketing categories according to the degree of improve-
ment. For a seed-producing area (APS) a morphological characterisation is necessary, 
whilst for a higher category (seeds from seed stands) a morphological and genetic 
analysis are required.

Figure 3 presents some examples of leaves and fruits according to taxon, where 
the existing variability is observed.

4. Neltuma (“algarrobo”) flour

Algarrobo flour is a traditional food product made by the communities that inhabit 
the Chaco Semiarid and Monte ecoregion [25]. However, “algarrobo” trees are also 
distributed in other phytogeographic regions [4, 5].

Articles 680, 681, 681 bis, 681 tris of Chapter IX of the Argentine Food Code pro-
vide specifications for the commercialization of flour from the species of the genus 
Neltuma (ex Prosopis) and define “algarrobo” flour as “the product of the grinding of 
the clean, healthy and dry seeds” of N alba and/or N. nigra and/or N. chilensis and/
or N. flexuosa (Art.681) and of N ruscifolia (Art. 680). It also defines “algarrobo” “fruit 
flour” (complete pod with its seeds) as “the product of grinding the complete fruits” of 
N. alba and/or N. nigra and/or N. chilensis and/or N. flexuosa (Art. 681 tris). Likewise, 
the concept of “Patay” is incorporated in the same code as “made by kneading ‘algar-
robo’ flour, in any of its types: seed or fruit, with water; shaping dough into loaves 
before taking it to the oven to bake it” [26].

In general, the whole fruit is used to obtain flour. The types the flours obtained 
after drying the pods are used as substitutes for cocoa and coffee because they do 
not contain stimulating substances such as caffeine and theobromine. In addition, it 
constitutes a suitable ingredient in the preparation of sweet products such as cakes, 
muffins and cookies due to its high sugar content and good aroma and flavour [27]. 
The roasted white “algarrobo” seeds can also be used as a coffee substitute [15].

The fruits of the genus Neltuma (ex Prosopis) are legumes with a high content of 
proteins, carbohydrates, fibres and minerals. The legumes which vary in size, colour 
and chemical characteristics depending on the species [3]. Correa et al. [28] found 
differences between clones of N. alba in terms of protein and fibre content, on the one 
hand, and phenolic component content, on the other hand, in the SF of this species. 
Hence, when producing on a large scale it is necessary to know the genetic materials to 
be established in implanted forests.

Flour is gaining great importance in the diet for celiacs, as it is free of gliadins and 
gluteins. It is considered a building food as it contains protein and energy due to its 
sugars; in addition to providing mineral salts and vitamins [4, 29].

González-Montemayora et al. [20] carried out a review to incorporate legumes 
such as pods of some Neltuma species in the food industry. Some of them produce 
functional bread-making, protein-fortifying wheat flour with these legumes and 
enhancing the bioactive content of bread. These authors state that one of the main 
challenges of adding any legume to a bakery product is the rheological changes in the 
dough and the final product. Pereira de Gusmão et al. [30, 31], quoting González-
Montemayora et al. [20], concluded that the use of flour from Neltuma fruits with a 
size between 500 and 100 μm is suitable for products such as bread, cakes and cook-
ies. The rheology, tenacity and extensibility of the dough decreases as the concentra-
tion of “algarrobo” flour increases and the more quantity is added, the weaker the 
remaining dough. Escobar et al. [32] produce CF from N. chilensis added a percentage 
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of 10% to wheat flour to make cookies and fried flakes, increasing the contribution 
of available lysine, its protein and dietary fibre content, improving the soluble/
insoluble fibre ratio, without affecting its physical characteristics or sensory accept-
ability. “Algarrobo” flour does not have the binding characteristic of wheat flour. It has 
sweetening properties, natural flavouring and mineral and protein content, making it 
interesting for the food industry [20].

There are many other Neltuma which beans are used for flour. They have some 
differential characteristics: for example, N. chilensis flour contains fewer carbohy-
drates than N. alba flour, and together with N. flexuosa they have higher amounts of 
fibre and protein than N. alba flour (Table 2). Table 2 also shows that the flours of N. 
ruscifolia and N. alpataco stand out for the high amount of carbohydrates, whilst that 
of N. nigra stands out in the amount of fats.

5. Methods of elaboration of Neltuma flours

These vary from precarious systems with some degree of technology to industrial-
scale projects.

The traditional production process involves the collection of the pods, drying by direct 
exposure to solar radiation (Figure 4a) and finally their manual grinding in mortar [25].

5.1 Fruit collection

When the fruits are ripe, they are collected by placing them in plastic burlap 
bags that allow aeration. Collection seasons are generally: December–January for N. 
flexuosa and N. chilensis; December to February for N. alba, late January to February 
for N. nigra and May–April for N. caldenia. If the collection is possible, it is done from 
the tree manually or by placing a mesh to catch the fruits at the time of shaking for 
phytosanitary reasons.

The collected bags should be stored in a dry environment with air circulation to 
avoid deterioration and proliferation of insects. The collected fruits are selected, sepa-
rating the healthy fruits from others in poor condition, foreign matter and insects.

The fruits are generally attacked by insects belonging to the Bruchidae family [38]. 
One method to eliminate bruchids is to place the bags kept in dried conditions in the 
freezer at a temperature of −18°C for 10 days (Figure 4b) [21].

Silva et al. [39] conclude that the chemical and physical quality of fruits stored for 
animal feed is maintained with the use of closed bins with a capacity of 40 kg with 
the addition of dry insect repellent plants (Capparis atamisquea Kuntze and Ocimum 
basilicum L.) placed at the base, in the middle and at the top.

5.2 Fruit washing

The fruits are washed with 5% sodium hypochlorite to eliminate adhering sub-
stances and microorganisms with subsequent rinsing, draining and air-drying on 
meshes placed for this purpose.

5.3 The grinding of fruits

This varies according to the region. The Institute of Popular Culture [40] processes 
dry and healthy fruits with a 3000 rpm hammer mill with a 6 HP TEKNE 400 brand 
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gasoline engine [41], which processes 40 to 50 kg of fruits per hour. The granulometry 
of the grinding obtained goes through a 12 mm diameter sieve. If it absorbs moisture, 
it is necessary to dry it in a solar dryer. INCUPO [40] performs a second grinding by 
varying the sieve with a 2 mm diameter mesh. It is necessary to dry it again in the 
solar dryer, to then mechanically sieve with a 1 mm metal mesh. The product obtained 
is stored in plastic drums with hermetic closure of 220 litres (80 kg). In these drums 
the product lasts 1 year if it is kept hermetically closed with low moisture content in 
storage. The TEKNE 400 hammer mill is also proposed by Cornejo Becker et al. [42] 
who made a proposal to bring flour production to an industrial level, using rotary 
washers, vibrating sieve, tray dryer, conveyor belt and ground product packaging.

In the Monte region, the company “El Resurgir del Algarrobal S.A.” collect N. flex-
uosa directly from trees devoid of shrubs and grasses below. When collecting impuri-
ties are also collected. Inclined planes and fans are used to clean light remains of 
fruits. To separate heavy remains they perform immersion in water, so the pods come 
out clean. The pods are sun-dried and hand-selected. To obtain “algarrobo” flour, they 
use a hammer mill with interchangeable sieves and obtain the desired granulometry 
by reducing the step. The flour is collected in hermetic jars after sifting and packag-
ing. The destination is human consumption [43].

The community of Santa María de Catamarca presented the use of an individual 
solar dryer and a medium-scale solar dryer as an improvement in the traditional 
process of drying Neltuma fruits to obtain flour [25].

Mom et al. [44], studying two species of Neltuma, argue that the milling process 
to obtain flour by dry milling demands the use of previously dried fruits. One of the 
critical factors is the high sugar content (40%), which requires drying to very low 

Figure 4. 
Components of the “algarrobo” threshing machine (Cosiansi, 1991): a) pods hopper, b) shredder, c) threshing 
cylinder I, d) sieves, e) flour tray, f) knuckles tray, g) seed tray, h) hopper for knuckles, i) threshing cylinder II.
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moisture (<6%) to avoid stickiness. In N. alba a reduction of 80% was observed in 
the drying time at 60 and 70°C. A grinding more homogeneous and with very fine 
granulometry of all the components (soluble in water and insoluble in ethanol) is 
observed in N. alba, whilst that the highest granulometry of N. flexuosa is found in the 
flour and not in the water-insoluble fraction.

Freyre et al. [33] for the separation of different fractions of the (N. ruscifolia) 
used a concentric disc mill that retains the endocarp, and allows the exo-mesocarp 
mixture to pass through. The endocarps enter in a disc mill with radial grooves that 
open the endocarp and release the seeds. The separation will be implemented using 
a pneumatic separator, sieves and manually. In this process three different products 
were obtained: fraction H or pulp meal (MF), fraction S of pure seeds (SF) and the 
residual fraction (R), made of the residues obtained in each step. The particle size 
of each of these fractions was reduced and homogenised using a Cyclotec mill. The 
proximal composition of these fractions is observed in Table 2.

Escobar et al. [32] obtained cotyledon meal from pods of N. chilensis harvested in 
April in Chile. To obtain them, the pods were dried in a tunnel with forced air at 60°C 
until a residual humidity of 8–10%. They extracted the cotyledons from the pods 
manually and peeled them with a 0.75% w/v solution of sodium hydroxide according 
to the method of Escobar et al. [45]. The cotyledons obtained are thermally treated 
with moist heat (cotyledon: water ratio of 1:3) at overpressure (1.57 atm) for 9 min-
utes for the inactivation of heat-sensitive antinutritional compounds. The cotyledons 
were dried at 35°C until a residual humidity of 8% and they were ground in two 
stages, a pre-milling until a granulometry of 250 μm (Mill Arthur H. Thomas. C.O.) 
and a milling.

Peru has established technical standards for the production of products origi-
nating from the pods of the “algarrobos” and guidelines for the implementation of 
standards to establish quality and aptitude requirements for the product, process and 
service, contemplating various aspects of production in a manner to provide sustain-
able economic development [46].

The BNGP in the threshing process uses the machine designed by Ing. Agr. (M Sc.) 
Jorge Cosiansi [47], which allows to obtain flour as well as seeds. The machine has a 
power of 6 HP, a weight of 380 kg, a hopper capacity of 40 kg of pods and a threshing 
capacity of 20 min for that amount of fruit (Figure 4).

5.4 Threshing process

The pods collected in plastic burlap bags by the BNGP go through a cleaning and 
drying process before the threshing (Figure 4c). Cleaning is done by emptying the 
bag on a table, where with the help of a fan the pods are separated from other elements 
(grass, branches and insects and other materials). Once clean, the pods are placed in 
ovens for 48 hours at a temperature of 40°C with forced air circulation for drying until 
the moisture content drops to approximately 9%. Before being threshed, the fruits are 
broken into pieces of about 2–3 cm manually using a bucket and a stick as a pylon.

The dried and split pods are incorporated into the pod hopper of the thresher for 
indehiscent fruits (Figure 4a). In the lower part of the hopper there is a shredder 
(Figure 4b), which continues the process of breaking the material and allows the 
passage of the crushed pods to the threshing cylinder I (Figure 4c). The thresh-
ing cylinder I is in charge of opening the material and releasing the seeds. All the 
material falls to a set of sieves (Figure 4d), which classifies and transports to three 
output compartments: one for “algarrobo” flour (Figure 4e), another for the knuckles 
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(Figure 4f) and a third compartment for the seeds with other impurities (flour and 
grains, Figure 4g). In the case of materials that have smaller knuckles and seeds, the 
hopper for knuckles (Figure 4h) and the threshing cylinder II (Figure 4i) can be 
used, which has the opening elements (tines) closer together.

To obtain a purity of seed of 80% (according to INASE Res. 374/14 standard), the 
seed obtained must go through a final cleaning process that is carried out with a fan 
and an inclined plane, where impurities are blown away and escape through the upper 
part of the inclined plane and the clean seeds are collected at the base of it (Figure 4c).

5.5 Performance

An adult of N. chilensis tree can produce up to 100 kg of pods. However, pod 
production does not occur uniformly every year, due to different factors, therefore it 
can be said that the average is 20 to 60 kg of pods per tree, whilst N. nigra varies from 
20 to 50 kg per tree [48]. The production of N. alba begins around 5 years of the tree’s 
life, and produces 5 to 40 kilogrammes of pods per tree each year [49] (Figure 5).

3040 kg of pods yields 1400 kilogrammes of flour and the rest is made up of bran, 
which is the residue used to make balanced feed for animals (poultry, pigs and cattle) 
[40]. Cornejo Becker et al. [42] diagrammed a “algarrobo” flour plant and mention a 
yield of 42% in Salta.

One hundred kilos of ripe and dry “algarroba” (fruit) contain 30 kg of sugar, 20 kg 
of starch, 8 kg of protein and 2 kg of lipids, nutritive substances and more than 60 kg 
of cellulose [11].

In summary, it is concluded that the fibre content of “algarrobo” flour is higher 
than that of whole wheat flour, it has less fat with a very good composition of essential 
fatty acids (linoleic and oleic) and a notable amount of mineral salts (amongst others) 
Ca; Fe and P. The iron in the white “algarrobo” tree reaches values established for the 

Figure 5. 
a) Previous drying in full sun of the plastic bags with pods b) Cold treatment to eliminate bruchids (−18°C) to 
bagged and dried fruits, c) P. flexuosa pods prepared for threshing d) seeds of P. alba from Campo Duran Seed.
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liver of cattle. The nutritional characteristics and the behaviour of the product define 
it as a quality flour that can be used in bakery products [50].

6. Animal feeding

“Algarrobas” are collected to feed livestock, whole or processed, alone or as part of 
a ration, fresh or after storage. Researchers have conducted studies on ground carob 
in cattle feed rations, especially in Brazil and India. “Algarrobas” are ground to ensure 
maximum nutritional value, since most of the seeds are made up of proteins which are 
not indigestible when passing through the digestive tract of cattle [13].

In the Argentine Chaco Region, “algarroba” flour production is in summer, 
coinciding with the season of greatest pasture production in the area. Its use can be 
deferred for times of forage scarcity (late autumn and winter). The high energy values 
of “algarroba” flour can significantly improve daily weight gains in cattle [3].

Prokopiuk et al. [51] say that pods of N. alba have nutritional values (95.3% dry 
matter, 6.8% crude protein, 35.7% neutral detergent fibre, 33.1% acid detergent fibre, 
in vitro digestibility of dry matter 66.6%, non-structural carbonates 52.3%, ethereal 
extract 2.2%) indicating that they are located within the main group of feed for rumi-
nants, that of bulky ones, those that have a low weight: volume, with fibre content 
greater than 18%. Comparatively within this group, they could replace conserved 
maize and grain sorghum forages.

Prokopiuk et al. [3] used coarse fractions of ground “algarroba” from N. alba as a 
winter supplement (1 kg/animal/day, 0.5% live weight) for 4 months for 200 kg live 
weight steers of the Braford breed in the province of Chaco, Argentina, in front of 
a witness without supplement. All remained on implanted pasture, with an average 
stocking rate of 0.5 animal/ha, in a continuous grazing system where the predomi-
nant species was Gatton panic (Panicum maximum). The ground “algarroba” supplied 
a concentration of metabolizable energy of approximately 2.4 Mcal/kg DM. The 
supplemented steers had significant increases in haematocrit, erythrocytes, haemo-
globin and iron and there were no adverse clinical side effects, improving the blood 
levels of some nutritional indicators, and slightly increasing the weight of the grow-
ing animals. No animal registered signs of disease.

Gonzalez- Montemayora et al. [20] studied the whole meal of dried pods of N. 
alba, N. chilensis and N. nigra from Bolivia obtained with a knife mill, and found that 
N. nigra and N. alba stood out for their protein, fibre and protein content. Low levels 
of antinutrients (saponins, lectins, trypsin, polyphenols, nitrates, phytate) and that 
the antinutritional substances studied do not represent a risk for the population. They 
also highlighted that the contribution of dietary fibre was higher 45.93% (N. nigra), 
46.28% (N. chilensis) and 48.15% (N. alba).

Gonzalez- Montemayora et al. [20] found a high protein digestibility in vitro for 
the whole meal of pods of N. nigra (60.97%) and N. alba (55.37%), the same as Galera 
[52], although for N. chilensis it had the lowest protein digestibility. (45.57%). In this 
species Silva et al. [39] recorded 71.18% and state that it decreases with unprotected 
storage time, reaching a digestibility of 30%.

Chagra Dib et al. [53] cite that milk production at the beginning of lactation 
increased when Creole goats that were on natural pasture are supplemented in winter 
with alfalfa hay, commercial balanced and “algarrobo” pods. It also improved butter-
fat and crude milk protein. Weight loss was lower when they received alfalfa hay plus 
“algarrobo” pods.
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7. Conclusions

Numerous publications support the need to improve technological production 
processes to obtain quality “algarrobo” flour in order to have a food product of good 
nutritional quality, high added value, of natural origin both for local residents and 
those who want to engage in industrial activity. It is recommended to use proven 
genetic material when forest plantations of the Neltuma genus are carried out for 
industrial purposes. Algarrobo flour is a quality food with building properties because 
it contains proteins and energy due to its sugars, as well as salts, minerals and vita-
mins that serve as an excellent food for both human and animal consumption. There 
is a wide variability depending on the taxon and origin of the fruits. Hence, the need 
to increase research that characterises the physical, chemical and nutritional proper-
ties in order to provide consumers with “algarrobo” flour. The establishment of tech-
nical standards and guides for their implementation similar to those of Peru would 
be a very useful tool for “algarrobo” flour producers since it will allow to homogenise 
the production and quality of the product obtained to improve competitiveness and 
commercialization in the national and international market.

8. Supplementary material: “Algarrobo” flour recipes

8.1 Benefits and recipes

“Algarrobo” flour is obtained by grinding the pods and seeds. It helps regulate 
digestive and intestinal processes, due to its pectic acid and fibre content. It has low 
fat content. It has vitamins A, B, D, as well as a significant amount of minerals (mag-
nesium, calcium, potassium, iron and phosphorus). Also, it is suitable for celiacs. 
Its versatility as a food is a real stimulus to create desserts and infusions. The recipes 
shown below are an example of this:

8.2 Own recipes

“Algarrobo” Cake
Ingredients: 1 cup of sugar, 1 cup of “algarrobo” flour, 3 large eggs, 1 teaspoon of 

vanilla essence, 2 cups of self-rising flour.
Preparation: Beat the eggs, add the sugar and “algarrobo” flour. Continue beat-

ing until obtaining a cream. Add vanilla essence, add the 2 cups of self-rising flour. 
Mix well. Finally add 1 cup of liquid yogurt of the flavour you prefer, mix well. Leave 
10 minutes for the yogurt bacteria to act.

If it lacks liquid, add a little more yogurt, or lemon juice, or a few drops of 
cognac, or port. The sugar can be replaced by honey, but the “algarrobo” flour tastes 
like mount honey. Flour a cake pan and place the preparation. Place it in the oven. 
Cooking can take between 1/2 hour or an hour depending on the depth of the source 
to be used (Figure 6a).

“Algarrobo” Bonbons
Ingredients: 50 g of “algarrobo” flour, 50 g of rolled oats, 50 g of grated coconut, 

½ cup of pastry dulce de leche, liquid yogurt if it is necessary.
Preparation: Mix the “algarrobo” flour with the rolled oats, the pastry dulce de 

leche to form a paste. Add grated coconut and liquid yogurt if it is necessary. Make 
balls and pass them through grated coconut to cover them (Figure 6c).
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8.3 “Paciencia del Monte” recipes

Moulded Sweet Potato
Ingredients: 1 kg of sweet potato; 250 g pumpkin squash (*), 500 cc of water, 1 

tablespoon of natural vanilla, agar-agar, 1 or 2 tablespoons of “algarrobo” flour, 3 or 4 
tablespoons of honey [54].

Preparation: Peel the sweet potatoes and cut them into cubes under running water 
so that they do not turn black. Also, peel and cut pumpkin squash into cubes. Place 
the sweet potatoes together with the pumpkin squash in a container with water. Cook 
over moderate heat until everything is tender. Remove the preparation and let it warm 
slightly. Blend until it forms a cream and pour into a saucepan, perfume with vanilla. 
Bring it back to a low heat, over a diffuser, so that it heats up slowly and does not stick. 
Add agar-agar, dissolved in a little cold water and continue cooking, stirring with a 
wooden spoon for 5 more minutes. Remove from heat and add honey and mix. Pour 
into a mould, moistened with water or brushed with oil. When it begins to take consis-
tency, dissolve the “algarrobo” flour with water to form a cream. Pour over the mould-
ing. Mix with a spoon to give a marbled effect. Let it cool and cut it into portions.

(*) It is used to give better colour. If omitted, reduce a little amount of water.
Charlotte
Ingredients: 1/2 cup of “algarrobo” flour, 1/2 cup of water, 3 tablespoons of honey, 

natural vanilla, to taste.
Preparation: Mix the flour with the water trying not to form lumps. Bring the 

mixture to a low heat, cooking for 3 or 4 minutes, whilst stirring with a wooden spoon. 
Remove the preparation, sweeten it with honey and perfume it with vanilla. Use hot.

Creams
Ingredients: 1/2 kg pumpkins, ½ litre of water, 3 tablespoons of “algarrobo” flour, 

1 tablespoon of corn starch, half walnuts to decorate.
Preparation: Peel the pumpkin and cut into cubes and cook them with water. 

Remove from the heat and blend the preparation. Bring back to the fire, over the 

Figure 6. 
“Algarrobo” flour recipes: a) Fruit pudding, b) “algarrobo” bonbons and c) “algarrobo” cake.
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diffuser. Separately, mix the “algarrobo” flour with the corn starch and dissolve 
everything with 3 tablespoons of cold water. Add to the previous preparation, stirring 
with a wooden spoon, until thick. Remove it, flavour it with vanilla, and sweeten it 
with honey. Pour it into little bowls, when it solidifies decorate each portion with a 
nuts and take it to the fridge until serving.

Fancy Cookies
Ingredients: 4 cups fine wholemeal flour, 1 cup “algarrobo” flour, 1 teaspoon bak-

ing soda, 1 tablespoon lemon zest; 3 tablespoons of honey, 1 egg, 3 tablespoons of oil, 
milk or water, the necessary amount.

Preparation: Arrange in a bowl the flours, the baking soda and the lemon zest. 
Separately, beat the honey with the egg, oil and vanilla. Mix both preparations as the 
milk or water is incorporated in sufficient quantity to form a consistent dough. Let 
it rest for 30 minutes. Stretch it with the help of a rolling pin until it is 1 cm thick. 
Cut squares 5 cm on each side or other shapes to taste, place the dough on oiled and 
floured plates. Bake them at a moderate temperature for 10 to 15 minutes. Remove 
them and let cool on a wire rack. Decorate them with natural jams.

Algarrobo Cream
Ingredients: ½ cup of “algarrobo” flour, 1 egg, 3 table spoons of honey, 3 table-

spoons of ricotta, 1 teaspoon of natural vanilla.
Preparation: Place the “algarrobo” flour, egg, honey, ricotta and vanilla in the 

blender glass. Blend everything, adding a minimum of liquid (water or cooking liquid 
from some fruit) used to dip cakes or for decorations.

Lemon Pie
Ingredients: “Algarrobo” base for cakes: 1 tablespoon of fresh brewer’s yeast, 

required amount of warm water and 2 tablespoons of oil, 2 tablespoons of honey, 
1 teaspoon of natural vanilla, 2 cups superfine wholemeal flour, 3 tablespoons of 
“algarrobo” flour.

Filling: Lemon yolk cream; 2 tablespoons of oil, 2 tablespoons of honey, lemon 
zest and juice, 2 egg yolks, 2 tablespoons of corn starch, 1 cup of water.

Meringue, according to the recipe.
Preparation: Dissolve the yeast in ½ cup of warm water. Add the oil, honey and 

vanilla. Separately, combine the flours and arrange them in the shape of a crown. 
Pour the previous preparation in the centre. Take the dough as water is incorporated: a 
medium consistency should be obtained. Place the bun in a warm place and let it rest 
for 30 minutes. Stretch it out.

Filling: Place in the blender glass: the oil, the honey, the zest with the lemon juice, 
the yolk and the starch. Blend as the water is incorporated. Pour the preparation into 
a container and take it to a water bath for 30 minutes, stirring with a wooden spoon. 
Remove the cream and pour it over the cake.

Arrange the meringue on top forming peaks. Gratinate at maximum temperature. 
Remove, cool and serve.

Fruit Pudding (Figure 6a).
Ingredients: 2 green apples, ½ cup of seedless raisins, 2 tablespoons of honey, 

1 teaspoon of natural vanilla, a small bowl of oil, 2 tablespoons of fresh brewer’s 
yeast, required amount of warm water, 4 cups of fine wholemeal flour, 1 cup of 
“algarrobo” flour, 100 g of dried fruit (chopped walnuts and almonds, plums and 
figs in pieces, etc.).

Preparation: Arrange in the blender glass: cubed apples, raisins, honey, vanilla, 
oil and yeast, dissolved in 1/2 litre of water. Blend perfectly. Pour the smoothie over 
the previously mixed flours and combine the ingredients, adding more water, if 
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necessary. It should be a more consistent paste than the sponge cake. Add the dried 
fruit, and let it rest for 30 minutes in a warm place. Pour into oiled and floured 
moulds. Let rise for 30 minutes in a preheated and turned off oven. Bake at a moder-
ate temperature for 45 to 60 minutes (depending on the depth and diameter of the 
moulds used). Remove them, let them warm and unmould on a wire rack.

Cocadas
Ingredients: 3 cups of wholemeal flour, half a cup of “algarrobo” flour, 1 cup 

of grated coconut, ½ teaspoon of baking soda, 3 apples, 3 tablespoons of honey,  
1 teaspoon of natural vanilla, the necessary amount of milk.

Preparation: Combine the flours with the coconut and the baking soda. Arrange 
them in the shape of a crown, placing the grated apples, honey and vanilla in the 
centre. Take the dough, incorporating the necessary milk to obtain a consistent paste. 
Let it rest for 30 minutes, place it in a sleeve with a wide curly nozzle. Make crests 
on oiled and floured plates. Cook the cocadas in the oven at maximum temperature 
for approximately 10 minutes. Remove them, let them warm and detach them with a 
spatula. Let them cool on a rack.

Brown Cake
Ingredients: 1 tablespoon of fresh brewer’s yeast, 1/2 cup of warm milk, 100 g of 

defatted ricotta, 2 tablespoons of oil, 4 tablespoons of honey, 1 teaspoon of natural vanilla, 
3 cups of superfine wholemeal flour, ½ cup of “algarrobo” flour, 1 cup of corn starch, 1 
apple, 50 g of seedless raisins. To decorate: 400 g Chantilly, ricotta (or natural jams).

Preparation: Dissolve yeast in warm milk. Beat it and let it rest. Place in the blender 
glass: the ricotta, the oil, the honey and the vanilla. Blend and reserve. Mix the flours 
and starch in a large bowl. Make a hole in the centre and pour the yeast and the liquid 
inside. Work the dough, incorporating the flours on the sides until you achieve a 
consistency similar to that of a sponge cake. If it is necessary add more warm milk. Add 
the diced apple, raisins and walnuts, mixing to distribute well. Let the mixture rest in 
a warm place for 30 minutes, pour it into a 30 cm diameter and 12 cm high pan (or 2 
smaller moulds) oiled and floured. Bake at moderate temperature for approximately 
40 minutes. The cake is ready when the surface is consistent and detaches from both 
sides of the mould. Remove it, let it warm and unmould it on a wire rack.

“Algarrobo” Jelly
Ingredients: ½ litre of water, 1 tablespoon of agar-agar, 2 tablespoons of “algar-

robo” flour, 1 tablespoon of lemon zest, 3 or 4 tablespoons of honey.
Preparation: Place the water over low heat. Separately, mix the agar-agar with the 

carob and add 5 tablespoons of cold water. Add the boiling water, stirring continuously 
with a wooden spoon. Continue cooking for approximately 10 minutes without stop-
ping stirring, and add the zest. Remove the preparation and add the honey. Mix very 
well and pour into individual moulds. When the preparation is warm, take them to the 
fridge and reserve them until dessert time, unmould and decorate with fresh fruit.

Añapa (Refreshing Drink)
Preparation: Mix “algarrobo” flour with very cool water, let stand for about an 

hour and then strain. This drink is more nutritious and natural than all commercial 
sodas made with industrial flavourings and colourings.
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Chapter 4

Soybean Production, Constraints, 
and Future Prospects in Poorer 
Countries: A Review
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Abstract

This study was carried out to examine patterns of soybean production, constraints, 
and possible solutions in poorer countries such as Southern African countries. It was 
observed that the success of soybean in top-producing countries was characterized by 
large acreage of land, with a good supply of inputs coupled with intensive management 
and access to competitive markets. Africa is a minor player in the soybean industry as it 
supplies less than 1% of the world’s soybeans. Because the crop is not for direct house-
hold consumption, it is produced on a small-scale and treated as a zero inputs crop. 
This has resulted in a persistent yield gap, with levels reaching only a third of those 
obtained in developed countries. There is under-usage of inputs such as irrigation, fer-
tilizers, and improved seed. There is need for a definite shift from small to large-scale 
production. Limited access to inputs, poor adoption of technologies and restricted 
markets usually also compromise production. The global demand for soybean due to a 
growing feed industry, biodiesel, industrial demand, and bias for plant-based protein, 
is going upwards. New soybean frontiers will likely be present in future, and countries 
whose production levels lag could take advantage of this situation.

Keywords: production patterns, yield gap, biotic factors, technology adoption,  
soybean production

1. Introduction

Soybean (Glycine max) is an economically important oilseed crop with a high 
protein (40%), high oil content (20%), and of good nutritional quality [1]. It is a 
non-native and non-staple crop in Sub-Saharan Africa with potential to become a 
commercial crop owing to its wide range of uses such as food, feed, and as an indus-
trial raw material [2, 3]. After palm oil, soybean oil is the most consumed cooking oil 
in the world, being also a major export good. The overall sector can have a total retail 
market value of around USD 146.23 billion [2].

