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The book includes eight chapters. The first introductory chapter “Characterization
and improvement of legume crops” presents an introduction to the main legumes
and enhancement of their productivity. The second chapter “Novel therapeutic uses
of legume crops in southern South America” reviews some new therapeutic uses of
legumes in southern South America. The third chapter “Ethnomedicinal values of
legume plants in Pakistan” highlights the knowledge and importance of medicinal 
flora as well as traditional uses of such plants in daily life in Pakistan. The fourth
chapter “Starches granules from cowpea, black and carioca beans in raw and cooked 
forms” evaluates the structure of common bean starch granules and cowpea in raw
and cooked forms by optical microscopy and scanning electron microscopy. The
fifth chapter “Mungbean (Vigna radiata L. Wilczek): retrospect and prospects” 
overviews mungbean crops and their retrospect and prospects. The sixth chapter
“The productivity of selected species and cultivars of legumes grown for seeds in
organic production systems” assesses the yielding of selected legume species with
diversified morphological structure cultivated for seeds in ecological systems. 
The seventh chapter addresses the influence of adjuvants on the efficacy of poste-
mergence herbicides commonly used in peanut (Arachis hypogaea L.). The eighth
chapter studies breeding of elite cowpea (Vigna unguliculata (L.) Walp) varieties for
improved food security and income in Africa.

The book editor would like to thank Mr. Edi Lipović, Author Service Manager, for
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Chapter 1

Introductory Chapter: 
Characterization and 
Improvement of Legume Crops
Mohamed A. El-Esawi

1. Introduction

Legumes are agriculturally grown flowering plants that are found in most of 
the archaeological record of plants [1]. Various ecosystems, including rain forests, 
arctic/alpine regions, and deserts have been colonized by legumes [1, 2]. The most 
two popular flowering plants are Asteraceae and Orchidaceae [1]. The third in 
terms of popularity is Leguminosae or Fabaceae with 670–750 genera and 18,000–
19,000 species, respectively [1]. Legumes are utilized efficiently as (a) food crops 
for humans and animals; (b) pulps for paper, wood, and timber manufacturing; 
(c) sources for fuel and oil production; (d) ornamental plants used as living barri-
ers and firebreaks, among others [3]; and (e) cover crops such as cereals and other 
staple foods [1]. Additionally, they can be utilized for other purposes including 
production of massive amounts of organic nitrogen. This is because legumes can 
be intercropped with rhizobia resulting in high yield productivity, soil organic 
matter improvement, modification of soil osmosis and texture, nutrient reuse, 
decrease of soil pH and soil pressure, microorganism differentiation, and allevia-
tion of disease problems [1, 4]. Furthermore, legumes can produce amounts of 
organic nitrogen at a slow rate when rotated with cereals. Such nitrogen produced 
can be utilized in prospective cropping technologies for improving the production 
of these crops, recognizing their potential role in promoting better human nutri-
tion and soil health [1, 5].

2. Main legumes

Forage legumes such as alfalfa (Medicago sativa), clover (Trifolium spp.), bird’s-
foot trefoil (Lotus corniculatus), and vetch (Vicia spp.) are utilized as main sources 
for dairy and meat which are used for protein, fiber, and energy production [1]. 
Global production of alfalfa was approximately 436 tons in 2006 suggesting that it 
is the most essential forage crop. The highest amount of alfalfa was produced in the 
United States, being produced around 15 million tons in 2010 [1, 6]. Grain legumes 
or pulses are crops harvested massively for the dry seeds. They are found containing 
high amounts of protein in their seeds. Therefore, they represent a major food source 
for population consumption. They are considered as the main protein suppliers 
especially for people from developing countries [1]. Additionally, their high amino 
acid content is of nutritional value during utilization of cereals and tubers as food 
sources [1, 7]. The soybean (Glycine max), a native plant of Eastern Asia, is an annual 



1

Chapter 1

Introductory Chapter: 
Characterization and 
Improvement of Legume Crops
Mohamed A. El-Esawi

1. Introduction

Legumes are agriculturally grown flowering plants that are found in most of 
the archaeological record of plants [1]. Various ecosystems, including rain forests, 
arctic/alpine regions, and deserts have been colonized by legumes [1, 2]. The most 
two popular flowering plants are Asteraceae and Orchidaceae [1]. The third in 
terms of popularity is Leguminosae or Fabaceae with 670–750 genera and 18,000–
19,000 species, respectively [1]. Legumes are utilized efficiently as (a) food crops 
for humans and animals; (b) pulps for paper, wood, and timber manufacturing; 
(c) sources for fuel and oil production; (d) ornamental plants used as living barri-
ers and firebreaks, among others [3]; and (e) cover crops such as cereals and other 
staple foods [1]. Additionally, they can be utilized for other purposes including 
production of massive amounts of organic nitrogen. This is because legumes can 
be intercropped with rhizobia resulting in high yield productivity, soil organic 
matter improvement, modification of soil osmosis and texture, nutrient reuse, 
decrease of soil pH and soil pressure, microorganism differentiation, and allevia-
tion of disease problems [1, 4]. Furthermore, legumes can produce amounts of 
organic nitrogen at a slow rate when rotated with cereals. Such nitrogen produced 
can be utilized in prospective cropping technologies for improving the production 
of these crops, recognizing their potential role in promoting better human nutri-
tion and soil health [1, 5].

2. Main legumes

Forage legumes such as alfalfa (Medicago sativa), clover (Trifolium spp.), bird’s-
foot trefoil (Lotus corniculatus), and vetch (Vicia spp.) are utilized as main sources 
for dairy and meat which are used for protein, fiber, and energy production [1]. 
Global production of alfalfa was approximately 436 tons in 2006 suggesting that it 
is the most essential forage crop. The highest amount of alfalfa was produced in the 
United States, being produced around 15 million tons in 2010 [1, 6]. Grain legumes 
or pulses are crops harvested massively for the dry seeds. They are found containing 
high amounts of protein in their seeds. Therefore, they represent a major food source 
for population consumption. They are considered as the main protein suppliers 
especially for people from developing countries [1]. Additionally, their high amino 
acid content is of nutritional value during utilization of cereals and tubers as food 
sources [1, 7]. The soybean (Glycine max), a native plant of Eastern Asia, is an annual 



Legume Crops – Characterization and Breeding for Improved Food Security

2

summer legume of great agricultural possibilities due to its fundamental role in the 
nutrition of many people and livestocks besides its industrial possibilities [1, 8].

3. Enhancing legume productivity

Legumes are highly diversified, so they are utilized for several economic and
cultural purposes including their role as vegetables to tolerate various ecological 
conditions, their source for producing large quantities of proteins, their utilization 
in grazing domains, and their function in increasing worldwide productivity of 
food and other commodities [1]. Therefore, recent findings have directed towards 
developing new biological and environment-friendly techniques to enhance the 
growth efficiency of legumes [1]. Scientists have derived several economic and 
ecological uses when legumes form symbiotic associations with nitrogen-fixing 
fungi and bacteria [9]. Biological nitrogen fixation (BNF) within legumes occurs 
through their association with microorganisms [1]. These microorganisms, which 
are also needed for the Earth’s nitrogen cycle, are utilized for developing agricul-
tural production of plants. Furthermore, they participate in soil colonization and 
plant growth promotion when utilized in live formulations or biofertilizers applied 
to seed, root, soil, or the interior of the plant as they can supply large amount of 
proteins to host cell and enhance soil protection [1]. The need of agroecosystems 
for nitrogen is assessed through a cost-effective, prospective, and eco-friendly pro-
cess of biological nitrogen fixation rather than chemical nitrogen fixation. There 
are several benefits to the process of biological nitrogen fixation. It meets the needs 
of legumes and intercropped or succeeding crops for nitrogen [1]. This, in turns, 
avoids or even restricts the application of nitrogen fertilization. Additionally, 
nitrogen-fixing organisms play an essential role when the amount of nitrogen 
in the soil is low. They introduce ammonium into the legume biomass to allow 
faster growing than their plant competitors, but if the protein content is high, 
nitrogen-fixing microorganisms become alternative to non-fixing species due to 
high bioenergy cost of nitrogen fixation process [1, 10]. Thus, it can be concluded 
that nitrogen fixation in legume systems occurs through a variety of physiological 
and ecological possibilities including the plant’s need for nitrogen and the C:N 
stoichiometry of the ecosystem [1]. It has proven experimentally and theoretically 
the hypothesis of a feedback control between legume’s need for nitrogen and BNF 
in a specific ecosystem [11].

To enhance the efficiency of the nitrogen fixation process, the most suitable 
microorganisms for such purpose are selected, and/or genetic engineering of plant 
species are involved to guarantee high legume crop productivity [1]. Farmers 
are familiar with the application of commercially available microorganisms 
(inoculants) that are of great efficiency to nodulate plants and fix nitrogen in the 
soil [1]. These microorganisms such as rhizobia form associations with legumes 
in a situation called symbiosis that introduces benefits for both parts [1]. In this 
scenario, leguminous plants represent the source of energy and photosynthetic 
products to rhizobia, while rhizobia supplies the legumes with nitrogen in form of 
ammonium [1, 12]. The symbiosis begins when the roots of leguminous plants are 
inoculated the rhizobia, which, in turn, form root nodules where BNF occurs with 
the help of nitrogenase enzyme [1, 13]. In conclusions, several techniques have 
been developed genetically and biochemically to enhance plant development and 
crop productivity, suggesting their marvelous importance in improving legumes 
and other crops [1, 14–37].
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Chapter 2

Novel Therapeutic Uses of Legume 
Crops in Southern South America
Renée Hersilia Fortunato, Virginia Fuentes Baluzzi, 
Fernando De Diego, Rodrigo T. Biagioni 
and Alejandro Daniel Esquivel

Abstract

The Argentine flora comprises more than 10,000 species, and many of them 
have been recorded as having medicinal, antimicrobial, and nutraceutical uses in 
humans as well as veterinary uses. In this chapter, native species/populations from 
the north of Argentina have been identified, selected, and characterized using mor-
phological, chemical, and molecular techniques. Bauhinia forficata subsp. pruinosa 
was found to have anti-inflammatory, antidiabetic, diuretic, and analgesic activity 
and Senna  spectabilis var. spectabilis has been found to have antibacterial, antibio-
film, antifungal, and antioxidant properties. The characterization and conservation 
of the native germplasm will allow us to propose future protocols of adaptation and 
technological processes to improve the quality of life in the rural areas and sustain-
able growth. This process will be achieved through a future integral and rational 
use that contemplates the conservation of the wild populations and their habitat. 
Thus, new resources will be generated, and the native flora of the country will gain 
value, strengthening the regional and territorial development of the agricultural 
and agroindustrial system. In addition, the domestication practices oriented to an 
integral management of the crop without extraction of the biological resource from 
the natural habitat minimize the impact of ecosystem degradation by overexploita-
tion associated with landscape fragmentation.

Keywords: native species, medicinal, germplasm selection, conservation, 
propagation

1. Introduction

Leguminosae (Fabaceae) with close to 770 genera and ca. 20,000 species is 
the third-largest angiosperm family after Asteraceae and Orchidaceae [1]. It has 
a global distribution and high ecological and economic importance. Along with 
Poaceae (the grass family), Leguminosae is the most important plant family in 
the production of food for humans and livestock, as well as in the production of 
industrial products. The total world exports of pulses (crops harvested for their dry 
seeds) have more than doubled between 1990 and 2012, expanding from 6.6 to 13.4 
million tons, and in 2012, the value of pulse exports was estimated at US$ 9.5 billion 
(Food and Agriculture Organization [FAO]: http://www.fao.org/3/a-i5389e.pdf). 
The Food and Agriculture Organization of the United Nations General Assembly 
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designated 2016 as the International Year of Pulses to promote awareness of their 
nutritional benefits, importance in food security, and sustainable agriculture, and 
mitigate biodiversity loss and climate change http://www.fao.org/pulses-2016/en/. 
Meanwhile, from now on, 10 February will mark World Pulses Day, keeping alive 
the positive momentum surrounding these healthy, nutritious, protein-rich, and 
nitrogen-fixing legumes after FAO’s successful 2016 International Year of Pulses 
Campaign. Growing pulses contributes to sustainable crop production: http://www.
fao.org/news/story/en/item/1175295/icode/ and the legumes crops providing highly 
nutritious sources of protein and micronutrients that can greatly benefit health and 
livelihoods. This family is also uniquely important as fodder and green manure in 
both temperate and tropical regions and is used for their wood, tannins, oils, and 
resins, in the manufacture of varnishes, paints, dyes, and medicines, and in the 
horticultural trade. It has cosmopolitan in distribution, representing important 
ecological constituents in almost all biomes across the globe and occurs in even the 
most extreme habitats [2, 3]. The biomes represent significant elements in terms 
of species diversity and abundance, in lowland wet tropical forests in Africa, South 
America, and Asia [4], and they dominate dry forests and savannas throughout the 
tropics [5] and also occur in Mediterranean, desert, and temperate regions, up to 
high latitudes and at high elevations [6].

This high species richness is reflected in great morphological and chemical diver-
sity, from which multiple uses are derived [7], that is, alkaloids, proanthocyanidins, 
and flavonoids can be present; pterocarpans are found only in legumes and they 
have significant antimicrobial, anticancerous, antiinflammatory, and antimalarial 
report activities [8]. There are also many legumes containing toxic and indigestible 
substances, which may be removed through various processing methods.

In America, the cultivation of Leguminosae dates from prehistoric times [9] and 
it has a great ethnobotanical importance in medicinal uses [10, 11].

Medicinal evaluation has indicated the importance of the environment as an 
important factor in the selection of useful resources by human populations [12].

In South America, there are reports of the use of Leguminosae species with 
different therapeutic activities [13–17].

In the South of South America, Argentina conserves ex situ collections of germ-
plasm banks in the National Institute of Agricultural Technology (INTA), provincial 
banks, national universities, and the National Research Council (CONICET). 
Most of the extra INTA collections hold native species to protect biodiversity from 
anthropogenic impact. Anthropogenic activity has accentuated the degradation 
of natural habitats, environmental changes, landscape fragmentation, pollution, 
the expansion of the agricultural frontier, and over-exploitation. The Argentine 
Flora Catalog (http://www2.darwin.edu.ar/Proyectos/FloraArgentina/fa.htm) has 
records of more than 10,000 species; many of them have been recorded as having 
medicinal, antimicrobial, and nutraceutical properties, as well as veterinary uses. 
The available information has been obtained mainly from ethnobotanical, chemical, 
and biochemical studies; however, up to now, the chemical compound to obtain phy-
topharmaceutical products has been recorded only in a few species, and the promis-
ing biotypes have not been selected or adapted as new crops; therefore, there is no 
material available to develop medicinal products that ensure therapeutic efficacy.