This study will examine production patterns of soybean in poorer countries in 
contrast to top-producing countries and will discuss the constraints and limitations to 
soybean production in poorer countries such as those in Southern Africa and suggest 
their possible solutions. Some of the uses of the crop will also be elaborated.
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2. Global production and consumption

Top production of soybean is mainly reported in the United States, Brazil, and 
Argentina, with India ranking fourth so far [4]. The best three countries together 
account for 80% of total production and they dominate world exports [5]. United 
States of America, Brazil, Argentina, China, India, Paraguay, Canada, Ukraine, 
Russia, and Bolivia are among the top 10 soybean producers globally [6].

Brazil emerges as one of the leading countries in soybean production because it 
has a significant amount of usable and relatively inexpensive land coupled with yield 
growth while production in the USA is driven predominantly by yield growth since 
the 80’s, Table 1 [4]. Soybeans in the USA is also known for its good quality regarding 
protein content as compared other countries hence its usual good price [9]. China 
imports the largest quantities of soybean (USD 38.1 billion) followed by the Europe 
Union which imports mainly soymeal and cake for feed for livestock and soybean oil 
to produce biodiesel [5].

The introduction of herbicide-resistant, genetically modified (GM) soybeans has 
also allowed for increased productivity levels and a smaller workforce, enabling the 
crop’s rapid expansion. More than 80% of soybean varieties are genetically modi-
fied and given this inherent resistance, they survive better under chemical control 
of weeds, especially on large scales, and this contributes to better crop yields [5]. 
According to reports by Debnath and Babu [2], the adoption of genetically modified 
technology increases yields by an average of 22% relative to traditional varieties.

3. Production in Africa and Sub-Saharan Africa

In Africa and Sub-Saharan Africa, however, there is very little or no significant 
growth of production of the soybean crop despite its value and important uses and 
benefits [10]. Southern Africa is one of the regions where the human population 

Area Country Area 
harvested 2019 

(million ha)

Yield 
2019 

(t/ha)

2018 
Production 
million tons

2019 
Production 
million tons

2020 
Production 
million tons

International USA 35.45 3.40 120.51 96.67 112.55

Brazil 35.90 3.36 117.91 114.32 121.80

Argentina 16.60 3.33 37.79 55.26 48.80

Canada 2.54 2.86 7.42 6.15 6.36

India 11.33 0.96 10.93 13.26 11.023

Africa South 
Africa

0.73 1.60 1.54 1.17 1.25

Zambia 0.19 1.58 0.30 0.28 0.30

Nigeria 1.00 1.05 0.66 0.70 0.60

Malawi 0.06 0.4 0.18 0.17 0.18

Ghana 0.05 0.60 0.18 0.18 0.18

Table 1. 
World production, yield, and acreage for the African producers from 2018 to 2019 against top international 
producers [7, 8].
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increases faster than food production and food insecurity is also a major concern. 
African producers supply less than 1% of the world’s soybeans (Table 1) [7, 8].

African production levels are rising 48% fast, at a rate of 6.84% per year, although 
this mostly results from an increase in area under the crop and not from yield [7, 8]. 
Major production is concentrated in South Africa, which is the leading producer in 
Africa, contributing about 35% of the total production, followed by Nigeria (27%), 
Zambia and Uganda (85%) [8]. Other Sub-Saharan African (SSA) countries, including 
Zimbabwe, Malawi, Ghana, Sudan, and Ethiopia, have also experienced sizeable com-
mercial soybean expansion [10]. Outside of these countries, there is very little soybean 
production in the rest of SSA [11]. Cereals, such as maize (Zea mays), millet (Panicum 
spp.), rice (Oryza sativa), sorghum (Sorghum bicolor), and wheat (Triticum aestivum) 
are also important crops with regard to calorie intake in Southern Africa [10].

Because soybean is usually not for direct household consumption, it is grown as 
a secondary crop and this makes it not thrive under subsistence settings [12]. The 
African continent still has to significantly increase the area under soybean crop and 
make use of underutilized land to its benefit [10]. The major factors that are expected 
to drive soybean production include land availability, the investment by private equi-
ties, international developmental organizations and banks in corporate farms, growth 
of the poultry market, growing bias towards plant based protein, and increasing 
household consumption [13].

Protein deficiency exacts a greater toll from infants, children, and pregnant and lac-
tating women in the Southern African region, than anywhere else in the world, partially 
because starchy foods are widely consumed and animal protein often is too expensive 
and out of reach for low-income families. The region accounts for 38 and 27% of global 
child stunting and wasting, respectively [14]. Soybean has a potential to economically 
and nutritionally transform African economies and some of the countries actually share 
similar agro-climatic conditions with countries like Argentina and Brazil [15].

4. Uses of soybean

As the list of its uses continues to expand, soybean may potentially play a role in food 
globalization among crops like maize, wheat, rice, and potato. Besides its role in the 
food industry, it is important in the feeds, biodiesel, and other industrial uses as well as 
improvement of soil nutrients and structure. Its many uses contribute to its widespread 
production [16]. This section will describe some of the important uses of soybean.

4.1 Soybean-derived foodstuffs

Soybean can be processed into soy milk, a valuable protein supplement in infant feeds 
and the milk can be processed into curds and cheese [17]. Soybean seed yields edible, 
semi-drying oil, used as salad oil and also for manufacturing margarine and shortening 
[13]. Soy foods such as miso, tempeh, and soy sauce are derived either directly from the 
whole fresh bean or after processing of the bean into soymilk and are consumed either 
in fermented or non-fermented form. In the recent past, the range of soy foods has 
expanded to include fresh beans and sprouts, and grain products such as pasta and flour, 
meat substitutes, and soy spreads and pastes, baked goods, snack bars, noodles, and 
infant formula [11, 16]. Soybean can be used blended with maize and wheat flour as a 
source of protein with about 20% oil. Mechanically pressed meal provides low-fat flour 
with 5–6% oil, and solvent-extracted meal gives defatted flour with about 1% oil [16].
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Soybean is used in dietetic foods and in novel products, such as tofu-based ice 
cream and soybean yogurt. Studies associate the soybean consumption of phytoestro-
gen-rich diets typical of soybean with a lower risk of lifestyle diseases such as coronary 
heart diseases, osteoporosis, hormone-dependent forms of cancer, and menopausal 
symptoms. Soy protein is a primary component in meat analogues consumed by people 
who prefer foods that are animal-free or lower in saturated fat [16, 17].

4.2 Feeds

The major processed soybean product globally is soybean meal [18]. In Africa, the 
demand for soybean has increased, driven by the growing feed industry for poultry 
and aquaculture. The vegetative portions of plants are used for silage, hay, pasture or as 
fodder [13, 16]. Soy products, like soy cake and full fat soy is increasingly used as sub-
stitutes for fishmeal in feed rations because it is cheaper. Soy oilcake is mainly imported 
from Argentina and then mixed with soy-oil and nutrients to compose a balanced feed 
ration. These feed rations are cheaper than a ration consisting of full fat soybeans but, 
however do not give the same performance of production [9]. Soy meal is a very rich 
protein feed for livestock and it has an increasing demand [17].

4.3 Biodiesel and other and industrial uses

A small but growing proportion of soybean oil is used as a feedstock for biofuel pro-
duction, but soybean is rarely cultivated with this as the core objective [18]. Industrially, 
the oil is important in the production of paints and candle wax. It is also used is in the 
manufacturing of paints, linoleum, oilcloth, printing inks, soap, insecticides, and disin-
fectants [17]. The straw is used to make paper stiffer than that made from wheat straw.

4.4 Improvement of soil nutrients and structure

Soybean straw may be plowed back into the soil as a green manure [17]. In low-
input inter-cropping systems, the crop is known to improve soil properties, through 
nitrogen fixation and enhanced moisture retention. The combination of improved 
soil properties and the ability to break lifecycles of pests and diseases makes soybean 
an ideal crop in cereal rotation programs [1]. This advantage is especially important 
for crop production in Africa due to the economic limitations in the use of fertil-
izers. Besides socioeconomic benefits, soybean and associated Rhizobium and 
Bradyrhizobium microbes contribute to nitrogen fixation in soils. Nitrogen fertiliza-
tion is tremendously expensive and pauses ecological risks, such as water eutrophica-
tion and the emission of greenhouse gases, that contribute to global warming [11].

5. Production constraints and solutions

5.1 Yield gap

Among the constraints faced in the production of soybean, there is a substantial yield 
gap between the developed and developing countries and it is persistent among Sub-
Saharan African farmers [2]. The average soybean yield has stagnated at 1.1 t ha−1 in SSA 
in contrast to the world average of 2.4 t ha−1. This yield gap is primarily due to the under-
usage of modern inputs in developing countries. Sub-Saharan Africa imports substantial 
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volumes of processed soybean in the form of oil and cake for animal feed to fill the gaps. 
As a net importer, Africa is exposed to rising global prices for soybean, oil, and cake.

Yield gaps are not unique for only soybean as they also exist for staple cereal crops 
like maize and a number of other crops grown under smallholder and subsistence 
setups [11]. There are a number of constraints that account for yield gaps, such as 
resource availability, economic issues such as inflation, gender disparities, accessible 
markets, etc. These may have resulted in limiting farmers in this region from becom-
ing major players in producing soybean [10, 19]. Solving technical issues and taking 
measures to close the yield gap may go a long way to improve production levels [20].

5.2 Fertilizer usage

One way to close the yield gap is making sure farmers access fertilizer and other 
inputs. Technical issues such as access to fertilizers, herbicides, and pesticides, seem 
to linger for all for farmers from small to large scale farmers, across different coun-
tries. It is the capabilities to solve these problems and that vary at different levels. Due 
to limited access to farming resources, smallholder farmers are more likely to farm 
on poor quality soil and are often plagued by low crop yields [19]. On the other hand, 
mere provision of free inputs to smallholder farmers attracts unscrupulous players 
who end up creating black market of the inputs. A farmer that approaches a bank 
for an inputs loan or a machinery loan may go a long way in carrying out significant 
production as compared to one who gets invited for free inputs.

Legumes, such as soybean have a high phosphorus (P) requirement for growth 
and also for nodulation and nitrogen fixation. Low soil phosphorus may contribute to 
the poor survival of some rhizobial strains [21]. Low phosphorus availability is liable 
to limit soybean yield on many highly degraded soils in the tropics, even though the 
external P requirements of soybean are lower than those of some other legumes. It 
is reported generally that the longer the P is in contact with the soil, the greater the 
fixation that occurs [12]. If planting is being done on virgin land, inoculation of the 
seed with Bradyrhizobium japonicum should be carried out to enable the crop to fix its 
own nitrogen through the action of this bacterium in the root nodules [22]. For annual 
crops such as soybean, P application, 2 weeks after planting is recommended [21].

The flowering stage of soybean requires huge amounts of fertilization for success-
ful seed set. Once the soybean begins to flower, it takes large quantities on nutrients 
from the soil especially phosphorous and potassium [12, 23]. Abortion of flowers 
happens a lot in soybean and numerous flowers easily get lost due to limited fertil-
ity among other factors. The oversight some farmers make, is to plant soybean after 
maize and not apply sufficient amounts of phosphorus and potassium hoping there 
will be sufficient fertility for good yields [23].

5.3 Diseases

Constraints, such as pathogens, pests, and weeds can be classed as biotic factors 
[24]. On the other hand, plants stressed by too much or too little water or by nutri-
ent imbalances often produce seeds that are abnormal and these are known as abiotic 
factors. It is recommended for farmers apply fungicide to their soybean seed at planting 
to improve germination [22]. In the United States, commercial cultivars are marketed 
as resistant or tolerant to white mold caused by Sclerotinium rolfsii which causes sudden 
death syndrome, Fusarium solani f. sp. Glycines, brown stem rot Phialophora gregata f. 
sp. Sojae, Phytophthora root and stem rot Phytophthora sojae, frogeye leaf spot Cercospora 
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sojina, stem canker, Diaporthephaseolorum var. carlivora, Charcoal rot Macrophomina 
phaseolina, Soybean rust Phakopsora pachyrhizi, Soybean mosaic virus a Potyvirus Bean 
pod mottle virus A Comovirus, soybean cyst nematode, Heterodera glycines, root know 
nematode, Meloidogine arenaria [25]. Prevalence varies with countries and regions.

5.4 Weed and insect pests

Soybeans are generally less competitive with weeds than other common crop 
species, which may be one potential limitation associated with including soybeans 
in a crop rotation. Although soybeans may tolerate early-season weed competition 
more than maize, it may be important to control weeds prior to the V3–V4 growth 
stage, 3–4 weeks after emergence to avoid yield reduction [26]. Narrower rows and 
higher plant populations can increase soybean’s competitive ability, but the response 
is inconsistent and can increase the risk of diseases and soybean lodging [27]. The 
flowering stage in soybean is critical so you do not need harsh herbicides at this time. 
One must just make sure all the weed control is done earlier [26, 27].

The most important insect pests of soybean are defoliators or pods feeders; these two 
groups of insect pests can reduce soybean yield by up to 65% [22]. You do not need insects 
and bugs at flowering but good insect control as this is the time insects cause most damage 
by causing wounds to the plant that introduce disease [23]. Pesticides, fungicides and 
insecticides may be needed on occasion, but are generally not recommended except under 
certain conditions where an expert has provided guidance on product application [22].

5.5 Crop rotations

Continuous cropping of maize leads to extensive degradation of soil and decrease 
in crop productivity which endangers household food and nutritional security. 
Introducing soybean into rotation with maize is a method to diversify diets and nutri-
tional status while reducing abiotic and biotic stresses bringing soil fertility improve-
ment and generating more income for farmers [28]. Several agronomic benefits are 
associated with the use of soy-maize rotations in the tropics, including increased 
soil fertility, decreased biotic pressure, and increased maize and soy yields [28]. 
Diversification and intensification through inclusion of grain legumes in cereal, root, 
or tuber-based cropping systems represents a key technology in the drive towards the 
sustainable intensification of agriculture in Sub-Saharan Africa [29].

Soybean can contribute to the nitrogen economy of the soil [28] as the additional 
nitrogen fixed by soybeans has been found to significantly increase maize yields sub-
sequently planted after soy [29]. Soy-maize rotations build resilience against threats 
such as Striga (Striga hermonthica) [28]. Despite the usefulness of legume-cereal 
rotations to boost productivity, adoption in Sub-Saharan Africa remains limited [28]. 
In South Africa, Van der Merwe et al. [30] reported that the increase in production is 
partly resulting from commercial farmers recognizing the benefits of soybean in crop 
rotation systems with maize [19].

5.6 Production practices

General principles of good management like crop rotation, planting healthy, 
vigorous seeds, and selection of soybean varieties may all be important. Berglund 
and Helms [31] reported that row spacing is a critical determinant of yield in soybean 
production, because appropriate spacing can ensure effective weed control. Before 
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flowering you also want a plant that can catch huge amounts of solar energy, that can 
produce and keep the most flowers so as to end up with the most pods. By late plant-
ing, the sunlight is much less as the season progresses hence one ends up with small 
pods and seeds, so adherence to planting dates is important. If one is planting late you 
may need to use narrower rows giving a heavier population that can catch the sunlight 
and heat to cushion the stand. Row planting determines the plant population per unit 
area, and if cultivation practices are not optimized then a low population, that is, 
wide spacing can adversely influence the total yield of a given area.

5.7 Processing, markets, and other factors

Factors strongly impacting a commercial crop like soybean, such as poor infra-
structure, limited access to markets and technical assistance, barriers to acquiring 
agricultural inputs, pervasive rural poverty, uncertain land tenure, and poor policy 
enactment can all negatively impact crop productivity in Sub-Saharan Africa [28]. 
Large corporations have not materially invested in the Sub-Saharan Africa region to 
cater to either domestic demand or to service other international markets, leaving the 
market opportunities available for local and regional processors [18].

Intensification of the soybean processing sector is necessary to create demand for 
production thus reducing on expensive imports [18]. This, however, requires institu-
tional partnerships between governments, the private sectors and development banks 
to invest in soybean-crushing infrastructure and bio-refineries, and in the realloca-
tion of the recently idle land from traditional crops to alternative cash crops [2].

As the crushing of soybean produces only 18% oil and 78% meal, processing soy-
bean only for oil is expensive for crushers in the absence of a domestic demand for cake. 
Ethiopia, for instance, due to the lack of crushing infrastructure, exported 53.94 thou-
sand MT of soybean and imported 4.52 thousand MT of soy oil in 2017 [7]. Logistical 
bottlenecks can also be experienced in countries which have increased production 
and have limited crushing facilities and farmers in countries such as Argentina have to 
sometimes stockpile their production and sell it when market conditions improve [5].

5.8 Technology transfer and adoption

Adoption of technologies by farmers in poorer countries requires, unwavering 
support from government, sufficient government follow up and back-up as well as 
evaluated results-based management. Extension workers require re-training and 
re-equipping [32]. Modernization and digitization of platforms is also often necessary 
to improve efficiency of information transfer. Mere provision of free inputs to farmers 
may not be effective to bring about the desired transformation of the farming sector 
as the history of many third world countries proves. Some farmers face poverty cycles 
that may force them to sell inputs to meet household needs. This way, unscrupulous 
players get attracted and black markets are promoted. A farmer who approaches a 
bank for a machinery loan may go a long way in carrying out significant production as 
compared to one who gets invited for free inputs [32].

6. Country case studies

Three country case studies will be presented of Ghana, a typical “poor African 
country” which seems to have long term challenges with respect to soybean 
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production, Cambodia and South Africa, both of which are transitioning and are 
experiencing increased soybean production levels at country level. The three coun-
tries will be examined with respect constraints faced, interventions and government 
support and response and technology adoption levels by farmers.

6.1 Ghana

Ghana like Nigeria are quite old states in Africa. As early as, 1975 and 1977 a 
major soybean-growing campaign was launched in support of the growing Ghanaian 
poultry industry which triggered the launch of a major soybean-growing campaign in 
support of the growing Ghanaian poultry industry [12]. The initial farmer response 
was high and a considerable increase in production was recorded, but the utilization 
base was low and knowledge of processing was inadequate [21]. Initiatives that were 
meant to increase cash income and improve the nutritional status of rural households 
were therefore prematurely stalled [12, 33].

A number of other factors are identified as attributing to this problem. Technical issues 
such as fertilizers, herbicides, and pesticides, seem to linger for all farmers from small to 
large scale, not only in Ghana but in many countries. It’s the solution methods and capabili-
ties that vary at different levels. Some of the challenges faced in Ghana were as follows:

• already existent agro-based firms were discouraged from sourcing locally by 
poor domestic production and poor grain quality. This situation coupled with 
high import costs literally forced them out of business [12].

• there was a poor adoption of soybean production technologies, resulting in low 
yields. Many farmers in Ghana shun technologies such as row planting as they 
do with traditional crops such as sorghum, millets, and bambaranut, resulting 
in low plant populations and wide gaps which promote increased weed competi-
tion. Unlike the traditional crops, soybean cannot be broadcasted randomly 
which farmers do as a result of lack of manpower and mechanization issues 
prominent among small-holder farmers in Ghana [12, 33].

• poor pre- and post-harvest techniques where farmers leave their grain at the mercy 
of the weather, instead of storing it in cool, dry places. Soybean should be harvested 
when 90% of the pods turn yellow or are dry otherwise shattering of seed occurs, 
especially in late-planted soybean. When it comes to the actual grain storage, farmers 
store their soybean seed in airtight polythene bags. However, exposure to sunlight 
prior to storage induces seed deterioration. The situation is worse for women farmers 
as they fail to properly handle their crop due to manpower issues [12, 34].

• rapid loss of seed viability in storage as compared to seed of traditional crops 
such as sorghum, millets, groundnuts, etc. [12].

• poor road networks hamper farmers from linking with their markets thus, 
attracting smallholder traders who manipulate prices at the farmer’s expense. The 
traders usually lack standardized grading systems which affects pricing [12, 33].

Generally, a large scale commercial farmer with experience is more likely to even 
out most technical issues and may have lighter issues such as market identification 
and processing challenges.
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6.2 Cambodia

In the past, well before 1994, in Cambodia, soybean was grown for subsistence by 
most farmers on a small scale, and as supplementary crop for livelihood. However, it 
has become the main cash crop and the fourth most important crop after rice, maize, 
and cassava in terms of cultivated area and production due to competitive market 
prices and demand from consumers [32].

Farmers in Cambodia face a fair share of technical constraints just like any country 
such as access to agricultural inputs and machinery. Some farmers plant soybean 
manually by broadcasting using the hand-hoe and only a few use machines for 
planting. Another major problem is lack of knowledge about pest identification. The 
soybean sub-sector is hugely immature with limited or no links in the value chain 
from production to marketing to processing. Domestic soybean seeds are considered 
by processing companies in local communities to be of poor quality and this leads to 
low demand and therefore contributes to low prices [32].

Researchers, government sector, private sector, extension agencies, and policy 
makers need to develop appropriate technologies to enhance soybean production and 
create an enabling environment of successful cultivation of soybean. Training and 
re-tooling for extension workers is consistently done to effectively transfer improved 
soybean technologies to farmer [32]. The government aims to modernize agriculture 
and increase labor productivity for farmers and in terms of markets, Cambodia aims 
to carry out digitization of information which will facilitate the formation of value 
chain platforms through which value chain stakeholders can exchange information, 
services, and products [35].

The level of technology adoption is very significant due to unwavering support 
from government [32]. Cambodia’s fertilizer usage per hectare of cropland increased 
from 10.0 kg in 2005 to 33.0 kg in 2018 [35]. Use of pesticides, most of which are 
imported, has also increased in Cambodia. It is the regulation of their use that still 
needs to be done for farmers’ safety, food safety, and ecosystem health. Cambodian 
agriculture has experienced a gradual and nationwide mechanization which resulted 
in replacement of labor with machinery such as tractors, harvesters, power tillers and 
water pumps bringing significant growth in soybean production alongside other crops 
[32, 35]. Besides job creation, large scale farms can become information centers for 
smaller farmers, which is a plus to extension services.

6.3 South Africa

In South Africa large-scale production of soybeans did not begin until the late 
1990s. Previously, output hovered below 50,000 tonnes nationwide with acreage 
below 50,000 ha. The area planted to soybeans has expanded rapidly since then [19]. 
The soybean sector and industry in South Africa contributes 250 million USD out of 
the 11.25 billion USD brought in by the whole agriculture [36]. This include sectors 
carrying out value-addition of the crop as most of the grain has to be processed.

Most farms are commercial while smallholder farms are more predominant in 
rural areas [11]. As early as 1996 South African farmers still planted less than a 100 
thousand hectares but with increased crushing capacity ensuring local demand for 
soybeans, the active promotion of the benefits of including soybeans into a rotational 
cropping pattern with other crops. This and management ease brought by genetically 
modified herbicide-tolerant soybean varieties, more and more farmers choose to 
plant soybeans in rotation with maize [37].
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The department of trade and industry initiated elaborate processes that triggered 
investments towards new soybean processing plants and improvements in existing 
ones during the 2012 financial year. In response farmers have committed to produce 
increasingly high yields of soybeans yearly and the South African Bureau for Food 
and Agricultural policy [38] projects that there would be an increase in the amount 
of land set aside for commercial soybean production subsequently [19]. These policy 
directives elevated soybean as a cash and food crop. In addition, an industrial policy 
and action plan of 2012/13 to 2014/15 distinguished soybeans as having the potential 
for creating opportunities for new investments and jobs making South Africa the 
largest soybean producer in SSA, followed by Zambia, Nigeria, and Uganda [7].

Historically, soybean marketing in South African and other oilseed crops were 
regulated under an oilseed board initiated in 1937 and revised in 1968. This board 
was set up primarily to determine the sale prices of oilseeds in the local market. In 
1996 the act it was operating under, was replaced by another act which deregulated 
marketing of agricultural products in the South African agricultural sector leading to 
the establishment of a council to manage and monitor the government’s involvement 
in the agricultural sector.

This was when soybean producers in South Africa became participants in an inter-
national free market environment. In terms of markets, there are many growing and 
numerous ready markets for soybean in South Africa. Today, some African countries 
still operate under such restrictive laws which do not improve the true market perfor-
mance of crop prices thus limiting their producers from becoming global players [39].

7. Future prospects

Soybean has the potential to transform the economy of a country as evidenced 
by data for countries like South Africa and Cambodia, to name only two countries. 
According to Kargesa and Reckingac [40], soybean has become one of the most 
important commodities of trade. This is besides its role in transforming family liveli-
hoods and diets. If all limitations in its production are dealt with and commitment 
to utilize idle land tracts and adoption and adherence to recommended production 
techniques is done, it becomes an easily accessible source of protein to an ordinary 
family. It will take a lot of awareness of its value in Asian diets such as the Chinese diet 
and culinary industry, where lifestyle diseases have been kept low while maintaining 
an important balance. Therefore, it is worth any commercial pursuits.

8. Discussion, conclusions, and recommendations

The success of soybean in the top-producing countries is associated with large 
landmasses with supply of adequate inputs coupled with intensive management and 
good access to competitive markets.

Africa is a minor player in the soybean industry as African producers supply less 
than 1% of the world’s soybeans due to a persistent yield gap between smallholder 
farmers and large scale farmers which also occurs among third world and developed 
countries. Because soybean is not for direct household consumption, it is treated as a 
secondary crop by subsistence farmers.

If measures are taken to close the yield gaps among other factors by not regarding 
soybean as a zero inputs crop, as well as increasing scale of production from small to 
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large scale through the utilization of idle land, improve access to inputs and markets, 
third world countries will improve production.

Technical issues such as access to fertilizers, herbicides, and pesticides, linger for 
all for farmers from small to large scale farmers, across different countries. It is the 
capabilities to bring solution that vary at different levels.

Mere provision of free inputs to smallholder farmers attracts unscrupulous players 
who end up creating black markets of the inputs. A farmer that approaches a bank for 
a machinery loan may go a long way in carrying out significant production as com-
pared to one who gets invited for free inputs.

Positive transition in soybean production has occurred and is still occurring for 
countries like South Africa and Cambodia, both in Africa and Asia, respectively. 
Large scale production should be able to meet domestic demand and excess for 
exports. In addition to job creation, large scale farms can become information centers 
for smaller farmers.

Adoption of technologies by farmers in poorer countries backed by sufficient 
government policies and actions at the same time routing out leakages from shady 
operations that arise may bring about transition of the soybean sector in African 
countries.

The soybean sector and industry contributes a quarter of a billion USD to the 
11.25 billion USD brought in by the whole agriculture sector in South Africa. This 
shows that the crop can significantly transform an economy.

The growing feed industry, industrial demand and biodiesel are driving the 
demand for soybean upwards. The bias towards plant based protein is also expected 
to benefit the consumption of soybean-based products. Therefore, new soybean 
frontiers are likely to continuously develop and the Southern African region has an 
opportunity to tap in, to its own benefit.
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Chapter 5

Production and Utilization of 
Lupinus spp.
Darja Kocjan Ačko and Marko Flajšman

Abstract

The various species of lupin or lupine (Lupinus spp.) are classified in the botanical 
family of legumes (Fabaceae) and in the agronomic crop grouping of grain legumes. 
Toxic and bitter substances in lupine plants and grain were the reason why it was 
used in the past mainly to improve soil fertility. With the sustainable focus of the 
agricultural policy of the European Union, there are real possibilities for sowing and 
using lupine in the future—and not only bitter varieties, which are suitable for green 
manure due to their rich foliage, but also selectively bred sweet varieties for grains 
and herbage, which are a new alternative source of protein (30 to 40%), resistant 
starch and dietary fiber. Sweet varieties of Mediterranean species of lupine are 
obtained from seeds that contain almost no alkaloids and therefore have no harmful 
effects on the health of humans and farm animals. Sowing of sweet lupine varieties 
provides an opportunity for local processing into soybean-like products. Roasted and 
ground beans of sweet lupine varieties can serve as an excellent coffee substitute.

Keywords: white lupine, blue lupine, yellow lupine, food, feed

1. Introduction

The genus Lupinus includes around 600 species, of which 200 are more important 
annual, biennial, and perennial species. Mediterranean species are used as economi-
cally important lupines for improving soil fertility, for human consumption, and 
livestock feed: white lupine (Lupinus albus L.), blue lupine (Lupinus angustifolius L.), 
and yellow lupine (Lupinus luteus L.) [1–4].

The Andean lupine (Lupinus mutabilis Sweet) is cultivated among more than 
100 American species, for now, limited to local production and consumption, and 
contains at least 10% more protein in the grain than the Mediterranean species [5]. 
The many-leaved or large-leaved lupine (Lupinus polyphyllus Lindl.) also originates 
in America; more specifically, its natural habitats are in the western parts of North 
America, from Alaska to northern California. As an ornamental plant, it has spread 
from Canada all over the world. Many hybrid cultivars are popular perennials in 
gardens, from where their seeds spread into the natural environment, where lupine 
plants displace native herbaceous species, such as wolf ’s bane, devil’s claw, and lady 
orchid. Wild lupine reduces biodiversity, changes the original flora and fauna, and is 
therefore on the list of non-native invasive plants in the European Union and other 
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countries around the world. Ecologists promote the removal of whole plants by 
uprooting and regular mowing before they flower or produce seeds.

Based on their origin, time of domestication, and use in the Old World, 
Mediterranean species of lupine are called Old World lupine species, while American 
species are called New World lupine species. Archeological findings indicate that the 
current cultivated lupine species were domesticated thousands of years ago, while the 
results of molecular genetic studies show that lupine species in the Old World devel-
oped earlier [1–3, 6–8].

With the cultivation and use of herbage and seeds, various names had devel-
oped throughout history. The name lupine is derived from the Latin word lupus, 
meaning wolf [1]. In Roman times, the plant was named after wolves that roamed 
the hilly areas of its natural habitats. This led to common names spread among 
European nations: volčjak, volčec, volčji bob, and volčji fižol (note: volk means “wolf” 
in Slovenian). Names for the plant that were associated with coffee, such as wild 
coffee, tall coffee, and Turkish coffee, came about much later when people realized 
that roasted lupine seed split into two parts that resembled a coffee bean. Roasted and 
ground lupine beans were used in Europe as a substitute for real coffee, especially 
during World War One and World War Two, when the import of coffee beans (Coffea 
arabica L.), the plant that grows in tropical and subtropical areas of the world, was 
restricted.

2. Morphological traits of Mediterranean species

All three Mediterranean species of lupine have common morphological, biological, 
and physiological characteristics, as well as their own distinctive features [2, 9–13]. 
Lupine has a strong and well-developed spindle-shaped root, which is capable of 
excellent penetration into compacted soil, to a depth of 1.5 meters, sometimes even 
more than 2 meters deep. Side roots spread out from the main root, with many root 
tubers or nodules forming when the plant’s flowers.

The herbaceous stem of the lupine is 50 to 150 cm high, robust, firm and upright, 
covered with fine, soft, and silvery hairs. Because the stem does not become prostrate 
during cultivation, lupine can be used as good support for cereals and other legumes. 
In the past, it was sown together with rye, rapeseed and white mustard, pea, spring 
pea, and vetch. Single-stemmed plants, without side branches, have a terminal or 
determinate growth, while plants with side branches form an indeterminate type, 
which in some varieties has a bushy appearance.

The long-petiolate leaves of all lupine species are finger-shaped, palmately lobed, 
usually consisting of 5 to 9 ovate-oval leaflets, but may have even more leaflets. A 
lupine flower consists of five fused sepals and five petals. The petals form the typical 
shape of a papilionaceous (butterfly-like) flower. The names of Mediterranean species 
are based on the color of their petals (white, blue, and yellow), but some varieties 
have multi-colored flowers. Blue, pink, and crimson shades predominate in Andean 
and many-leafed lupine. In a bisexual flower, there is a pistil with a superior carpel 
and ten fused stamens, which distinguishes lupine from other legumes, which have 
nine fused stamens and one solitary stamen. In white and blue lupines, the flowers are 
self-pollinating, while the yellow lupine is partially allogamous [9].

Because unwanted pollination must not occur when selectively breeding new vari-
eties and producing lupine seed-producing crops, isolation between different crops is 
required. For white and blue lupines, which are almost self-pollinating, a distance of 
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200 meters between crops is sufficient, whereas the allogamous yellow lupine, which 
is pollinated by insects, requires a distance of 500 m. The American many-leaved 
lupine is also an allogamous entomophilous species.

The papilionaceous flowers at the top of the main stem or at the ends of the side 
branches are grouped into flat and erect raceme inflorescences. Toward the end 
of flowering, when the top flowers open, the lower fertilized flowers have already 
formed pods. A young green pod turns yellow over time and turns brown and woody 
as it becomes mature. It contains 3 to 10 seeds of different shapes and sizes. The white 
lupine has the longest and widest pods, up to 12 cm long. It contains up to 10 round, 
slightly flattened, rounded and wavy seeds, white, gray-white to creamy colored, 
with a diameter of about 1 cm. The yellow and blue lupine have shorter pods, the 
number of seeds they contain is lower (4 to 8), and the seeds are smaller. In terms of 
shape, the yellow lupine has oval seeds, while the blue lupine has reniform (kidney-
shaped) seeds. Yellow lupine seeds are yellow-brown to ochre with spots on the seed 
coat, while blue lupine seeds are light to dark brown with larger to smaller spots. The 
thousand seed weights of the seeds of Mediterranean lupine species can range from 
100 to 500 g.

Compared to the white lupine, the South American Andean lupine has similar-
sized seeds with a thousand seed weight of 200 to 380 g, enclosed in a black, white, or 
gray-brown to green-yellow seed coat. The gray-brown to black seeds of the many-
leaved lupine are very small with a thousand seed weight of 12 to 30 g (Table 1).

The internal structure of lupine seeds is similar to other legumes [9, 11, 12]. 
Almost everything that is contained in the seed (grain) inside the seed coat is a young 
plant. A young plant needs reserve materials to start growing upon germination. With 
the development of the first green leaves, the plant begins to produce organic sub-
stances through photosynthesis and is no longer dependent on the reserve materials 
accumulated in the leaves. Similar to soybeans and beans, lupine germination is above 
ground or epigeal. During germination, both cotyledons rise up with the stem and 
appear from the soil.

3. Cultivation prevalence depending on intended crop usage

Considering the scale of cultivation throughout the world, lupine is an almost 
unknown grain legume. The Mediterranean species of lupine, for which sowing 

Species Seed shape and color Thousand seed weight (g)

White lupine round, flattened, wavy seed up to one centimeter in 
diameter, white to creamy color

220 to 530

Yellow lupine medium-sized oval seed, yellow-brown to creamy 
with a speckled pattern on the seed coat

110 to 165

Blue lupine smaller reniform seed, light to dark brown with 
smaller spots

105 to 210

Andean lupine round, bulging seed with a diameter of up to one 
centimeter, white, gray, black or green-yellow color

200 to 380

Many-leaved lupine very small oval to reniform seed, gray to black color 12 to 30

Table 1. 
Shape, color, and thousand seed weight of seeds of cultivated species of lupine (Lupinus spp.).
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data is collected in producing countries, occupy less than one million hectares of 
land, which ranks it ninth among dry grain legumes after soybeans, beans, peanuts, 
chickpeas, cowpea, peas, lentils, and broad beans [14] (Table 2). In recent years, over 
half of lupine is produced in Australia, where blue lupine is being cultivated on 95% 
of the land. Sweet varieties of blue lupine are successfully replacing imported soybean 
meal in cattle feed [15, 16]. The average yield of lupine grains in the world in 2020 was 
1.2 t/ha [14].

Interest in lupines for human consumption and livestock feed is also present in 
Europe, where all three Mediterranean species are cultivated. Sweet varieties of white 
lupine are mainly cultivated in southern Europe (in Portugal, Spain, and Southern 
France), where it thrives best. Sweet varieties of yellow lupine are cultivated in 
Northern Europe, Belarus, and Ukraine, and on a small scale in Southern France and 
Madeira. The main European producers of sweet blue lupine varieties are Germany, 
Poland, and the Netherlands. Compared to yellow and white lupine, blue lupine is more 
suitable for slightly heavier soils and is less sensitive to low soil and air temperatures.

Of the 222,220 hectares of lupine fields cultivated for dry grain in the European 
Union in 2020, most fields were in Poland (170,540 ha), whereas the number of fields 
was much lower in Germany (22,300 ha) and Greece (13,400 ha). In 2022, lupine was 
sown in France, Lithuania, Spain, and the Czech Republic on 5840 hectares to 1910 
hectares, and between 570 and 80 hectares of lupine were in Italy, Slovakia, Austria, 
Hungary, Latvia, and Romania ha [14]. The average yield by country was 1 to 2 t/ha. 
There is no statistical data on the cultivation of old bitter lupine varieties for green 
manure (for mulch or churning) and new sweet varieties for fodder herbage, hay, 
and silage.

Compared to the association of soybean-producing countries in the Danube Soya 
Association (Dunau Soja) and occasional EU agricultural policy support for soybean 
production, the incentives for the production and use of lupine are much lower. 
Nevertheless, individual researchers and experts as well as local growers, processors, 
and users do not hide their enthusiasm for the properties of lupine as they discover 
the possibilities of its versatile use, noticing benefits for the soil, in human consump-
tion, and livestock feed ha [2, 4, 17].

Grain legumes for dry grain Surface (ha) Yield (t) Yield (t/ha)

Soybean (Glycine max (L.) Merr.) 126,951,517 353,463,735 2.8

Common bean (Phaseolus vulgaris L.) 34,801,567 27,545,942 0.8

Peanut (Arachys hypogea L.) 31,568,626 53,638,932 1.7

Chickpea (Cicer arietinum L.) 14,841,941 15,083,971 1.0

Cowpea (Vigna unguiculata (L.) Walp.) 15,056,435 8,901,644 0.6

Pea (Pisum sativum L.) 7,190,442 14,642,466 2.0

Lentil (Lens culinaris Medik.) 5,009,933 6,537,581 1.3

Broad bean (Vicia faba L.) 2,671,497 5,669,185 2.1

Lupine (Lupinus spp.) 888,507 1.046.70 1.2

Table 2. 
Lupine (Lupinus spp.) among the world’s most widespread grain legumes in 2020, land size (ha), and grain yield 
(t and t/ha) [14].
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4. Ameliorative, fertilizing and phytosanitary importance of lupine

When it was first domesticated millennia ago, lupine was already recognized as a 
plant that increases grain yields. The ancient Egyptians, ancient Greeks, and Romans 
have sowed lupine, specifically in otherwise mono-cultural production of wheat 
and barley. From its original homeland in the Mediterranean, North Africa, and the 
Middle East, lupine was spread to the interior of Europe during the time of the Roman 
Empire. Historical sources most often mention white lupine, although people in the 
past sowed and used also blue and yellow lupine. All three still occur as self-sown 
today in areas of their original habitats; however, in the modern era, cultivation in the 
interior of Europe has caused them to spread to natural habitats, meadows, among 
bushes, rocks, and roadsides [2].

Farmers realized that it is an undemanding plant that has a great influence on soil 
fertility. A saying arose in Central Europe in the eighteenth and nineteenth centuries: 
“If wheat is the queen, the lupine is the king of the wheat.” All three best-known 
species of lupine were spread throughout Europe: white, blue, and yellow. On sandy 
and acidic soils, farmers were most impressed with the yellow lupine, which they 
named the miracle lupine. A combination of yellow lupine and rye worked very well. 
For green manure, a mixture of blue and white lupine was sown, and white lupine 
was called the backbone of green manure because of its good foliage. This involves 
mowing during flowering, mulching, and churning of herbage or burying cut herbage 
(plowing in) in order to increase soil fertility, as humus and nutrients are created over 
time from decaying organic matter [2].

In the twentieth century, scientific explanations were formed for the ameliorative, 
fertilizing, and phytosanitary importance of lupine cultivation in garden and agri-
cultural rotation, as well as sowing in vineyards, fig plantations, southern and other 
fruits, which are still in use in some parts of southern Europe today [18]. With loosen-
ing, the water and air regime of soil increase the availability of nutrients, especially 
phosphorus. The exceptional regenerative effect of lupine on degraded and aban-
doned land, depleted by intensive agriculture, has been proven. Lupine makes such 
land usable once again. Although farmers used the fertilizing effect of lupine long 
ago, the process of biological nitrogen fixation was only explained in the nineteenth 
century [19]. After species-specific bacteria Rhizobium lupini and Bradyrhizobium 
lupini free-living in the soil find lupine roots, tubular growths, structures or nodules 
form on the roots about 20 days after sowing. Bacteria that live and reproduce in 
these nodules bind nitrogen from the air between the roots and convert it into the 
ammonium form [19–21]. Over time, these nodules increase in mass and can grow to 
the size of a hazelnut, which is larger than in other grain legumes [22–24]. Lupine uses 
60 to 80% of nitrogen for the synthesis of its own proteins, and the bacteria get their 
life-sustaining carbohydrates from lupine plants. The amount of biologically obtained 
nitrogen with lupine is up to 100 kg/ha and is usually higher than in other annual 
grain legumes [25]. It depends on the lupine species and the duration of the growing 
season. Blue lupine has been found to fixate the most nitrogen [18, 22]. A crop that 
stays in the field for a longer period of time (the main crop) is more productive than 
a second crop, and autumn cooling of the soil can prevent the fixation process during 
the second crop.

Research results also indicate the great phytosanitary importance of lupine 
crops in suppressing weeds, pathogens, and pests and reducing their occurrence 
[16, 17, 19, 26].
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5. Grain and herbage alkaloid poisoning

The ancient Greeks named lupine thermos, which means warm (hot), and warns 
of the bitter substances in the grain. Because of its bitter taste, lupine grain never 
became a commonplace dietary item in ancient times but was conditionally edible 
when properly prepared. Despite its bitter taste, lupine grains appeared in the human 
diet from time to time, especially during periods of famine when other foods were 
unavailable. Most cases of poisoning occurred among the poor, who gathered grain 
from the fields in times of scarcity, and—similar to dry beans and peas—soaked 
it in water, boiled it, and consumed it. However, several hours of soaking were 
not enough. The first signs of poisoning were a burning sensation and dry mouth, 
vomiting, and general malaise. Ingestion of large amounts of toxic substances caused 
tremors, problems with thinking, speech, movement of arms and legs, and other 
nervous system disorders until death by respiratory paralysis and cardiac arrest [2].

Soaking lupine grains in salt water or seawater for a few days, draining the water 
and rinsing the grains under running water, and cooking them until soft, made it pos-
sible to consume the grains without poisoning. This improved the flavor of the dish, 
especially if lupine was cooked together with grains of other legumes and cereals, and 
if spices were added to the dish. Only with the development of science have scientists 
identified the bitter substances in the grain as tannins, saponins, and quinolizidine 
alkaloids, the most common of which are albin, angustifolin, lupinin, lupanin, 
lupidin, and sparteine [25, 27].

In the past, lupine poisoning also occurred in farm animals. Grazing on sites with 
lupine plants and using grains or herbage as livestock feed often proved fatal for preg-
nant animals, resulting in frequent abortions of the embryo at the start of pregnancy, 
premature births, degenerative developmental disorders of the skeleton in offspring, 
and stillbirths. Based on experience in animal husbandry, poisonous lupine grain was 
also used in the planned abortion of human embryos; the most abortifacient sub-
stance was later determined to be sparteine.

Mycotoxins (phomopsins), decomposition products secreted by fungi, especially 
Diaporthe toxica and Diaporthe woodii, can also be the cause of poisoning when 
livestock are fed with infected plants. Signs of poisoning are loss of appetite, jaun-
dice, and, in cases of severe poisoning, death due to liver failure. In the past, grazing 
on mature bitter grains or feeding with herbage and fresh ripe lupine grains have 
been shown to be particularly dangerous to small ruminants, sheep, and goats [8]. 
Tannins and saponins can also cause digestive problems and reproductive disorders if 
consumed in excessive amounts. Livestock poisoning due to various lupinotoxins was 
named lupinosis.

6.  Sweet varieties of lupine were discovered at the beginning of the 
twentieth century

From the domestication of wild plants until the middle of the twentieth century, 
the variety of lupine cultivated contained a lot of bitter substances in grain and 
herbage [1]. With the discovery of natural mutants—plants that were not able to 
accumulate alkaloids in grains and herbage—a new possibility of lupine use in human 
consumption and livestock feed was discovered. In early 1930, German breeders 
used a recessive mutation of the bitter lupine to develop varieties with a much lower 
alkaloid content and named them sweet varieties (Weiße Süßlupine). The “Pflugs 
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Gela,” “Pflugs Ultra” and other varieties proved to have tastier and more easily 
digestible grain but did not attract much interest in cultivation and use at that time. 
Industrialization and specialization of agriculture slowed their adoption of agriculture. 
Only with the development of new sustainable methods of agriculture since the end 
of the twentieth century, which require natural means for maintaining and improving 
soil fertility and provision of high-value protein foods to consumers, did the need to 
include sweet lupine in agriculture become more realistic and sensible [4, 25].

An important characteristic of such varieties is not the sweet taste of grains and 
herbage, but the lower content of toxic alkaloids and other bitter substances, such as 
tannins and saponins. Compared to bitter varieties, which have up to 6% alkaloids 
in their grain, the grain and herbage of sweet varieties contain hardly any alkaloids, 
or only in trace amounts, with a content of 0.001 to 0.06%. The permitted alkaloid 
content in grain depends on the respective national legislation. In some countries, the 
maximum permitted alkaloid content is 0.02 g per 100 g. Experts are not yet in agree-
ment on the amount of alkaloids that has no harmful effects on human and livestock 
health [6, 8].

Most of the sweet varieties of blue lupine for grain and herbage feed are selectively 
bred in Australia. Selective breeding of all types of lupine aimed at obtaining sweet 
varieties also takes place in the European Union, mainly in countries where the 
cultivation of individual species is somewhat more widespread.

6.1 Sweet lupine varieties: New source of protein for human consumption

Compared to legume species that have 20–30% protein content in the grain, the 
grain of Mediterranean lupine species of lupine has at least 10% more protein with 
an excellent amino acid composition that contains almost all essential amino acids 
(lysine, leucine, phenylalanine, tryptophan, threonine, isoleucine, histidine, and 
valine [4, 28, 29]. This means that lupine is comparable to soybean, the world’s most 
important protein legume. Similar to soybean, proteins in lupine are composed of 
water-insoluble globulins (about 90%) and water-soluble albumins (about 10%). As 
there are no prolamins and glutelins in the grain, gluten is not formed, so the grain 
ground into flour is suitable for anyone who cannot consume wheat products [29–31].

Lupine contains less carbohydrates (around 40%) than most legumes (around 
65%). The predominant carbohydrate is dietary fiber (about 30%), about 10% is 
resistant starch (amylose), while starch content is very low, that is, from 3 to 8% [32]. 
Insoluble cellulose and hemicellulose are the predominant fibers, followed by soluble 
oligosaccharides, which stimulate the reproduction of bifidobacteria in the intestine 
and have a beneficial effect on improving the immune system on the one hand, but 
on the other, undigested oligosaccharides in the large intestine undergo microbial 
fermentation, producing CO2, H2, and methane, thus causing bloating and flatulence. 
Because of bloating and flatulence, the public has a generally negative opinion of a 
legume diet [4].

The grain of blue and yellow lupine contains 2 to 6% fat, while the grain of 
white lupine contains up to 10% fat, and there are also differences between varieties 
(Table 3). Because lupine contains less fat than soybean (around 20%), it is easier 
to avoid fatty and high-calorie meals with lupine dishes. The lupine seed oil has an 
extremely favorable fatty acid composition, with a predominance of monounsatu-
rated fatty acids and an appropriate ratio of ω-6 to ω-3 fatty acids, so it is not surpris-
ing that one of the objectives of the selective breeding of white lupine is to increase 
the share of fat above 10% [4].
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Lupine (3 to 4%) and soybean (around 5%) are also quite close in terms of mineral 
content and composition. Potassium, manganese, magnesium, calcium, iron, and 
phosphorus are the predominant minerals in lupine grain, while zinc, chromium, 
cobalt, nickel, copper, and lead are present in smaller amounts. The sodium content is 
low, which meets the guidelines for lower salt intake.

Lupine grain contains many bioactive substances (polyphenols, flavonoids, 
isoflavones, glucosinolates, phytoestrogens, phytosterols, squalene, terpenoids, 
carotenoids, and others) that are also found in soybeans. Antioxidants include: 
carotenoids, mainly α- and β-carotene, lutein, and zeaxanthin, with some carotenoids 
being converted in the liver into retinol or vitamin A. Lupine is a good source of B 
group vitamins, with folate, thiamine, and riboflavin being the most predominant. 
Lupine and soybean grains also contain isoflavones, which play an important role in 
the prevention of osteoporosis, cardiovascular diseases, and hot flushes during meno-
pause, in lowering cholesterol and preventing the development of breast, cervical, 
and prostate cancer. The predominant isoflavone in lupine is genistein. Bitter varieties 
of lupine are richer in some compounds than sweet varieties [4, 33].

Lupine grains contain antinutrients (glycosides, enzyme inhibitors, lectins, 
oxalates, phytates, saponins, tannins, and alkaloids), which are non-nutritional sub-
stances known for their negative effects on the human organism, although they also 
have positive effects. For example, with improper preparation of food using a grain of 
bitter varieties, the amount of alkaloids in consumed food can prove fatal; however, 
trace alkaloids can promote appetite [8, 34].

Fortunately, the negative effect of non-nutritional substances in the diet can be 
prevented by choosing sweet lupine varieties, by properly preparing food, which 
begins with soaking the grain and draining the water, followed by cooking, roasting, 
and baking, or by using various techniques of microbiological processing of the grain 
into curd, cheese, and various sauces. When cooking, lupine grains do not become 
soft but retain a firm inner texture.

If you are not used to dietary fiber, lupine should be introduced into your diet gradu-
ally and in smaller quantities. Follow the rules for preparing dry grains of legumes for 
cooking and consider your diet. Bloating is caused not only by legumes and the substances 
they contain, but also by quick eating, swallowing food without chewing the grain com-
pletely, and also talking, as a result of which we swallow a lot of air with our food [35].

7. Foods prepared with lupine

Cooked lupine grains can be eaten in a salad with onions or pickled in brine or 
vinegar. It is used in spoon dishes, such as minestrone and pasta. Cooked and mashed 

Species Protein content (%) Fat content (%)

White lupine 35 to 40 up to 10

Yellow lupine 35 to 40 2 to 6

Blue lupine 28 to 35 2 to 6

Andean lupine * 35 to 50 15 to 25

*In terms of protein content, Andean lupine grains exceed soybean and Mediterranean lupine species by at least 10%.

Table 3. 
Protein (%) and fat (%) conItent in the grain of different types of lupine.
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grains can be livened up with spices and chopped vegetables for a spread on who-
legrain bread. The taste of whole-cooked lupine beans in a salad is reminiscent of 
beans, while roasted and baked grains are reminiscent of nuts. Roasted lupine grains 
are suitable as a salty or sweet snack. Roasted and ground grains are used as a substi-
tute for real coffee, which, unlike real coffee, does not contain caffeine. Lupine coffee 
has an excellent aroma and flavor, which depends on the temperature and method of 
roasting. The aroma and flavor have been impressing coffee lovers, who are promoting 
lupine coffee to new consumers. Cafés in Germany, which have recently started serv-
ing lupine coffee, are an example worth emulating. Lupine flakes, which are produced 
from rolled grain, match cereals in muesli and cereals for breakfast or other meals.

Various semi-finished products and products can be produced from lupine grains 
during artisanal or industrial processing [4, 8, 28]. The basic semi-finished product is 
flour, which is the raw material used for various bakery products, confectionery, and 
the thickening of dishes. Lupine bread is a special type of bread, with 15 to 20% of 
lupine flour added to wheat flour, which has been proven to improve the bread’s shelf 
life, keeping it fresh for longer. Globulin proteins can be prepared as fibrous, creamy, 
and spreadable products similar in appearance to meat and milk of animal origin, 
and can replace similar soy products. The creamy composition of flour is an excel-
lent binder when added to ground animal meat for fresh products, such as ćevapčići 
(grilled minced meat), hot dogs, salami, and for dry meat products (sausages), which 
are therefore cheaper. In products for vegans and vegetarians, flour is the basis for the 
production of substitutes for milk and meat of animal origin [4].

Production of protein concentrates and isolates and dietary fiber isolates, which 
can be added to cereal flour for bread, pasta, sweets, snacks, and beverages, as well as 
to meat of animal origin, is more technically complex. The neutral taste of the protein 
isolate from lupine combines perfectly with various types of animal meat, without 
any after-taste being detected in the products.

Microbiological processing of lupine grains produces many products (curd, 
cheese, and sauce), which are difficult to attribute to lupine because of their appear-
ance. Soybean curd, known as tofu, is called lopino when made from lupine. Similar to 
soybean, these products have higher nutritional value, better sensory properties, and 
longer shelf life [8].

Because lupine grain contains almost no normal starch but contains resistant 
starch, it breaks down slower. The slowly degradable starch regulates blood sugar, and 
prolongs the time of satiety, thereby reducing the need for quantitatively abundant 
meals and snacks, which contributes to reducing obesity or maintaining healthy body 
weight. Resistant starch and dietary fiber also prevent the development of cardiovas-
cular disease and diseases of the large intestine [4, 36].

Sweet lupine grains can be prepared traditionally in modern cuisine: boiled, 
roasted, and baked. Roasted and salted lupine beans are a popular street snack or a 
beer and wine snack in the Mediterranean, Middle East, and India [8].

In Latin America, where bitter Andean lupines are grown (the locals call it tarwi, 
chocho, or lupino), and in some places in the Mediterranean, the Middle East, and 
India, where grains of bitter lupine varieties are still used for traditional dishes, dishes 
are prepared or processed with the help of well-established grain debittering proce-
dures [5]. Lupine grains are first soaked in salt water for a few days, and then rinsed 
under running water for a long time. Cooked grains are preserved by pickling in 
brine or vinegar, as is common for olives or pickles. The grains are edible either with 
or without the husk, which is sometimes removed before pickling. Locals are used to 
removing the husk by rubbing the lupine grain between their index finger and thumb. 
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In Portugal and Spain, the roasted grain, called tremoços (Portuguese) and altramuces 
(Spanish), is a popular snack while drinking beer and wine. In Egypt, lupine is known 
by its Arabic name termes, used for roasted and salted grain sold by street vendors [8].

7.1 Lupine allergenicity

Lupine is categorized as an allergen, so it must be listed as an ingredient on the 
food label according to the EU Directive (2007/68/EU). An allergy occurs as an 
immune system responds to lupine proteins. An allergic reaction is often triggered by 
structurally similar antigens of soybean, peanut, broad beans, or nuts. After consum-
ing sweet varieties of lupine, some sensitive people experience rashes, inflamma-
tion of the eyes, and even breathing problems that can lead to anaphylactic shock. 
Particularly people with allergies should pay more attention to unpackaged lupine 
products, such as bread, cakes, pizzas, pasta, and ice cream [8]. It is better to avoid 
street food than to seek medical help, where physicians can help with anti-inflamma-
tory drugs—antihistamines, if there is still time.

7.2 Incentives for use of lupine for human consumption

The market for lupine for human consumption is currently small, but experts 
believe that lupine has great potential for human consumption. Lupine products are 
an excellent replacement for various sweet, salty, or fatty carbohydrate snacks. In the 
food industry, when developing dishes from sweet varieties of lupine, the emphasis 
is on fermented products, which are similar to soybean products in terms of taste, 
nutrition, and digestibility. Lupine products are an alternative to soybean for people 
who either do not like soybean or are afraid that it is genetically modified. Although 
genetic technology has already been used in the selective breeding of lupine, no GM 
(genetically modified) varieties of lupine are currently in production [8].

In order to promote the use of lupine for human consumption, it is necessary to 
raise awareness among consumers, as it is a very promising food. Consumers need to 
be made aware that excessive consumption of animal meat has a negative impact on 
the environment and health. With the help of cooking courses, it is possible to present 
how lupine can be used in food and to explain how lupine, other grain legumes and 
cereal porridges can be used at home to prepare delicious meals. At the same time, 
we should raise awareness and connect all the links of the supply chain for lupine in 
the local environment, which affects shorter transportation and therefore a smaller 
carbon footprint that would result from remote cultivation. Cooperation between all 
stakeholders in the chain of cultivation, processing, and marketing of lupine is the 
only way to ensure that our good intentions are realized and observed in food [4, 17].

8. Lupine grain processing into nonfood products

Proteins in the form of globulin in lupine grain also allow industrial process-
ing into nonfood products, from plastics to man-made fibers for fabrics and ropes. 
Similar to soybean, it is possible to industrially treat globulin using chemical reagents 
and biological enzymes and to process it into fibers. Antibiotics, anti-inflammatory, 
and UV protection agents are added during the spinning process. The produced fibers 
are mixed with cashmere fibers, silk, cotton, bamboo, and elastane fibers for fabrics 
for underwear, bedding, shirts, evening dresses, and children’s and sports clothes.
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The higher fat content and the favorable fat composition in white lupine attracted 
some selective breeders to cultivate varieties with a fat percentage above 10%. In 
addition to cooking oil, there are also opportunities for producing nonfood products, 
such as soap, paints, and varnishes. In South America, where Andean lupine is grown, 
which contains 15 to 25% fat, it is traditionally processed into cooking oil, soap, and 
paints. Breeders believe that varieties with a higher proportion of fat are promising 
for the local population and beyond.

8.1 Importance of sweet lupine varieties for livestock feed

Selective breeding of lupine has made the grain of newer sweet varieties of all 
three lupine species suitable for livestock feed without the need for heat treatment 
[37]. Compared to soybean, lupine grain does not contain trypsin, hemaggluti-
nins, and urease inhibitors [38]. Lupine grain also contains less fat than soybean 
(20%), in which the main feed for cattle is a low-fat meal (1 to 3% fat) obtained 
by extracting fats from the grain with the help of hot steam, solvents, and solvent 
extractions.

Compared to white lupine grain, which contains about 10% fat, blue and yellow 
lupine grain contains 2 to 6% fat. When preparing livestock meals with grains, care 
should be taken not to exceed the daily amount of 5% of raw fat per kg of dry matter 
for cattle feed; therefore, sweet varieties of yellow and blue lupine are preferred in 
livestock feed [38–40].

Although grain of sweet lupine varieties is also suitable for human consump-
tion, for now, its importance is greater in animal husbandry. The beginnings of the 
cultivation of sweet blue lupine varieties for animal husbandry were in Germany in 
the first half of the twentieth century. A lot of experience with this kind of livestock 
feed (for cattle, small ruminants, poultry, and pigs) has been gained in recent decades 
in Australia, where half of the world’s lupine-producing fields are used to grow blue 
lupine. In recent years, Australian cattle farmers have successfully substituted fresh, 
crushed, or ground sweet blue lupine grain for soybean meal.

The usefulness of sweet lupine varieties in animal husbandry is supported by 
results of scientific research, which confirm the beneficial effect of lupine feed on 
appetite and growth in all species and categories of livestock [41]. Livestock farmers 
also feed whole plants to cattle and small ruminants, either as fresh herbage, hay, or 
silage alone or in a mixture with other plants. Protein utilization from lupine grain 
and herbage is almost 90% and 70–80%, respectively.

The world’s main source of protein of plant origin in animal husbandry is soy-
beans, of which 70% must be imported to meet all the needs of the European Union. 
Because lupine is quite similar to soybean in terms of protein composition, it is worth 
considering replacing soybean meal with lupine protein in animal husbandry. Sweet 
lupine varieties have the potential of protein feed from local fields.

9.  Lupine varieties with at least some bitter substances and new options of 
use for bitter varieties

Producers of sweet lupine varieties have observed that crops and grain in stor-
age are more susceptible to diseases and pests that were not present in older bitter 
varieties. Researchers have confirmed that the cause for these observations is the 
absence of alkaloids in herbage and grain. Alkaloids in old bitter varieties inhibit the 
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reproduction of bacteria and fungi, repel pests and herbivorous wild animals from 
the crops, and prevent the germination of various weeds [34].

For green manure, it is increasingly recommended to churn in or lay lupine mulch 
between rows when growing other agricultural plants, as it has a beneficial effect on 
soil and plant health. For this purpose, bitter white lupine varieties with rich foliage 
are preferred because of their abundant crop.