The project that initiated the bioprospecting of new medicinal bioactive com-
pounds and agrochemical products in Argentina was conducted at the Institute 
of Biological Resources (IRB), Natural Resources Research Center (CIRN), INTA, 
between 1993 and 2003. The proposal was based on national and international 
legislation (Argentina Constitution: 1994, and Convention on Biological Diversity, 
1993, ratified in 1994) and was implemented through the agreement between 
INTA and University of Arizona, USA (Bioactive Agents from Dryland Plants 
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of Latin America, INTA-Argentina/University of Arizona-USA, Grant UO1 
TW00316 National Institutes of Health (NIH), National Science Foundation (NSF), 
U.S. Agency for International Development (USAID): International Cooperative 
Biodiversity Group (ICBG), 1993–2003). That evaluation allowed us to obtain new 
information on chemical and biochemical compounds of native species used in folk 
medicine [18, 19]. However, no species genotype or ecotype was introduced as a 
phytopharmaceutical product [19].

Within the frame of the project, and based on morphological, chemical, and 
molecular techniques (including the development of expression libraries), native 
species/populations were identified, selected, and characterized, via management 
in the natural habitat (in situ) and introduction in cultivation (ex situ). In addition, 
with the aim of conserving the identified biotypes, preservation was undertaken 
in the Germplasm Bank IRB, CIRN-INTA ex-situ), with subsequent introduction to 
cultivation in the different ecoregions where they grow. The characterization and 
conservation of the native germplasm will allow us to propose technological pro-
cesses for the improvement of the quality of life in the rural territories; it will also 
promote sustainable growth through a future integral and rational use that contem-
plates the conservation of the wild populations and their habitat. In 2010 at the IRB, 
CIRN-INTA, we started the development of species with medicinal potential, each 
of them of regional importance in the central and northern regions of Argentina. 
Based on the results obtained, innovative lines (new-generation domestication) will 
be included.

a. Bauhinia forficata Link. subsp. pruinosa (Vog.) Fortunato & Wunderlin “cow’s 
hoof, cow’s paw, Brazilian orchid tree, unha de boi or pata de vaca: Brazil”.

b. Senna spectabilis (DC.) H.S. Irwin & Barneby var. spectabilis “spectacular 
cassia, mhomba, carnaval, calceolaria shower, cassia, yellow shower, and 
Pau-deovelha, São-joão, Parica: Brazil”.

2. Propagation

Bauhinia forficata subsp. pruinosa (=BFP): native to southern and eastern Brazil, 
Paraguay, Uruguay, and Argentina. In Argentina, it is distributed in the northeastern 
region, and through its introduction as ornamental, it has been naturalized also in 
the central and northwest regions. It is a deciduous to semi-evergreen tree up to 8 m 
tall, with twisted ascending branches that drop at the ends, an often-leaning trunk, 
and large, bilobed, dark green leaves; flowers are white, 8–13 cm in diameter, solitary, 
or arranged in axillary clusters; they bloom almost all summer. Fruits are dehiscent 
legumes with several flattened, oval, bright, and blackish seeds. It is used as ornamen-
tal and the leaves and young stems are consumed in infusions mainly as antidiabetic 
or hypoglycemic agent [20–25]. Anti-inflammatory, diuretic, and analgesic activities 
have also been reported in this species [26, 27]. In Southern South America, 10 species 
of Bauhinia are popularly used mainly to regulate glucose and lipids metabolism, but 
also for digestive, kidney, and urinary disturbances, for example, [28–31].

BFP has potential for the treatment of Diabetes mellitus. Pharmacological studies 
performed on different plant extracts or purified flavonoids in normoglycemic and 
hyperglycemic models in vivo in general have confirmed the hypoglycemic activity, 
although some contradictory evidence has been found [26, 32].

It is important to note that the species is unclearly identified in most assays (it 
is published as B. forficata or B. candicans, present synonym of BFP); as a result, 
flavonoid profiles and some tested activities present differences that should be 
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analyzed in depth [33, 34]. In southern South America, the leaves and young stems 
are used to prepare a very popular tea due to their effective properties in reduc-
ing blood sugar levels. Wild specimens are collected, which violates the safety, 
quality, and efficacy requirements by WHO Guidelines on Good Agricultural and 
Collection Practices (GACP) for Medicinal Plants (http://apps.who.int/medicined-
ocs/es/d/Js5527s/) and causes loss of biological resources and its habitat. Likewise, 
it is emphasized that herbal medicines have a variable concentration of active 
ingredients, which depends on population diversity, the phenological stage at the 
time of harvest, and the edaphoclimatic conditions in which they grow [35–37]. 
In our recent studies, one population analyzed from plant materials collected in 
the Botanical Garden, INTA, presented five glycoside derivatives of kaempferol 
and quercetin [38], whereas another population/specimens belonging to the same 
garden did not show the same bioactivity (unpublished data).

The strategy of our proposal to solve this problem is to introduce different types 
of propagation—asexual and sexual—to evaluate the bioactivity and select the 
biotypes of BFP that show the best expression of bioactive compounds.

Senna spectabilis var. spectabilis (=SSS): tree native to tropical America. In 
Argentina, it is distributed in the northwestern provinces of Salta and Jujuy, in 
the zones of the subtropical forest, between 400 and 700 m above sea level. It is 
also cultivated in the south and east of Africa as an ornamental tree (http://www.
buenosaires.gob.ar/noticias/senna-spectabilis). It is a small, rounded deciduous 
tree, 7–10 m (max. 15) tall, and 30 cm in trunk diameter, with a spreading crown, 
compound leaves, yellow, fragrant flowers, and cylindrical or flattened pods ending 
in a short, narrow point, hard, not splitting open or slightly on one side, pendu-
lous, more or less cylindrical or slightly compressed, blackish, divided internally 
by partitions in compartments, aromatic, with numerous compressed and brown 
seeds. It has various medicinal uses: the leaves are used to treat skin diseases and to 
prevent constipation and intestinal parasite infections, as well as for headaches and 
migraines [39], and the leaves, stem, and roots of the taxonomical variety excelsa 
from Brazil are used in depressant and anticonvulsant activities [14]. There are 
records of antimicrobial activities of leaf extract against Candida albicans [40] and 
Fusarium graminearum [41]. In addition, it was shown that extracts of leaves, flow-
ers, stems, and fruits have significant activity against Escherichia coli, Bacillus cereus, 
Bacillus subtilis, Staphylococcus aureus, and Pseudomonas aeruginosa [42, 43]. In 
phytochemicals, [44] isolated the alkaloid “(−) cassine” from the leaves and found 
antiinflammatory activity. On the other hand, [45] found that the anthraquinone 
compound emodin possessed antimicrobial activity and anti-inflammatory and 
laxative effects. There are also several reports [46] of populations of S. spectabilis 
from Brazil, whose fruits and flowers have pharmacological effects (analgesic and 
anti-inflammatory) due to the presence of more than 20 piperine and piperidine 
alkaloid compounds. It has been also presented important compounds report in 
leishmanicidal activity [47] and the strongly inhibit cell proliferation of hepatocel-
lular carcinoma cells in alkaloids derived from flowers (in vitro antiproliferative 
and cytotoxic potentials of alkaloid mixture); if they represent promise antitumor 
compounds against liver cancer and should be considered for further anticancer 
in vivo studies [48].

In Argentina, antifungal activities were detected in studies of methanolic 
extracts from leaves of SSS against Fusarium graminearum. In addition, our studies 
determined antifungal activity against F. verticillioides, the causal agent of maize 
ear rot in fruits and flowers, adding a new record of bioactivity to this plant species 
[49]. The chromatographic reaction observed suggests that biological activities 
could be related to the anthraquinone emodin compound, as reported by [50] 
in Senna. Fusarium species are mycotoxin producers infecting crops during their 
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development in the field, as well as their products during storage. The losses in the 
crops associated with fungi are due not only to yield reduction and the alteration of 
the commercial and nutritional quality, but also to the production of mycotoxins, 
which pose a risk for human and animal health [51].

2.1 Long-term Ex situ conservation

The germplasm of the populations that showed promising biotypes is preserved 
in the germplasm bank (Genetic Resources Conservation at the National Institute of 
Agricultural Technology (INTA): gene bank/germplasm bank).

According to the records, the seeds of Bauhinia and Senna are orthodox and can 
be conserved in long-term banks for the future access of selected germplasm [52]. 
All seed samples were dried in a controlled environment at between 5 and 20°C and 
with a relative humidity of 10–25%. After drying, they were placed in an airtight 
container suitable for long-term storage. In the cases of humidity, 25% of the total, 
they were stored in nonhermetic containers (medium-term: active collections). The 
long-term samples (base collections) were stored at −18° ± 3°C and a relative humid-
ity of 15 ± 3%. About 25% of the samples under medium-term conditions (active 
collections) were preserved at 5 and 10°C and with relative humidity of 15 ± 3%.

2.2 Plants multiplication

BFP and SSS are commonly known species that are cultivated as ornamental 
tropical plants; however, no selection of the promising biotype with medicinal 
properties has been attempted. As a consequence, there is a lack of improved culti-
vars, and there are many difficulties in processing and marketing new crops.

Mature fruits were collected from specimens cultivated in the Botanical Garden, 
INTA (BFP) in March 2017 and from plant populations growing at different altitudes 
of the dry land forest in Salta province, northwestern Argentina, in March–April 
2017 and from specimens cultivated in the Botanical Garden, INTA (SSS) in April 
2017. The fruits of both species were packed in paper bags and transported to the 
laboratory, where they were thoroughly cleaned and stored in paper bags until the 
start of the experiments. The seeds were stored in cloth bags under room conditions 
(20–23°C and 50–75% relative humidity). Most experiments were conducted when 
the seeds were less than 1 year old (Figure 1). Only fully developed, undamaged 
seeds previously conditioned and disinfected were used for germination experi-
ments: approximately 1000 seeds were mechanically scarified using fine sandpaper 
(Figure 2). The germination test was carried out in May with seeds previously 
hydrated for 24/48 hours [53]. The experiments were conducted at a constant 
temperature of 20°C in the greenhouse. Seeds were planted in soil in large pots (6 cm 
diameter × 10 cm height) and multi-celled plastic plug-trays: cell length 40 mm, 
width 41 mm, and depth 50 mm. The substrate mixture used was 70% sifted soil, 
15% sand, and 15% perlite (Figure 3). The seeds were covered with 5 mm of sub-
strate (Figure 4).

2.3 Preliminary results of adaptation

Seeds with 2-mm long radicles were considered germinated. Seedling emergence 
and height were recorded after 45 days.

In BFP: mechanical scarification increased germination (from 0.4 plants/day in 
non-scarified seeds to 1.2 plants/day in treated seeds); after 28 days, the percent-
age of germination was 15% for nonscarified seeds to 86% for scarified seeds. 
Therefore, scarification favored seedling uniformity (Figure 5).
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SSS: plants emerged after 3–9 days, and 65% of plants germinated; the minimum 
and maximum temperatures were controlled. No frost damage was recorded, with 
the absolute minimum being 13°C. Planting was performed at the end of autumn, in 
a greenhouse with an automatic convection heating system. The seedlings (60 days 

Figure 1. 
Mature seeds.

Figure 2. 
Seeds scarified and hydrated.
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Figure 3. 
Substrate mixture.

Figure 4. 
Multi-celled plastic plugs.
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Figure 6. 
Senna spectabilis transplanted in individual pots.

Figure 7. 
Bauhinia forficata subsp. pruinosa: specimens planted.

Figure 5. 
Seedling.
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old) were transplanted into individual pots: Figure 6 (8 cm diameter × 19 cm 
height). They were ready for planting out 4–5 months later.

BFP: to test the propagation and management of plants that were already 
initially adapted, in September 2018, 3-year-old specimens were collected from 
Los Robles Park, Moreno, Buenos Aires (34°40′12.2″S 58°51′21.8″W). Those 
specimens were planted in spring 2015 with seeds from the established mother 
plants (Figure 7).

At the time of transplanting, the plants did not have leaves, since in the province 
of Buenos Aires, the species behaves as semi-tropical, due to the low winter tem-
peratures (average minimum temperature 8°C). The specimens were approximately 
1.52 m tall and 0.65 cm in diameter. Planting scheme was 8 plants/plot, 2 m between 
plants and 2 m between lines (Figure 9), in a randomized complete block design 
using R (www.r-project.org).

Figure 8. 
Planting scheme.

Figure 9. 
Bauhinia forficata subsp. pruinosa: annual growth post-transplant.
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At present, survival, annual shoot growth, and different phenological stages 
post-transplanting are being monitored (Figures 8 and 9).

3. Conclusion

In the adapted specimens, harvesting of the organs of interest will be carried out 
in the four seasons, coinciding with different crop phenological stages (vegetative, 
flowering, and fruiting), to measure fresh and dry weight with the aim of determining 
biomass yield (kg/ha). In the next growing season, the harvested specimens will be 
evaluated according to regrowth capacity to determine the new available biomass.

Likewise, BFP might be reproduced asexually by the vegetative propagation 
technique, with plant cutting management. Agamic multiplication will be carried 
out in ligneous and semi-woody nursery cuttings, using different concentrations of 
rooters with synthetic auxins and different types of substrate [54].

4. Final remarks

Next-generation domestication: in the age of big data, gene editing, and next 
generation sequencing (NGS), we have the opportunity to document the transition 
from wild plant to crop. NGS provides a powerful tool for discovery of domestica-
tion genes in crop plants and their wild relatives [55]. The accelerated domestication 
of new plant species as crops may be facilitated by this knowledge. Re-sequencing 
of domesticated genotypes can identify regions of low diversity associated with 
domestication. Novel allelic variation in close or distant relatives can be character-
ized by NGS; the results give support to the selection and adaptation as new crops 
and ensure that biomass with therapeutic efficacy will be obtained. The charac-
terization and evaluation of these model species have a phase of construction and 
validation of genomic cDNA expression libraries with the objective to accelerate 
the domestication of forest trees in a changing world. This strategy has allowed us 
to propose plans and technological processes to improve the quality of life in rural 
territories and to support sustainable growth of wild plant populations and their 
ecosystem.
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At present, survival, annual shoot growth, and different phenological stages 
post-transplanting are being monitored (Figures 8 and 9).