Varieties of all species of bitter lupine, particularly blue lupine with a higher alka-
loid content in the grain and herbage, are being studied by scientists as raw material 
for the production of biotic preparations for plant protection [34]. Plant protection 
products include biostimulants that use extracts of bitter lupine varieties to improve 
the rooting of cultivated plants, reduce the occurrence of fungal diseases and repel 
pests, which, together with other protective measures, contributes to increased qual-
ity and quantity of the crop [42]. Figure 1 presents the deviation between bitter and 
sweet varieties according to the intended use.

Despite the advantages of sweet variety feeds, which contain almost no alkaloids 
and other bitter substances (tannins and saponins), studies have shown that a low 
content that is not harmful to health has a beneficial effect on the appetite and 
health of livestock, particularly on the reduction of external parasites that linger on 
the skin and hair, as well as internal parasites (endoparasites), especially intestinal 
parasites.

A goal in developing new sweet varieties is to determine the amount of alkaloids 
in herbage and grain that has no harmful effects on livestock health. Some believe 
that the limit value for alkaloid content in herbage and grain should be higher than 
the existing value permitted by current legislation. This indicates the possibilities 
for growing varieties whose grain contains almost no alkaloids, while herbage would 
be rich in alkaloids and other bitter substances, which would reduce the occurrence 
of diseases during growth and development, and repel pests and herbivorous wild 
animals. Straw with a high bitter substance content after grain harvest can be a source 
for obtaining extracts for natural pesticides, as well as for traditional applications, 
such as mulching and incorporation into the soil.

Among the varieties of blue or narrow-leaved lupine (Lupinus angustifolius L.), 
sweet varieties are distinguished from bitter ones in Australia by using the term blue 
lupine for sweet varieties and narrow-leaved lupine for bitter varieties. Globally, the 
name blue lupine is used for both bitter and sweet varieties; as Australians explain, 
such use of names makes accurate communication easier when purchasing seed, 
developing and using production technologies, and defining crop used for grain or 
herbage.

Figure 1. 
Bitter and sweet varieties according to the intended use.
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10. Agrotechnical instructions for growing lupine

All three Mediterranean species of white lupine (Lupinus albus L.), blue or 
narrow-leaved lupine (L. angustifolius L.), and yellow lupine (Lupinus luteus L.) have 
common characteristics and distinctive differences that producers must take into 
account [3, 21, 43].

10.1 Soil pH can determine the success of cultivation

Lupine species have different requirements regarding soil type; the yellow lupine 
thrives best on light sandy soils, while white and blue lupines grow best on medium 
sandy loam to loamy sand soils; the blue lupine tolerates slightly heavier soils. Heavy, 
poorly drained soils are unsuitable for lupine cultivation. When choosing a field for a 
specific lupine species (white, blue, and yellow), the soil pH is an important indica-
tor: acidic sites with a pH of 4.5 are still suitable for yellow lupine; however, slightly 
acidic to alkaline soils with a pH of 6.5 to 7.8 is more suitable for blue and white 
lupine, with white lupine tolerating more calcium in the soil (Table 4).

10.2 Basic tillage and fertilization

After choosing the species and variety of lupine for a particular soil, the soil must 
be properly tilled according to the type of soil and growing conditions; for spring 
sowing, traditional tillage with autumn plowing is more common. Shallow tillage with 
a plow and cultivator is sufficient for sowing lupine stubble crops, but conservation 
tillage without plowing is becoming increasingly widespread. With abundant weeds, 
traditional tilling is a better choice, especially in grain production.

Although lupine is a legume that acquires nitrogen during growth and develop-
ment, nitrogen fixation will only take place under suitable growing conditions, that is, 
at a soil temperature of at least 8°C, sufficiently moist soil, if there is sufficient Ca, P, 
Fe, Mo, and B in the ground. Phosphorus in the soil increases nitrogen-fixing capac-
ity and contributes to flowering, while potassium increases tolerance to disease and 
drought. Phosphorus and potassium peaks are not necessary [44]. In conventional 
tilling, pre-sowing fertilization with around 40 kg of nitrogen/ha is recommended, 
but many experts believe nitrogen fertilization is unnecessary with optimal nutrient 
concentration in the soil. Too much available nitrogen in the soil inhibits biological 
fixation by Rhizobium and Bradyrhizobium lupini bacteria [21, 24, 25, 45].

In organic production of lupine, well-rotted and composted farmyard manure (15 
to 30 t/ha) is suitable for basic fertilization, which is suitable for autumn fertilization. 
There will also be much less problems with weeds when sowing lupine after potatoes, 
as long as the weeds have not spread with sowing seeds or fresh farmyard manure. 

Species Soil type Recommended soil pH

White lupine light sandy loam to medium soil 6.5 to 7.8

Blue lupine sandy loam to medium soil, with sufficient 
moisture

6.0 to 6.8

Yellow lupine light, sandy soil, dry locations 4.5 to 6.8

Table 4. 
Differences between lupine species in terms of soil type and soil pH.
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If lupine is in the rotation after cereals and rapeseed, the stale seedbed technique can 
be used with one to three sweeps or harrows before sowing. This kills weeds at the 
small seedling stage, which can greatly reduce the seed supply of weeds in the soil.

The intensification and specialization of farming led to problems of narrow crop 
rotation (more diseases, pests, and weeds and less humus in the soil). Conventional 
producers have become accustomed to mineral fertilizers that work quickly, almost 
immediately. However, when deciding on a new paradigm of sustainable agriculture, 
the possibilities for sowing green manure crops reveal themselves.

Regarding the importance of sowing crops for green manure and incorporation, 
there is a claim made in Slovenian specialized literature: “What you give to the earth, 
you get back with interest.” Farmers at that time sowed a mixture of white and blue 
lupine on the stubble of cereal crops.

When sufficiently densely sowed, the abundant foliage of lupine maintains soil 
moisture, and reduces soil erosion and weeds. Due to too fast mineralization in 
summer, stubble catch crops are best suited for green manure crops for incorporation 
when the primary crop is harvested at the end of the growing season when growth is 
stopped by cold and frost.

The modern process of preparing a lupine crop for incorporation is rolling, fol-
lowed by mowing with the repeated cutting of plants with a disc harrow and plowing. 
For the faster decomposition of herbage, compost or slurry is applied, as well as 
mineral nitrogen in conventional cultivation.

10.3 Time and method of sowing

Blue lupine is sown in March, or at the end of February in regions with a mild climate. 
The optimal time for sowing yellow and white lupine is the first half of April. In colder 
locations in cold years, it is better to wait until May, just like with soybeans. Sowing of 
stubble lupine crops should be done as soon as possible after harvesting the main crop.

Lupine sowing depth depends on the size of the seeds and the type of soil. White 
lupine can be sown at the greatest depth, yellow at medium depth, and blue lupine 
at the shallowest depth. Sowing on heavier soils should be shallower than on lighter 
soil. Due to the different thickness of seeds and soil properties, the amount of seed for 
sowing lupine ranges from 70 to 250 kg per hectare. The amount of seed for sowing is 
calculated using data for thousand seed weight, germination, and purity. With a certi-
fied seed of sweet varieties, it is necessary to adhere to the recommendations of the 
breeder and the seed dealer, to set up the sowing machine accordingly, and to check 
the coverage at the time of sowing.

Dense sowing of lupine for herbage and grain is carried out with a grain seeder for 
compact sowing. Sowing with a seeder for row spacing is suitable for white lupine in 
non-determinant varieties, where it is possible to till the soil before the development 
of side branches and ground cover. On sandy soils and in dry conditions, rolling is 
recommended, especially for sowing stubble crops. This increases the germination 
and emergence of seedlings. Sparse sowing for grain requires 40 to 50 germinating 
seeds per m2, whereas spaced sowing at an inter-row spacing of 25 to 40 cm and 
intra-row spacing of 5 to 10 cm, and cultivation for herbage requires double the 
number of germinating seeds, specifically 80 to 100 germinating seeds per m2. Dense 
sowing is carried out at an inter-row spacing of 15 cm and intra-row spacing of 2.5 to 
10 cm. When sowing at greater inter-row spacing, the development of cover of the 
inter-row space is slower, and the greater spacing between rows enables mechanical 
treatment with a finger hoe until the ground cover develops (Table 5).
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If the seed for sowing is certified, it has varietal purity, is healthy, undamaged, 
has a sufficiently large thousand seed weight, and high germination and purity. 
Standard seed purity and germination for lupine are at least 90%. Seeds for organic 
production must not be disinfected with conventional synthetic agents, but can be 
disinfected before sowing in a warm water bath at a temperature of up to 50°C or in a 
warm herbal bath for only a few minutes, after which they must be thoroughly dried 
at a temperature of up to 40°C. If soaked in a table salt solution, seeds can be sorted 
by removing unhealthy and damaged seeds that float to the surface, while healthy, 
heavier seeds sink.

If the soil becomes crusted before the emergence of seedlings, the crust must be 
crushed, either with a mesh or some other light harrow. When adjusting the depth, be 
careful not to set the wedges too deep, especially if the seeds are already germinating.

10.4  Similarities and differences between species in terms of requirements for 
successful growth and development

Lupine species differ in terms of plant height. The yellow lupine is the smallest 
(about 50 cm), the blue lupine is medium tall (50 to 120 cm), and the height of the 
white lupine ranges from 80 to 150 cm (Table 6). Compared to broad beans and peas, 
lupines do not require support and do not tend to become prostrate. Extremely tall 
varieties can become prostrate, especially after storms and downpours during the 
ripening period, when the weight of pods and grains increases significantly. Plant 
height is affected by growing conditions, soil type, and soil pH, nutrient concentra-
tions in the soil and fertilization, seeding density, and lighting [12].

The growing period of lupine depends on the species and variety; the blue lupine 
has the shortest time from sowing to seed maturity (90 to 110 days), the yellow lupine 
has a slightly longer growing period (100 to 130 days), and the white lupine has the 
longest growing period, that is, 140 to 180 days (Table 6). Lupine is most often sown 
in spring. Exceptions are regions with mild winters, where lupine sown in autumn can 
withstand the winter perfectly, and the grain yield is usually higher than when lupine 
is sown in spring. Lupine sown in spring stays on the field for a longer time, so it is 
grown as a main crop; if sown after grain or early potatoes, it is used as a catch crop. 

Species Number of seeds per m2 Amount of sowing seed (kg/ha)

White lupine 60 to 70 180 to 240

Blue or narrow-leaved lupine 90 to 100 140 to 160

Yellow lupine 70 to 80 120 to 140

Table 5. 
Sowing density of lupine and amount of seed for sowing.

Species Time of sowing Duration of growing period Plant height (cm)

Blue lupine March 90 to 110 days 50 to 120

Yellow lupine April 100 to 130 days around 50

White lupine April 140 to 180 days 80 to 150

Table 6. 
Differences between lupine species in terms of the time of sowing, length of growing period, and plant height.
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Regardless of the time of sowing, winter cereals, grasses or grass mixtures, potatoes, 
rapeseed, field, and garden vegetables are the best-preceding crops in rotation. Bulb 
vegetables, such as garlic, onions, shallots, and leeks, should be avoided when rotat-
ing crops.

10.5 Ways to reduce crop weed and damage due to diseases and pests

The foundation of crop protection against weeds, disease agents, and pests is a 
properly composed and sufficiently long crop rotation [3, 16, 26] A suitable time until 
resowing in the same field is at least 4 years. Healthy seeds, a field with as few weeds 
as possible, sowing at the optimal time, and in a way that corresponds to the species 
and variety and the intended use of the crop, all play a preventive role in plant protec-
tion. Bands of bitter lupine around crops of other cultivated plants have been shown 
to deter pests and wild animals. The positive effect of bitter substances of plants 
incorporated into the soil-on-soil health has also been confirmed.

Reducing weeds by hoeing around young plants is only possible with greater 
inter-row spacing, otherwise, young crops are combed one to three times at weekly 
intervals. A comb harrow can be used to thin out crops that are too dense. There is a 
growing number of machines, tools, and know-how available for mechanical mea-
sures, among the newer ones, there is also the option of burning weeds. It is impor-
tant that all agrotechnical measures are carried out precisely.

Although sufficiently dense sowing of lupine is beneficial because of less weed, 
the density must be adjusted to the species and variety, depending on the intended 
use of the crop. When growing grain with greater inter-row spacing, we must not miss 
the opportunity for hoeing.

Protection of lupine is based on a rotation and on varieties that are tolerant to 
specific pathogens. Lupine is susceptible to infections by various pathogens, such as 
Erysiphe, Fusarium, Rhizoctonia, Pythium, Colletotrichum, and Uromyces. They most 
often appear and spread when the soil is too moist and the sowing is too dense.

Low soil moisture, sparse sowing, sowing of healthy seeds, seed baths, 
and removal of infected plants are some of the measures to reduce infections. 
Compared to natural means, when reducing the occurrence of diseases includes 
several measures, the use of fungicides and insecticides is more effective. If you 
notice twisting and curling of the leaves, lice, and thrips, which carry viral dis-
eases, have certainly reproduced excessively, and thrips can cause damage to the 
epidermis by sucking.

10.6 Herbage and grain harvest

Lupine yield ranges from 20 to 60 t of herbage and from 1.5 to 6 t of grain per 
hectare. It depends on the species, variety, growing conditions, and technology, that 
is, agricultural techniques and agrotechnical measures [9, 46, 47]. Ripe lupine pods of 
newer varieties usually do not open, while overripe pods burst much less than in other 
grain legumes, so seed losses at harvest are mainly due to improper combine harvester 
settings. Combine harvester adjustments include changing the mesh, and reducing 
operating speed and drum rotation speed. Harvesting is done when the grain is firm 
and resistant to pressure, that is, at a grain moisture content of 15 to 20%. Grain is 
stored at a moisture content of 12 to 14%. Lupine for hay is first mowed and dried; for 
silage, it is harvested by a forage harvester for corn when side shoots start flowering; it 
should be ensilaged alone or mixed with corn or sunflower.
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11. Conclusions

Lupine has a positive effect on improving and maintaining soil fertility. Its ame-
liorating and fertilizing effect on the soil has been proven, as well as its phytosanitary 
importance in crop rotation in reducing the incidence of diseases and pests. Although 
sweet lupin varieties were discovered at the beginning of the twentieth century, new 
paradigms of sustainability offer them an opportunity in the production of food for 
humans and livestock. The substitution of soy protein is particularly emphasized. The 
grains of all three Mediterranean lupin species contain a similar amount of protein 
and have a similar amino acid composition to soybeans, and the grain has less fat than 
soybeans. As a food source, it is gluten-free, contains almost no starch but resistant 
starch, and is high in fiber, some minerals, and bioactive compounds. In the modern 
diet, sweet lupine beans can be prepared by cooking, pickling, roasting, or baking. 
Through various processes, products similar to soybean can be obtained from the 
grain: flour, fibrous proteins, protein isolate, milk and meat substitutes, and various 
sauces through fermentation. Processing focuses on the special properties of the 
proteins, such as creaminess, lubricity, and fiber. The market for lupin for human 
consumption is currently small, but researchers believe it has great potential. Lupin 
can be used to improve the composition of daily meals or even replace a predomi-
nantly meat-based diet with a plant-based one. For blue or narrow-leaved lupin is 
most commonly used for feeding livestock, either as a vegetable or as a grain, which 
has a better protein yield than soybeans. The main producer of lupins, Australia, is an 
example of a successful substitute for soybean feed.

Acknowledgements

The chapter preparation was partly supported by Research Program P4-0077 of 
the Slovenian Research Agency.

© 2023 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. 



Production and Utilization of Legumes - Progress and Prospects

90

References

[1] Kurlovich BS. Lupins: Geography, 
classification, genetic resoirces and 
breeding. OY International North 
Express, Kurlovich B.S. (ur.), St. 
Petersburg, Rusija: Intan; 2002. 468 str.

[2] Gladstones JS. Distribution, 
origin, taxonomy and importance. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 1-39

[3] French B, Shea G, Buirchell B. 
Introduction and history. In: White P, 
French B, McLarty A, editors. V: 
Producing lupins. South Perth: 
Department of Agriculture and Food; 
2008. pp. 11-18. http://archive.agric.
wa.gov.au/objtwr/imported_assets/
content/fcp/lp/lup/lupins/lupin%20
bulletin%20v10-lr.pdf

[4] Lucas MM, Stoddard FL, 
Annicchiarico P, Frias J, Martinez- 
Villaluenga C, Sussmann D, et al. 
The future of lupin as a protein crop 
in Europe. Frontiers in Plant Science. 
2015;6:705. DOI:10.3389/fpls.2015.00705

[5] Gulisano A, Alves S, Martins JN, 
Trindade LM. Genetics and breeding 
of Lupinus mutabilis: An emerging 
protein crop. Frontiers in Plant Science. 
2019;10:1385. https://www.frontiersin.
org/ articles/10.3389/fpls.2019.01385/full 

[6] Buirchell BJ, Cowling WA. Genetic 
resources in Lupins. In: Gladstones JS, 
Atkins CA, Hamblin J, editors. Lupins 
as Crop Plants. Biology, Production 
and Utilization. Wallingford: CAB 
International; 2007. pp. 41-66

[7] Wolko B, Naganowska B, Nelson MN, 
Clements J, Yang H. Lupins. In: Kole C, 
editor. V: Wild Crop Relatives: Genomic 

and Breeding Resurces, Legume Crops 
and Forages. Berlin, Heidelberg, New 
York: Springer; 2011. pp. 153-208

[8] Petterson DS. Composition and 
food uses of Lupins. In: Gladstones JS, 
Atkins CA, Hamblin J, editors. Lupins 
as Crop Plants. Biology, Production 
and Utilization. Wallingford: CAB 
International; 2007. pp. 353-384

[9] Clapham WM, Elbert-May D. 
Influence of population on white  
lupin morphology and yield. Canadian 
Journal of Plant Science. 1989;69: 
161-170

[10] Craig AA, Smith PMC, Sanjiv G, 
Jones MGK, Caligari PDS. Genetics, 
cytology and biotechnology. V: Lupins 
as a Crop Plant: Biology, Production 
and Utilization. Gladstones JS, 
Atkins C, Hamblin J. (ur.). Wallingford, 
CAB International: pp. 81-86

[11] Hertel K. Vegetative growth. In: 
Walker J, Hertel K, Parker P, Edwards J, 
editors. V: Lupins Growth and 
Development. New South Wales: NSW 
Department of Industry and Investment; 
2011. pp. 31-42

[12] Walker J, Hertel K, Parker P, 
Edwards J. Lupins Growth and 
Development. New South Wales, 
NSW: Department of Industry and 
Investment; 2011. p. 84. https://www.
dpi.nsw.gov.au/__data/assets/pdf_
file/0006/516183/Procrop-lupin-growth-
and-development.pdf

[13] Georgieva NA, Kosev VI, 
Genov NG, Butnariu M. Morphological 
and biological characteristics of white 
lupine cultivars (Lupinus albus L.). 
Romanian Agricultural Research. 
2018;35:109-119



Production and Utilization of Lupinus spp.
DOI: http://dx.doi.org/10.5772/intechopen.110227

91

[14] Faostat. Food and Agriculture 
Organization of the United Nations 
Statistics Division. 2022. https://www.
fao.org/faostat/en/#home [Accessed: 
December 18, 2022]

[15] Cox B. Marketing and trade. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 437-454

[16] Pannell DJ. Economic assessment 
of the role and value of Lupins in the 
farming system. In: Gladstones JS, 
Atkins CA, Hamblin J, editors. Lupins 
as Crop Plants. Biology, Production 
and Utilization. Wallingford: CAB 
International; 2007. pp. 339-351

[17] Dergan T, Ivanovska A, Kocjančič T, 
Iannetta PPM, Debeljak M. ‘Multi-
SWOT’ multi-stakeholder-based 
sustainability assessment methodology: 
Applied to improve Slovenian legume-
based Agri-food chains. Sustainability. 
2022;14:1-26. DOI: 10.3390/su142215374

[18] Longnecker N, Brennan R, 
Robson A. Lupin nutrition. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 121-148

[19] Hennig E. 1997. The Secrets of Fertile 
Soils. OLV Organischer Landbau Verlag 
Kurt Walter Lau. Xanten: 202 str.

[20] Sharma S, Aneja MK, Mayer J, 
Munch JC, Schloter M. Characterization 
of bacterial community structure in 
rhizosphere soil of grain legumes. 
Microbial Ecology. 2005;49(3):407-415

[21] Pate JS, Emery RJN, Atkins CA. 
Transport Physiologiy and partitioning. 
In: Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 181-226

[22] Howieson JG, Fillery IRP, 
Legocki AB, Sikorski MM, Stepkowski T, 
Minchin FR, et al. Nodulation, nitrogen 
fixation and nitrogen balance. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 149-180

[23] Muraveev AA, Naumkin VN, 
Naumkin LA, Lukashevich MI. 
Productivity of white lupine seeds after 
using an inoculation, fertilizers and plant 
growth regulators. Forage Production. 
2012;8:23-27

[24] Naumkin VN, Kurenskaya OJ, 
Murawev AA, Kryukov AN. White 
lupin efficiency at different levels of 
mineral nutrition. Legume Crops. 
2015;4(16):61-68

[25] Martin JH, Waldren RP, Stamp DL. 
Principles of Field Crop Production. 
Upper Saddle River, New Jersey, 
Columbus, Ohio: Pearson Prentice Hall; 
2006. p. 954

[26] Sweetingham MW, Jones RAC, 
Brown AGP. Diseases and pests. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 263-289

[27] Allen JG. Toxins and Lupinosis. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 411-435

[28] Sizenko EI, Lisitsin AB, 
Rastyapina AV. Nutritional value of 
lupine and use of its products. All about 
meat. 2004;4:34-40

[29] Lara-Rivera AH, Ruiz-Lopez MA, 
Rodriguez-Macias R, Soto-Velasco C, 
Garcia-López PM, Barrientos-Ramirez L, 
et al. Grain yield, and chemical and 



Production and Utilization of Legumes - Progress and Prospects

92

protein composition of Lupinus 
angustifolius varieties grown in Mexico. 
Revista Internacional de Botánica 
Experimental. 2017;86:89-96

[30] Kohajdová Z, Karovičová J, 
Schmidt Š. Lupin composition and 
possible use in bakery - a review. 
Czech Journal of Food Sciences. 
2011;29(3):203-211

[31] Pereira A, Ramos F, Sanches SA. 
Lupin (Lupinus albus L.) seeds: 
Balancing the good and the bad 
and addressing future challenges. 
Molecules. 2022;27:8557. DOI: 10.3390/
molecules27238557

[32] Aranda P, Dostalova J, Frias J, Lopez-
Jurando M, Kozlowska H, Pokorny J, 
et al. Carbohydrates in grain legume 
seeds. In: Hedley CL, editor. Improving 
Nutritional Quality and Agronomic 
Characteristics. Wallingford: CABI 
Publishing; 2001. pp. 61-87

[33] Vollmannova A, Lidikova J, 
Musilova J, Snirc M, Bojnanska T, 
Urminska D, et al. White Lupin as 
a promising source of antioxidant 
Phenolics for functional food production. 
Journal of Food Quality. 2021;2021:1-11. 
DOI: 10.1155/2021/5512236

[34] Frick KM, Kamphuis LG, 
Siddique KHM, Singh KB, Foley RC. 
Quinolizidine alkaloid biosynthesis 
in Lupins and prospects for grain 
quality improvement. Frontiers in 
Plant Science. 2017;8:87. DOI: 10.3389/
fpls.2017.00087

[35] Iqbal A, Khalil IA, Ateeq N, 
Khan MS. Nutritional quality of 
important food legumes. Food 
Chemistry. 2006;97:331-335

[36] Flight I, Clifton P. Cereal grains and 
legumes in the prevention of coronary 
heart disease and stroke: A review of the 

literature. European Journal of Clinical 
Nutrition. 2006;60:1145-1159

[37] Lukashewich MI, Sviridenko TV. 
Directions and results of breeding white 
lupine. Forage production. 2012;5:22-24. 
DOI: 633.367.3:631.524/.527

[38] van Barneveld RJ. Understanding 
the nutritional chemistry of lupin 
(Lupinus spp.) seed to improve livestock 
production efficiency. Nutrition Research 
Reviews. 1999;12:203-230

[39] Edwards AC, van Barneveld RJ. 
Lupins for livestock and fish. In: 
Gladstones JS, Atkins CA, Hamblin J, 
editors. Lupins as Crop Plants. Biology, 
Production and Utilization. Wallingford: 
CAB International; 2007. pp. 385-409

[40] Gataulina GG, Medvedeva NV, 
Shtele AL, Tsigutkin AS. Growth, 
development, yield and feeding value of 
varieties of white lupine (Lupinus albus 
L.) in RGAU-ICCA. Izvestiya Timiryazev 
Agricultural Academy. 2013;6:12-30

[41] Abraham EM, Ganopoulos I, 
Madesis P, Mavromatis A, Mylona P, 
Nianiou-Obeidat I, et al. The use of 
Lupin as a source of protein in animal 
feeding: Genomic tools and breeding 
approaches. International Journal of 
Molecular Sciences. 2019;20(4):851. 
DOI: 10.3390/ijms20040851

[42] Mazur VA, Mazur KV, 
Pantsyreva HV. Influence of the 
tehnological aspects growing on quality 
composition of seed white lupine 
(Lupinus albus L.) in the Forest steppe 
of Uraine. Ukrainian. Journal of Ecology. 
2019;9(1):50-55

[43] Römer P. Lupinen-Verwertung 
und Anbau. Rastatt, Gesellschaft zur 
Förderung der Lupine. 2007;37. http://
lelf.brandenburg.de/media_fast/4055/
lupine07.15564210.pdf



Production and Utilization of Lupinus spp.
DOI: http://dx.doi.org/10.5772/intechopen.110227

93

[44] Dracup M, Turner NC, Tang C, 
Reader M, Palta J. Responses to abiotic 
stresses. In: Gladstones JS, Atkins CA, 
Hamblin J, editors. Lupins as Crop Plants. 
Biology, Production and Utilization. 
Wallingfod: CAB International; 2007. 
pp. 227-262

[45] Naumkin VN, Naumkin LA, 
Mesheryakov OD, Artyuhov AI, 
Lukashevich MI, Ageeva PA. Prospects 
of cultivation of lupine in the central 
Chernozemski region. Agriculture. 
2012;1:27-29

[46] Faluyi MA, Zhang F, Leibovitch S, 
Smith DL. White Lupin growth, yield, 
and yield components in eastern Canada: 
Influence of management factors. 
Agronomy Journal. 1997;89(5):781-788

[47] Zamora-Natera JF, Hernandez IZ, 
Villalvazo A, Macias RR, Perez ES, 
Garcia PM. Performance of blue lupin 
(Lupinus angustifolius L.) cultivars on 
acid soils of Jalisco, Mexico. Academia 
Journal of agricultural Research. 
2017;5(10):300-305. DOI: 10.15413/
ajar.2015.0176





95

Chapter 6

White Clover (Trifolium repens L.) 
Benefits in Grazed Pastures  
and Potential Improvements
John R. Caradus, Marissa Roldan, Christine Voisey  
and Derek R. Woodfield

Abstract

White clover has been, and continues to be, a valuable component of grazed 
pastures through improving feed quality and nutritive value, improving seasonal dry 
matter distribution, and providing biologically fixed nitrogen that benefits not only 
white clover itself but also the surrounding plants. The contribution of white clover 
to sustainability and environmental goals is a growing focus of breeding programs. 
The use of genome mapping and genotyping by sequencing to determine genetic 
variation and population structure in clover improvement programs needs to be 
expanded to improve breeding efficiencies. Seed yields also need to be improved 
while maintaining the selected agronomic performance traits to ensure that 
commercial cultivars remain cost-effective with other crops and land uses. Beneficial 
traits not available within the white clover genome may be provided through genetic 
modification and gene editing, particularly traits that contribute towards addressing 
challenges associated with animal nutrition and health, water quality and climate 
change. The inherent benefits of white clover as well as the potential for including 
additional beneficial traits will be described.

Keywords: biologically fixed nitrogen, breeding, environment, genetic modification, 
nutritive value

1. Introduction

White clover (Trifolium repens L.) is a critical component of grazed pastures in 
most temperate areas of the world [1]. The value of white clover in mixed species 
grazed pastures is due to its contribution towards improving feed quality and nutri-
tive value, complementary seasonal dry matter distribution, and the provision of 
biologically fixed nitrogen (Figure 1). A meta-analysis demonstrated that including 
white clover in perennial ryegrass swards maintained or increased milk solids yield 
at lower stocking rates and lower N application rates [2]. This can lead to economic 
benefit and improved profitability of pastoral farming systems. White clover plant 
breeding programs have sought to increase dry matter yield, improve feed quality, 
improve persistence, or a combination of these. However, with changing management 
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systems, resource constraints, environmental imperatives, and climate variability 
continued improvement will be required. New genomic and breeding techniques pro-
vide an opportunity to achieve new and better outcomes and will ensure that white 
clover continues to be a species of value and importance in grazed temperate pastures. 
The aim here is to describe the origin of white clover, its domestication, overview 
breeding objectives, describe the known advantages of white clover, and then discuss 
future improvements that will be required, and how they can be achieved, to ensure 
white clover continues to deliver benefit.

2. Origin

White clover is an allotetraploid (2n = 4x = 32), originating from hybridisation of 
two diploid Trifolium species [3]. As an amphidiploid, white clover has the full diploid 
set of chromosomes from each parent species [4]. The identity of those two ancestral 
species was purported to be T. nigrescens and T. uniflorum [5], or T. nigrescens and 
T. occidentale [6]. However, the most likely ancestral species based on DNA sequence 
analyses, molecular cytogenetics, interspecific hybridization are a diploid alpine 
species (T. pallescens) and a diploid coastal species (T. occidentale), which probably 
occurred during the last major glaciations 13,000–130,000 years ago [7–9]. F1 hybrids 
between T. pallescens and T. occidentale have been created using embryo rescue which 
produced a significant frequency of unreduced gametes, indicating this as the likely 
mode of polyploidisation, and these hybrids were themselves inter-fertile with white 
clover [8]. The increased genetic diversity created by allopolyploidisation can confer 
enhanced fitness, phenotypic plasticity, and adaptability, and has been correlated 
with survival in stressful environments [9].

Figure 1. 
White clover in a mixed sward, a highly nutritious component of multi-species grassland pastures.



97

White Clover (Trifolium repens L.) Benefits in Grazed Pastures and Potential Improvements
DOI: http://dx.doi.org/10.5772/intechopen.109625

White clover originated from multiple hybridisation events in Mediterranean 
glacial refugia characterised by fertile soils, good soil moisture, and the presence of 
grazing animals which conceivably led to its spread through Europe and into western 
Asia and North Africa [9–11].

3. Domestication

White clover is a perennial stoloniferous plant which can also seed prolifically. It 
is the most important pasture legume in many temperate parts of the world, particu-
larly where defoliation is through grazing. Domestication of white clover occurred at 
least 400 years ago in the Netherlands and spread globally with European colonisation 
[12]. The wide habitat tolerance of white clover has ensured its success in temperate 
[13], Mediterranean [14] and some subtropical regions [15].

Trait inheritance for white clover is disomic where chromosome pairing during 
meiosis is similar to that of nonhomologous pairs of chromosomes in diploids [16]. 
White clover has a strong gametophytic self-incompatibility mechanism such that 
only a small proportion of plants in a population are self-compatible [17]. The 
outcrossing and disomic inheritance of white clover results in populations that are a 
heterogeneous mixture of heterozygous individuals [11].

3.1 Types of white clover

White clover cultivars and ecotypes have been categorised largely on leaf size as 
Small, Intermediate, Large and Ladino types [1, 18]. Cyanogenesis, the production of 
hydrogen cyanide in damaged leaves [19], has been another trait used to classify white 
clover. Plants can quantitatively vary from having high levels to no expression (acya-
nogenic types) of hydrogen cyanide. While both Ladino and Large categories of white 
clover are large-leaved, Ladino types are characterised by being completely acyano-
genic [18, 20]). Large leaved types generally have moderate to high cyanogenesis, and 
Small and Intermediate types may display low to high cyanogenesis [18].

Ladino types of white clover all originate from the Po Valley, particularly in the 
area of southern Lombardy close to the town of Lodi [21] in northern Italy [20]. 
This large leaved acyanogenic type of clover is believed to have developed during 
the fifteenth and sixteenth centuries with white clover grown under a management 
system involving mowing to feed an intensive dairy system supporting Parmesan 
cheese production [22]. Ladino types were widely adopted in North America where 
the strong, erect growth proved popular [10].

Significant relationships between yield of white clover populations in perennial 
ryegrass (Lolium perenne) swards and shoot morphology and cyanogenesis traits have 
been observed [18, 23]. Of note were significant (P < 0.05) negative correlations between 
leaf size and stolon growing point number of −0.66 and −0.46, in years one and two 
respectively after planting; positive correlations between leaf size and clover percentage 
content of +0.73 and +0.25, in years one and two respectively after planting; and inter-
estingly in year one, a negative correlation between stolon growing point density and 
clover percentage content of −0.55, but in year two a positive correlation of +0.41 [23].

3.2 Breeding objectives

Plant breeding of white clover has occurred in most countries with temperate envi-
ronments. Traditionally, plant breeding has sought to improve on-farm productivity, 
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primarily through increased DM yield, improved feed quality, improved persistence, 
or a combination of these [24]. This has led to successful outcomes for both yield and 
clover percentage content in a grass sward [25]. Breeding programs have also been 
undertaken seeking improvements in resistance to pests and diseases, tolerance of 
drought, aluminium toxic soils, and improved yield at low levels of soil phosphorus.

3.2.1 Yield and combining ability with grass

The negative association between yield potential and persistence of white clover 
[26] has led to breeding programs seeking to break this relationship resulting in high 
yielding and persistent cultivars [27].

A study comparing 20 cloned genotypes from each of 15 white clover cultivars in 
three different grass swards (L. perenne, Festuca arundinacea and Agrostis capillaris) 
that were intermittently grazed by sheep over 18 months from planting showed that, 
despite not detecting differences in the effect of grass species on particular white 
clover cultivars, there was a strong difference in the spread of genotypes within 
each cultivar and that there may be a differential response to grasses at an individual 
genotype level [28]. This provides scope for improving competitive ability and 
reinforces the importance of selecting white clover under grass competition rather 
than as spaced white clover plants growing in monoculture. Competition effects of 
grasses maybe stronger under grazing than cutting, and competition effects become 
severe when grasses shade stolons [29].

3.2.2 Persistence

Persistence can be adversely affected by grazing management, diseases and pests, 
competition from other species, deficiencies and toxicities of nutrients and climatic 
factors [26]. As a stoloniferous species white clover depends on its taproot only in its 
seedling stage, with the taproot lasting less than 18-months from establishment [30]. 
The nodal root systems then maintain the remaining plant parts. Rooting frequency 
of nodes is positively correlated with stolon branching frequency [31]. However, it is 
the combination of the timing of death of the seminal tap root and the development 
of stolons that determines the persistence of white clover rather than the absolute 
survival of the seminal taproot [32].

Selection for increased stolon development while maintaining leaf size is seen 
as the key to improving both yield and persistence of white clover selections [30]. 
In general, leaf size along with plant height, both positively related to yield at least 
initially [33], are negatively correlated with stolon growing point density [18] which is 
intuitively associated with vegetative persistence [34].

In pasture systems using nitrogen from both white clover biological nitrogen 
fixation and from nitrogen fertiliser, pasture management can maintain clo-
ver content and as a result, pasture nutritive quality. For example, when up to 
200 kg N ha−1 yr−1 of nitrogen fertiliser is used on dairy pastures, clover content 
can be maintained by ensuring additional pasture is fully utilised, particularly in 
spring [35] so that the grass component does not shade the clover and put it at a 
competitive disadvantage.
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3.2.3 Seed production

Monitoring seed production potential of white clover cultivars is crucial in com-
mercial delivery of any agronomically superior cultivar. White clover seed production 
yield is a product of inflorescence density and yield per inflorescence [36]. However, 
each node is only capable of producing either a flower or a stolon branch [37] so 
increased yield per inflorescence is a preferred strategy for large leaved cultivars with 
fewer nodes per unit area [36]. Vigorous and continued flowering results in plants 
being less persistent vegetatively [37]. While inflorescence density and seed yield per 
inflorescence are under independent genetic control and can be utilised to increase 
seed yield of new white clover cultivars [36]. Increases in seed yield are mostly associ-
ated with increases in inflorescence density (inflorescences/m2), and to a lesser extent 
with increased seed yield/inflorescence [38]. However, importantly seed yield can 
be achieved while maintaining desirable morphological features and improving the 
uniformity of the cultivars.

3.2.4 Plant morphology

The success of white clover as a perennial legume in grazed swards is largely reliant 
on its ability to spread vegetatively through profusely branching stolons (Figure 2). 
Selections have been made within both a large and a small leaved cultivar of white clover 
for high and low proportions of nodal branches, long and short internodes, and large 
and small leaf size [23]. Heritability estimates were higher for leaflet size and internode 
length than for proportion of nodes branching, indicating that increasing shoot density 
and therefore persistence should focus on selection for reduced internode length rather 

Figure 2. 
White clover with a part of the canopy removed to expose the stolon network which allows the plant to persist, 
spread and vegetatively replicate.
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than increased proportion of nodes branching. Indeed, developing white clover culti-
vars with higher stolon growing point densities at a particular leaf size should improve 
persistence while maintaining the greater yield potential [27, 39].

3.2.5 Phenotypic plasticity

Phenotypic plasticity describes the ability, or not, of plants to respond to their 
environment by making changes to their morphology and physiology [40, 41]. 
‘Differential phenotypic plasticity’ is the extent to which phenotypic plasticity occurs 
with a species [42]. White clover grows in a wide range of environments and has a 
high level of phenotypic plasticity, a trait common to many clonal species [43, 44]. 
Using soil phosphorus level as the environmental variable, all plant characters of 
white clover measured exhibited plasticity with yield-related characters in general 
being more plastic than characters associated with plant morphology [42]. Of the 
morphological characteristics measured internode length and leaf size were the most 
plastic. The large variation observed for phenotypic plasticity indicated that breeding 
for an increase or decrease in plasticity of plant traits in white cover is achievable. 
Plasticity of plant traits has been identified as important in the yield of white clover 
during adaptation to environmental and seasonal fluctuations [45].

3.2.6 Pest and disease resistance

In many environments high cyanogenesis is associated with greater persistence 
than acyanogenic clovers [26]. Cyanogenic white clover plants are avoided by slugs 
and/or snails [46, 47], voles (Arvicola terrestris) [48], and larvae of alfalfa weevils 
(Hypera postica) [49]. However, cyanogenic expression while slowing symptom 
expression of pepper spot caused by Stemphylium sarciniforme did not provide long 
term resistance [50].

Several invertebrate pests can seriously affect white clover production and 
concomitantly nitrogen fixation. In New Zealand pastures this includes slugs 
(Deroceras recticulatum), clover flea (Sminthurus viridus), grass grub (Costelytra 
giveni), porina (Wiseana spp.), clover weevil (Sitona obsoletus), black field cricket 
(Teleogryllus commodus) and root nematodes such as clover cyst (Heterodera trifolii) 
and root-knot (Meloidogyne hapla) [51–53]. Simply removing nematode effects using 
nematicides has shown increases of 40% for annual white clover yield and 57% for 
nitrogen fixed [54, 55]. Selection for resistance to root feeding insects and nematodes 
has been challenging. While variation has been observed under controlled conditions 
for resistance/tolerance to nematodes [56, 57], and insect pests such as grass grub 
(Costelytra zealandica) [58], none have resulted in commercial releases due to the 
recessive genetic control of clover cyst and root-knot nematode resistance.

3.2.7 Abiotic tolerances

White clover plants adapted to cold environments have little to no cyanogenic 
expression [59–61]. Heritability for tolerance to frost in white clover is high, ranging 
from 0.75 to 0.93 [62], as it is for many other species such as wheat [63] and rice [64]. 
During hardening, prior to exposure to frost, increases occur for dry matter content, 
soluble carbohydrates, sucrose and proline levels in stolons [65].

Drought can have significant effects on clover persistence, with the quantum of 
impact associated with grazing management [66, 67]. Under set stocking with sheep, 
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loss of stolon dry weight was much lower than for plants managed under rotational 
grazing, where stolon dry weight decreased by 75–90%, and white clover content 
in the sward reduced from 15 to 2%. Selections for improved tolerance to drought 
in white clover has had marginal success. White clover is a shallow rooted creeping 
legume where seedling taproots and nodal root size is positively correlated with leaf 
size [30]. Selection for specific root characteristics has improved yield and persistence 
in drought prone environments. For example, white clover populations developed 
by divergent selection for taproot diameter and for root weight ratio (proportion 
root weight to total plant weight), when assessed under grazing in a drought-prone 
environment and in a controlled-environment study, respectively, demonstrated that 
selection for medium leaf size and large taproot diameter gave yields 70% better in 
moist conditions and 35% better under dry conditions than that of the standard culti-
var, Grasslands Huia [68]. Selection for increased root weight ratio was also effective 
in improving growth and survival in drought prone environments. Including ecotypes 
collected from drought-prone sites has been part of the development of cultivars in 
Australia, New Zealand and USA for heat and drought affected environments [69–71].

White clover is a species that requires high levels of soil phosphorus for optimal 
yields, particularly when grown in competition with grasses [72, 73]. Differences 
in response to added phosphorus among white clover genotypes has been shown in 
controlled environments [74–78], but this has not been effectively transferred to ben-
efits in grazed pastures [79]. Selection for increased root hair length in white clover 
has been achieved [80] but when used in a field environment any benefit related to 
phosphorus uptake is negated by mycorrhizal infection in low phosphorus soils [81]. 
While mycorrhizal infection is important for white clover growth and survival in low 
phosphorus soils, selection for clovers able to develop more effective relationships 
with mycorrhiza has not yet been achievable [82].

Similarly for aluminium tolerance in acid soils, differences between white clover 
cultivars in controlled environments can be shown but these do not necessarily result 
in differences in field trials [83].

3.2.8 Introgression using interspecific hybridisation

To increase genetic variation in white clover concerted attempts have been made 
to create interspecific hybrids with 11 related Trifolium species, notably T. nigrescens, 
T. uniflorum, T. occidentale, T. pallescens, and T. ambiguum [84, 85]. These species 
range from annuals to long-lived, hardy perennials, some with adaptations to stressful 
environments, providing new traits for breeding more resilient cultivars of white 
clover for seasonally dry, infertile grassland environments. However, to date only one 
cultivar derived from interspecific hybridisation has been commercially released. 
Named Aberlasting, this cultivar was derived from crosses between T. repens and T. 
ambiguum. Initial results suggested enhanced persistence under grazing, possibly due 
to the presence of rhizomes in the hybrids [86], although other agronomic trials have 
not shown expected benefits [87]. Adequate seed production remains a major hurdle 
for successful commercialisation of Trifolium hybrids [88, 89].

4. Benefits of white clover

White clover has been the go-to legume in grazed pastures because of its ability to 
withstand defoliation and compete with companion species, but also due to being able 
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to effectively fix nitrogen, have a high nutritive value, provide complementary seasonal 
yield with companion grasses, and improve on-farm profitability. Combining white 
clover with not just grasses but also forage herbs such as chicory (Cichorum intybus) and 
plantain (Plantago lanceolata) can contribute additional micro- and macro-minerals to 
livestock diets [90]. It has been proposed, with some evidence, that for white clover to 
make any significant contribution to the nitrogen economy and feed quality of a pasture 
it should make up at least 30% total dry matter [91]. White clover is a component of most 
diverse pasture mixes and one that tends to dominate over time due to the loss of herbs 
and other shorter-lived species [90]. The inclusion of herbs such as plantain with biologi-
cal nitrification inhibition may help further reduce N emissions in diverse pastures [92].

4.1 Nitrogen fixation

White clover has an affinity for Rhizobium leguminosarum bv. trifolii, and this 
nitrogen-fixing symbiosis can produce on average 80–100 kg N/ha/year (range 
10–270 kg N/ha/year) in grazed permanent clover/grass pastures in temperate regions 
of the world [93, 94]. Compared with white clover monocultures, grass competition 
has been shown to markedly increase the proportion of clover nitrogen derived 
from symbiotic nitrogen fixation [95]. This phenomenon is the result of strong 
competitiveness by ryegrass for soil nitrogen such that white clover in the clover-
ryegrass mixtures becomes more dependent on symbiotic nitrogen fixation than when 
grown in monoculture [96].

Severe defoliation can cause rapid degradation of leghaemoglobin in nodules result-
ing in decreased nitrogen fixation capacity [97]. However, less severe defoliation may 
preferentially influence symbiotic nitrogen fixation, as opposed to the uptake of min-
eral nitrogen from the soil [96]. This observation led to the conclusion that symbiotic 
nitrogen fixation does not limit the supply of nitrogen to clover and hence its growth. 
Therefore, symbiotic nitrogen fixation in white clover is regulated more by the demand 
for nitrogen rather than by the availability of carbohydrate reserves in the plant.

The application of nitrogen fertiliser also reduces the level of biologically fixed 
nitrogen from clover. In a mixed grass-clover sward grazed by sheep the application of 
up to 390 kg N ha−1 yr−1 (applied at 30 kg N ha−1 after each grazing) has been shown 
to decrease annual nitrogen fixation by nearly 60% [98]. Similarly, in a mixed grass-
clover sward grazed by dairy cows the application of 400 kg N ha−1 yr−1 (applied at 
approximately 40 kg N ha−1 after each grazing) decreased annual nitrogen fixation 
from 154 kg N ha−1 yr−1 when no nitrogen was added to 39 to 53 kg N ha−1 yr−1 [99]. 
In a UK study, it was determined that under intensive grazing, the maximum applied 
N rate that optimised herbage yield while having minimal effects on white clover 
content and nitrogen fixation rates was 60–120 kg N ha−1 [100].

Low temperatures also have a detrimental effect on biological nitrogen fixation. 
In a controlled environment study higher shoot temperatures (23°C vs. 13°C day 
temperatures) resulted in increased nitrogen fixed irrespective of whether or not root 
temperature was increased in parallel [101]. Low root temperature (5°C) however did 
result in a lower proportion of nitrogen derived from biological nitrogen fixation.

Grass-legume swards containing white clover produce higher grass and total sward 
yield than mixtures containing red clover, alfalfa or birdsfoot trefoil [102]. This is 
potentially due to the higher N fixation and a faster release of N from roots of white 
clover than alfalfa. Louarn et al. [103] reported 60% less transfer of N fixed by alfalfa to 
the associated grasses than white clover despite the alfalfa having twice the biomass of 
the white clover.
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4.2 Nutritive value

Forage legumes are generally considered to be of higher nutritive value than grasses 
due to a higher intake, a higher ratio of protein/energy absorbed [104–108] and higher 
digestibility [109]. Dry matter intake has been shown to be at its greatest when white 
clover is about 60% of the feed mixture consumed [110]. Increased intakes of clover 
with higher nutritive value are the main contributing factors leading to increased milk 
yields [111] and lamb growth rates [112] associated with high clover diets. Mixtures 
of clover and forage herbs such as chicory (Cichorium intybus) and plantain (Plantago 
lanceolata) resulted in higher growth rates of sheep and cattle particularly during 
summer and autumn compared with ryegrass/white clover pastures due to the higher 
nutritive value [113]. Herb and clover mixes, while having a similar crude protein 
content compared with ryegrass/white clover pastures, have lower fibre content and 
higher organic matter digestibility and metabolisable energy levels.

Compared with a concentrate diet offered ad libitum lambs fed a cocksfoot 
(Dactylis glomerata) and white clover pasture mix resulted in carcasses with less fat 
and more protein [114]. However, comparison of lambs fed either white clover or 
perennial ryegrass found that clover-fed lambs had 40% greater slaughter weights but 
also had higher amounts of fat resulting from the greater production of rumen-retic-
ulum volatile fatty acids [115]. A lower stocking rate associated with lambs grazing 
grass/clover compared with grass fertilised with 190 kg N ha−1 was compensated for 
by higher live-weight gain and carcass weight without changes in fatty acid composi-
tion of carcass tissues [116]. However, polyunsaturated fatty acid concentrations are 
often higher in white clover than alfalfa (Medicago sativa) and grasses [117]. Higher 
liveweight gain and earlier slaughter of lambs grazing clover-dominant swards tend 
to outweigh any fatness disadvantages relative to ryegrass-dominant pastures due to 
high feed conversion efficiency [118].

Methods to select for improved nutritive value of white clover have been 
developed [119]. This could allow the identification of germplasm with proteins that 
are relatively insoluble and resistant to rumen degradation leading to increased levels 
of amino acids that are available for absorption from the intestine.

4.3 Seasonal yield

Asynchronous seasonal biomass production of components in mixed species 
pastures has been related to increased yield [120] and yield stability [121] of sown 
grasslands. However, a study comparing perennial ryegrass pure stands and eight 
populations of white clover either in pure stands or in mixture with perennial ryegrass 
over three years at three sites concluded that it was doubtful if genetic variability of 
seasonal growth patterns within white clover can be used to increase the performance 
of clover-ryegrass mixtures [122].

4.4 Economic benefits

The inclusion of Trifolium species in grazed grass swards has been demonstrated 
to improve both productivity and profitability compared with grass-only swards 
for both sheep and dairy production systems [2, 123, 124]. Introduction of more 
persistent white clovers into south-eastern USA pastures added US$86/ha through 
increased cattle liveweight gain and reduced N fertiliser requirements [125]. In New 
Zealand the annual financial contribution of white clover through fixed nitrogen, 
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forage yield, seed production and honey production was estimated to be NZ$3.095 
billion [126]. The contribution of white cover to New Zealand’s direct and dependent 
industry Gross Domestic Product has been estimated to be NZ$2.35 billion in 2015/16 
[127] when milk solid payout was about NZ$4.40 per kg milk solids whereas now that 
is closer to NZ$9 per kg milk solids [128]. The inclusion of white clover in low-fertility 
hill country pasture in New Zealand has been modelled to result in a 17% increase 
in spring and summer forage consumption generating a 32% greater cattle carcass 
weight production per ha and leading to a 49% improvement in farm system profit 
[129]. This represents a positive net present value of over NZ$360,000 for the original 
investment in white clover establishment into existing pastures.

5. Future improvements

Future breeding aims need to align with increasing environmental challenges and 
the regulations imposed on farming operations such as limits of nitrogen fertiliser 
use, protection of waterways, identification of plants that will mitigate against 
or be adapted to predicted climate change, and the effect this will have on plant 
performance, species requirements, and the resulting changes that will happen in 
farm systems [24].

5.1 Breeding techniques

5.1.1 Genomics and trait mapping

Genome mapping and genotyping by sequencing to determine genetic variation 
and population structure in clover improvement programs provide the opportunity 
to improve breeding efficiencies [130–135]. However, there are limited examples of 
successes despite gene markers being identified for seed yield [136, 137], or drought 
tolerance using quercetin glycoside accumulation gene markers [138].

Genomic selection utilises DNA markers and trait data to estimate the breed-
ing value and kinship of genotypes without having to phenotype them. In white 
clover Ehoche et al. [133] demonstrated the potential of genomic selection to be at 
least double the rate of genetic gain for DM yield in white clover compared with a 
conventional half-sib breeding scheme. Once validated in the field, this can shorten 
the breeding cycle and improve efficiency of breeding for many multigenic traits 
by enabling access to within family variation. The lack of access to within-family 
genetic variation has been identified as a major reason for the poor genetic gain in 
forages [139].

A potential setback to the implementation of genomic selection is the increase in 
net inbreeding per year as the reduction in generation interval decreases genetic vari-
ance faster [140]. Phenotypic selection typically takes 3 years or more to perform one 
cycle of selection, while two cycles per year can be completed with genomic selection. 
Breeding schemes for white clover aim to increase the frequency of desirable alleles in 
a population while maintaining heterozygosity. Consequently, breeders are faced with 
a dilemma of increasing genetic gain by selection whilst preserving or even increasing 
genetic diversity. Practically, this problem can be ameliorated by initiating selections 
in populations with high genetic diversity, or simultaneously running pre-breeding 
activities so that new genetic variability can be introduced as a plateau in the response 
to selection is reached [140, 141].
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5.1.2 Genetic modification and gene editing

Beneficial traits not available within the white clover genome may be provided 
through genetic modification and gene editing. Initial genetic modification of white 
clover sought to improve insect resistance [142, 143] and virus resistance [144, 145]. 
Breeding strategies for developing genetically modified white clover cultivars have 
been considered [146]. However, traits that contribute towards addressing challenges 
associated with animal nutrition and health, water quality, drought tolerance and 
climate change have become increasingly important [147–149].

5.2 Environmental benefits

Pastoral agriculture has been criticised for exacerbating both air and water issues 
through methane production from ruminants contributing to increasing greenhouse 
gas levels, and through nitrogen movement to waterways [150–153]. White clover as 
a high protein component of grazed pasture contributes to this concern but it also 
has the opportunity to provide solutions. One study has laid to rest the concern that 
biological nitrogen fixation might exacerbate N2O emissions, this appears to be more 
influenced by soil carbon content and surplus nitrogen levels [154].

Reducing emissions of the methane from ruminants grazing pastures is a seri-
ous research target in some countries. An example of this is the utilisation of plant 
secondary compounds such as condensed tannins. Condensed tannins are found in 
the leaves of several forage legumes, but not to any significant extent in white clover. 
They are known to bind proteins, protecting them from degradation in the rumen 
where methane producing-microbes are active [155, 156]. White clover synthesises 
condensed tannins, which occurs naturally in the flowers, and in trichomes on the 
under-surface of leaves [157]. A recent advance, using a molecular biology approach, 
has identified a transcription factor or master switch that can ‘turn on’ the condensed 
tannin pathway present in white clover leaves, and with the appropriate promoters 
allows biologically significant levels of condensed tannin expression in leaf tissue 
[148, 158, 159]. In vitro tests have demonstrated that the condensed tannins produced 
in white clover leaves can bind to protein at pH 6.5, as found in the rumen, and then 
release them at pH 2.0, the pH in the abomasum This suggests that protein protection 
in the rumen is possible, and that when released in the acidic abomasum, these pro-
teins will be digested into essential amino acids for absorption in the small intestine of 
the animal [160, 161]. These studies also demonstrated that these condensed tannins 
could reduce methane production by up to 15% in the first 6 hours of incubation in 
rumen fluid under laboratory conditions (Figure 3). While the use of genetically 
modified organisms in many jurisdictions is regulated, this development has the 
potential to improve environmental, animal health and animal productivity outcomes 
from grazed pasture systems.

5.3 Persistence, yield and competitive ability

Although past breeding programs have been successful in selecting for persistence 
and yield [25, 69], future programs will continue to focus on these traits, particularly 
in mixed species swards and under grazing [24]. The use of grass competition and 
grazing in selection trials has been important in identifying persistent and high 
yielding cultivars particularly when grown in stressed environments [26, 39, 162]. 
This has resulted in the production of cultivars such as Durana [69], Trophy [70], and 
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Tribute [163]. The challenge for breeders is to identify effective screening and selection 
processes, sourcing new genetic variation and integrating genotyping by sequencing to 
link important traits to gene markers to improve selection efficiencies.

5.4 Microbial associations

5.4.1 Rhizobium symbiosis

The provision of effective rhizobium strains, along with novel seed-coating 
technology that extends shelf life, can led to increased symbiotic capacity in white 
clover [164]. Selecting rhizobium strains that are competitive with naturalised rhizobia 
strains to ensure both their persistence in the soil and superior nodule occupancy is key 
[165]. A better understanding of the genes associated with ensuring a competitive and 
effective symbiosis would be beneficial [166]. Spill-over benefits of rhizobium have 
been demonstrated, with the white clover Rhizobium strain TA1 conferring tolerance 
against Cd toxicity, an impurity in phosphate fertilisers which may have toxic effects 
on both plant growth and rhizobia activity [167]. Whether variation in nitrogen 
fixation capacity by genotypes within populations of white clover can be exploited for 
more effective symbiotic outcomes is yet to be determined [168].

5.4.2 Mycorrhiza

Synergistic effects between arbuscular mycorrhiza and rhizobium strains has 
shown increased nitrogen acquisition by white clover, as well as increased shoot and 
root growth, and increased amino acids levels in roots [169]. Mycorrhiza, such as 
Glomus mosseae, have been shown to extend the soil phosphorus depletion zone to 

Figure 3. 
Effect of condensed tannins in white clover leaves (WC-1 and WC-2) on methane production after 6 hours of 
incubation in rumen fluid in vitro, compared with untransformed control (white clover cv Mainstay). Means that 
do not share a letter are significantly different at p < 0.01 using Tukey’s multiple comparison test. Graph redrawn 
as part of data published in Roldan et al. [160].
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nearly 12 cm compared with non-mycorrhizal white clover roots which may extend 
to 1 cm [170]. However, mycorrhizae are only effective at low soil phosphorus levels 
[171–173]. There is some evidence that mycorrhiza may not only aid uptake of phos-
phorus, but also may enhance growth and drought tolerance of white clover [174]. It 
is unlikely however that mycorrhiza are a route for transfer of nitrogen between white 
clover and grasses [175].

5.4.3 Bioprotectants

Microbial bioprotectants can enhance plant growth, improve nutrient uptake, 
and suppress disease and pests [176–178]. Inoculation with plant growth-promoting 
rhizobacter (e.g. Bacillus aryabhattai and Azotobacter vinelandii) along with effective 
Rhizobium strains has been shown to significantly increase nitrogenase activity plus 
potassium, calcium, and magnesium contents in shoots when grown in phosphorus 
deficient soils [179]. Use of bioprotectants, other than Rhizobium, to improve white 
clover growth and persistence is a research area requiring attention [179].

5.5 Use as a cover crop

Perennial legumes such as white clover have been used as cover crops for 
improving soil properties, increasing future crop production, and positively 
impacting environmental aspects of any farming operation [180]. For example, 
mixtures of white clover and perennial ryegrass have been successfully used as 
a living mulch to achieve high yields, with sufficient irrigation and additional 
fertilisation, while increasing the inputs of nitrogen through biological nitrogen 
fixation into the entire cropping system [181]. Consistent yields in maize on 
unfertilised soil where white clover had previously been used as a living mulch, 
was shown to be the result of effective mycorrhizal fungus colonisation leading to 
improved phosphorus uptake by maize [182, 183].

6. Conclusion and future perspectives

White clover will continue to be a crucial component of grazed pastures in the 
temperate world, particularly as consumer demands for improved environmental and 
animal welfare outcomes in agricultural production systems become more strident. 
Use of new molecular and genomic methodologies for more effective and efficient 
selection of beneficial traits will remain a priority. Reliance on legume-based swards 
resulting in reduced inorganic nitrogen use will become increasingly important in 
reducing nutrient runoff into waterways and nitrous oxide emissions. Including traits 
into white clover that reduce both methane emissions and nitrogen losses can be 
achieved through genetic modification. Traits such as leaf expression of condensed 
tannins in forage can simultaneously deliver to these environmental goals, plus 
enhance animal health by reducing bloat, and increase production of meat, milk and 
fibre. The challenge then will be balancing the perceived risk of using genetic modi-
fication against the benefits of improving the environmental footprint of livestock 
farming and animal health and productivity. In addition, enhancements in white 
clover performance using microbial technologies may create more sustainable farm-
ing outcomes through reduced synthetic fertiliser and pesticidal inputs.
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Abstract

Legume proteins have recently attracted interest from the food industry. Indeed,
they are economical and have good nutritional and functional attributes. In addition to
being important for growth and maintenance, they also provide antioxidant peptides,
and are hence gaining importance for these additional health benefits. The nutritional
benefits of leguminous seeds, are linked to the digestibility of the proteins into pep-
tides and amino acids. Seed proteins have a complex structure. Coexisting with these
proteins in the seed matrix, are other components that interfere with protein digest-
ibility. Among them, are the antinutritional factors (ANFs), like trypsin inhibitors,
which are also significant in animal nutrition. Thus, improving access to legume pro-
teins, often depends on the removal of these inhibitors. Therefore, this chapter
focuses on the factors affecting the efficient digestion of proteins, with emphasis on
ANFs and methods to eliminate them. Enzymatic treatment is an effective method to
solve the problems encountered. Exogenous enzymes, act as digestive aids and help
improve protein digestibility in vivo, where digestion is impaired due to insufficient
digestive enzymes. Enzymes provide an environment-friendly alternative to energy-
intensive processes in the food industry. Complete digestion of legumes will prevent
wastage and enhance food security, besides contributing to sustainability.