3. Conclusion

In the adapted specimens, harvesting of the organs of interest will be carried out 
in the four seasons, coinciding with different crop phenological stages (vegetative, 
flowering, and fruiting), to measure fresh and dry weight with the aim of determining 
biomass yield (kg/ha). In the next growing season, the harvested specimens will be 
evaluated according to regrowth capacity to determine the new available biomass.

Likewise, BFP might be reproduced asexually by the vegetative propagation 
technique, with plant cutting management. Agamic multiplication will be carried 
out in ligneous and semi-woody nursery cuttings, using different concentrations of 
rooters with synthetic auxins and different types of substrate [54].

4. Final remarks

Next-generation domestication: in the age of big data, gene editing, and next 
generation sequencing (NGS), we have the opportunity to document the transition 
from wild plant to crop. NGS provides a powerful tool for discovery of domestica-
tion genes in crop plants and their wild relatives [55]. The accelerated domestication 
of new plant species as crops may be facilitated by this knowledge. Re-sequencing 
of domesticated genotypes can identify regions of low diversity associated with 
domestication. Novel allelic variation in close or distant relatives can be character-
ized by NGS; the results give support to the selection and adaptation as new crops 
and ensure that biomass with therapeutic efficacy will be obtained. The charac-
terization and evaluation of these model species have a phase of construction and 
validation of genomic cDNA expression libraries with the objective to accelerate 
the domestication of forest trees in a changing world. This strategy has allowed us 
to propose plans and technological processes to improve the quality of life in rural 
territories and to support sustainable growth of wild plant populations and their 
ecosystem.
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Chapter 3

Ethnomedicinal Values of Legume
Plants in Pakistan
Faisal Hussain and Farzana Usman

Abstract

The data on medicinal plants in the vegetation of Pakistan was studied and
surveyed from September to November, 2018. Different ethnomedicinal species
were recorded which are used by local inhabitants as a medicine, fodder, fuel, and
for agricultural purpose. Many of the medicinal plants recorded are used for the
treatment of two or more diseases by the local people. The family Fabaceae was
dominant with respect to medicinal plants. The precious knowledge of medicinal
flora is rapidly vanishing due to the illiteracy among the local people and also due to
destruction of the medicinal plants. The present study was designed to convey the
knowledge and importance of medicinal flora as well as traditional uses of such
plants in daily life.

Keywords: legume, medicinal values, traditional uses, treatments

1. Introduction

The wide variation in geography, altitude, soil, climate, and culture have created
a rich floristic diversity, and it is estimated that there are about 6000 species of
higher plants in Pakistan [1]. Although, the country has about 6,000 species of wild
plants of which about 400–600 species are considered to be medicinally important
[2]. There are a number of papers and investigations which have been documented
on ethnomedicinal and folk uses of flora in almost all local inhabitants of Pakistan
[3–15]. Pakistan is considered as a promising agricultural country of Asia. It has
fertile land often covered with dense vegetation. There are several medicinal species
recorded from almost all parts of the country. Local people are using commonly
available plants for the treatment of many diseases and maintenance of their health.
However, introduction of allopathic and homeopathic drugs has decreased human
dependency on medicinal plants for their folk uses [16].

2. Geography of the area

The Pakistan is geographically diverse and extremely temperate region with
wide variety of wildlife. It covers an area of 881,913 km2 (340,509 sq miles). The
Pakistan is categorized into three geographic areas: the northern highlands, the
Indus River Plain, and the Balochistan Plateau. The climate is diverse and varies
from tropical to temperate, coastal south and with arid conditions. Sometime mon-
soon season with heavy rainfall and flooding, and during dry season significant less
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rainfall and it seems drought conditions in whole country. Pakistan has four distinct
seasons. Due to the diversity of the landscape and climate in Pakistan, It is rich in a
wide variety of trees, plants and ethnomedicinal flora. Due to the lack of knowledge
and awareness ethnomedicinal flora of Pakistan suffer from a number of problems
and threats including highest rate of deforestation, pollution and adverse effects of
the ecosystem.

The medicinal flora and vegetation are usually available in almost all rural and
remote areas of Pakistan. Due to the poor administration policies, the medicinal
flora is rapidly vanishing due to the reasons of overgrazing, degradation and devas-
tation. The need of this study is crucial due to the record of folk uses/treatment
against disease. It is alarming need to save this medicinal flora from under threat-
ened factors and this flora should be cultivated and used in pharmacy and drugs
industry for human health [17].

The collection of medicinal plants was undertaken during September to
November-2018. Family, common name of plants, folk name of plant, habit, parts
used, medicinal uses and traditional uses were documented through the interviews
of local “Hakeems” (doctors) and experienced growers of field crops. All species of
medicinal plants were identified in the Department of Botany, Federal Urdu Uni-
versity of Art, Science and Technology, Karachi and the voucher specimens have
been deposited in the Botany Herbarium.

All species were identified and confirmed with the help of flora of Pakistan
[18, 19].

During the present study, a total of nine species belonging to eight genera and
one family of angiosperms were documented (Table 1). The data for habits and
life-forms of plants including herb, shrub, climber and trees were recorded.

These species with their respective families, common name, folk name, parts
used, medicinal and traditional uses are listed below and placed into crops, shrubs,
herbs and trees.

2.1 Trigonella foenum-graecum L.

Family: Fabaceae
Common name: Fenugreek
Folk name: Hurbo
Habit: Annual plant
Parts used: Seeds and leaves

Family Genus Species Life-form Folk name

Fabaceae Acacia Lam. Acacia nilotica (Lam.) Willd. Phanerophyte Bubar

Albizia Durazz. Albizia lebbeck (Linn.) Benth. Phanerophyte Sareehan

Alhagi Adans. Alhagi maurorum Medik. Chamaephyte Kandiro

Dalbergia L. f. Dalbergia sissoo Roxb. Phanerophyte Talehi

Mimosa L. Mimosa pudica L. Chamaephyte Sharam Booti

Prosopis L. Prosopis juliflora (Sw.) DC. Phanerophyte Deevi

Prosopis L. Prosopis cineraria (L.) Druce Phanerophyte Kandi

Tamarindus L. Tamarindus indica (L.) Druce Phanerophyte Gidamari

Trigonella L. Trigonella foenum-graecum L. Therophyte Hurbo

Table 1.
List of common ethnomedicinal legume plants of Pakistan.
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Medicinal uses: The leaves of fenugreek are used as vegetable and as well as
salads. Whenever seeds of fenugreek are considered to warm the kidneys, disperse
cold and alleviate pain.

Traditional uses: The seeds of fenugreek are swallowed early in the morning
with hot water and used before brushing the teeth and eating something. It consid-
ered effective against therapeutic and healing joint pain.

2.2 Alhagi maurorum Medik.

Family: Fabaceae
Common name: Camelthorn-bush
Folk name: Kandiro
Habit: Shrub
Parts used:Whole plant
Medicinal uses: The plant of camel thorn acts as a blood purifier used in skin

allergy and possesses antioxidant activity. It is also considered as a treatment for
glandular tumors and has antiseptic properties.

Traditional uses: The extract of plants is used as a pain killer of bones.

2.3 Mimosa pudica L.

Family: Fabaceae
Common name: Touch me not
Folk name: Sharam booti
Habit: Herb
Parts used: Roots, leaves, and flowers
Medicinal uses: The roots of M. pudica are commonly used for the treatment of

vaginal and uterine problems, fatigue, asthma, and blood diseases.
Traditional uses: The leaves and flowers are traditionally recommended for the

prevention of fever, ulcer and piles.

2.4 Acacia nilotica (Lamk.) Willd.

Family: Fabaceae
Common name: Acacia
Folk name: Bubar, babul
Habit: Tree
Parts used: Bark, flower, leaves, gum, and fruit
Medicinal uses: The leaves and flowers are used against hepatitis, ulcer and

infertility of women. The leaves and fruits provide control of diarrhea and
dysentery.

Traditional uses: The young stem of acacia is used as a tooth stick for the
remedies of toothache. Its bark is used for the control of cough.

2.5 Albizia lebbeck (Linn.) Benth.

Family: Fabaceae
Common name: Siris/rain tree
Folk name: Sareehan
Habit: Tree
Parts used: Leaves and seeds
Medicinal uses: The siris is used as antiasthmatic in tuberculosis and trauma.
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Medicinal uses: The leaves and flowers are used against hepatitis, ulcer and

infertility of women. The leaves and fruits provide control of diarrhea and
dysentery.

Traditional uses: The young stem of acacia is used as a tooth stick for the
remedies of toothache. Its bark is used for the control of cough.

2.5 Albizia lebbeck (Linn.) Benth.

Family: Fabaceae
Common name: Siris/rain tree
Folk name: Sareehan
Habit: Tree
Parts used: Leaves and seeds
Medicinal uses: The siris is used as antiasthmatic in tuberculosis and trauma.
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Traditional uses: The leaves of siris are used for the treatment of eye infection,
whereas seeds are effective against boils or pimples.

2.6 Dalbergia sissoo Roxb.

Family: Fabaceae
Common name: Rose wood, shesham
Folk name: Talehi
Habit: Tree
Parts used: Leaves
Medicinal uses: The leaves of rosewood are considered effective for the hotness

of body.
Traditional uses: The fresh twigs of rosewood are traditionally applied to

relieve the ringworm and foot pain.

2.7 Prosopis cineraria (L.) Druce

Family: Fabaceae
Common name: Khejri, Jandi, and Ghaf
Folk name: Kandi
Habit: Tree
Parts used: Fruits and leaves
Medicinal uses: Prosopis is medicinally used as an anthelmintic, tonic, leprosy

and asthma.
Traditional uses: The paste of leaves is externally applied over the injuries or

cuts. The smoking of dry leaves is fruitful for eyes pain.

2.8 Prosopis juliflora (Sw.) DC.

Family: Fabaceae
Common name: Velvet mesquite
Folk name: Deevi
Habit: Tree
Parts used: Fruits and leaves
Medicinal uses: The velvet mesquite is used as antibacterial agent in alcoholic

extracts. It is used in the treatment of colds, diarrhea, flu, and head cold.
Traditional uses: The fruit is used for the treatment of measles, eye infection,

sore throat and wounds.

2.9 Tamarindus indica (L.) Druce

Family: Fabaceae
Common name: Tamarind
Folk name: Gidamari
Habit: Tree
Parts used: Fruit and Leaves
Medicinal uses: It is used against the treatment of spermarrhea and hepatitis. It

is also used as a natural coagulant.
Traditional uses: The fruit of tamarind is considered as a promoter to sex

hormones in females.
The almost all above mentioned recorded plant species are major source of

medicinal purpose and it is also included in the ingredients of drugs and pharmacy
industry. Some chemical compounds and active ingredients are beneficial against
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several human diseases and pathogens including epidermal, stomata and respiratory
organs. During present study, it is observed that local and remote areas people
communities prefer to use the traditional medicines against the diseases and these
are easily approachable for everyone. The extract of these herbal plants are cheaper
and quite safe as compared to synthetic and antibiotic treatments. However, allo-
pathic treatment is not affordable to everyone. Due to the lack of awareness,
shortage of water, overgrazing of domestic animals, salinity, floods, low rainfall,
illiteracy and poverty in country, the precious flora is under threatened.

3. Conclusion

Rapid of population growth is also a principal cause of diminishing the
ethnomedicinal plant vegetation. Certain species such as Prosopis cineraria,
Calotropis procera, and Grewia asiatica are disappearing day by day in Pakistan. The
documentation and survey indicates that Pakistan has very high potential flora for
ethnomedicinal purpose. Therefore it is an urgent need for our local communities
and educated peoples that they should be directly involved in creating the aware-
ness about medicinal plant vegetation and their significance.
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Abstract

Starch applications in food systems are mainly influenced by solubility, gelatini-
zation, paste viscosity, digestibility, and retrogradation. These characteristics result 
from properties such as the size and shape of granules, amylose and amylopectin 
contents, distribution of polymer chains, degree of crystallinity, and extraction of 
waste. In beans, the percentage of starch contents on dry basis is between 45 and 
60%, being 24–65% amylose. This chapter evaluated the structure of common 
beans starch granules (Phaseolus vulgaris) and cowpea (Vigna unguiculata) in raw 
and cooked forms, by optical microscopy (OM) and scanning electron microscopy 
(SEM). Thus it was possible to observe the gelatinization of the starch granules 
especially in cowpea and carioca beans, as well as the “hard-to-cook” phenomenon 
in the black beans.

Keywords: common beans, cowpea, starches, SEM, OM, X-ray diffraction

1. Introduction

Several studies published in recent years have shown that the source of starch can 
substantially influence various technological processes in the food industry, such as 
texture and water retention of food, as well as in vital metabolic processes of human 
nutrition, such as the glycemic response to food intake [1–3]. In addition, starch 
can also be applied industrially in the production of nanofilms and biodegradable 
plastics [4]. Therefore, rather than a simple energetic component, starch must be 
studied based on its chemical differentiation in order to direct and optimize their 
technological and nutritional application [1]. Starch is the major reserve substance 
of the Plantae kingdom and is synthesized by plastid organelles. In dry cereals 
grains are found 40–90% of dry weight, in legumes 30–50% of dry weight, in 
tubers 65–85% of dry weight, and immature or green fruits 40–70% of dry weight. 
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Abstract

Starch applications in food systems are mainly influenced by solubility, gelatini-
zation, paste viscosity, digestibility, and retrogradation. These characteristics result 
from properties such as the size and shape of granules, amylose and amylopectin 
contents, distribution of polymer chains, degree of crystallinity, and extraction of 
waste. In beans, the percentage of starch contents on dry basis is between 45 and 
60%, being 24–65% amylose. This chapter evaluated the structure of common 
beans starch granules (Phaseolus vulgaris) and cowpea (Vigna unguiculata) in raw 
and cooked forms, by optical microscopy (OM) and scanning electron microscopy 
(SEM). Thus it was possible to observe the gelatinization of the starch granules 
especially in cowpea and carioca beans, as well as the “hard-to-cook” phenomenon 
in the black beans.
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1. Introduction

Several studies published in recent years have shown that the source of starch can 
substantially influence various technological processes in the food industry, such as 
texture and water retention of food, as well as in vital metabolic processes of human 
nutrition, such as the glycemic response to food intake [1–3]. In addition, starch 
can also be applied industrially in the production of nanofilms and biodegradable 
plastics [4]. Therefore, rather than a simple energetic component, starch must be 
studied based on its chemical differentiation in order to direct and optimize their 
technological and nutritional application [1]. Starch is the major reserve substance 
of the Plantae kingdom and is synthesized by plastid organelles. In dry cereals 
grains are found 40–90% of dry weight, in legumes 30–50% of dry weight, in 
tubers 65–85% of dry weight, and immature or green fruits 40–70% of dry weight. 
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As in the other species of starchy legumes, the dry starch content in the various 
bean cultivars is between 45 and 60%. The granules contain ellipsoidal or spherical 
forms, with varying sizes, and contain high amounts of amylose (24–65%) [5].