Keywords: protein digestibility, antinutritional factors, trypsin inhibitors, enzymes,
proteases

1. Introduction

The origin of legumes in the diet of human beings, dates back to ancient times. The
discovery of what is believed to be a pigeonpea in an Egyptian tomb, lead us to believe
that lentils were used as food thousands of years ago. What was part of the diet of the
ancient Aztec, Inca, Greek, Egyptian and Indian Vedic cultures, continues to hold
importance even in today’s modern world. For centuries now, legumes have been
consumed by people all over the world. Globally, grain legumes occupied 81 million ha
with production of more than 92 million tonnes. Major grain legume producing coun-
tries are India, China, Myanmar, Canada, Australia, Brazil, Argentina, USA and Russia
[1]. Among the legumes consumed by humans, soyabean is by far the most widely
used. Referred to as “poor man’s food”, pulses and beans are part of the staple diet
among the low-income population, as they are used as a main source of protein,
instead of animal meat, which has traditionally been more expensive and not as easily
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available. They have emerged as effective tools in the fight against global
malnourishment. Most health organizations recommend consuming vegetable protein
on a regular basis, as it has been shown to lower blood cholesterol levels, the risk of
coronary heart disease, and diabetes [2]. According to Dietary guidelines for Ameri-
cans, U.S. Department of Agriculture, and U.S. Department of Health and Services,
legumes should be included several times a week, in the diet.

Apart from being used as a protein source for the diet, legumes have other health
benefits that are only now being realized. However, the digestibility of plant seed
proteins is low, as compared to animal proteins. Hence it is important to understand
the factors influencing the complete breakdown of proteins into their constituent
components, so that remedial measures can be undertaken to maximize their use in
food or in food applications.

2. Health benefits of legumes

The nutritional value of legumes was recognized in ancient cultures. Fava beans
were used in recipes, in what is claimed to be the oldest cookbook during the Roman
civilization. For human nutrition, approximately 20 leguminous species are employed
as dry grains. Among the legumes used, the most common one is soyabean, followed
by lentil, chickpea, and cowpea, with soyabean being the most important, due to its
high protein content (Table 1).

In comparison to animal protein sources, legume seeds are high in dietary fiber,
which is good for gut health [7]. They possess high nutritional value. Legumes are rich
sources of good quality proteins, calories, certain minerals, fibers, vitamins and are
cholesterol free. Thus, legumes have the potential to increase the nutritional quality of
foods, and hence, efforts are underway for their integration into novel food prepara-
tions with improved nutritional and functional qualities [8].

Proteins or peptides derived from legumes have played a significant role, beyond
simply providing amino acids for growth and tissue repair. The role of legume pro-
teins in the general growth and maintenance of living organisms is well documented.
However, little is known about the beneficial effects of peptides derived from
legumes.

2.1 Antioxidant property of peptides

Bioactive peptides are amino acid sequences, that exert beneficial effects in the
body to improve human health beyond their nutritional values [9, 10]. These peptides
can have antioxidative, antimicrobial, anticarcinogenic, or anti-inflammatory activi-
ties, based on their sequence and size. The antioxidant activity can be defined as metal

Sr. no Legumes Crude protein % (w/w) Reference

1. Soyabean 38 [3, 4]

2. Lentil 26 [5]

3. Chickpea 22 [3, 5]

4. Cowpea 25 [6]

Table 1.
Crude protein content of commonly used legumes.

124

Production and Utilization of Legumes - Progress and Prospects



chelating or radical scavenging properties, which have a direct or indirect impact on
the inhibition of free radical generation. Intake of such bioactive peptides can mini-
mize the risk of chronic diseases [11, 12].

Environment-friendly processes like enzymatic hydrolysis are preferred to chemi-
cal hydrolysis as it results in bioactive peptides [13, 14]. The most frequently used
commercial proteolytic enzymes are papain, pancreatin, trypsin, chymotrypsin, and
bromelain. The high antioxidant activity of soy hydrolysate obtained after proteolytic
digestion has been well documented earlier [15]. In a recent study, an enzyme formu-
lation, PepzymeAG has been shown, to not only improve the digestion of pea protein,
but also result in peptides with antioxidant and antidiabetic properties [16]. Peptides
are therefore gaining importance and their use is expanding, in nutraceuticals and
pharmaceuticals products.

Antioxidant properties of peptides can be assessed by different methods viz. DPPH
(2,2-diphenyl-1-picrylhydrazyl), ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sul-
fonate) etc. Purification and identification of specific peptides and/or amino acids
with antioxidant activities are needed to expand their application in the food and
pharmaceutical industries.

3. Digestion of proteins into amino acids

Proteins cannot be absorbed by the digestive tract as is. Several proteolytic
enzymes are at play in the digestive system of mammals. In the acidic condition of the
stomach, pepsin has optimum activity. The pancreas secrete proteolytic enzymes, like
trypsin and chymotrypsin, which function at a higher pH of 8–9. Due to the action of
these proteolytic enzymes, proteins are digested into oligopeptides and then amino
acids (Figure 1). The amino acids available are of great importance in nutrition.

3.1 Essential amino acids

An essential amino acid, or indispensable amino acid, is an amino acid that cannot
be synthesized from scratch by the organism fast enough to supply its demand, and
must therefore come from the diet. The essential amino acids (EAAs), (e.g., arginine,
methionine, lysine, leucine, isoleucine, tryptophan, valine, threonine, phenylalanine,
and histidine) cannot be produced endogenously, so 10–20 mg/kg body weight of
each must be obtained in the diet each day from consumed protein [17]. Moreover,
dietary protein sources must provide the whole range of EAAs since proteins deficient
in one or more EAAs generate an unpleasant eating response, resulting in a

Figure 1.
Digestion of proteins into peptides and amino acids.
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considerable decline in diet consumption. Figures 2 and 3 illustrate all the hydropho-
bic and hydrophilic essential amino acids, present in easily accessible legumes such as
soyabean, chickpea, cow pea, and lentils.

Figure 2.
Hydrophobic essential amino acid profile in different legumes.

Figure 3.
Hydrophilic essential amino acid profile in different legumes.
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The following percent of their contents in soyabean grain are documented in the
reference literature: Leucine is approximately 7.6% of crude protein and lysine is
about 6.3% of crude protein whereas valine, isoleucine and phenylalanine are around
4.7% each, of crude protein [18]. When compared to animal proteins, soyabean
protein has a lower amount of sulfur containing amino acids. Legume proteins, with
the exception of soyabean (Glycine max), are considered incomplete due to a lack of
key sulfur-containing amino acids (methionine and cysteine). To compensate for this
deficiency, legume proteins are supplemented with cereal proteins, which are low in
lysine but high in methionine and cysteine [3].

3.2 Protein digestibility evaluation method

Although legume-derived proteins are nutritionally adequate, their protein
quality and digestibility remain an issue [19]. WHO recommends that in order to
support optimal health and growth, humans should consume high quality pro-
teins [20]. Protein quality is the ability of dietary proteins to fulfill the metabolic
needs of the body, thus quality matrices are governed by the content of limiting
amino acids in food and their digestibility [21]. Limiting amino acids are those amino
acids that do not meet the minimal requirement of the body and need to be included
in a diet.

Different regulatory bodies across the world (US-FDA, Canadian food inspection
agency) use protein quality information to determine ‘Protein Digestibility’. From a
consumer point of view, protein quality claims can influence the perception of health
benefits of the product. Therefore, nowadays, commercial protein powders often
provide protein content claims in the form of a digestibility score.

Protein digestibility can be defined as the fraction of protein that is available for
absorption after it is ingested. It is a measure of the bioavailability of the protein. High
digestibility is dependent on the hydrolysis of peptide bonds that are characteristic of
proteins. The digestibility of plant proteins is lower (<80%) than animal proteins
(≥90%) [22]. A joint FAO/WHO (Food and Agricultural organization/ World Health
Organization) expert consultation committee proposed the first method for protein
quality evaluation in 1990, the Protein digestibility-corrected amino acid score
(PDCAAS).

PDCAAS% ¼ mg of first limiting amino acid in 1 g test proteinð Þ
mg of the same amino acid in 1 g reference proteinð Þ � TD � 100

Here, true digestibility TDð Þ ¼ I�F�Fk
I

I = protein intake of rats fed Test diet
F = protein excreted in feces of rats fed Test diet
Fk = protein excreted of rats fed protein-free diet.
However, in 2011, FAO/WHOmade a recommendation that the new protein quality

measure (digestible indispensable amino acid score; DIAAS) replace the old PDCAAS.

DIAAS% ¼ ðmg of digestable dietary indispensable amino acid in 1 g of the dietary proteinÞ
ðmg of the same dietary indispensable amino acid in 1 g of the reference proteinÞ

� 100

There are many reasons why this shift has been recommended, two of them were
the superior scoring method and the accurate sampling method [23–25]. For instance,
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the PDCAAS score of Whey Protein Isolate (WPI) and Soy Protein Isolate (SPI) is 1
and 0.98 (no significant difference). But the DIAAS score of WPI’s is 1.09 and for SPI
it reduces to 0.90. This gives a clear distinction of protein quality and in turn helps to
make informed decisions. Knowledge of the IAA (Indispensable amino acid) content
from protein sources, is not sufficient to accurately determine the requirement of the
type of amino acid, because it varies with respect to physiological conditions, age etc.
Therefore, FAO concludes that the current data of digestibility is insufficient and
suggests that additional data is required, on ileal digestibility of human foods, deter-
mined in animal as well as human models [25].

Other alternate ways to determine protein digestibility, such as in vitro digestion
methods that are less time consuming, controllable and easy to perform are
INFOGEST, and in vitro PDCAAS [26, 27]. In a recent study, INFOGEST was used to
study the digestion of pea proteins using enzymes under simulated gastrointestinal
conditions [16].

4. Factors affecting protein digestibility (extrinsic and intrinsic factors)

The full benefits of legumes depend on how easily the proteins are digested. Pro-
teins are polymers of amino acids. Amino acids are linked together by a peptide bond
formed between the amino group of one amino acid and the carboxyl group of the
adjacent amino acid. The sequence of amino acids defines its primary structure. The
organization of amino acids into secondary and tertiary structures is what defines the
ultimate protein structure, an attribute that is unique and dependent on the primary
structure. The polypeptide chain is not linear, but adopts a three-dimensional struc-
ture and can be interlinked via disulphide bonds, making for a stable structure.
Breakdown of this structure is required before peptides or amino acids can be
released, either by internal digestion or by processing methods.

Different legumes contain different types of proteins. Hence, the increase in digest-
ibility of legume proteins varies, depending on the type of protein they contain. When
compared to animal proteins, the digestibility of legume protein is low. Among legumes,
there are variances in the digestibility of proteins, with ease of digestibility increasing in
the following order: soyabean, lentil, chickpea and common bean [7, 8]. Protein struc-
ture and functionality, compartmentalization, the permeability of cell walls, the protec-
tive seed coat, and enzyme accessibility are all important aspects of this trait.

The digestibility of proteins, can be influenced by several factors that can be
classified as extrinsic factors or intrinsic factors. Extrinsic factors include pH, tem-
perature, ionic strength conditions, and the food matrix, as well as the presence of
secondary molecules present in the environment of the protein. Intrinsic factors are
those factors that contribute to the inherent property of the protein, and impart its
characteristics. These include protein amino acid sequence and protein structural
characteristics. Furthermore, growth conditions (e.g., drought and heat stress) can
influence both internal and exterior elements throughout plant development [28, 29].
The pre-harvest characteristics influencing plant protein digestibility, on the other
hand, are beyond the scope of this chapter.

4.1 Extrinsic factors

Extrinsic factors can affect the digestibility of legume proteins: these include
interaction with other compounds such as carbohydrates, lipids, and antinutritional
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factors like tannins, phytates, trypsin inhibitors and lectins. These are described in
detail, in another section in this chapter. In the seed matrix, proteins are complexed
with other compounds like phenolic compounds and carbohydrates, causing a physi-
cal entrapment of cellular structures that shield the proteins from the action of pro-
teases. Drulyte et al. suggested that cell wall rigidity and fiber content may influence
protein digestibility. Particle size reduction disrupts the cell wall integrity; thus, the
reported improvement of digestibility attributed to milling could also be due to the
alteration of the cell wall, which enhances legume seed protein digestibility [30]. In a
study, by Melito et al., physical or enzymatic removal of the cell walls enhanced
legume digestion by up to 50%. This shows that physiological barriers such as the cell
wall have an impact on protein digestion [31].

4.2 Intrinsic factors

The low digestibility of legume proteins is attributed to their amino acid composition
and protein quaternary structure. Proline-rich regions often diminish protein chain
flexibility and are renowned for their high resistance to peptidase hydrolysis. Legume
seed storage proteins are classified into globulins, albumins, glutelins, and prolamins
according to their solubility properties in water, salted water, or ethanol/water solu-
tions. Among these, globulins and albumins are the most abundant proteins found in
legumes. Albumins are soluble in water. Examples of albumin proteins are Kunitz
trypsin inhibitor and Bowman-Birk trypsin/chymotrypsin inhibitors [8].

Globulins are extracted in salt solutions, and represent approximately 70% of legume
seed proteins. They consist mainly of the 7S proteins called vicilins, and 11S proteins
called legumins, [32]. Soyabean protein contains three major fractions such as 2S, 7S,
and 11S. In soyabean, 11S and 7S fractions represent approximately 70% of total protein.
11S fraction consists only of glycinin, which typically exists as a hexamer and 7S fraction
majorly consists of β-conglycinin. The molecular weight of seed proteins ranges from 8
to 600 kDa [33]. Albumins have a molecular weight ranging from 50 to 80 kDa. These
proteins generally exist in oligomeric form. The 7S globulins are typically trimers of
molecular weight about 150 kDa, while the 11S proteins form hexamers of molecular
weight about 350–400 kDa, or higher association of subunits, such as the 15–18S globu-
lins found in soyabean globulins [34].

One of the factors influencing the stability of proteins, is their secondary structure.
In legumes proteins, the predominant secondary structure is the β-sheet conforma-
tion, as compared to the α-helix structure [35]. This β-sheet conformation contributes
to its resistance to proteolysis in the gastrointestinal tract. The β-sheet structure of
legume proteins is a contributing factor to aggregation which occurs during the
processing of legume proteins. Protein aggregation affects the biological value and
technological usefulness of the raw materials when used in food production. Another
contributing factor to increased stability is the presence of disulphide bonds, formed
between the polypeptide chains. Globulins showed better in vitro digestibility than
albumins due to the presence of lower cysteine content and hence less number of
disulphide bond as compared to albumins [7, 36].

The amino acid sequence of a protein determines the type of peptides formed on
digestion. Peptidases have a high specificity for hydrolysing peptide bonds that are
next to a specific type of amino acid. In processing, the sequence of peptides formed,
depends on the legume protein used, and the specificity of the enzyme used. This
determines the antioxidant activity of the resultant peptide. Figure 4 shows an outline
for the production of peptides, produced by enzymatic methods.
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5. Enhancement of protein digestibility using enzymatic treatment

Protein hydrolysis includes the breakage of peptide bonds, resulting in smaller
peptides and free amino acids, which improves digestibility and functional character-
istics [37]. Chemical hydrolysis (by acids or alkalis) has significant drawbacks since it
can produce harmful amino acid residues (e.g., lysinoalanine) and produce goods with
lower nutritional quality [38, 39]. Protein enzymatic hydrolysis by enzymes was
previously used in the food industry to enhance the biological value and functional
qualities of these molecules [40]. Protein hydrolysates produced by enzymatic treat-
ment (e.g., cellulases, hemicellulases, proteases) may improve protein availability and
digestibility by reducing undesired compounds found in legumes [38, 40, 41]. Pro-
teases (or peptidases) have been used to improve product nutritional value by modi-
fying protein structures [39, 42]. Protein hydrolysis has been shown to lower protein
antigenicity, increase tolerance, and create peptides that do not stimulate in vitro IgE
antibody binding activity, therefore decreasing allergenicity.

Protein enzymatic hydrolysis was found to be effective in enhancing protein solu-
bility, foaming capacity and stability, and gelation capability [38, 39]. However, there
are some challenges with the application of protein hydrolysates, because protein
hydrolysis can result in the formation of hydrophobic peptides, which causes the
development of bitterness and off-flavors, negatively impacting taste and limiting the
use of protein hydrolysates in food products [37].

To improve the availability of protein in fava beans, enzymatic treatments were
performed in four cultivars (ON, OPNS, TAL and VC3). The greatest change was
observed in the OPNS cultivar treated with protease, which increased its digestibility
from 54.4% (control treatment) to 81.6% [40]. Legume preparations when treated
with pepsin/pancreatin in an in vitro digestion simulation, have resulted in 20–46%
increase in the degree of hydrolysis [43].

Figure 4.
Digestion of proteins into peptides by specific enzymes and selection for antioxidant property. Abbreviations: E
(different enzymes), UF (ultrafiltration), SEC (size-exclusion chromatography), DPPH (2,2-diphenyl-1-
picrylhydrazyl), ABTS (2,20-azino-bis,3-ethyl benzoline-6-sulfonic acid), HRSA (hydroxyl radical scavenging
activity).
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6. Problems encountered in the digestion of legumes

6.1 Insufficient digestive enzymes

Digestive enzymes are synthesized by the stomach, small intestine, and
pancreas. The pancreas have an essential role in the digestion, absorption, and metabo-
lism of carbohydrates, fats, and proteins hence is the enzyme “powerhouse” of diges-
tion. Insufficient secretion of digestive enzymes by the pancreas is called exocrine
pancreatic insufficiency. Some enzyme insufficiencies are genetic, hereditary and con-
genital or develop over time, and with age. Any impairment of digestive enzymes over a
prolonged period results in deficiencies of vitamins and minerals, gastrointestinal irri-
tation, malnutrition, and complications, leading to poor quality of life.

Impaired enzyme-related digestion can be alleviated by prescription digestive
enzymes. These over-the-counter digestive enzyme supplements are used to treat
health issues such as acid reflux, gas, bloating and diarrhea. Enzyme supplements,
like VegPeptase™ can be used to improve the digestibility of legumes. These
supplements aid in better digestion of “hard-to-digest” proteins in food and
absorption of nutrients. Pancreatic enzyme replacement therapy is the most popular
and the only FDA-approved enzyme replacement therapy (PERT). PERT is the use of
medications that contain enzymes to replace what the pancreas is deficient in pro-
ducing. These medications contain proteases, amylases and lipases. Microbial sources
of enzymes viz. cellulase, protease, and lipase can be used to improve digestion and
access the required nutrients, when shifting to a plant-based diet. Similarly, plant-
sourced enzymes like bromelain (from pineapple) and papain (from papaya) are
proteolytic enzymes, which are included in many digestive formulas. They have an
additional use as systemic enzymes and against inflammation. This helps people
follow a less restricted diet on a long term basis.

6.2 Antinutritional factors (ANFs)

One of the main factors affecting the protein digestibility of legumes is the pres-
ence of antinutritional factors. Antinutritional factors are compounds that are known
to affect the digestibility and thus impair the nutritional quality of various foods,
including legume food proteins [44]. These antinutritional factors are present in
unprocessed food or foods, as a result of processing (e.g., Maillard reaction products
in soyabean-based products) [45]. Major antinutritional factors, which are found in
legumes include saponins, tannins, phytic acid, gossypol, lectins, protease inhibitors,
amylase inhibitors, and goitrogens [46]. These antinutritional factors cause unfavor-
able effects when consumed in large quantities. They are also known to cause allergic
responses in some individuals, which is a cause for concern [47]. Thus, the exclusion
or deactivation of these antinutritional factors and allergenic compounds can promote
protein digestibility.

Among the ANFs found in legumes, the following are known to interfere with
protein digestion in humans and animals: protease inhibitors (trypsin inhibitors),
tannins, lectins, and phytic acid (Figure 5).

6.2.1 Protease inhibitors (trypsin inhibitors)

One of the main ANFs found in legumes are protease inhibitors. They are small
proteins, which have evolved as defense strategies in plants [48]. As the name
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suggests, these inhibitors inhibit the action of proteases in mammals, thus impairing
protein digestion [49] and affecting the nutritional value of foods [50].

Trypsin and chymotrypsin are the main proteases, in the lumen of the upper
gastrointestinal tract, where they exercise their digestive functions [51]. The presence
of trypsin inhibitors in the diet leads to the formation of irreversible enzyme-trypsin
inhibitor complexes. These complexes are indigestible, even in the presence of high
amounts of digestive enzymes [52]. Trypsin inhibitors block the active site of trypsin/
chymotrypsin, through the N- or C-terminus and exposed loop [51], effectively
preventing these enzymes from acting on the protein substrate (Figure 6).
Therefore, when legumes are eaten raw or without being cooked properly, they upset
digestive functions and cause diarrhea or excessive gas [52]. In such cases, even

Figure 5.
Antinutritional factors that interfere in protein digestion.

Figure 6.
Trypsin inhibitor competitively binds with trypsin, and prevents it from digesting the protein.
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though the intake of protein is high, the complete mobilization of amino acids is
prevented.

In legumes, the trypsin inhibitor content ranges from 3 to 84 U/mg, while the
chymotrypsin inhibitor content varies from 0 to 17 U/mg [53, 54]. The prominent
trypsin inhibitors in legumes are the Bowman-Birk inhibitor and Kunitz-type
inhibitor (Figure 7) [55–57]. Kunitz-type inhibitor (molecular weight 18–24 kDa)
and Bowman-Birk inhibitors (molecular weight 7–9 kDa) are both capable
of inhibiting trypsin and chymotrypsin enzymes. In soyabeans, glycinin and
β-conglycinin constitute 65–80% of the protein fraction or 25–35% of the soya
seed weight (Table 2) [59]. Because of their predominant beta-barrel structure, they
are very stable.

6.2.2 Lectins

Lectins are proteins that have specificity for carbohydrates. When combined with
the glycoprotein components of red blood cells, they cause agglutination of the cells.
Lectins bind to epithelial membrane of glycoproteins, such as brush-border mem-
brane enzymes, gangliosides, glycolipids, receptors, secreted mucins, and transport
proteins [60]. They disturb intestinal permeability and interfere with the absorption
of digestive end products in the small intestine [61]. Protein digestion is affected,
leading to nitrogen loss; the undigested and unabsorbed proteins in the small

Figure 7.
Protein structure of trypsin inhibitors, (i) Bowman-Birk inhibitor (BBI), and (ii) Kunitz-type inhibitor, from
soyabean. Images are prepared using PDB ids, 1BBI and 6NTT, using YASARA, version 22.9.24. The beta sheets
are depicted in red.

Antinutritional factors Concentration in raw soyabean seeds

Protease inhibitors 25–50 mg/g

Glycinin 150–200 mg/g

β-conglycinin 50–100 mg/g

Lectins 2100–3500 ppm

Phytic acid 6 mg/g

Table 2.
Antinutritional factors in raw soyabean seeds [58].
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intestines reach the colon where they are fermented to short chain fatty acids and
release gases leading to gastrointestinal disorders. The affected intestinal permeability
allows the entrance of the bacteria and their endotoxins into the bloodstream, causing
a toxic response. Moreover, lectins may also be internalized directly and cause sys-
temic effects. They can disrupt protein, carbohydrate, and lipid metabolism [62].
Lectins are also resistant to heat and digestive processes, during their intestinal pas-
sage their activity is retained [63].

6.2.3 Phytic acid

Phytic acid (myo-inositol-1,2,3,4,5,6-hexakis dihydrogen phosphate) (Figure 8a),
is a secondary compound found in plant seeds of legumes [64]. Generally, phytates
contain about 50–80% of the total phosphorus present in the seeds [65]. Due to its
chelating property, phytic acid complexes with metal ions, like iron, magnesium and
calcium, reducing their bioavailability, and resulting in mineral ion deficiencies in
human nutrition [66, 67]. In addition, phytic acid interferes with the digestion of
proteins. In both acidic and basic pH, phytic acid forms a complex with proteins and
alters the protein conformation. It also binds trypsin and thus affects the action of
trypsin on proteins [68–70].

6.2.4 Tannins

Tannins are located in the layer between the external tegument and the aleuronic
layer inside the seeds, protecting the plant embryo from mechanical and oxidative
damage and maintaining its dormancy [71]. They are also present in plant leaves,
fruits, and bark [72].

The consumption of tannins can cause hardening of the gastrointestinal mucosa,
resulting in reduced nutrient absorption. Tannins affect protein digestibility, by
forming reversible and irreversible complexes between the hydroxyl group of tannins
(Figure 8b) and the carbonyl group of proteins, leading to a decrease in essential
amino acid availability [28, 73, 74]. These complexes are relatively large and hydro-
phobic in nature [75]. The breakdown products constitute a large number of com-
pounds, which can be toxic. In the oral cavity, tannins bind to proline-rich proteins in
saliva, and this helps to protect dietary and endogenous protein. However, in the

Figure 8.
(a) Chemical structure of phytic acid (b) Chemical structure (basic unit) of tannin. (chemical structures are
prepared using Marvin JS).
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absence of sufficient salivary secretion, tannins are then free to interact with digestive
enzymes [76, 77]. Tannins are known to inhibit the digestion of proteins by 28% [46].

6.3 Methods to eliminate antinutritional factors

Some of the common methods employed to diminish or eliminate antinutritional
factors include soaking, heating, cooking, germination, fermentation, extraction,
irradiation, and enzymatic treatment [78]. The application of a single technique is
frequently insufficient for effective treatment and so combinations of methods are
usually employed. These treatments can be classified based on the processing tech-
niques—physical, chemical, biological and enzymatic.

6.3.1 Physical treatment

Soaking overnight is the most common method used to reduce the antinutritional
content in legumes and improve their nutritional value. Most of the antinutrients in
these foods are found in the upper layer. Since many are water-soluble, they can be
eliminated by prolonged soaking. In legumes, soaking has been found to decrease
phytate, protease inhibitors, lectins, and tannins. Soaking is typically used in combi-
nation with other methods, like thermal treatment, germination, and fermentation.

Thermal treatments, like cooking, boiling, autoclaving and microwave cooking are
the most popular methods for processing legumes, because it improves protein
digestibility. Processing by heat is an effective technique to limit ANFs and improve
nutrient digestibility in legumes [79]. Heating results in denaturation of the protein,
an increase in surface area and exposure of cleavage sites that are otherwise inacces-
sible to protease enzymes [80]. Thus, a reduction in the concentration of ANFs, due to
heat treatment is responsible for improved protein digestibility [81].

However, not all heat treatment is advantageous. Excessive or intensive heating may
result in the degradation of heat sensitive amino acids and micronutrients and limit their
bioavailability [30]. It may also lead to the formation of new products called
neoantigens, which can elicit an allergic response. These neoantigens result from the
Maillard reaction, by interaction of proteins with sugar residues upon heating [33].
Allergenic legume proteins elicit an allergenic response by surviving the acidic gastric
conditions and action of digestive proteases. However, many are resistant to heat. Aller-
genic proteins in peanut are heat-resistant, while those in soya are partially heat-stable.

6.3.2 Biological treatment

During the germination of legume seeds, enzymes like amylase, protease, and
lipase are activated to degrade starch, storage-protein and proteinaceous
antinutritional factors. Germination is reported to suppress the amount of phytate,
tannins, and trypsin inhibitors in different legume seeds [82], thus improving protein
digestibility.

Fermentation is a traditional technique, where microorganisms facilitate enzy-
matic reactions that reduce the antinutrient content and thus increase the digestibility
of plant proteins [83–85]. During this process, hard-to-digest proteins, like glycinin
and β-conglycinin, of soyabean, are hydrolyzed to bioactive peptides. This results in
improved solubility and hence higher protein digestibility of complex storage proteins
[86]. This reduces the levels of undigested proteins that can cause food allergies [87].
Unfortunately, the microorganisms involved in the fermentation process can also
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utilize amino acids and proteins, resulting in the loss of amino acids and proteins [85].
Therefore, due to lack of specificity and optimum conditions, which could lead to
maximum protein digestibility with minimal loss of protein, the use of this technique
remains unpredictable. Future food processing methods may need to incorporate
techniques that reduce these antinutritional factors, and are economically feasible, for
both the environment and customers.

6.3.3 Enzymatic treatment

The universal use of enzymes in food and feed processing is due to their
unmatched specificity, operating under mild conditions of pH, temperature and pres-
sure while displaying high activity, high turnover numbers and high biodegradability
[88]. Thus, the application of enzymes is considered as a promising approach for plant
protein modifications. Major groups of enzymes used in food applications are pro-
teases, amylases, and lipases for the manipulation of proteins, starch, and lipids,
respectively. Proteases can enhance protein digestibility by reducing the amount of
trypsin inhibitors [38, 40, 41] and lectins. Phytase may also be applied in the indus-
trial processing of soyabean to prepare certain foods for human consumption.
Phytases have gained attention in human nutrition, especially to counteract zinc and
iron deficiencies [89], by improving their bioavailabilities [90]. Saito et al. have
developed a novel process for removal of the major soyabean storage proteins β-
conglycinin and glycinin, using phytase added to defatted soy milk at pH 6 with
incubation at 40°C [91]. Phytic acid reduction by bioprocessing as a tool for improv-
ing the in vitro digestibility of fava bean flour has been demonstrated by Rosa-Sibakov
et al. The improvement in protein digestibility was dose dependent and correlated to
phytic acid content reduction, which explains the influence of enzymatic phytase
treatment and LAB (lactic acid bacteria) fermentation on food digestibility, protein
quality and protein solubility [92].

Food security is a global issue; hence increasing the nutritional value of food that is
underutilized, will be an important part of the solution. Therefore, it will be interesting
to explore the potential of enzymes in legume processing for human and animal health.