Starches differ from the others carbohydrates due to granule form, built by the 
polymerization and by dehydration of amylose and amylopectin polysaccharides 
[6, 7]. Applications of starch in food systems are mainly governed by their proper-
ties of solubility, gelatinization, paste viscosity, retrogradation, and digestibility. 
These properties, in turn, result from characteristics such as the size and shape 
of the granules, amylose and amylopectin contents, the distribution of the poly-
mer chains, degree of crystallinity of the granule, and the presence of extraction 
residues. These characteristics may be closely related to the events associated with 
gelatinization and retrogradation, such as granule swelling; amylose and/or amylo-
pectin leaching; loss of radial (birefringence), supramolecular (crystallinity), and 
molecular structure; and recrystallization [1]. The size and shape of the grains vary 
between species, and for determining the size of the granules, microscopic methods 
have been applied [8].

The starch granule when observed microscopically under polarized light pres-
ents a typical “Malta Cross” model, resulting from the birefringence of its crystal-
line regions, which characterizes the radial orientation of the macromolecules. The 
center of the cross, called hilum, is considered the original growth point of the 
granule. The granule material is present in the form of concentric growth rings, 
which are arranged in alternating in the crystalline and amorphous regions. The 
fusion of these crystals and the inclusion of water cause rupture of this organized 
structure, characterizing the gelatinization of the starch granules [1]. The starch 
granules can be classified as simple when each plastid contains a granule or com-
pounds when many granules are inside each amyloplast, as in the case of legumes 
[6, 7]. The shape can be spherical, oval, and polyhedral; the size is between 2 and 
100 mm; and the particle size distribution is classified as unimodal, bimodal, or 
trimodal, being characteristic of the botanical origin. The surface is flat and rela-
tively impermeable to large molecules such as amylases, due to the packaging of the 
amylopectin chains. By SEM, it is possible to observe the presence of some striations 
and fissures. Porosity to water and small soluble molecules occurs due to the revers-
ible expansion of the amorphous regions, which may penetrate the entire granule 
during hydration, to form a continuous gel phase. However, the presence of pores or 
channels allows the entry of hydrolytic enzymes and other large molecules into the 
granules [9, 10].

X-ray diffraction patterns demonstrate that native (unmodified) starch 
grains contain between 15 and 45% crystalline material, corresponding to two 
polyphorm (A or B) and one intermediate form (C); the classifications are based 
in water content variations and in the double-helix packaging configuration. 
X-ray diffraction technique allows to distinguish the three types of crystallinity 
for the granules which, depending on their shape and crystalline structure, are 
called A, B, and C. These patterns of crystallinity depend in part on the length 
of the amylopectin chains, the packing density within the granules, as well as the 
presence of water. Starches with type A crystallinity exhibit intensity peaks at 2θ 
diffraction angles at approximately 15.3, 17.1, 18.2, and 23.5°; type B at about 5.6, 
14.4. 17.2, 22.2, and 24°; and type C at about 5.6, 15.3, 17.3, and 23.5°. There is also 
a fourth type of crystallinity, type V, formed by the crystallization of amylose 
with lipids, which shows peaks of intensity at the 2θ diffraction angles at approxi-
mately 12.6, 13.2, 19.4, and 20.6° [11].

Type A crystallinity is described as a highly condensed and crystalline mono-
cyclic cell unit, wherein 12 glucose residues from 2 chains in the counterclockwise 
direction harbor 4 molecules of water between the helices. Type A structure has 
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amylopectin of chain lengths of 23–29 glucose units. Hydrogen bonding between 
the hydroxyl groups of the amylopectin molecule is responsible for the formation 
of the outer helical structure, among which linear chains of amylose moieties are 
packed through hydrogen bonds with amylopectin outer chains. This polyphorma 
occurs in most cereals such as corn, rice, wheat, and oats. Type B crystallinity is 
more clearly defined as being composed of a basic unit of chains which are pack-
aged in a hexagonal array, wherein the cellular unit has two double helices coun-
terclockwise, aligned and arranged in parallel and has amylopectin chain lengths 
of 30–44 glucose molecules, containing 36 molecules of water for every 12 glucose 
residues, with half of that water being tightly bound to the double helices and the 
other half being concentrated in a screw shaft. In addition to being considered rich 
in amylose, these types of starch have similar shapes and sizes and are resistant to 
hydrolysis, both enzymatic and acidic. The C-type structure is an amylopectin-
containing intermediate structure of chain lengths of 26–29 glucose units. It is 
common to some roots and legumes. Starches with type A crystallinity are more 
susceptible to hydrolysis due to the presence of surface pores permeable to certain 
enzymes, whereas type B grains have protective shells, called crystalline blocks. 
However, type B crystals have a lower melting temperature (77°C) when compared 
to crystals A, of 90°C [10–15].

Some structural features such as amylose content, length, and distribution of 
amylopectin chain and degree of crystallinity in the granule may be related to the 
events responsible for gelatinization and retrogradation, such as granule swell-
ing, amylose or amylopectin leaching and loss of molecular structure, birefrin-
gence, crystallinity, and recrystallization (Rupollo, 2011). A lot of techniques 
have been used to evaluate the behavior of starch against gelatinization. Methods 
use employing polarized light microscopy, X-ray diffraction, small-angle neutron 
scattering, and differential scanning calorimetry (DSC) and the viscosity assess-
ment of starch pastes using equipment such as Rapid Visco Analyzer (RVA) and 
Brabender Visco-Amylo-Graph [10, 12].

Figueroa et al. [16] carried out a study about the thermal property character-
ization of cowpea, carioca, and white and black beans using DSC. The analysis 
provides quantitative measurements of the heat flux associated with gelatinization, 
which is represented by means of endothermic peaks in a characteristic range for 
each botanical source [17]. According to the study, the enthalpies of gelatinization 
showed to be significantly different (p-ANOVA <0.05) for all the samples; notice 
that the bean starch had the largest enthalpy, while the black bean had the low-
est, being this property inversely proportional to the stability of the granule. The 
authors also conducted a study about the characterization of starch paste proper-
ties of the same bean varieties using an RVA, and they observed that the samples 
differed from each other, except for the minimum viscosity, for the carioca bean 
starches. According to the authors, this study assisted in a better structural and 
behavioral characterization of the starch granules these four different bean variet-
ies, and the obtained results were taken as important parameters in the process and 
development of new food or technological products, with different applications of 
beans and their derivatives (flours and starch).

As time goes on for storage and cooling, gelatinized starch molecules are los-
ing energy, and hydrogen bonds become stronger. In this way, the chains begin to 
reassociate in a more ordered state. This reassociation culminates in the formation 
of simple and double helices, resulting in junction zones between the molecules, 
forming crystalline areas. This phenomenon is called retrogradation and is influ-
enced by factors such as temperature and storage time, pH, starch source, and 
presence of other components (lipids, electrolytes, sugars) and processing condi-
tions. The amylose that had been exuded from the swollen granules forms a network 
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tively impermeable to large molecules such as amylases, due to the packaging of the 
amylopectin chains. By SEM, it is possible to observe the presence of some striations 
and fissures. Porosity to water and small soluble molecules occurs due to the revers-
ible expansion of the amorphous regions, which may penetrate the entire granule 
during hydration, to form a continuous gel phase. However, the presence of pores or 
channels allows the entry of hydrolytic enzymes and other large molecules into the 
granules [9, 10].

X-ray diffraction patterns demonstrate that native (unmodified) starch 
grains contain between 15 and 45% crystalline material, corresponding to two 
polyphorm (A or B) and one intermediate form (C); the classifications are based 
in water content variations and in the double-helix packaging configuration. 
X-ray diffraction technique allows to distinguish the three types of crystallinity 
for the granules which, depending on their shape and crystalline structure, are 
called A, B, and C. These patterns of crystallinity depend in part on the length 
of the amylopectin chains, the packing density within the granules, as well as the 
presence of water. Starches with type A crystallinity exhibit intensity peaks at 2θ 
diffraction angles at approximately 15.3, 17.1, 18.2, and 23.5°; type B at about 5.6, 
14.4. 17.2, 22.2, and 24°; and type C at about 5.6, 15.3, 17.3, and 23.5°. There is also 
a fourth type of crystallinity, type V, formed by the crystallization of amylose 
with lipids, which shows peaks of intensity at the 2θ diffraction angles at approxi-
mately 12.6, 13.2, 19.4, and 20.6° [11].

Type A crystallinity is described as a highly condensed and crystalline mono-
cyclic cell unit, wherein 12 glucose residues from 2 chains in the counterclockwise 
direction harbor 4 molecules of water between the helices. Type A structure has 
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amylopectin of chain lengths of 23–29 glucose units. Hydrogen bonding between 
the hydroxyl groups of the amylopectin molecule is responsible for the formation 
of the outer helical structure, among which linear chains of amylose moieties are 
packed through hydrogen bonds with amylopectin outer chains. This polyphorma 
occurs in most cereals such as corn, rice, wheat, and oats. Type B crystallinity is 
more clearly defined as being composed of a basic unit of chains which are pack-
aged in a hexagonal array, wherein the cellular unit has two double helices coun-
terclockwise, aligned and arranged in parallel and has amylopectin chain lengths 
of 30–44 glucose molecules, containing 36 molecules of water for every 12 glucose 
residues, with half of that water being tightly bound to the double helices and the 
other half being concentrated in a screw shaft. In addition to being considered rich 
in amylose, these types of starch have similar shapes and sizes and are resistant to 
hydrolysis, both enzymatic and acidic. The C-type structure is an amylopectin-
containing intermediate structure of chain lengths of 26–29 glucose units. It is 
common to some roots and legumes. Starches with type A crystallinity are more 
susceptible to hydrolysis due to the presence of surface pores permeable to certain 
enzymes, whereas type B grains have protective shells, called crystalline blocks. 
However, type B crystals have a lower melting temperature (77°C) when compared 
to crystals A, of 90°C [10–15].

Some structural features such as amylose content, length, and distribution of 
amylopectin chain and degree of crystallinity in the granule may be related to the 
events responsible for gelatinization and retrogradation, such as granule swell-
ing, amylose or amylopectin leaching and loss of molecular structure, birefrin-
gence, crystallinity, and recrystallization (Rupollo, 2011). A lot of techniques 
have been used to evaluate the behavior of starch against gelatinization. Methods 
use employing polarized light microscopy, X-ray diffraction, small-angle neutron 
scattering, and differential scanning calorimetry (DSC) and the viscosity assess-
ment of starch pastes using equipment such as Rapid Visco Analyzer (RVA) and 
Brabender Visco-Amylo-Graph [10, 12].

Figueroa et al. [16] carried out a study about the thermal property character-
ization of cowpea, carioca, and white and black beans using DSC. The analysis 
provides quantitative measurements of the heat flux associated with gelatinization, 
which is represented by means of endothermic peaks in a characteristic range for 
each botanical source [17]. According to the study, the enthalpies of gelatinization 
showed to be significantly different (p-ANOVA <0.05) for all the samples; notice 
that the bean starch had the largest enthalpy, while the black bean had the low-
est, being this property inversely proportional to the stability of the granule. The 
authors also conducted a study about the characterization of starch paste proper-
ties of the same bean varieties using an RVA, and they observed that the samples 
differed from each other, except for the minimum viscosity, for the carioca bean 
starches. According to the authors, this study assisted in a better structural and 
behavioral characterization of the starch granules these four different bean variet-
ies, and the obtained results were taken as important parameters in the process and 
development of new food or technological products, with different applications of 
beans and their derivatives (flours and starch).

As time goes on for storage and cooling, gelatinized starch molecules are los-
ing energy, and hydrogen bonds become stronger. In this way, the chains begin to 
reassociate in a more ordered state. This reassociation culminates in the formation 
of simple and double helices, resulting in junction zones between the molecules, 
forming crystalline areas. This phenomenon is called retrogradation and is influ-
enced by factors such as temperature and storage time, pH, starch source, and 
presence of other components (lipids, electrolytes, sugars) and processing condi-
tions. The amylose that had been exuded from the swollen granules forms a network 
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by association with chains surrounding the gelatinized granules. As a consequence, 
the paste viscosity increases by converting to a cloudy viscoelastic system, or to an 
opaque elastic gel, precipitation of insoluble starch crystals leading to phase separa-
tion. The main influence of retrogradation is observed in the texture and digest-
ibility of food containing starch, such as bakery products, and in the loss of water 
(syneresis) of some desserts that use starch as a thickener. As for digestibility, the 
retrogradation can be related to the lower availability of nutrients to the digestive 
enzymes, resulting in a lower glycemic response [1].

In a study involving the modification of starch concentration in cowpea by heat 
treatment, storage, and freezing, Salgado et al. [18] observed that the type of cook-
ing, degree of maturation, and storage time exerted visible effects in the production 
of this starch fraction. Thermal processing altered the original morphological 
appearance and crystallinity pattern. According to the authors, the phenomenon 
of gelatinization, followed by retrogradation, can be considered beneficial from 
the nutritional point of view because they increase the dietary fiber content. This 
fact confirms a functional property attributed to the food, especially considering 
the role played by the short-chain fatty acids produced during the fermentation of 
resistant starch by bacteria present in the human colon.

Legume pulses stored under high temperature and high humidity adverse condi-
tions can develop an increasing cooking time, characterized by prolonging cotyledon 
softening, phenomenon known as hard to cook (HTC). Beans that have undergone 
this HTC effect require increasing the cost of energy (fuel) for the preparation and 
are less acceptable to the consumer due to changes in flavor, color, and texture, with 
decreased nutritional quality. Several hypotheses have been proposed to explain the 
cause of bean hardening; among them are oxidation or polymerization of lipids, 
formation of insoluble pectates, lignification of intermediate lamellae, and multiple 
mechanisms. Maurer et al. [19] studied fractions extracted from common black and 
red beans using Fourier transform infrared spectroscopy (FT-IR). The samples were 
stored under three conditions: control at 4°C, HTC at 29°C and 65% humidity for 
3.5 months, and HTC-chilled at 2°C and 79%. Two isolated fractions of the beans, 
the soluble pectin fraction and the insoluble residue of the cell wall, were analyzed. 
The immersion water and the cooking water of the beans were also studied. The 
results showed that in general, phenolic compounds were more associated with the 
fraction of soluble pectin of HTC beans than in the control bean. The results also 
showed that HTC-chilled beans contained higher concentrations of phenolic com-
pounds than the control beans. Regarding immersion water, the authors observed 
that HTC-chilled beans and HTC had higher concentrations of absorbent com-
pounds than control beans, indicating that they lost more constituents to the water. 
In addition, the results indicated that the mechanisms of reversibility of the HTC 
defect may be different from those involved in the development of the phenomenon.

Oliveira et al. [20] evaluated the cooking quality and nutritional composition 
of black and red beans, with and without storage under refrigeration. The grains 
were evaluated immediately after harvest, and after 6 months of storage, they were 
previously dried in a greenhouse (65–70°C) to a mean humidity of 13%. They were 
then packed in polyethylene bags and stored in a cold room at 0°C and 50% relative 
humidity. They evaluated the quality for cooking, the coloring of the seed coat, and 
the nutritional quality (protein, potassium, iron, and zinc). The authors observed 
that the evaluated beans maintained the quality for cooking and nutritional quality 
after 6 months of storage under refrigeration and that the clarity of the carioca bean 
tegument was altered.

Kruger et al. [21] evaluated the role that minerals play in the development of 
the HTC phenomenon in cowpea and its effect on in vitro bioaccessibility. The 
mineral distribution in normal and HTC cotyledons of cowpea bean was analyzed 
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by proton-induced X-ray emission spectrometry (PIXE). The total phytate, tannin, 
and phenolic contents were analyzed together with the mineral bioaccessibility 
in vitro. The authors observed that in the HTC bean, Ca and Mg were more con-
centrated in the cell wall area of the medial lamella of the parenchyma cells. This, 
together with the reduction in phytate content, confirmed the phytase-phytate-
mineral hypothesis as a mechanism for the development of the HTC phenomenon. 
Despite the reduction of phytate in stored cowpea, HTC decreased the bioacces-
sibility of Ca, Fe, and Zn in cowpea.

The goals of this work were to characterize the anatomical structure of com-
mon bean seeds (Phaseolus vulgaris) in the black and carioca varieties and cowpea 
(Vigna unguiculata), evaluate and compare the morphology of starch granules from 
this legumes by optical microscopy (OM) and SEM in raw and cooked forms, as 
well as to carry out the extraction of their starches and to characterize, by X-ray 
Diffraction, the models of crystalline structure.

2. Material and method

The beans were purchased from a retail food supply market in the city of Rio de 
Janeiro, RJ, and stored in a refrigerator with a temperature of approximately 4–8°C 
for about 12–18 months. The materials were subjected to the experiments, in the 
raw forms and cooked in a pressure cooker at 250°C for 25 minutes, and analyzed in 
duplicate.

For the characterization of the external morphology, samples of the abovemen-
tioned species and varieties were observed with the naked eye and with the aid of 
a magnifying glass 10X. Grains of both bean species were photographed using the 
Canon EOS Rebel T1i 15.0 megapixel camera. The images obtained were edited 
in Adobe® Photoshop® 7.0.1 software, and the boards were assembled using 
PowerPoint® 2007.

Anatomical studies on the raw materials were developed after hydration in a 
solution of 50% ethanol and glycerin (3.1), with the preparation of slides with 
transversal cuts in the freehand grains made in the middle region of the seeds. The 
cuttings were done with the help of blade stained with astra blue (C. not indicated) 
and safranin (C.I. 50,240) to prospect the structure of the organ under study. The 
slides were mounted in water. Subsequently, the samples were submitted to the 
paraffin infiltration technique, in order to obtain serial sections with the aid of a 
rotating microtome. The paraffined sections were affixed to the histological slides 
with Bissing adhesive and then dewaxed, dehydrated in an ethanolic series, and 
stained with astra blue (C. not indicated) and safranin (C.I. 50,240). After the 
ethanolic dehydration of the histological sections, the blades were assembled with 
synthetic resin (Entellan). Slides prepared from the included historesin material 
were stained with toluidine blue (C.I. 52,040), and the histological sections were 
adhered to the slides with water heated to 40°C. The images of the anatomical and 
histochemical analyses were obtained using a Quimis Q709ST-PLK microscope, 
with a capture system composed of a MOTICAM 2300 camera and Motic Images 
Plus® 2.0 software. Starch granules were observed using polarized light. The 
images obtained were edited in Adobe®Photoshop® software 7.0.1, and the boards 
were assembled using PowerPoint® 2007.

The cotyledon content of the raw and cooked bean samples was withdrawn for 
SEM studies. Prior to this procedure, the cooked beans were dehydrated at 40°C 
for 18 hours and then stored in a freezer at −10°C for 30 days and then were affixed 
in metal supports and coated with 30–35 nm of gold at 6.10−2 atm in gold sputter 
FL9496 Balzers metallizer. The observations and documentation of the material 
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by association with chains surrounding the gelatinized granules. As a consequence, 
the paste viscosity increases by converting to a cloudy viscoelastic system, or to an 
opaque elastic gel, precipitation of insoluble starch crystals leading to phase separa-
tion. The main influence of retrogradation is observed in the texture and digest-
ibility of food containing starch, such as bakery products, and in the loss of water 
(syneresis) of some desserts that use starch as a thickener. As for digestibility, the 
retrogradation can be related to the lower availability of nutrients to the digestive 
enzymes, resulting in a lower glycemic response [1].

In a study involving the modification of starch concentration in cowpea by heat 
treatment, storage, and freezing, Salgado et al. [18] observed that the type of cook-
ing, degree of maturation, and storage time exerted visible effects in the production 
of this starch fraction. Thermal processing altered the original morphological 
appearance and crystallinity pattern. According to the authors, the phenomenon 
of gelatinization, followed by retrogradation, can be considered beneficial from 
the nutritional point of view because they increase the dietary fiber content. This 
fact confirms a functional property attributed to the food, especially considering 
the role played by the short-chain fatty acids produced during the fermentation of 
resistant starch by bacteria present in the human colon.

Legume pulses stored under high temperature and high humidity adverse condi-
tions can develop an increasing cooking time, characterized by prolonging cotyledon 
softening, phenomenon known as hard to cook (HTC). Beans that have undergone 
this HTC effect require increasing the cost of energy (fuel) for the preparation and 
are less acceptable to the consumer due to changes in flavor, color, and texture, with 
decreased nutritional quality. Several hypotheses have been proposed to explain the 
cause of bean hardening; among them are oxidation or polymerization of lipids, 
formation of insoluble pectates, lignification of intermediate lamellae, and multiple 
mechanisms. Maurer et al. [19] studied fractions extracted from common black and 
red beans using Fourier transform infrared spectroscopy (FT-IR). The samples were 
stored under three conditions: control at 4°C, HTC at 29°C and 65% humidity for 
3.5 months, and HTC-chilled at 2°C and 79%. Two isolated fractions of the beans, 
the soluble pectin fraction and the insoluble residue of the cell wall, were analyzed. 
The immersion water and the cooking water of the beans were also studied. The 
results showed that in general, phenolic compounds were more associated with the 
fraction of soluble pectin of HTC beans than in the control bean. The results also 
showed that HTC-chilled beans contained higher concentrations of phenolic com-
pounds than the control beans. Regarding immersion water, the authors observed 
that HTC-chilled beans and HTC had higher concentrations of absorbent com-
pounds than control beans, indicating that they lost more constituents to the water. 
In addition, the results indicated that the mechanisms of reversibility of the HTC 
defect may be different from those involved in the development of the phenomenon.

Oliveira et al. [20] evaluated the cooking quality and nutritional composition 
of black and red beans, with and without storage under refrigeration. The grains 
were evaluated immediately after harvest, and after 6 months of storage, they were 
previously dried in a greenhouse (65–70°C) to a mean humidity of 13%. They were 
then packed in polyethylene bags and stored in a cold room at 0°C and 50% relative 
humidity. They evaluated the quality for cooking, the coloring of the seed coat, and 
the nutritional quality (protein, potassium, iron, and zinc). The authors observed 
that the evaluated beans maintained the quality for cooking and nutritional quality 
after 6 months of storage under refrigeration and that the clarity of the carioca bean 
tegument was altered.

Kruger et al. [21] evaluated the role that minerals play in the development of 
the HTC phenomenon in cowpea and its effect on in vitro bioaccessibility. The 
mineral distribution in normal and HTC cotyledons of cowpea bean was analyzed 
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by proton-induced X-ray emission spectrometry (PIXE). The total phytate, tannin, 
and phenolic contents were analyzed together with the mineral bioaccessibility 
in vitro. The authors observed that in the HTC bean, Ca and Mg were more con-
centrated in the cell wall area of the medial lamella of the parenchyma cells. This, 
together with the reduction in phytate content, confirmed the phytase-phytate-
mineral hypothesis as a mechanism for the development of the HTC phenomenon. 
Despite the reduction of phytate in stored cowpea, HTC decreased the bioacces-
sibility of Ca, Fe, and Zn in cowpea.

The goals of this work were to characterize the anatomical structure of com-
mon bean seeds (Phaseolus vulgaris) in the black and carioca varieties and cowpea 
(Vigna unguiculata), evaluate and compare the morphology of starch granules from 
this legumes by optical microscopy (OM) and SEM in raw and cooked forms, as 
well as to carry out the extraction of their starches and to characterize, by X-ray 
Diffraction, the models of crystalline structure.

2. Material and method

The beans were purchased from a retail food supply market in the city of Rio de 
Janeiro, RJ, and stored in a refrigerator with a temperature of approximately 4–8°C 
for about 12–18 months. The materials were subjected to the experiments, in the 
raw forms and cooked in a pressure cooker at 250°C for 25 minutes, and analyzed in 
duplicate.

For the characterization of the external morphology, samples of the abovemen-
tioned species and varieties were observed with the naked eye and with the aid of 
a magnifying glass 10X. Grains of both bean species were photographed using the 
Canon EOS Rebel T1i 15.0 megapixel camera. The images obtained were edited 
in Adobe® Photoshop® 7.0.1 software, and the boards were assembled using 
PowerPoint® 2007.

Anatomical studies on the raw materials were developed after hydration in a 
solution of 50% ethanol and glycerin (3.1), with the preparation of slides with 
transversal cuts in the freehand grains made in the middle region of the seeds. The 
cuttings were done with the help of blade stained with astra blue (C. not indicated) 
and safranin (C.I. 50,240) to prospect the structure of the organ under study. The 
slides were mounted in water. Subsequently, the samples were submitted to the 
paraffin infiltration technique, in order to obtain serial sections with the aid of a 
rotating microtome. The paraffined sections were affixed to the histological slides 
with Bissing adhesive and then dewaxed, dehydrated in an ethanolic series, and 
stained with astra blue (C. not indicated) and safranin (C.I. 50,240). After the 
ethanolic dehydration of the histological sections, the blades were assembled with 
synthetic resin (Entellan). Slides prepared from the included historesin material 
were stained with toluidine blue (C.I. 52,040), and the histological sections were 
adhered to the slides with water heated to 40°C. The images of the anatomical and 
histochemical analyses were obtained using a Quimis Q709ST-PLK microscope, 
with a capture system composed of a MOTICAM 2300 camera and Motic Images 
Plus® 2.0 software. Starch granules were observed using polarized light. The 
images obtained were edited in Adobe®Photoshop® software 7.0.1, and the boards 
were assembled using PowerPoint® 2007.

The cotyledon content of the raw and cooked bean samples was withdrawn for 
SEM studies. Prior to this procedure, the cooked beans were dehydrated at 40°C 
for 18 hours and then stored in a freezer at −10°C for 30 days and then were affixed 
in metal supports and coated with 30–35 nm of gold at 6.10−2 atm in gold sputter 
FL9496 Balzers metallizer. The observations and documentation of the material 
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were carried out at the National Center of Structural Biology and Bioimaging 
(Centro Nacional de Biologia Estrutural e Bioimagem - CENABIO) of the Federal 
University of Rio de Janeiro (UFRJ), using Zeiss microscope, model EVO MA10, 
tungsten filament, working distance of 10 mm, and voltage of −15 Kv. The images 
were made with secondary electron detector.

Starch extraction was based on the method described by Wang and Wang 
(2004), with some modifications. The samples were ground in a laboratory mill 
(Perten, 3100) soaked in 0.1% NaOH solution in a ratio of 1:5 and allowed to stand 
for 20 hours. After dispersion, vigorous stirring in the blender was performed for 
2 minutes. The resulting material was passed through a 63 μm sieve and centrifuged 
(Sorvall® RC 6 Plus centrifuge) at 1200 RPM for 5 minutes at room temperature 
(25°C ± 2). The supernatant was discarded, and the precipitate was resuspended 
in 0.1% NaOH solution and centrifuged again and the operation performed twice. 
The extracted starch was dispersed with distilled water and neutralized with 
1 mol L−1 HCl to pH 6.5 and centrifuged. The sedimented material was resuspended 
in distilled water and centrifuged and the operation repeated twice. The resulting 
starch was oven-dried with air circulation at 40°C to 11% ± 0.5 humidity. The starch 
extraction yield was calculated on the difference between the dry flour masses 
before and after the starch isolation.

X-ray diffraction crystallinity tests were performed in the multiuser laboratory 
of the Chemistry Institute of the Federal University of Uberlândia (UFU). The dif-
fractograms of the starches were obtained by an X-ray diffractometer (XRD-6000, 
Shimadzu, Brazil) in which the diffraction sweep region ranged from 5 to 30° with a 
target voltage of 30 kV and current of 30 mA. Scan speed was 1°min−1. The relative 
crystallinity (RC) of the starch granules was calculated by the software XRD-6000 
v. 5.2. The RC values of all bean samples were evaluated by GraphPad Prism® 
software, using the analysis of variance (ANOVA).