6.4 Legumes in animal nutrition

Legumes are used as a protein source in animal nutrition. Soyabean is the most
important protein source in poultry and swine diets. Legumes are increasingly being
used as a sustainable replacement for fish meals in aquafeed and pet diets. Globally,
approximately 98 percent of soyabean meal is used as animal feed. Among the most
significant ANFs in animal nutrition, are the trypsin inhibitors, found in raw
soyabeans. By interfering with trypsin and chymotrypsin activity, they impair diges-
tion in monogastric animals and some young ruminant animals [93]. Other young
monogastric, such as swine, have also responded to soyabean meal, with reduced
growth performance [94, 95]. Trypsin inhibitors have deleterious effects on animals.
They result in stunted growth, reduced feed efficiency and pancreatic hypertrophy
[93]. Lectins attach to mucosa cells damaging the intestinal wall and reducing the
absorption of nutrients [63]. Glycinin and β-conglycinin are two allergenic soyabean
proteins that are not digested easily. Glycinin damages intestinal morphology, causing
intestinal atrophy and necrosis [94, 96, 97]. β-conglycinin causes a hypersensitive
immune response and negatively affects the growth performance of animals [98, 99].
Other antinutritional factors like tannins cause decreased feed consumption in
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animals, as they bind dietary protein and digestive enzymes to form complexes that
are not readily digestible [100], reducing palatability and growth rate [101]. Higher
concentrations of undigested protein, result in fermentation in the distal intestinal
tract of poultry, and are attributed to the proliferation of pathogenic bacteria such as
Clostridium perfringens [102–105], leading to diseases like coccidiosis and necrotic
enteritis. Coccidiosis is the most frequently reported and economically important
poultry-related disease worldwide [106].

6.4.1 Use of enzymes in animal feed

Monogastrics lack endogenous enzymes to break down soyabean anti-nutrients
[107, 108]. Animal feed is not processed and hence ANFs that would normally be
reduced in human nutrition by pre-processing, are not eliminated before they are
consumed. Moreover heat treatment greatly reduces the nutritional value of the feed.
Hence, an effective treatment to counteract these ill effects of ANFs, is the use of
exogenous enzymes, added as feed additives to soyabean meal (SBM). Since trypsin
inhibitors are proteins, they can be broken down and eliminated by the action of
proteases. In an interesting study, protease inclusion in broiler diets, led to improved
nutrient digestibility and upregulation of growth-related genes [109]. Enzyme sup-
plementation of proteases (e.g., DigeGrain Pro 6), thus improves growth perfor-
mance, by increasing protein digestibility. This results in better utilization of the
protein content in the feed, leading to minimum wastage.

6.4.2 Use of legumes as an alternative to fish meal

Fish meal, due to its high protein content and palatability is the primary choice of
feed in aquaculture [110, 111]. Small fishes like sardines and anchovies are extensively
used for fishmeal, leading to overfishing and depletion of fish stocks in the oceans. In
addition to not being a sustainable source of feed ingredient, fishmeal is associated
with high cost, and hence alternative sources of protein and energy need to be inves-
tigated. Hence, recent research has focussed on the evaluation of plant proteins like
soyabean meal, lupin meal, and various legumes (cowpea, green mung bean, rice
bran) [112–115] as ingredients in feeds for aquatic animals. In diets where fishmeal
was replaced by SBM (30%) in the feed of European seabass, optimum growth and
feed utilization was maintained. No case of enteritis was observed in histological
analysis, and nutritional status was similar as with fish meal [116]. Soy white flakes, a
product obtained during soybean processing, was used to prepare aquafeed with
suitable properties (lower water absorption and higher solubility indices, high
durability, lower bulk density) [117]. Fermentation of SBM by a bacterial strain
Shewanella sp. MR-7, prior to feeding, led to improved performance and alleviation of
soy-related inflammation, caused due to ANFs [118]. In another study, the use of
protease allowed slightly lower protein content to be used in the feed of Nile tilapia.
Growth parameters, feed intake and feed conversion efficiency was unaffected. As
an added benefit, water quality was improved due to lower ammonia and nitrite
content [119].

Thus the replacement of fish meal with SBM, when coupled with protease
treatment can avoid problems associated with trypsin inhibitors, use proteins
efficiently and prevent excretion of undigested products that lead to contamination
of water.
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7. Conclusion

In 2022, the world population touched 8 billion and is estimated to reach 9.7 billion
by 2050 [120]. An increase in legume production by �25% is needed to fulfill the
protein demand of the world’s population. Legumes have the additional advantage of
having a low GHG footprint. However, efficient processes, both in vitro and in vivo
must be employed in order to unlock the potential of legumes in nutrition. The use of
enzymatic treatment, not only offers a greener alternative but also added health
benefits. In spite of several health benefits, a considerable number of people are
reluctant to include legumes in their daily diet. To increase the popularity of legumes
in the diet, future research must focus on processes that improve the taste and texture
of legume preparations, without stripping them of vital nutrition. The problem of low
content of essential amino acids like methionine, can be circumvented by genetic
engineering of legumes to increase the synthesis of amino acids like methionine,
through metabolic engineering or through the engineering of legume proteins so that
they contain higher concentrations of methionine.

The use of legumes coupled with enzymatic treatment in animal feed, will prevent
unnecessary use of antibiotics and culling of animals due to disease, while improving
their overall health, and result in economic benefits. Recently, the food systems have
been threatened by the three C’s, i.e., climate change, conflict, and Covid-19 pandemic
[121]. The solution then lies, in maximizing the use of resources. Rather than follow-
ing the mantra “more is better”, optimum use of resources, is the need of the hour.
Large production volatility and lesser profitability, relative to other crops are barriers
to expanded legume use. A future transition to using legumes as a primary source of
dietary protein may be made possible by increased consumer knowledge and invest-
ment in growing new varieties of legumes. Moreover, breeding of drought resistant
varieties will enable legumes to be grown locally, and avoid dependence on supply
chains. Overall, improving the protein digestibility of legumes will allow complete
utilization of its nutritional components, prevent the wastage of food, and contribute
to sustainability.
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Chapter 8

Weed Management in Pulses: 
Overview and Prospects
Rajan Sagar Chaudhary and Suman Dhakal

Abstract

Pulses, the world’s second-most consumed food, are an important source of food. 
They face several major challenges, including weed infestations, as a wide variety of 
weeds compete with them. Because of their competition with weeds, pulses can suffer 
a significant yield reduction. So as to alleviate such a menace, growers rely on different 
management tools, such as tillage, intercropping systems, and herbicides. Each method 
has been effective, albeit to varying degrees, in resolving the issue. Chemical herbicides, 
however, have served as double-edged swords over the past few decades due to their 
indiscriminate use. The repetitive use of the same herbicide or herbicides with the same 
mode of action confers resistance, thereby, leading to a serious impact on only nontar-
gets. Therefore, it requires well-thought-out planning for a weed management strategy 
to maximize yields without creating environmental issues concomitantly. At the present, 
the integrated weed management approach has been accepted as the most reasonable 
tool for many farmers, which includes using preventive strategies, mechanical tools, crop 
rotation, intercropping, and herbicides with different modes of action, but cautiously. 
Modeling and robotics are the cutting-edge technologies that growers will be using for 
weed management in the coming days, thanks to the advent of such new innovation.

Keywords: weed flora, herbicides, weed resistance, Site-Specific Weed Management 
(SSWM), AI-driven machines

1. Introduction

The Fabaceae or Leguminosae family, also referred to as the legume, pea, or bean 
family, is the third-largest group of flowering plants, with more than 20,000 species 
[1]. The term “pulse” is limited to the annual legume crops that are specifically grown 
for dried and edible seeds. Chickpea, cowpea, pigeon pea, faba beans, lentils, and 
dry beans are some of the types of pulses [2]. Pulses are the second-most consumed 
food crop in the world, right behind cereal grains. They are a crucial source of food 
for the poor, particularly in developing and underdeveloped countries. Moreover, 
pulse-based products are in high demand among consumers around the world due to 
the significant nutritional value for the human diet they offer in terms of protein and 
mineral quality and bioavailability [3]. Incorporated into cropping systems, pulses 
increase the efficiency of both water and nutrient use, as they can fix atmospheric 
nitrogen into soils and allow companion crops to use stratified soil water, thereby 
contributing to sustainability in crop production [4].
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A total of 89.8 million metric tons of pulses were produced worldwide in 2020, 
with India being the largest pulse producer [5]. A wide range of pulse crops are 
cultivated around the world, including chickpea (Cicer arietinum), pigeonpea 
(Cajanus cajan), mungbean (Vigna radiata), urdbean (Vigna mungo), cowpea (Vigna 
unguiculata), lentil (Lens culinaris Medikus ssp. culinaris), horse gram (Macrotyloma 
uniflorum), French bean (Phaseolus vulgaris), and lathyrus (Lathyrus sativus). There 
have been major challenges in increasing total pulse production to meet its global 
demand due to both biotic and abiotic stresses. Since pulses take so long to reach 
maturity, weeds often get a head start on the crops and end up smothering them. 
Furthermore, most pulses are grown in conjunction with nonlegume crops, and 84% 
of that area is grown under rain-fed conditions. For this reason, pulses are vulnerable 
to a wide range of biotic and abiotic stresses [6]. Weed infestation in crops accounts 
for the highest yield loss, i.e., 34%, compared to the losses associated with any pests, 
such as insects and pathogens, depending upon crops and weed’s emergence time, 
density and nature [7, 8]. Weeds not only reduce crop yields but also impede other 
agricultural operations and serve as an alternative host for a wide variety of pests and 
diseases. It is vital to bring the weed density below the threshold level and maximize 
the crop yield and quality. In this review article, a specific focus is given on pulse’s 
weed control choices for growers at the present and in the days to come.

1.1 Major weed flora

Various types of weeds have been reported to be associated with pulse crops, vary-
ing with the agro-ecological conditions and practices of crop management. However, 
the most abundant ones are presented in Table 1. The type of weed flora and the 
level of infestation in the field determine the extent to which crop growth and yield 
are affected. Reference [9] reported that non-grass types and sedges had a greater 
impact on the case of pigeonpea and sorghum intercropping than grass types. Cyperus 
rotundus L., more commonly known as nut grass, is a rhizospheric competitor with its 
network of underground tubers and is most prevalent during the summer and wetter 
months. Lambs quarter (Chenopodium album) is the most common and destructive 
weed in pulse crops. It thrives quickly and easily disseminates through seeds carried 
by the breeze. It not only competes with them for moisture but also spreads viral 
diseases [10]. Furthermore, WSSA [11] is in agreement with the fact that the afore-
mentioned weed is the most prevalent weed in gardens.

A better understanding of environmental practices is by either increasing germi-
nation to kill seedlings or suppressing germination [12]. As a strategy for depleting 
weed seed banks, Gallandt [13] suggests influencing seed germination. In a similar 
way, understanding weed phenology could lead to more specific control methods by 
accurately estimating when and how weed competition affects crop yield [14]. It is 
important to note that most studies on the biology and ecology of weeds are based on 
a small number of populations. One region’s population, however, may differ from 
another due to differences in management practices, rainfall, climate, soil type, etc. 
Consequently, it is necessary to include multiple populations in future studies.

1.2 Crop loss

The reduction in yield due to weeds can be up to 97% (Table 2); however, it varies 
with crops, weed intensity, crop management practices, and agro-climatic conditions.



153

Weed Management in Pulses: Overview and Prospects
DOI: http://dx.doi.org/10.5772/intechopen.110208

Weeds Family Types Seasons

Kharif Winter Spring/
Summer

Ageratum conyzoides Asteraceae Broad-leaf weed *

Amaranthus viridis Amaranthaceae Broad-leaf weed *

Anagallis arvensis Myrsinaceae Broad-leaf weed *

Argemone maxicana Papaveraceae Broad-leaf weed *

Asphodelus tenuifolius Asphodelaceae Broad-leaf weed *

Avena ludoviciana Poaceae Narrow-leaf weed *

Carthamus oxycantha Asteraceae Broad-leaf weed *

Celosia argentea Amaranthaceae Broad-leaf weed *

Chenopodium album Chemopodiaceae Broad-leaf weed * *

Cleome viscose Capparaceae Broad-leaf weed *

Commelina 
benghalensis

Commelinaceae Broad-leaf weed *

Convolvulus arvensis Convovulaceae Broad-leaf weed *

Coronopus didymus Brassicaceae Broad-leaf weed *

Cucumis trigonus Cucurbitaceae Broad-leaf weed * *

Cynodon dactylon Poaceae Narrow-leaf weed * *

Cyperus difformis Cyperaceae Sedge *

Cyperus iria Cyperaceae Sedge *

Cyperus rotundus Cyperaceae Sedge * * *

Dactyloctenium 
aegyptium

Poaceae Narrow-leaf weed *

Digera arvensis Poaceae Narrow-leaf weed *

Digitaria sanguinalis Poaceae Narrow-leaf weed *

Echinochloa colona Poaceae Narrow-leaf weed *

Echinochloa crus-gall Poaceae Narrow-leaf weed *

Eclipta alba Asteraceae Broad-leaf weed *

Eleusine indica Poaceae Narrow-leaf weed *

Eragrostis tenella Poaceae Narrow-leaf weed *

Euphorbia hirta Euphorbiaceae Broad-leaf weed *

Fimbristylis spp. Cyperaceae Narrow-leaf weed *

Fumaria parviflora Papaveraceae Broad-leaf weed *

Gnaphalium indicum Asteraceae Broad-leaf weed *

Lathyrus aphaca Fabaceae Broad-leaf weed *

Launaea nudicaulis Asteraceae Broad-leaf weed *

Lolium temulentum Poaceae Narrow-leaf weed *

Medicago denticulate Fabaceae Broad-leaf weed *

Melilotus alba Fabaceae Broad-leaf weed *
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2. Weed Management practices

Understanding weed biology and ecology is essential for developing a sustain-
able weed management program. We still lack fundamental information on many 

Weeds Family Types Seasons

Kharif Winter Spring/
Summer

Panicum maximum Poaceae Narrow-leaf weed *

Phalaris minor Poaceae Narrow-leaf weed *

Phyllanthus niruri Phyllanthaceae Broad-leaf weed *

Physalis minima Solanaceae Broad-leaf weed *

Poa annua Poaceae Narrow-leaf weed *

Polygonum plebejum Polygonaceae Broad-leaf weed *

Polypogon 
monspeliensis

Poaceae Narrow-leaf weed *

Portulaca quadrifida Portulacaceae Broad-leaf weed *

Rumex dentatus Polygonaceae Broad-leaf weed *

Saccharum spontaneum Poaceae Narrow-leaf weed *

Setaria glauca Poaceae Narrow-leaf weed * *

Solanum nigrum Solanaceae Broad-leaf weed * *

Sorghum halepense Fabaceae Narrow-leaf weed *

Spergula arvensis Caryophllaceae Broad-leaf weed *

Trianthema monogyna Aizoaceae Broad-leaf weed * *

Vicia hirsute Fabaceae Broad-leaf weed *

Vicia sativa Fabaceae Broad-leaf weed *

*Indicates the active season for the corresponding weeds. Source: [9].

Table 1. 
Significant weeds and their growing seasons associated with pulses.

Pulses Critical period [15] Yield loss (%)

Ali M. et al. [8] Other references

Pigeon pea 15-60 DAS 21-97 31.0-52.8 [16]

Green Gram 15-30 DAS 40-50 38.6 [17]

Black gram 15-30 DAS 44-83 43.3 [18]

Chickpea 30-60 DAS 29-70 77.8 [19]

Lentil 30-60 DAS 70-87 37.7 [20]

Pea 30-45 DAS 25-35 50 [21]

Table 2. 
Critical period and yield loss associated to major pulses.
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important species, necessitating additional research. Nevertheless, there are many 
approaches that have been put into practice in farmers’ fields with the intention of 
limiting the effects of weeds in effective and economically sound ways.

2.1 Tillage

It is one of the oldest preventive measures to avoid weed infestation. It uproots and 
leaves weeds exposed, taking control of weeds by burying their seeds deep enough to 
impede their germination and altering the soil-based growing environment. Taking 
an effective approach to controlling perennial weeds requires covering them deeply 
in the soil or drying them out by starving tactics [22]. There are several methods of 
tillage that are applicable to pulses. However, the efficacy of tillage varies with its 
methods, as we can observe in Table 3.

The use of moldboard plows prior to sowing had no discernible impact on 
chickpea yield, as demonstrated by Barzegar et al. [24]. Their findings state that, 
compared to moldboard, disk harrows were more effective against yield loss. 
Nighttime (photocontrol) tillage has been proven to be advantageous over weed 
management; nonetheless, due to its inconsistent results, questions have arisen 
about its effectiveness [25].

2.2 Intercropping system

Intercropping has been identified to be an effective approach in establishing 
agricultural systems and enabling sustainable agriculture goals. Hiltbrunner et al. 
[26] concluded that one of the greatest benefits of intercropping systems is weed 
control. Intercropping increases soil surface cover and plant diversity, two principles 
that control weeds better than monocropping. It has been shown in several studies  
that intercropping improves yields and eliminates weeds. Banik et al. [27] found that 
planting wheat and chickpeas together increases total yield productivity, makes better 
use of the land, and keeps weeds from growing. Table 4 shows the efficiency of dif-
ferent inter-cropping systems in managing weeds in pulses [28].

Furthermore, according to Rai et al. [29], in pigeonpea + blackgram, and pigeon-
pea + greengram intercropping systems, weed suppression efficiency was found to be 
69.6% and 69.4%, respectively, which were significantly higher than that of pigeonpea 
monocropping. This finding also concurs with the conclusion that intercropping is 
superior to monoculture for reducing weed damage to crops.

Treatments Weed density(No./0.25m^2) Weed control 
efficiency (%)

Broad- leaf 
weeds

Grasses Sedges

Zero tillage 6.52 6.58 1.31 6.6 49.6

Conventional Tillage 12.13 9.4 1.73 10.28 40.8

Source: [23].

Table 3. 
Effect of different tillage practices for weed management in mung bean.
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2.3 Herbicides

Herbicides are a significant piece of agricultural technology that has con-
tributed, at least in part, to the agricultural revolution that has occurred in 
recent decades and to the accompanying rise in the amount of food that has been 
produced. Herbicides, a major component of pesticides, are one of the external 
factors and a group of synthetic chemical and biochemicals used to suppress or 
kill unwanted vegetation [30]. Increasing labor shortages in agriculture, coupled 
with the need to maximize crop productivity to meet the needs of a growing global 
population, have led to the widespread use of herbicides for weed control, leading 
to their adoption as one of agriculture’s most popular weed control strategies [31]. 
An author [32] added that reducing soil erosion resulting from tilling is another 
advantage of the approach. Nevertheless, maintaining the efficiency of existing 
weed control options necessitates that herbicide use practices and recommenda-
tions be regularly updated and revised to keep up with the ever-changing weed 
ecology (Table 5).

It is imperative that herbicides be applied only at the time specified on the label 
and in accordance with the recommended intervals between the time of treatment 
and the time of planting or harvesting the crops. Whenever there is a possibility of 
rain within 2–4 hours of application, it is best to avoid herbicide applications. The 
use of herbicides requires a great deal of caution from us [34]. Several countries 
have restricted the use of some herbicides because of the health risks they pose. 
Paraquat, for example, is restricted in some countries due to its acute toxicity and 
association with Parkinson’s disease. That means, the aforementioned chemical can 
only be applied by certified applicators for the purposes of scientific research and 
observation.

2.4 Integrated Weed management

Herbicidal technology has faced significant shifts in its effectiveness in agricul-
tural systems, which can, in some instances, result in the failure of weed control 
applications. This is primarily attributable to the perpetuating development of weed 
tolerance and resistance, as well as the development of the herbicide industry and its 
associated limitations. We have some data on cases of herbicide-associated resistance 
as expressed in Figures 1 and 2 [35].

Intercropping systems WSE (%)

Pigeon pea + Black gram 32.8

Pigeon pea + Green gram 31

Pigeon pea + Cowpea 39.1

Pigeon pea + Sesame 36.6

Pigeon pea + Pearlmillet 50.8

Black gram + Maize 17.3

Pigeon pea + Maize 16.4

Source: [28].

Table 4. 
Weed-Smothering Efficiency (WSP) of different pulse-based intercropping systems.
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Herbicides Trade 
names

Active 
ingredients 
(lb a.i)

Site of 
action

Application 
Time

Targets

Pendimethalin Acumen 0.95-1.43 3 PPI Annual grasses, 
small-seeded annual 
broadleaf weeds

Trifluralin Treflan 0.5-1 3 PPI Grasses and some 
small-seeded 
broadleaf weeds

Ethalfluralin Sonalan 0.55-0.75 3 PPI Certain grasses and 
broadleaf weeds

S-metolachor StreliuS II 0.95-1.9 15 PPI or PRE Annual grasses and 
some broadleaf 
weeds

Saflufenacil Sharpen 0.02-0.04 14 EPP or PRE Broadleaf weeds

Imazethapyr Praxis 0.03-0.047 2 PRE, 
EPOST

Several annual 
broadleaf weeds and 
some foxtail

Dimethenamid-p Slider 0.56-1 15 PPI & PRE Annual grasses

Carfentrazone Aim 0.008-0.031 14 EPP Small weeds

Flumioxazin Flumi 0.095 14 POST Various grasses and 
boardleaf weeds

Quizalofop Targa 0.035-0.08 1 POST Annual grasses and 
quack grass

Glyphosate Roundup 
PowerMAX

5.5 9 POST Wide range

Triallate Avadex 
MinTill

1.5 8 PPI Wild oat

Sethoxydim Poast 0.1-0.5 1 POST Actively growing 
grasses

Clethodim Tapout 0.07-0.25 1 POST Annual grasses

Imazamox Beyond 0.031-0.047 2 EPOST Actively growing 
small broadleaf and 
grasses

Sulfentrazone Sulfin 0.07-0.25 14 EPP or PRE, 
PPI

Annual broadleaf 
weeds including 
pigweed

S-metolachor + 
Glyphosate

Sequence 0.75-1.5 + 
0.56-1.13

15+9 EPP or PRE Grasses and some 
broadleaf weeds

Paraquat* Paraquat 0.3-0.5 22 POST For harvest aid and 
desiccation of green 
weed foliage

lb a.i. = Pounds active ingredient, EPP = Early Preplant, PPI = Preplant Incorporated, PRE = Preemergence,  
EPOST = Early Postemergence, POST = Postemergence
Sites of action (groups): 1 = ACCase Inhibitor, 2 = ALS Inhibitor, 3 = Microtuble Inhibitor, 8 = Lipid Synthesis Inhibitor, 
9 = EPSP Inhibitor, 14 = Cell Membrane Disruptor (PPO Inhibitor), 15 = Seedling Shoot Inhibitor, 22 = Cell Membrane 
Disruptor (PSI Inhibitor)*indicates Restricted Use Herbicide.

Table 5. 
Environmental Protection Agency (EPA)-approved herbicides recommended for pulse crops by Johnson et al. [33] 
based on research conducted at the South Dakota Agricultural Experiment Station and other studies.
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The widespread use of herbicides that primarily have the same or a similar 
mode of action is hamstrung by the emerging risks of environmental hazards, 
the introduction of herbicide resistance in various biotypes of weeds, and the 
nonselectivity and narrow spectrum of herbicides, all of which contribute to 
limiting the scope of herbicide use. To develop an effective and sustainable weed 

Figure 1. 
A global increase in unique resistant cases at different years.

Figure 2. 
The top 10 herbicides, along with the number of associated resistant species. Source: [35].
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management strategy, it is essential to first comprehend the selection pressure of 
an organism. Selection pressure is an outcome of virtually anything as long as the 
survival and reproductive pattern of a species are influenced, provided that it acts 
in a relatively consistent manner over and over again [36]. It is worth pointing out 
that this is the case with herbicide resistance. The repeated use of the same active 
ingredient or of the same mode of action eliminates susceptible weeds from a 
population, leaving only the resistant ones, which become dominant species over 
time; the development of herbicide resistance can be considered an evolutionary 
process [37].

The development of herbicide-resistant weeds is associated with several factors, 
including selection pressure, the weed’s genetic variability, inheritance patterns, gene 
flow, herbicides’ nature, agro-ecosystem factors, and others [38]. In light of this, it 
is not always possible to come up with a single management strategy for controlling 
and preventing the spread of herbicide-resistant weeds; instead, an integrated weed 
management (IWM) approach is required.

Integrated weed management (IWM) strategies for managing resistant weeds:

1. Regularly scout fields and identify weeds, as well as respond swiftly to changes 
in weed populations, to prevent the spread of weeds.

2. Choose herbicides based on the types of the target weeds present and use it 
prudently.

3. Crop rotation is an effective method for interrupting the life cycles of weeds, and 
certain weed problems are more easily managed in certain crops than in others.

4. Refrain from using the same herbicide or another herbicide with the same mode 
of action for 2 years or more in a row in the same field.

5. Consider using a tank mixture or sequential applications of herbicides with 
varying modes of action.

6. Keep tillage and harvesting equipment clean to avoid spreading weeds from 
field to field.

2.5 Modeling and robotics for SSWM

Site-specific weed management (SSWM) is a state-of-the-art weed management 
approach that allows optimization of weed treatment for each unique agronomical 
site, with precise and continuous monitoring and mapping of weed infestations, 
which has been proven highly efficient and environmentally safe for control of weed 
populations [39, 40].

This system relies on multidisciplinary technologies such as image sensing techniques 
(multiple-dimensional cameras and multispectral imaging), GPS, remote sensors, 
artificial intelligence (AI), and machine learning algorithms for discerning a specific 
weed and its population, thereby allowing unmanned vehicles for weed management 
via targeted spraying, automated hoeing, or other techniques. In conjunction with the 
new sensor technologies, decision support systems (DSS) can help farmers apply weed 
control treatments at the right time, with the right intensity, and in the right places [41].
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2.5.1 Drones

Precision agriculture has adopted unmanned aerial vehicles (UAVs), primarily drones, 
as a common tool [42, 43]. Due to their affordability, user-friendliness, and adaptability, 
UAVs are frequently the preferred option for rapid and accurate in situ remote sensing 
or survey operations. Despite their adaptability, these systems can serve a variety of 
purposes depending on the sensors they carry. UAVs, as one of the most effective tools for 
weed mapping, are critical for SSWM. The workflow consists of three significant phases: 
1) collection of field images, via sensor cameras, 2) image processing, which recognizes 
weeds and pinpoints their whereabouts and patches via deep neural networks or other AI 
techniques, 3) training-specific algorithms to eliminate the targeted weeds with herbicide 
spraying by drones or mechanically with unmanned terrestrial vehicles (UTVs). There 
are three types of sensors attached to UAVs, depending on the payload and weed/crop 
recognition system and other purposes: 1) RGB (Red, Green, and Blue) or VIS (visible) 
sensors, 2) multispectral sensors, and 3) hyperspectral sensors. With up to 80% precision, 
hyperspectral sensors can differentiate between glyphosate-resistant and glyphosate-
susceptible Kochia biotypes [44]. And the accuracy rate is 96% for Amaranthus palmeri in 
real field bases [45]. A novel alternative to UAVs could be laser-equipped robots.

2.5.2 Autonomous laser weeding

Andreasen et al. [46] highlighted that Autonomous Laser Weeding is a cutting-
edge technique for weed management that is a prototype, not yet widely used or sold 
commercially. Artificial intelligence and deep learning are being deployed to precisely 
locate and distinguish weeds [47, 48] and burn the meristems of the targets with 
laser beams released by robotic actuators for real-time weed control. Beam quality is 
a crucial parameter for laser applications, particularly weeding, as it determines the 
maximum power density that can be achieved. At least 54 joules of laser energy per 
plant were required to cause lethal damage to each treated plant with a 95% prob-
ability. Lethal damages are contingent upon weed species, growth stage, laser spot 
position and area, and laser energy (J) applied [49–51]. Papadopoulos [52] reported 
that LaserWeeder, a product of Carbon Robotics, is an autonomous laser robot that 
has the capacity of eliminating 200,000 weeds per hour by incinerating active ones, 
with a performance increase of 100 percent over the system’s first version.

Need-based spatial spraying minimizes selection pressure on herbicide-resistant 
weeds and herbicide diffusion with only minimal interference with nontargeted 
plants. Importantly, laser robots offer substantially less interference with biodiversity 
and the environment, achieving the goal. Due to their lighter weight, UTVs per-
form site-specific weeding with acceptable soil impacts, creating a more favorable 
environment for crop growth. There have been positive impacts on ecological and 
agro-economic aspects, as depicted in Figure 3. It is possible for these robotic devices 
to replace organic growers’ manual weeding practices. However, it can be challenging 
or may take some time, particularly for developing countries, to introduce and adopt 
such a novel approach.

3. Conclusion

To overcome the weed infestation, farmers have been using different tools and 
methods, and among them, the herbicide-use approach is widely adopted due to 
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its ease of use and labor shortage. Long-term weed management is unlikely to be 
achieved through the use of a single method of weed control, since this approach 
often leads to the development of weed resistance. This is not only the case with 
herbicides; even repetitive hand hoeing over and over may force weeds to adapt to 
such a stressed environment and build resistance/tolerance. Over the past few years, 
herbicide resistance and resistance management have been of great interest to weed 
scientists. Site-specific weed management (SSWM) is likely to improve the sustain-
ability of weed management by treating only the weed species community, using 
image analysis and machine learning techniques. Further studies are crucial and in 
high demand to make this novel approach applicable in real agricultural situations.

Figure 3. 
Drone-based site-specific weed management (SSWM) and its impact on the Agri-economy and ecology. Source: [53].
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Chapter 9

Future Use Prospects of Legumes 
through Improvement and the 
Challenges Faced
Briggx Xavier

Abstract

Legumes are important crops, being one of the most protein containing species 
of grain plants from their seeds which are used as food among other uses of the crop 
such as Nitrogen fixation (in most), which helps maintain soil nutrition at bay. The 
uses extend to key ingredients in livestock feeds manufacture even for marine life 
diets. Their roots go deep into the soil to find water and in the process hold soil par-
ticles together aiding in soil erosion control. However, low performance and produc-
tion levels have been recorded over the years with Africa, for example, contributing 
only 10% of the entire world legume production per year. This is attributed to little 
breeding programs being conducted on the legume plants among less improvements 
aiding in the plants’ performance and production for sustainability. This book chapter 
therefore seeks to outline in depth some of the future prospects of legume plants 
species in relation to improvements that should be done on the crop such as breed-
ing programs to sustain diverse functions, among which, increasing food security. 
The improvements not only aim at helping humanity, but rather the environment in 
general including marine life.