3. Results and discussion

3.1 Morphological characterization

Common bean and raw cowpea grains can be visualized in Figure 1, being 
(A) cowpea, (B) black beans, and (C) carioca bean.

Seed format characteristics and tegument coloration were within the range 
expected for species and varieties. Measurements of the materials studied revealed 
that the measurements were approximately 0.5–0.7 cm wide and 0.7–0.9 cm long 
for the three varieties of beans.

Figure 1. 
Anatomical structure of bean pulse (A) cowpea, (B) black beans, and (C) carioca bean.
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3.2 Optical microscopy (OM)

3.2.1 Cowpea

Figure 2 shows the optical microscopy of cowpea in cross section. Image A rep-
resents the integument of the raw grain prepared by manual cutting with an optical 
magnification of 50 x. Image B represents the tegument of the raw grain, prepared 
by the technique of infiltration in paraffin and serial cut with the help of a rotating 
microtome, both images with 50 x optical magnification. Image C refers to the coty-
ledon of the raw grain, and D refers to the cooked cotyledon under pressure; both 
images were observed using polarized light microscopy, with 10 x optical magnifica-
tion, and slides prepared by freehand cut. Image E represents the cotyledon of the 
raw grain whose blade was prepared by freehand cut, and image F refers to cotyledon 
of the raw grain whose blade was prepared by serial cutting with the aid of a rotary 
microtome, preceded by paraffin infiltration; both images were obtained by optical 
microscopy with optical magnification of 50 x, using polarized light [22].

Figure 2. 
Cross section of cowpea: (A) seed coat of the raw seed cut by free hand (50 x), (B) seed coat of the raw seed, cut 
with microtome (50 x), (C) cotyledon of raw seed (10 x), (D) cotyledon of cooked seed (10 x), (E) cotyledon of 
freehand cut seed (50 x), and (F) cotyledon of the raw seed cut with microtome (50 x).
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were carried out at the National Center of Structural Biology and Bioimaging 
(Centro Nacional de Biologia Estrutural e Bioimagem - CENABIO) of the Federal 
University of Rio de Janeiro (UFRJ), using Zeiss microscope, model EVO MA10, 
tungsten filament, working distance of 10 mm, and voltage of −15 Kv. The images 
were made with secondary electron detector.

Starch extraction was based on the method described by Wang and Wang 
(2004), with some modifications. The samples were ground in a laboratory mill 
(Perten, 3100) soaked in 0.1% NaOH solution in a ratio of 1:5 and allowed to stand 
for 20 hours. After dispersion, vigorous stirring in the blender was performed for 
2 minutes. The resulting material was passed through a 63 μm sieve and centrifuged 
(Sorvall® RC 6 Plus centrifuge) at 1200 RPM for 5 minutes at room temperature 
(25°C ± 2). The supernatant was discarded, and the precipitate was resuspended 
in 0.1% NaOH solution and centrifuged again and the operation performed twice. 
The extracted starch was dispersed with distilled water and neutralized with 
1 mol L−1 HCl to pH 6.5 and centrifuged. The sedimented material was resuspended 
in distilled water and centrifuged and the operation repeated twice. The resulting 
starch was oven-dried with air circulation at 40°C to 11% ± 0.5 humidity. The starch 
extraction yield was calculated on the difference between the dry flour masses 
before and after the starch isolation.

X-ray diffraction crystallinity tests were performed in the multiuser laboratory 
of the Chemistry Institute of the Federal University of Uberlândia (UFU). The dif-
fractograms of the starches were obtained by an X-ray diffractometer (XRD-6000, 
Shimadzu, Brazil) in which the diffraction sweep region ranged from 5 to 30° with a 
target voltage of 30 kV and current of 30 mA. Scan speed was 1°min−1. The relative 
crystallinity (RC) of the starch granules was calculated by the software XRD-6000 
v. 5.2. The RC values of all bean samples were evaluated by GraphPad Prism® 
software, using the analysis of variance (ANOVA).

3. Results and discussion

3.1 Morphological characterization

Common bean and raw cowpea grains can be visualized in Figure 1, being 
(A) cowpea, (B) black beans, and (C) carioca bean.

Seed format characteristics and tegument coloration were within the range 
expected for species and varieties. Measurements of the materials studied revealed 
that the measurements were approximately 0.5–0.7 cm wide and 0.7–0.9 cm long 
for the three varieties of beans.

Figure 1. 
Anatomical structure of bean pulse (A) cowpea, (B) black beans, and (C) carioca bean.
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3.2 Optical microscopy (OM)

3.2.1 Cowpea

Figure 2 shows the optical microscopy of cowpea in cross section. Image A rep-
resents the integument of the raw grain prepared by manual cutting with an optical 
magnification of 50 x. Image B represents the tegument of the raw grain, prepared 
by the technique of infiltration in paraffin and serial cut with the help of a rotating 
microtome, both images with 50 x optical magnification. Image C refers to the coty-
ledon of the raw grain, and D refers to the cooked cotyledon under pressure; both 
images were observed using polarized light microscopy, with 10 x optical magnifica-
tion, and slides prepared by freehand cut. Image E represents the cotyledon of the 
raw grain whose blade was prepared by freehand cut, and image F refers to cotyledon 
of the raw grain whose blade was prepared by serial cutting with the aid of a rotary 
microtome, preceded by paraffin infiltration; both images were obtained by optical 
microscopy with optical magnification of 50 x, using polarized light [22].

Figure 2. 
Cross section of cowpea: (A) seed coat of the raw seed cut by free hand (50 x), (B) seed coat of the raw seed, cut 
with microtome (50 x), (C) cotyledon of raw seed (10 x), (D) cotyledon of cooked seed (10 x), (E) cotyledon of 
freehand cut seed (50 x), and (F) cotyledon of the raw seed cut with microtome (50 x).
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In the integument images (A and B), three layers of tissues can be observed: 
epidermis, hypodermis, and lacunar parenchyma. The epidermis consists of two 
layers of flattened cells, with thickened walls. The hypodermis is composed of 
osteosclereids that are hourglass-shaped. The cells of the lacunar parenchyma have 
a shape close to the cylindrical, arranged with gaps between them. The thickness 
of the tegument is highly correlated with characters that reveal the size and shape 
of the seeds and water absorption capacity [23]. The images from SEM of raw 
whole cowpea seeds from Biaszczak et al. [24] revealed integument with an average 
thickness of about 90 μm, composed by palisade, glasshour and cells of lacunar 
parenchyma. In the tegument image whose material was previously infiltrated in 
paraffin (B), it is observed that the lacunar parenchyma presents rupture in the 
tissue, indicating that the presence of the reagents used in the embedding tech-
nique may have interfered in the sample structure, possibly due to the resumption 
of metabolic activities of seeds which broke their state of dormancy. Thus, the 
freehand cut allowed a better visualization of the structure, with the advantage 
of being a simple, efficient, and low-cost methodology, requiring no addition of 
organic solvents [23].

In the cotyledon images of the raw grain (C, E, and F) it is possible to per-
ceive the great presence of amido within the amyloplasts, being coherent with 
the energy reserve function of this structure, since in beans as in other legumes, 
they constitute the main storage organs of the seed. The “Malta Cross” confor-
mation of the starch resulting from the birefringence of the crystalline regions 
of the starch granule can be observed, as well as the characteristic spherical 
structure of the granule to that legume. Biaszczak et al. [24] reported that the 
cotyledon cells were rounded or elongated in the longitudinal axis, with an aver-
age size of 80 μm and had bimodal, elongated starch grains, firmly covered with 
protein material.

In the cooked grain image (D) the presence of starch grains exhibiting the 
characteristic “Malta Cross” is not observed, which evidences the loss of structural 
organization with the melting of the crystals. Such alteration is characteristic of 
the gelatinization process that occurs when the starch is submitted to temperatures 
higher than 50°C. Souza and Andrade [25] reported that after submission to tem-
peratures above 75°C, there is no birefringence of starch grains of corn by optical 
microscopy on polarized light indicating loss of previously existing molecular 
ordering.

In the cotyledon image whose material was infiltrated in paraffin (E), the sharp-
ness of the morphology of the starch granules is smaller than the image whose blade 
was prepared by free hand cut (F), suggesting once again that the technique manual 
cutting is more advantageous for bean seed samples.

3.2.2 Black bean

In Figure 3, optical microscopy of black beans in cross section can be observed. 
Image A represents the integument of the raw grain prepared by manual cutting 
with an optical magnification of 50 x. Image B represents the tegument of the raw 
grain, prepared by the technique of infiltration in paraffin and serial cut with the 
help of a rotating microtome, both images with 50 x optical magnification. Image C 
refers to the cotyledon of the raw grain, and D refers to the cooked cotyledon under 
pressure; both images were observed using polarized light microscopy, with 10 x 
optical magnification, and slides prepared by freehand cut. Image E represents the 
cotyledon of the raw grain, the blade of which was prepared by freehand cutting, 
and image F refers to the cotyledon of the raw grain, the blade of which was pre-
pared by serial cutting with the aid of a rotary microtome; preceded by paraffin 
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infiltration the images were obtained by optical microscopy with 50 x optical 
magnification using polarized light [22].

In the same way as in cowpea bean microscopy (Figure 2), three layers of tissues 
can be observed in the integument images (A and B): epidermis, hypodermis, and 
lacunar parenchyma. However, in the integument image whose material was previ-
ously infiltrated in paraffin (B), the lacunar parenchyma shows rupture in the tissue.

In the cotyledon images of the raw grain (C, E, and F), there is also a great pres-
ence of amido in the interior of the amyloplasts, its conformation of “Malta Cross,” 
and the spherical structure of the granule. In the study by Ambigaipalan et al. [26], 
all black and carioca bean starch grains exhibited a strong birefringence pattern 
under polarized light, indicating that amylopectin crystallites are arranged radially 
within the bead at right angles to their interface with single reducing end group 
for the yarn. Weaker patterns would be indicative of double amylopectin helices 
disorganized within the crystalline lamellae of these grains. Chigwedere et al. [27] 
investigated the relative contributions of cotyledons and seed coats toward 
hardening of common beans were and the rate-limiting process which controls 
bean softening during cooking was determined. The authors suggested that the 

Figure 3. 
Cross section of black beans: (A) seed coat of the raw seed, cut by free hand (50 x); (B) seed coat of the raw 
seed, cut with the help of a microtome (50 x); (C) cotyledon of raw seed (10 x); (D) cotyledon of boiled seed 
(10 x); (E) cotyledon of freehand cut seed (50 x); and (F) cotyledon of the raw seed, cut with the help of a 
microtome (50 x).
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the gelatinization process that occurs when the starch is submitted to temperatures 
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ness of the morphology of the starch granules is smaller than the image whose blade 
was prepared by free hand cut (F), suggesting once again that the technique manual 
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In Figure 3, optical microscopy of black beans in cross section can be observed. 
Image A represents the integument of the raw grain prepared by manual cutting 
with an optical magnification of 50 x. Image B represents the tegument of the raw 
grain, prepared by the technique of infiltration in paraffin and serial cut with the 
help of a rotating microtome, both images with 50 x optical magnification. Image C 
refers to the cotyledon of the raw grain, and D refers to the cooked cotyledon under 
pressure; both images were observed using polarized light microscopy, with 10 x 
optical magnification, and slides prepared by freehand cut. Image E represents the 
cotyledon of the raw grain, the blade of which was prepared by freehand cutting, 
and image F refers to the cotyledon of the raw grain, the blade of which was pre-
pared by serial cutting with the aid of a rotary microtome; preceded by paraffin 
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infiltration the images were obtained by optical microscopy with 50 x optical 
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within the bead at right angles to their interface with single reducing end group 
for the yarn. Weaker patterns would be indicative of double amylopectin helices 
disorganized within the crystalline lamellae of these grains. Chigwedere et al. [27] 
investigated the relative contributions of cotyledons and seed coats toward 
hardening of common beans were and the rate-limiting process which controls 
bean softening during cooking was determined. The authors suggested that the 

Figure 3. 
Cross section of black beans: (A) seed coat of the raw seed, cut by free hand (50 x); (B) seed coat of the raw 
seed, cut with the help of a microtome (50 x); (C) cotyledon of raw seed (10 x); (D) cotyledon of boiled seed 
(10 x); (E) cotyledon of freehand cut seed (50 x); and (F) cotyledon of the raw seed, cut with the help of a 
microtome (50 x).
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rate-determining process in bean softening relates to cell wall/middle lamella 
changes influencing pectin solubilization.

The presence of starch granules inside the amyloplasts is still observed in the 
cooked cotyledon image, suggesting that the cooking conditions were suitable for 
gelatinization, possibly due to a long storage period of the seeds, which character-
izes an HTC phenomenon [19, 21].

3.2.3 Carioca bean

Figure 4 shows the optical microscopy of carioca beans in cross section. Image 
A represents the integument of the raw grain prepared by manual cutting with an 
optical magnification of 50 x. Image B represents the tegument of the raw grain, 
prepared by the technique of infiltration in paraffin and serial cut with rotating 
microtome, both images with 50 x optical magnification. Image C refers to the 
cotyledon of the raw grain, and D refers to the cooked cotyledon under pressure; 
both images are observed using polarized light microscopy, with 10 x optical magni-
fication, and slides prepared by freehand cut. Image E represents the cotyledon 
of the raw grain whose blade was prepared by freehand cut, and image F refers to 
cotyledon of the raw grain whose blade was prepared by serial cutting with the aid 
of a rotary microtome, preceded by paraffin infiltration; both images were obtained 
by optical microscopy with optical magnification of 50 x, using polarized light [22].

Figure 4. 
Carioca bean cross section: (A) seed coat of the raw seed, cut by free hand (50 x); (B) seed coat of the raw 
seed, cut with microtome (50 x); (C) cotyledon of raw seed (10 x); (D) cotyledon of cocked seed (10 x); 
(E) cotyledon of freehand cut seed (50 x); and (F) cotyledon of the raw seed, cut with microtome (2.5 x).
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Similar to the cowpea (Figure 2) and black bean microscopy (Figure 3), the 
layers of epidermis, hypodermis, and lacunar parenchyma can be observed in the 
tegument images (A and B). In the image of cotyledon of raw bean (C), a large 
amount of starch granules is also observed inside the amyloplasts, and in the 
image of cooked cotyledon (D), the absence of this structure is observed due to 
the phenomenon of gelatinization, also observed previously in the cowpea image 
(Figure 2). With 50 x optical magnification of cotyledon (images E and F), no 
notable differences were observed in the starch granules, between the blades that 
were prepared by freehand cutting or rotating microtome.

3.3 SEM

3.3.1 Cowpea

Figure 5 shows a cowpea endosperm SEM. In image A granules of starch 
attached to the cotyledon cell wall and its reniform shape (magnification 5.52 Kx) 
can be visualized, and in B bulges on the surface of the granule (magnification 
30.36 Kx) can be perceived, both refer to raw samples. In the images of cooked 
samples with different optical amplifications (C 400 x and D 19.14 Kx), it is noticed 
that the starch granules were grouped, losing their crystalline structure due to 
gelatinization [28].

The morphological aspect of the starch observed in Figure 5(A) is in accordance 
with the description of Agunbiade and Longe [29], which confirmed that grain 
lengths in all samples were mostly larger than their widths. With the enlargement 

Figure 5. 
(A) Cowpea raw endosperm SEM (5.52 Kx), (B) cowpea raw endosperm SEM (30.36 Kx) granule surface, 
(C) cooked and gelatinized cowpea cotyledon (400 x), and (D) cooked cowpea cotyledon (19.14 Kx).
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rate-determining process in bean softening relates to cell wall/middle lamella 
changes influencing pectin solubilization.

The presence of starch granules inside the amyloplasts is still observed in the 
cooked cotyledon image, suggesting that the cooking conditions were suitable for 
gelatinization, possibly due to a long storage period of the seeds, which character-
izes an HTC phenomenon [19, 21].

3.2.3 Carioca bean

Figure 4 shows the optical microscopy of carioca beans in cross section. Image 
A represents the integument of the raw grain prepared by manual cutting with an 
optical magnification of 50 x. Image B represents the tegument of the raw grain, 
prepared by the technique of infiltration in paraffin and serial cut with rotating 
microtome, both images with 50 x optical magnification. Image C refers to the 
cotyledon of the raw grain, and D refers to the cooked cotyledon under pressure; 
both images are observed using polarized light microscopy, with 10 x optical magni-
fication, and slides prepared by freehand cut. Image E represents the cotyledon 
of the raw grain whose blade was prepared by freehand cut, and image F refers to 
cotyledon of the raw grain whose blade was prepared by serial cutting with the aid 
of a rotary microtome, preceded by paraffin infiltration; both images were obtained 
by optical microscopy with optical magnification of 50 x, using polarized light [22].

Figure 4. 
Carioca bean cross section: (A) seed coat of the raw seed, cut by free hand (50 x); (B) seed coat of the raw 
seed, cut with microtome (50 x); (C) cotyledon of raw seed (10 x); (D) cotyledon of cocked seed (10 x); 
(E) cotyledon of freehand cut seed (50 x); and (F) cotyledon of the raw seed, cut with microtome (2.5 x).
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can be visualized, and in B bulges on the surface of the granule (magnification 
30.36 Kx) can be perceived, both refer to raw samples. In the images of cooked 
samples with different optical amplifications (C 400 x and D 19.14 Kx), it is noticed 
that the starch granules were grouped, losing their crystalline structure due to 
gelatinization [28].

The morphological aspect of the starch observed in Figure 5(A) is in accordance 
with the description of Agunbiade and Longe [29], which confirmed that grain 
lengths in all samples were mostly larger than their widths. With the enlargement 

Figure 5. 
(A) Cowpea raw endosperm SEM (5.52 Kx), (B) cowpea raw endosperm SEM (30.36 Kx) granule surface, 
(C) cooked and gelatinized cowpea cotyledon (400 x), and (D) cooked cowpea cotyledon (19.14 Kx).
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of the starch grains of the same Figure 5(B), it is possible to perceive the presence 
of protrusions. The authors also compared the structure of cowpea, pigeon pea 
(Cajanus cajan L.) and yam bean (Sphenostylis stenocarpa L.), perceiving these 
grooves visible only in cowpea, being scarce in the yam bean, and almost impercep-
tible in pigeon pea. According to the authors, the morphological and legume starch 
characteristics are good indicators to identify their botanical origin and to detect if 
they are contaminated or adulterated with starches from other sources. They also 
observed that cowpea, pigeon pea, and yam bean exhibited appreciable shelf life 
stability, due to the low percentage of water and oil absorption.

Salgado et al. [30] observed that under the conditions in which their experi-
ments were conducted, the morphological aspects of the starch grains were not 
influenced by the maturation stage of the grains. All presented a reniform shape, 
variable size between 11.8 μm and 26.7 μm, and smooth surface. Already the crystal-
linity pattern was higher in green beans than mature beans, as well as the percent-
age of resistant starch, whose test was based on the use of amylolytic enzymes.

3.3.2 Black bean

Figure 6 shows, by SEM, the black bean endosperm. In image A, the ellipsoid 
format of the starch granule is visualized (magnification 9.81 Kx), and in image 
B it is possible to observe the presence of cracks on the surface of the granule 
(magnification of 19.89 Kx), both refer to raw samples. The images of cooked 
samples (C magnification of 275 x and D and 29.01 Kx) reveal the stable structure 
of the black bean seed, suggesting a relation with the difficulties in its cooking 
(HTC phenomenon), requiring a longer cooking time for complete gelatinization, 
compared to the other samples studied [28].

Figure 6. 
(A) Black bean raw endosperm SEM (9.81 Kx), (B) black bean raw endosperm SEM (19.89 Kx) surface of 
granule, (C) cooked black bean cotyledon (275 x), and (D) unaccomplished gelatinization in cooked black 
bean cotyledon (29.01 Kx).
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Ambigaipalan et al. [26], by SEM images, did not find the presence of cracks 
in black bean grains. Martínez-Preciado et al. [31] described the morphological 
structure of beans by SEM, observing that grains without the presence of fat had 
irregular oat-shaped starch granules with sizes of 10–40 μm in length and 10–25 μm 
in width, as well as small spherical beads of 10 μm. It was also observed that the 
starch grains were well defined and did not suffer any damage.

HTC phenomenon is one of the main obstacles to the consumption of beans 
grown in countries of Latin America and Africa, where ambient temperatures and 
relative humidity are high throughout the year, conditions that increase the pos-
sibility of occurrence of this phenomenon. At the microstructural level, the visible 
result of HTC seems to be related to the inability of the middle lamella of cotyledon 
cells to soften or dissolve and separate the cells [19, 21].

3.3.3 Carioca bean

In Figure 7, the SEM of the carioca bean endosperm is observed. In image A, 
the ellipsoid formed of the starch granules (magnification 6.00 Kx) is observed, 
and in image B one perceives protrusions on the surface of the granule (magnifica-
tion 15.61 Kx), both refer to raw samples. In the images of cooked samples (C 370 x 
and D 15.61 Kx), with different optical amplifications, it is noticed that the starch 
granules were grouped, losing their crystalline structure due to gelatinization [28].

In the isolated starch granule images by SEM from Wang and Ratnayake [31] 
study, there was no evidence of starch damage, with no visible cracks or notches in 
the surfaces, and the presence of foreign materials was also not observed. All cul-
tivars presented spherical, oval, or elliptic forms with smooth surfaces. According 
to the authors, generally, P. vulgaris starch granules have similar morphologies 

Figure 7. 
(A) SEM of the raw carioca bean endosperm (6.00 Kx), (B) SEM of the endosperm of raw carioca bean (15.61 
Kx), (C) cotyledon of cooked and gelatinized carioca bean (370 x), and (D) cotyledon of cooked carioca bean 
(15.61 Kx).
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between their varieties but are very different from other starches such as tapioca 
and banana. The shape of the starch granules and size influence their functional 
properties, such as paste viscosity. A high viscosity is desirable for industrial uses, in 
which the purpose is the thickening function. Ambigaipalan et al. [26] did not find 
the presence of cracks in starch granules of carioca beans, as well as in black bean 
granules, both raw and evaluated by SEM.

Rupollo [17] analyzed by SEM the starch grains isolated from carioca beans 
stored for 360 days under three conditions: hermetically sealed at 5°C and atmo-
sphere modified by nitrogen at 15°C and in a conventional atmosphere at 25°C. The 
author observed great similarity between the granules, even in different storage 
conditions of the seeds. However, the starch granules of the seeds stored in a 
conventional atmosphere at 25°C appeared to be more aggregate than the others. 
The influence of storage conditions on starch properties was verified through a 
joint data analysis, which is a multivariate technique used to evaluate how con-
sumers develop preferences for products or services. The bean starch stored in a 
nitrogen-modified atmosphere at 15°C did not differ in solubility and gel properties 
compared to beans stored in a conventional atmosphere at 25°C. However, the gel 
properties of these two conditions differ from the hermetically packaged at 5°C, 
which presented lower crystallinity, as well as the swelling and heat power required 
for gelatinization. The grain starch stored in a nitrogen-modified atmosphere at 
15°C, in turn, demonstrated lower crystallinity, swelling power, and heat required 
for gelatinization than grain stored in a conventional atmosphere at 25°C.

Vanier et al. [32] characterized starches from four common bean genotypes to 
use in production of biodegradable films. The authors observed that depending 
on the common bean genotype, a great variation on starch properties was found, 
which, in turn, clearly impacted on the characteristics of the starch-based films.

3.4 X-ray diffraction

The X-ray diffraction properties provide evidence of an ordered structure of the 
starch granule. The difference between crystallinities is associated with amylopec-
tin, while amorphous regions are generally related to amylase. Figure 8 presents the 
diffractograms of beans starches.

The starch isolated from black bean shows the highest peak values for the three 
evaluated. The diffraction angles 15, 17, and 23° represent the highest intensity 
peaks detected in the X-ray diffractograms, being even higher in 17° for all the 
analyzed starches in this work.

Figure 8. 
Intensity of X-ray diffraction peaks of starch isolated from beans (A) cowpea, (B) black, and (C) carioca.
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The yield of the starch isolation, the main peak intensities, and the relative 
crystallinity, verified in X-ray diffractograms, are shown in Table 1.

The relative crystallinity (RC) was in descending order, black bean 
(10.64%) > cowpea (10.57%) > carioca bean (10.50%), having varied significantly, 
considering the analysis of variance.

Gernat et al. [33] analyzed X-ray diffractograms of Vicia faba and Pisum sativum 
(bean and pea, respectively) compared to corn and potato starches, which are types 
A and B, respectively. The authors found, by means of a linear regression method, 
pea starch composed of 38.6% of type B and 61.4% of type A and 17.0% of bean 
starch of type B and 83.0% of type A. Garcia and Lajolo [34] analyzed the changes 
of HTC in starch grains and found a very strong birefringence in starch grains from 
HTC beans, suggesting that the starch isolated from these grains has a higher degree 
of crystallinity.

According to Hoover and Ratnayake [35], differences in relative crystallinity 
between starches are affected by crystal size, amount of crystalline regions (influ-
enced by amylopectin chain content and length), and orientation of double helices 
in the crystalline domains and by degree interaction between double helices. In their 
work, all starches showed a pattern of type C X-rays, typical of legumes. The peak 
at 2θ = 5.54 (characteristic of type B starches) was more pronounced in pinto bean 
and black bean starches. Relative crystallinity followed the order: pinto beans > 
lentil > smooth pea > pea > black beans > white beans.

Type A pattern has the shortest amylopectin chain. Its structure is orthogonal 
and contains only eight molecules of water with few irregular connections, and 
amylose is distanced from amylopectin by an amorphous region, which is less dense 
and absorbs water more rapidly and is more susceptible to chemical and enzymatic 
modifications. In relation to the C pattern, a higher intensity of the diffractogram 
peak suggesting strong internal bonds of the molecules and a higher degree of 
association between the starch chains is observed [36].

Lawal and Adebowale [37] analyzed the physicochemical characteristics and 
thermal properties of chemically modified porcine bean (Canavalia ensiformis) 
and observed, in addition to the conventional type C, an increase in the intensity of 
starch diluted in acid solution. The authors did not observe significant differences 
between the X-ray pattern of native starch and modified derivatives.

Rupollo [17], evaluating the effects of storage conditions and time on the quality 
of carioca beans, observed that the starch of grains stored in a conventional atmo-
sphere at 25°C were more influenced than the starch isolated from beans stored in 
modified atmosphere with nitrogen at 15°C, certainly due to the development of the 
HTC effect on grains stored in the conventional system.

Pinto [38] evaluated carioca bean starch submitted to different treatments 
and observed the following sequence regarding the degree of relative crystallinity 

Bean Starch yield (%) Intensity (CPS*) RC (%)

15° 17° 23°

Cowpea 16.04 1863 2214 1822 10.57

Black 16.85 1938 2358 1834 10.64

Carioca 30.24 1922 2306 1806 10.50

*CPS: counting per second.

Table 1. 
Starch yield, main peaks intensity, and relative crystallinity of isolated starches from cowpea, black, and 
carioca.
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between their varieties but are very different from other starches such as tapioca 
and banana. The shape of the starch granules and size influence their functional 
properties, such as paste viscosity. A high viscosity is desirable for industrial uses, in 
which the purpose is the thickening function. Ambigaipalan et al. [26] did not find 
the presence of cracks in starch granules of carioca beans, as well as in black bean 
granules, both raw and evaluated by SEM.

Rupollo [17] analyzed by SEM the starch grains isolated from carioca beans 
stored for 360 days under three conditions: hermetically sealed at 5°C and atmo-
sphere modified by nitrogen at 15°C and in a conventional atmosphere at 25°C. The 
author observed great similarity between the granules, even in different storage 
conditions of the seeds. However, the starch granules of the seeds stored in a 
conventional atmosphere at 25°C appeared to be more aggregate than the others. 
The influence of storage conditions on starch properties was verified through a 
joint data analysis, which is a multivariate technique used to evaluate how con-
sumers develop preferences for products or services. The bean starch stored in a 
nitrogen-modified atmosphere at 15°C did not differ in solubility and gel properties 
compared to beans stored in a conventional atmosphere at 25°C. However, the gel 
properties of these two conditions differ from the hermetically packaged at 5°C, 
which presented lower crystallinity, as well as the swelling and heat power required 
for gelatinization. The grain starch stored in a nitrogen-modified atmosphere at 
15°C, in turn, demonstrated lower crystallinity, swelling power, and heat required 
for gelatinization than grain stored in a conventional atmosphere at 25°C.

Vanier et al. [32] characterized starches from four common bean genotypes to 
use in production of biodegradable films. The authors observed that depending 
on the common bean genotype, a great variation on starch properties was found, 
which, in turn, clearly impacted on the characteristics of the starch-based films.