Keywords: nitrogen fixation, soil erosion, marine life, sustainability, food security

1. Introduction

The leguminous family of plants is the largest pods-producing flowering plants 
family with over 18,000 different species classified into 650 generic classes [1], under 
the 1/1/12th of all known flowering plants on the planet earth. Not all legumes fix 
atmospheric nitrogen. Among the Leguminosae subfamily, the Fabaceae species are 
recognized as those with the primary agricultural role in the group. Herbaceous and 
woody legume plant types from the Fabaceae species have been used for pastures, 
animal feeds, erosion control, agro-forestry purposes and as sources of green manure 
traditionally. Above the uses, they also yield important industrial substances such as 
tannin, resin for making gums and glues, synthetic dyes, perfumes, insecticides and 
bio-fuels. Some of these leguminous family valuable food crops include, peas, com-
mon beans, peanuts and soybean, which produce high protein grains for human con-
sumption, making an important constituent in their diet. Of all the plants that man 
used as food, only the grasses are more stable as compared to the legumes [2]. Despite 
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considerable resources being directed towards the development of grasses such as 
rice, maize and wheat, only peanuts and soybeans within the leguminous family have 
been thoroughly given priority on the same. The world’s increasing population needs 
adequate food to feed its citizens so as to prevent common malnutrition problems, 
which is prospected to be greatly contributed by dietary legumes in order to achieve 
food security in our nations.

Through improvements that aim in increasing the performance and yields of 
legumes, these plants are super contributors to the economy to ensure food security 
among nations in the word. Breeding programs such as gene mapping to identify 
and isolate traits aid in the selection and isolation of genes of interest from plants 
which are improved and modified then used in legumes to boost the performance [3]. 
Other technologies include breeding to suit performance roles such as adaptability 
to environments, for example deep roots in search for water. Legume produces can 
be improved for uses in the food industry for humanity, in feed industries such as in 
ruminants dies replacements and in industries and in the pharmaceutical industries in 
the manufacture of drugs.

Besides the improvements, there are many breeding technologies which are 
aimed at improving performance and yield currently. An example is the breeding 
for lodging resistance which reduces yield losses especially during heavy rainfall 
seasons by avoiding plant bends which promote rotting once the pods come into 
contact with moisture. Breeding is also done to increase the general yields of the 
plant by increasing the number of produces per plant in many agricultural crops. 
Breeding is done to reduce grain shattering in legumes especially during harvesting 
stage. This is by preventing the chances of the pods to open which leads to losses 
through spillage [4, 5]. All these are some of the many examples which are believed 
to form the basis for this chapter. This is because in order for improvements to occur, 
much grains must be produced, and of high quality as the grains are the require-
ments in implementation of most of the improvement prospects.

As agronomists, scientists and researchers, our main perspective is to think of 
legumes in the primary role of aiding in nitrogen fixation to otherwise deficient 
soils. Despite, other scientists outside the “agriculture” field view the crop for diverse 
benefits and uses, such as use as a vital source of food and forage, use in rotation with 
other crops to improve yields and also as a forest commodity essential for providing 
firewood traditionally or shelter. However, some scientists from the medical field now 
view the crops as a source of pharmaceutical ingredient in the manufacture of major 
drugs for hospital use in a range of maladies. This role should not be under looked 
when we display that legumes have been a major component of traditional medicine 
among communities for centuries. Despite the purpose you intend to grow the crop 
for, its symbiotic role, that is, the association between the nitrogen fixing bacteria 
in the root nodules (rhizobia) and the plants, play a significant role in agriculture 
production sector by reducing ca. 100 million metric tons of atmospheric nitrogen 
into ammonia [6], thus saving the world about US$30 billion on Nitrogen fertilizer 
every year. Following photosynthesis process in plants, we might consider viewing 
Biological Nitrogen Fixation (BNF) by legumes as the next most important essential 
natural occurring biological process in plants. There is still a challenge on the realiza-
tion of this process as many developing and developed countries all over the world 
have not fully embraced Biological Nitrogen Fixation but instead rely upon nitrogen 
fertilizer to drive agricultural productivity. This lack of adoption of the process is 
majorly attributed to many factors ranging from little knowledge and expertise in 
both the manufacture of inoculants and in the growing of inoculated legumes with 
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rhizobia. Some governments in many countries across the world with advanced 
economies also are viewed to participate in this by providing subsidies which mitigate 
against the use of Biological Nitrogen Fixation (BNF). Unfortunately, with the fossil 
fuel prices hiking, small economies will most likely be faced with either food short-
ages, high food costs or inflated fertilizer nitrogen prizes. Many developing countries 
such as those in South Eastern parts of Asian continent rely upon buying of urea 
(a nitrogenous fertilizer) for rice production [7]. This is a problem that needs to be 
addressed as soon as possible due to the current forecast that food production will 
have to double by the next 10 years so as to feed and sustain the expanding popula-
tion. This can only be avoided with employment of Biological Nitrogen Fixation 
(BNF) inputs.

Apart from direct benefits of artificial nitrogen fixation from legumes, they also 
provide additional importance in aiding in weeds, pests and pathogens control, 
improving soil fertility when the plants die and form organic manure and ensuring 
stability from rotation in different and diverse cropping systems with different spe-
cies of crops. Taking a look at a country like the United States of America (USA) alone 
for example, alfalfa, Medicage sativa, is currently estimated to be the third most valu-
able crop worth up to $7 billion annually [8]. However, intense pressure from biologi-
cal, environmental, human health as well as economic sectors dictate that the legumes 
suite and their use in the modern civilization to be dynamic rather than fixed. This 
chapter outlines how legumes can be developed, more so rhizobia, for future diverse 
uses not only in agriculture but outside fields as well.

2. Legumes future breeding improvement prospects

2.1 Legumes use in pharmaceutical industry to solve health problems

The strong consumer-driven trend for natural products in the world has pushed 
for shift to natural active ingredients in medicines manufacture. Of the active ingre-
dients prescribed in pharmaceuticals, 25% are flowering plants-derived, expected 
to increase to about 30% in the next 10 years to come. On this, of the antineoplastic 
drugs that are prescribed in the Western countries and in Japan, 54% are natural 
occurring products or their analogs [9]. Many consumers in the world aim at natural 
drugs, believing that they are safer that synthetics. This has also pushed many, more 
so in African countries, to go the herbal medicine direction rather than buying drugs 
from chemists and pharmacies. The current global market for natural pharmaceutical 
products is estimated at US$30 billion growing at an increasing rate of 6% per annum 
[10]. Herbs (which also includes many legumes), possessing anti-cancer or penile 
potency properties are the main focus of smuggling into the European, Japan and the 
USA markets. Advances in analytical chemical techniques in plants, such as High-
Performance Liquid Chromatography (HPLC), Mass Spectroscopy (MS) and Nuclear 
Magnetic Resonance (NMR) have allowed the rapid identification of proteins in plant 
cells that are responsible for increasing the legumes value, particularly in regards to 
the pharmaceutical industry. References proposed that legume plants species combine 
essential genomic materials with biochemistry thus forming a compound which is of 
acute relevance to human health.

Non-traditional benefits of legumes in human diets have been emphasized also in 
the recent years commonly. These benefits include, alfalfa sprouts and soybeans use 
as a source of phytoestrogens which aims at reducing menopause symptoms majorly 



Production and Utilization of Legumes - Progress and Prospects

170

in women and also aiding in maintaining bones health. In the Chinese medicine 
for example, one of the old-dating known useful plants is the licorice, (Glycyrrhiza 
glabra, a popular legume herb known for its anti-ulcer and anti-inflammatory proper-
ties. Legumes also contain useful chemical compounds in their protein-DNA that are 
essential for their ant-diabetic, anti-allergenic as well as anti-inflammatory properties 
[11]. Plant Genetic Resource Conservation unit (PGRC) within the United States 
Department of Agriculture (USAID) is currently conserving 17 different legumes 
species containing essential phytochemical properties with positive human health 
impact. Some of these plant legume species include the butterfly pea, Clitoria ternatea 
l., known for its anti-fungal properties, hyacinth bean, Lablab purpureus., known 
for its anti-hypertensive properties and kudzu, Pueraria montana var. Lobata willd, 
known to containing isoflavone daidzein properties essential as an anti-inflammatory, 
anti-microbial and cancer preventive treatments. The five pyran isoflavones isolated 
from a Fabaceae family species rootstock, Eriosema kraussianum, contains 75% proper-
ties of Viagra which increases blood flow in rats’ penile tissue as the active ingredi-
ent. Trigonella foenum-graecum l. plant popularly known in the Indian medicine for 
increasing lactation in women [12], also contains numerous chemical properties of 
interest in the modern pharmaceutical sector, for example, diosgenin and coumarin.

Legumes also contain phytoestrogens with great biological activities currently 
being applied to humans for menopause and osteoporosis treatments. These 
phytoestrogens are plant-derives chemicals, so named due to their possession of 
both estrogenic and anti-estrogenic traits, although much less effective than the 
genetically human produced estrogens. Isoflavonoids are one major phytoestrogen 
class that includes genistein, daidzein and equol compounds. They are also among 
the most extensively classes of phytoestrogens to be researched. Isoflavonoids are 
the most particular prevalent classes in the Fabaceae sub-family of leguminous 
plants the most studied being the ones from soybeans and red clover, Trifolium 
pratense l., species. The isoflavonoids extracted from red clover and soybeans are 
now being used as alternative compounds in the Hormonal Replacement Therapies 
(HRT) for the treatment of the menopause-related disorders [13].

Soybeans are the main dietary source of food of the two isoflavonoids, genistein 
and daidzein, in humans, present in their glycoside forms. A huge consumption 
of foods containing high soy-based products may result in high plasms levels, high 
urine and prostate phytoestrogen fluid concentrates. Epidemiological studies on 
the other hand suggests that women in Asian countries with a high phytoestrogens 
dietary intakes have a decreased breast cancer risk rates and also a lower menopause-
incidence symptoms. As well, the study still suggests that men consuming high-soy 
product traditional foods have a lower prostate cancer incidences especially Asian 
men as compared to European and American men. Although these claims may not 
provide sufficient evidence and still awaits further study, numerous in vitro studies 
support a role of genistein in inhibition of the growth of a number of cancers [14].

Laboratories in vitro studies have produces alcohol extracts from a wide range of 
legume leaves and stem tissues that aid in in inhibiting the growth of MCF7 breast 
and LNCaP prostate cancer cells [15]. Soybean isoflavonoids is also suspected to have 
a role in the maintaining of healthy brain tissues and also in the treatment of age-
associated cognitive declines such as Alzheimer’s disease, loss of memory episodes, 
and improving the general cognitive functions in the brain.

Many of these mentioned secondary plant compounds are mostly found in small 
quantities and tend to be synthesized in specialized cells in the plants or at specific 
growth stages. This makes their identification, extraction, separation and purification 
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processes more challenging. Nevertheless, equipment has been invented and now 
currently available, which are aided to speed up the extraction of the useful legume 
compounds for use in human medicine improvements in the pharmaceutical industry.

2.2 Legumes use in food industry

Due to most of the underutilized legume plants’ high nutritional properties, some 
essential proteins can be extracted from the plants and used in the food industries in 
the manufacture of various products. For example, edible products such as cooking 
oil can be extracted from soybean and the African yam bean. This is due to their high 
lipid contents [4]. These lipids used in the manufacture of the cooking oils is obtained 
from the seed grains, which are processed to produce the final product “oil”.

Underutilized legumes can also be processed into flour. This will not only extend 
the shelf life, but also diversify food by increasing the options for the legume produce 
use. The process is done after the grains have recorded a reduced moisture content of 
4% or less [5]. After that, the grains are taken to the grinding machine after which 
processed into flour. This flour can now be stored for up to six months depending on 
the storage conditions. On another option, the flour can be used in preparation of 
foods such as the famous “ugali” in many African countries. The flour can also be used 
in a combination with other grain flours such as maize flour, millet flour and sorghum 
flour in making of porridge which is a good example of breakfast foods for use with 
either bread or other breakfast food choices.

The processed flour can be used in the baking industries [16]. Here, the flour is 
processed into legume breads. Some of these breads can be made from undermined 
legume crops such as soybean. This will very much aid in diversifying food uses too 
not only consuming the grains directly for lunch dishes, but through processing, 
legume-bread can also be made which is a good breakfast choice and even for export 
to other countries.

2.3 Legumes use for ruminants benefits

When it comes to the emergence of herbicides resistance in weed control, develop-
ment and implementation of chemical control method for gastrointestinal parasites 
in grazing animals is an equilibrium between seeking of efficiency and avoiding 
the resistance development. Nematodes in sheep such as Osterstagia circumcincta, 
Haemonchus contortus and Trichostrongylus spp. are a major cause of livestock mortali-
ties and reduced production, and further widespread resistance to anti-helminthics 
treatment effective control. However, there is sufficient evidence that plant natural 
occurring tannins in majority of forage legumes can reduce worm infestation issues 
in grazing animals, hence reducing the requirement for deworming. This in turn 
provides a new weapon in the management of anti-helminthic parasites resistance. 
The potential anti-helminthic tannin or CTs containing properties are described as 
proanthrocyanidins, phenolic compounds present in varying concentrates in wide 
range of leguminous forage plants. CTs form an important part of the plants defense 
against bacterial and insect predation and also against invasion into grazing vegeta-
tion for herbivores. The CTs may also have a positive impact on ruminant nutrition by 
increasing the efficiency of utilization of proteins. Through the reversible of binding 
to plant proteins, CTs are postulated to interfere with the protease activities produced 
by the rumen micro-organisms thus reducing the protein degradation process in 
the rumen and in return allowing a larger portion of protein to reach the ileum [17]. 
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However, despite the discussed benefits of leguminous CT plants in increasing the 
wool growth more so in sheep, milk production in mostly dairy livestock, increas-
ing reproductive rates and aiding in bloat control, high tannin concentrations can 
also reduce the voluntary feed intake rates in ruminants resulting to reduced animal 
performance. All these effects of CTs towards ruminants vary evidently according 
to the nature, concentration and the structure of different compounds and potential 
anti-helminthic properties.

Positive benefits of various leguminous CT forage plants in reducing worm infes-
tation challenges in sheep have been identified in numerous studies. For example, 
in feed experiment trials, significant reduction in worm infestation levels have 
occurred in sheep grazing in tannin containing forage plants such as sulla, Hedysarum 
coronarium, lotus, Lotus pedunculatus, birdsfoot, trefoil, L. corniculatus and chicory, 
Cichorium intybus. pen studies conducted with tannin extracts also indicate that there 
is a large decrease in sheep-worm egg count and also a lowered worm infestation rate. 
In goats, pen studies as well also indicate a decreased Haemonchus contortus and their 
significant anti-parasitic effects with Sericia lespedeza forages in all pens in the trials. 
in a general view, the worms egg counts are lowered within a week post the introduc-
tion to CT-containing pasture legumes or rotations [18], with much decreases in total 
worm numbers up to 30–35% in relation to introduction to non-CT legume groups.

2.4 Legumes use in aquaculture and marine feeds

Aquiculture sector over the years has expanded very quickly that it currently 
provides over 30% of the world`s global fishery products to industrial ones. Although 
marine-based ingredients such as fishmeal and fish oil are manufactured in industries 
and remain many people’s preferrable protein and oil sources from aquaculture prod-
ucts, it is projected that by the next 10 years or so, 50% of the world’s fish catch will 
most likely be directed towards legume feeds [19]. The current and modern intensive 
aquaculture practices is therefore viewed as a net fish user rather than producer which 
is very much undesirable and should not be the trend. Almost much of the soybean 
meal extracts have already been approved and verified for use as alternative protein 
and energy source by the aquaculture industry sector. On top of that, sweet lupin, L. 
angustifolius, and other legume grain extracts are currently underway in evaluation 
appearing to be current substitutes of fish manufactured feed products. Can other 
legumes specifically those that can be produced intensively satisfy the increasing 
protein and energy demand in the aquaculture industry at large?

Fish do not require carbohydrates in their diets and their presence in grain legumes 
can reduce fishmeal digestibility produced from the grain legumes and cause huge 
decrease in protein retention in fish yet they require S-rich amino acid proteins and 
fatty acid or lipid oils in their diets. Even though these compounds are provided by 
legumes in different ratios, anti-nutritional factors similar to the ones previously 
discussed for humans and other monogastric animals also affect fish [20]. Most 
notably are the saponins, protein inhibitors, oligosaccharides and high cellular or 
fiber content. All these and other potential tainting molecules, for example, couma-
rins cannot be assumed in the formulation of fish diets, however, extracting them 
from legume grains requires expensive procedures or an extensive breeding program 
approaches to achieve.

One of the important roles of fish in human health is related to the long chain 
omega-3 to omega-6 oil ratios with more than 18-carbon atoms on a straight chain 
in marine products. Two issues of importance arise from here in relation to oil from 
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legume plants. First, legumes produce predominantly C18 oils rather than C20 and 
C22 oils from fish proven to have beneficial importance to human health. Fish from 
fresh waters can synthesize C22 fats from C18 precursors as compared to marine fish, 
mainly cold-water ones, which are much less able to do so. Secondly, the omega-3-
omega-6 ratio considerably between leguminous plants and fishmeal, with a much 
difference of up to more than 100 folds [21]. For more improved human health, a high 
omega-3-omega-6 ratio is essential, and if lower oil levels are ultimately reflected in 
fatty acid content of aquaculture end products, the legume-fed fish value in human 
diets needs to be supplemented.

Nevertheless, dietary substitution of fishmeal in aquaculture fish feed diets 
containing high protein grains is attractive, particularly those containing omega-3 
and omega-6 oil fats rates.

2.5 Perennial legume improvement for increase water access from deeper roots

Another prospect for the future use of legumes is in the provision of a hydrologi-
cal stable to low input agriculture ecosystems which are pocket friendly. When left 
undisturbed, grass fields and ecosystem ranges often contain different several annual 
and perennial plants species mix including herbs, shrubs, trees, grass and also legume 
family species as well. This unique mix of natural biological plants in the temperate 
climates contributes to the hydrological stability in the ground and underground 
water systems of the most part of the world’s land mass, with the species with deeper 
rooting systems translocating water from deeper depths during the drier periods of 
summer and autumns. In South Australia for example, the natural perennial mixes of 
shrubs, trees, annual grasses and herbs was violently disturbed and destroyed with 
the people’s ruthless clearing of 25 million hectares for agriculture in the nineteenth 
and twentieth centuries. In return, larger areas in the region have since been seriously 
affected by a combination of high salinity levels and waterlogging as a result of the 
rising water tables due to decrease in water utilization as a result of deforestation and 
vegetation clearing practices. Currently, in South Australia where the example was 
picked, the total affected unit land area is estimated to exceed 5 million hectares [22]. 
On this, the largest scale land use is observed to be under pasture for livestock use 
which is then the greatest potential for the disaster cause. Farming systems therefore, 
not only in Southern Australia but all the regions faced with the same challenge across 
the globe needs to be resolved by employing redesigning strategies in the current 
Century so as to restore the water use pattern of native flora with the main aim being 
the discovery of plants and improvements for both economical and hydrological 
benefits, including legumes.

Perennial legumes are speculated to play a significant role in the redesignation 
agriculture. Many studies estimate M. sativa to being adopted to 96% of most soil 
types in the entire world even where the soils are fertile or alkaline making the 
suitable for adaptability. Much of the perennial legume species that are found in the 
rangelands of the Mediterranean basin surroundings can be elevated to welcome M. 
sativa in the setting more so where improvements are required. This will not only 
help in water utilization but the diverse benefits which come with legumes as well as 
discussed previously. However, when it comes to the acidic and more coarse-textured 
soils, which represents approximately 30% of most agricultural lands in many 
regions, a different suite of perennial legumes and rhizobia to those exploited in 
agriculture will need to be developed as a result of breeding programs for adaptability 
and suitability [23]. This is because none of the current commercial legume species all 
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over the world is adapted to the combination of edaphic aridity stresses, infertility nor 
acidity stresses in any region. By the development and improvement breeding pro-
grams as well, this will provide a major opportunity for the development of legumes 
by many upcoming scientists and breeders in the near future to serve for purposes.

3. Challenges faced in breeding improvement prospects for legumes

3.1 Health concerns

On the breeding of new legumes with high nutritional quality for monogastric or 
human consumption, many anti-nutritional and health factors have to be considered, 
more so ethical issues and points of concerns from the wild legume types and variet-
ies. These concerns include non-protein amino acids, alkaloids, glycosides, tannins, 
saponins and protease inhibitors from wild legumes, which require further testing as 
they are ethically not yet viewed as safe healthwise. Even though some societies have 
found a way to deal with these anti-nutritional factors through processing techniques 
such as high heat boiling for long duration, soaking, leaching, fermentation and 
dehulling, this is often not a common practice in today’s large economies in both 
developing and developed worlds. Even though some of the anti-nutritional proper-
ties are driven by single genes, it will not be an easy task to isolate and combine all the 
necessary genes required for the domestication traits among species into a single new 
superior species that will in return displace the contemporary grain legumes suite 
in farming systems and markets across the world. The most recent example of the 
domestication was seen in L. angustifolius in the 1970s, following its adoption on acid 
sandy infertile soils in Western Australia [24]. This advancement in the crop was faced 
with several highlighted difficulties into the legume market by the novel legumes due 
to the health concern suspicion among the people thus making its utilization difficult. 
Despite L. angustifolius acquiring an important ground from its rotation with many 
cereal crops on more than 750,000 hectares of land annually, the price paid by its 
seeds constrained include;

i. Breeding acceptance for its quality traits in the legume industry for human 
consumption,

ii. Placing of legumes into farming systems which is a difficult idea especially for 
forages in the warmer climates,

iii. Selection of legumes and rhizobia well suited and adapted to both harsh soils 
and severe climates, adoption and

iv. Discovery and acquisition of germplasms across the continent [25].

Lupin is considered primarily as an animal feed in many marketplaces whereas 
traditional other common grain legumes are cultivated for human consumption and 
fetch higher market prices, for example Cicer, Vicia and Lens legumes. However, 
despite this negative faced by the crops, lupins remain popular across many farming 
systems due to their ability to fix over 100 units of nitrogen per hectare, while still 
providing many additional rotational benefits associated with legumes in coexistence 
with other crop species in the field [26].
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3.2 Social and technical adoption challenges

There exists other many social and technical barriers to the legume adoption as 
well in the current world. For example, farming systems are distorted by high price 
subsidization more often, ignoring the direct and associated benefits of legumes-
cultivation especially in the rural regions. Also, much direct financial support to 
farmers is needed to ensure arable lands remain occupied and busy but eliminating 
the incentive to develop efficient farming systems which are based upon Biologically-
fixed nitrogen. The recognition of the environmental pollution in manufacturing and 
utilization of nitrogen fertilizers should be considered as it slowly increases embrac-
ing of Biological Nitrogen Fixation (BNF) in many regions across the world. In other 
circumstances as a result, investment in legumes is not much often realized for long 
recurrent growing seasons and thus, the legumes growing of the crop that generates 
higher quicker instant cash flow is significantly instead lost. When it comes to com-
munally owned lands, it often even makes it more difficult to manage the long-term 
practice of improved forages to incur return benefits to the investor as well which may 
bring disputes in the future resulting to implementation challenges [27].

3.3 Growth environment challenges

Complex hurdles are also encountered in legume adoption. These include the 
unfavorable soil types or climates that affect the components of legumes symbiosis 
benefits with other crops mainly on rotation and the presence of competition from 
rhizobia that compromises the process of nitrogen fixation, although yet ineffective. 
Legumes are also more difficult to grow many times than many cereals in an agro-
nomic perspective. The other consideration is the introduction of the legumes to new 
environments which requires thorough selection of appropriate  rhizobia-containing 
inoculants followed by their industrial manufacture which is a difficult process. 
Also, expertise required in the process to nature high-quality inoculant in manu-
facturing industries should be well trained in handling process and should not be 
 underestimated [28].

Some of the factors limiting legume exploitation remains to be acknowledged 
from the key role of woody and herbaceous annual and perennial legumes in com-
munal rangelands the drier and forest regions across the world. Where vegetation has 
not been disturbed or cleared for human benefits, majority of legumes and rhizobia 
are found in situ in these precious non-arable grounds. These repositories are now 
currently recognized for their extremely high conservation values particularly in ex 
situ germplasm centers which are becoming expensive to retain [29]. It is from there 
in situ natural repositories where many plant legumes and their root nodule bacteria 
(rhizobia) with unique prospect future roles in the field of agriculture, horticulture 
products and pharmaceutical medicine will be drawn.

3.4 Difficulties in understanding and studying of the CT plants

Despite this, the role of CT legume forage plants as an alternative to chemical 
anti-helminthic drugs is far from clear due to the results and conclusions from various 
research studies which vary greatly. This is for example in a study where little or no 
effect was noted in grazing experiments with neither sulla nor L. pedunculatus, where 
also variations in the effect on different worm-species were also observed. Several 
authors have reported reduction in Teladorsagia circumcincta infestation burdens but 
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not on Trichostrongylus spp, where effects were found on the intestines but not in the 
abomasum [30]. It is therefore not clear whether these disparities vary in CTs concen-
trations or the presence of different CT compounds in the feed diets.

3.5 Uncertainties

There are uncertainties regarding the CTs mode of action on worm population in 
the ruminants’ stomachs. This is particularly driven in a case where there is unclar-
ity whether the effects are due to direct anti-helminthic actions of CTs on various 
nematode stages in their life cycles to be specific. The effects of high protein diet 
intakes on the immunological competence of livestock have been well-established, 
although it does not necessarily explain all the anti-parasitic effects observed in 
pasture-grazing sheep which are high in meat protein as a result. Direct effects of 
worms have been also numerously reported in in-vitro studies, including worm-eggs 
inhibition and hatching and larvae migration of H. contortus, T. circumcincta and 
Tr. colubriformis with sulla extracts and its similar effects, birdsfoot trefoil, lotus, 
sainfoin, Onobrychus viciifolia and Dorycnium spp. on Tr. colubriformis on sheep 
and nematodes of deer. Similarly, there was decreased larval development in faecal 
droppings from sheep that were fed on chicory, Dorycnium spp. and L. pedunculatus. 
However, the significance of these study effects for the ideal natural situations is 
unclear as in vitro egg-hatching results have not been in accordance with the results 
from field experimental trials [31].

Therefore, further studies, both in vitro and in the fields, need to be conducted to 
indicate whether CT legumes containing forages will likely be a reliable effective addi-
tion to the non-chemical worm control strategies in livestock. The studies should as 
well report the CT concentration levels and proportions of the different worm species 
involved, as well as noting any production effects in relation to the animal in question. 
These mechanisms as well require much elucidation to explain any form of variable 
results that might be obtained in the proposed grazing trials. The identification of 
specific compounds linked with dose-administered dependent inhibitory effects 
against nematode developmental stages will aid in provision of an objective basis for 
the laboratory assay results in relation to those occurring in the field trials [32].

3.6 Cost

Authors of experimental sites have also reported that CT-containing legume 
forages are relatively more difficult and expensive to develop, establish and maintain 
than the traditional pastures [33]. Unless new legumes’ economic importance is 
clear, both in terms of anti-helminthic effects and pasture-management cost and the 
sociological effects are considered, their general adoption may be compromised.

3.7 Lack of knowledge and familiarity of many legumes

Before we embark on a mass legume breeding program specifically for fish feeds, 
we should ask ourselves whether any natural occurring plant legume seeds contains the 
essential nutritional range considerations essential for aquaculture feeds. On research 
conducted by Assefam (2021), among the legume species adapted to different alkaline 
soils, Trigonella balansa was found to contain a relatively high significant omega-3 and 
omega-6 fats levels but a lower omega-3-omega-6 ratio that T. glanduriferum. A future 
broader legume family search may very clearly outline other agronomically adapted 
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plant legume species nutritionally-richer for aquaculture diets. Also, little is known 
regarding the essential reproductive, agronomic, rhizo-biological and physiological 
perennial legume forage trends in relation to other species such as M. sativa, T. repens, T. 
pratense and Lotus corniculatus which are much used commercially in many parts of the 
world [34]. This lack of knowledge is a serious constraint and challenge to the develop-
ing of other perennial legumes for future agricultural purposes.

4. Conclusion

Despite legumes widespread diverse benefits, most have neither been observed 
for their potential contribution to the primary production systems nor indeed their 
biologically active grain produce constituents. This book chapter has attempted to 
bring out some of the future use prospects to which legumes may be improved or 
manufactured for and the pathway to achieving these advancements. The genetic 
biodiversity of legume crops is currently constantly under much threat through the 
loss of natural habitats by humans for various benefits such as livestock rearing as 
discussed, overgrazing challenges or even illegal trading of medicinal plants across the 
globe. Of the 6000 known species of legumes, many are considered to be at a higher 
risk rate of extinction in the coming years. Currently, 10 Trifolium species native to 
the United States of America (USA) have been red flagged to be at a higher threat risk 
and their 16-world known common taxonomic classes are said to be endangered and 
vulnerable [35]. Medicinal plants for many centuries have also been used by farmers 
and pastoralists as a primary source of prevention and in the control of various diseases 
affecting livestock. With the rapid fading of ethnic traditional customs and cultures, 
some of the legume plants used in the making of organized traditional medicine will 
also, with no doubt, fade away too. It should become like a normal cultural practice now 
than ever more before that we should explore and try to put measures to preserve and 
conserve these plant species before they fade away and get lost from science completely. 
Just as most of the research in the field of Agriculture, and agronomy to be specific, on 
legumes is focused on yield increase in food and fiber crops, equally more emphasis 
should be put on research to identify the legume plants with potential to supplying of 
essential products in the pharmaceutical and nutrition industries in the current modern 
evolving society. This book chapter as well has put much attempt on the way forward 
prospections and anticipation on some of the roles that might be applicable and useful 
to the legume plants and their rhizomes. To quote, “We need to nodulate prokaryote 
plants”. Researches focused on continued exploitation of the enormous natural genetic 
variations available in both legume forage plants and their constituent micro-symbionts 
will contribute greatly in the application of Biological Nitrogen Fixation (BNF), which 
is unarguably one of the key essential biological processes on the entire planet.

This chapter closes by concluding with a very important quote for Agriculturalists 
in whatever diverse fields, in general, and the entire people on planet earth always to 
remember to save essential plants with positive benefits to the ecosystem including 
man, therefore, “Save Plants that Save Lives”.
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