3.4 X-ray diffraction

The X-ray diffraction properties provide evidence of an ordered structure of the 
starch granule. The difference between crystallinities is associated with amylopec-
tin, while amorphous regions are generally related to amylase. Figure 8 presents the 
diffractograms of beans starches.

The starch isolated from black bean shows the highest peak values for the three 
evaluated. The diffraction angles 15, 17, and 23° represent the highest intensity 
peaks detected in the X-ray diffractograms, being even higher in 17° for all the 
analyzed starches in this work.

Figure 8. 
Intensity of X-ray diffraction peaks of starch isolated from beans (A) cowpea, (B) black, and (C) carioca.
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The yield of the starch isolation, the main peak intensities, and the relative 
crystallinity, verified in X-ray diffractograms, are shown in Table 1.

The relative crystallinity (RC) was in descending order, black bean 
(10.64%) > cowpea (10.57%) > carioca bean (10.50%), having varied significantly, 
considering the analysis of variance.
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(bean and pea, respectively) compared to corn and potato starches, which are types 
A and B, respectively. The authors found, by means of a linear regression method, 
pea starch composed of 38.6% of type B and 61.4% of type A and 17.0% of bean 
starch of type B and 83.0% of type A. Garcia and Lajolo [34] analyzed the changes 
of HTC in starch grains and found a very strong birefringence in starch grains from 
HTC beans, suggesting that the starch isolated from these grains has a higher degree 
of crystallinity.

According to Hoover and Ratnayake [35], differences in relative crystallinity 
between starches are affected by crystal size, amount of crystalline regions (influ-
enced by amylopectin chain content and length), and orientation of double helices 
in the crystalline domains and by degree interaction between double helices. In their 
work, all starches showed a pattern of type C X-rays, typical of legumes. The peak 
at 2θ = 5.54 (characteristic of type B starches) was more pronounced in pinto bean 
and black bean starches. Relative crystallinity followed the order: pinto beans > 
lentil > smooth pea > pea > black beans > white beans.

Type A pattern has the shortest amylopectin chain. Its structure is orthogonal 
and contains only eight molecules of water with few irregular connections, and 
amylose is distanced from amylopectin by an amorphous region, which is less dense 
and absorbs water more rapidly and is more susceptible to chemical and enzymatic 
modifications. In relation to the C pattern, a higher intensity of the diffractogram 
peak suggesting strong internal bonds of the molecules and a higher degree of 
association between the starch chains is observed [36].

Lawal and Adebowale [37] analyzed the physicochemical characteristics and 
thermal properties of chemically modified porcine bean (Canavalia ensiformis) 
and observed, in addition to the conventional type C, an increase in the intensity of 
starch diluted in acid solution. The authors did not observe significant differences 
between the X-ray pattern of native starch and modified derivatives.

Rupollo [17], evaluating the effects of storage conditions and time on the quality 
of carioca beans, observed that the starch of grains stored in a conventional atmo-
sphere at 25°C were more influenced than the starch isolated from beans stored in 
modified atmosphere with nitrogen at 15°C, certainly due to the development of the 
HTC effect on grains stored in the conventional system.

Pinto [38] evaluated carioca bean starch submitted to different treatments 
and observed the following sequence regarding the degree of relative crystallinity 

Bean Starch yield (%) Intensity (CPS*) RC (%)

15° 17° 23°

Cowpea 16.04 1863 2214 1822 10.57

Black 16.85 1938 2358 1834 10.64

Carioca 30.24 1922 2306 1806 10.50

*CPS: counting per second.
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Starch yield, main peaks intensity, and relative crystallinity of isolated starches from cowpea, black, and 
carioca.
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obtained with the different procedures: enzymatic hydrolysis > native starch > heat-
ing > ultrasound > low humidity heat treatment.

4. Conclusion

No OM differences were observed between the morphology of the starch 
grains of raw samples of cowpea, black beans, and carioca beans. The cotyledons 
of cooked carioca bean and cowpea samples completely loss the structural orga-
nization of the starch granules. In the cotyledons images of black common bean 
samples, cooked under the same conditions as the others (180°C in a pressure 
cooker for 45 minutes), the presence of the starch granule is still observed, sug-
gesting the occurrence of the HTC, confirmed in this study by SEM, phenomenon 
whose should be of great relevance in the inspection of grains put on sale for 
consumption. With regard to the crystallinity studies of starch granules, by XRD, 
the diffraction angles found in this work are more consistent with the classification 
of the standard polyphorma A, and the RC was in descending order: black bean > 
cowpea > carioca bean.
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Abstract

Mungbean (Vigna radiata L. Wilczek) is economically most important 
crop of Vigna group. It is also known as green gram, golden gram, moong, 
Chickasaw, Oregon pea, and chop suey bean and this legumes have a strategic 
position in Southeast Asian countries for nutritional security and sustainable 
crop production. Being rich in quality protein, minerals and vitamins, they 
are inseparable ingredients in the diets of a vast majority of Indian population. 
When supplemented with cereals, they provide a perfect mix of essential amino 
acids with high biological value. These crops have the ability to fix atmospheric 
nitrogen (58–109 kg per ha in kg per ha mungbean) in symbiotic association with 
Rhizobium bacteria, which enables them to meet their own nitrogen requirement 
and also benefit the succeeding crops. This crop has also been reported to smother 
weed flora appreciably (20–45%) when intercropped with tall cereals or pigeon-
pea and consequently, minimize the cost incurred on weed control. On account 
of short duration and photo-thermo insensitivity, they are considered excellent 
crops for crop intensification and diversification. A seed of mungbean is highly 
nutritious containing 24–28% protein, 1.0–1.5% fat, 3.5–4.5% fibre, 4.5–5.5% ash 
and 59–65% carbohydrates on dry weight basis and provide 334–344 kcal energy. 
Mungbean protein is considered to be easily digestible. Mungbean are tropical 
grain legumes widely grown in the sub-tropical countries of South and Southeast 
Asia. Nevertheless, these crops are cultivated over a wide range of latitudes in 
the regions where average diurnal temperatures during the growing season are 
warmer than about 20°C.

Keywords: mungbean, genetics, plant breeding, constrain, biotechnological tools

1. Introduction

Mungbean (Vigna radiata L. Wilczek) is cost-effectively most important crops 
of the pulse group. The mungbean is also known as green gram, golden gram and 
moong. Mungbean belonging to the subgenus Ceratotropis is a diploid species with 
2n = 2x = 22 chromosomes. Worldwide, this crop is of minor importance with 
restricted geographical distribution, and has cautiously been subjected to detailed 
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and intensive genetic and cytogenetic investigations. These legumes have a strate-
gic position in Southeast Asian countries for nutritional security and sustainable 
crop production. Due to rich in quality protein, minerals and vitamins, they are 
inseparable ingredients in the diets of a vast majority of Indian population. When 
supplemented with cereals, they provide a perfect mix of essential amino acids with 
high biological value. Mungbean has the ability to fix atmospheric nitrogen in sym-
biotic association with Rhizobium bacteria, which enables them to meet their own 
nitrogen requirement and also benefit the succeeding crops [1]. These crops have 
also been reported to smother weed flora appreciably (20–45%) when intercropped 
with tall cereals and consequently, reduce the cost incurred on weed control [2]. 
On account of short duration and photo-thermo insensitivity, they are considered 
excellent crops for crop intensification and diversification. A seed of mungbean is 
highly nutritious containing 24–28% protein, 1.0–1.5% fat, 3.5–4.5% fibre, 4.5–5.5% 
ash and 59–65% carbohydrates on dry weight basis [3] and provide 334–344 kcal 
energy [4]. Mungbean protein is considered to be easily digestible. The dried grains 
of mungbean can be split or eaten whole after cooking and made into a soup or dhal. 
The iron availability in mungbean improves substantially to 7.2–11.3% through cook-
ing practices such as soaking, fermenting and sprouting [5]. Mungbean is also widely 
relished as sprouts. The germinated grains have higher nutritional value as compared 
with asparagus or mushroom [6, 7]. Green pods and seeds can be cooked as veg-
etables. These pulses are frequently fed to children, convalescents and geriatrics or 
used when “breaking” a long fasting period owing to their ease of digestibility. The 
haulms are used for fodder and the beans husks and small broken pieces are useful as 
a feed concentrate. The crops are also grown for hay, green manure and cover crop. 
Mungbean makes better hay than urad bean as the stems and leaves are less hairy.

2. Origin and domestication

Mungbean is of Indian origin as is evidenced by their occurrence at archeologi-
cal sites in the continent. Vigna radiata is native to north eastern India-Myanmar 
regions of Asia [8, 9]. Vigna radiata var. sublobata Verdc. is the closest wild relatives 
of the cultivated mungbean, respectively, and are regarded as their putative pro-
genitors [10–13]. Based on morphological evidence alone, many researchers have 
considered var. sublobata as progenitor of mungbean [14, 15]. The detailed mor-
pho-chemotaxonomic studies on wide collections of var. sublobata [12, 13, 16, 17], 
cross ability and chromosome pairing evidence [11, 18–20] have led to the conclu-
sion that var. sublobata is a polymorphic taxon; two distinct morphological groups 
of it are the wild progenitors of mungbean and can be designated as V. radiata var. 
sublobata. The wild collections have characteristics conducive to domestication like 
annual growth habit, erect plant type, photoperiod insensitivity, more pods with 
high number of seeds, and smaller leaves. The present day cultivars of mungbean 
might have originated from new combinations of the already existing variants, 
changes in growth habit and seed size have been brought about by possible accumu-
lation of recessive mutant genes [21]. Moreover, during domestication the dehiscent 
nature of pods and seed hardness of the wild progenitors have been selected out.

3. Ecology

Mungbean is tropical grain legumes widely grown in the sub-tropical coun-
tries of South and Southeast Asia [22, 23]. These legumes are grown at low to 
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intermediate elevations on rainfed ecology. They perform best on good loamy 
soils with a well distributed rainfall of 750–900 mm per year, but are reasonably 
resistant to drought and susceptible to water logging. Mungbean is grown in 
kharif, winter and spring/summer seasons in different agro-ecological regions. 
Mungbean is grown as sole crops or as intercrops with sugarcane, maize, pearl 
millet, cotton, groundnut, sorghum and pigeonpea during kharif, as sole relay 
crop in rice fallows during winter and a sole catch crop during spring/summer 
seasons.

4. Historical perspective

Pure lines continued even during the early 40s to mid from these landraces 
were isolated on the basis of colour of stem, foliage, flower, unripe and ripe 
pods, seed colour and texture and other morphological features. The types 
selected were best suited in their respective regions mostly under low manage-
ment. In mungbean, the first promising variety released was Type 1 for cultiva-
tion in Uttar Pradesh in 1948. It is a local selection from Muzaffarpur (Bihar). 
A large number of varieties were developed afterwards through selection from 
local materials and were released in different states between 1948 and 1970. 
Some of the important varieties developed through selection are Co 1 and 
ADT 1 (Tamil Nadu), Jalgaon (Maharashtra), Khargone 1, Krishna (Madhya 
Pradesh), and G 65 (Punjab). Jawahar 45 (Hybrid 45) released in 1971 in 
Madhya Pradesh and Type 44 released in Uttar Pradesh in 1972 was perhaps 
the first varieties developed through hybridization. Afterwards, a number of 
varieties were developed mainly through selection from the germplasm [24, 
25]. Earlier a variety Virat has been released from ICAR—Indian Institute of 
Pulses Research, Kanpur, Uttar Pradesh; it is mature by 55 days only and fitted 
to rice wheat cropping system. This has resulted in development of appropriate 
production technologies and improved varieties besides basic knowledge on 
these crops.

5. Genetics

Information on the genetics of unusual traits in a crop is crucial for its systematic 
breeding programmes. Several studies have been conducted to know the genetics of 
qualitative and quantitative traits in addition resistance to major diseases and insect 
pests in mungbean, the results of which are presented in Table 1.

Qualitative 
traits

Characteristic Gene involved References

Plant type and 
growth habit

Erect, semi erect, semi-spreading or 
twining type

Single dominant gene T [26, 27]

Twining habit, semi-spreading 
habit is dominant to erect habit

Single dominant gene [28]

Erect, semi erect, semi-spreading or 
twining type

Dwarf mutant [29]

Indeterminate growth habit which 
inherited independently from leaf 
shape

Single dominant gene [30]
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Qualitative 
traits

Characteristic Gene involved References

Pigmentation Purple hypocotyl which is dominant 
over green hypocotyl

Single gene ‘A’ [31]

‘P’ gene for the purple hypocotyl 
and a multiple allelic series ‘C’, ‘C’ 
and ‘c’ for purple, purple spotted 
and green epicotyl

Single dominant gene [32]

Anthocyanin pigmentation in 
hypocotyl, epicotyl, stem, petiole 
and peduncle

Single dominant genes [28, 33, 34]

A gene ‘R’ that conditions red colour 
of the cotyledons, hypocotyls and 
top of the leaflet stalk

Single dominant genes [33]

Anthocyanin pigmentation in the 
hypocotyl, epicotyl, stem, petiole, 
and peduncle

Single recessive gene [35]

Anthocyanin in hypocotyl Two supplementary 
genes, designated as ‘Sh’ 
and ‘Ph’ with recessive 
epistatic interaction

[36]

Purple pigmentation on stem, 
petiole and veins of leaves

Single dominant gene 
‘Pppl’ with pleiotropic 
effect

[37]

Stem fasciation Stem fasciations on the number of 
floral organs

Single recessive gene ‘fsl’ 
with a pleiotropic effect

[38]

Leaf traits Inheritance of leaf size revealed that 
large leaflet is dominant over small 
leaflet

Single dominant gene [37]

Pentafoliate leaf One recessive gene [39]

Pentafoliate leaf Two recessive genes with 
duplicate gene action

[40]

Nine foliate leaf mutant Single recessive gene [41]

Induced unifoliata and multifoliata 
leaf mutants

Single recessive genes [42]

Narrow lanceolate leaf Two recessive genes, ‘nil’ 
and ‘n12’

[37]

Lobed trifoliate leaf is dominant 
over entire leaf

Single dominant gene [39, 43]

Trilobite leaf Two dominant genes 
‘Tibl’ and ‘T1b2’ with 
duplicate action

[44]

Chlorophyll 
mutants

Chlorophyll mutants have been 
reported in mungbean with lethal 
and nonlethal effects. The albino 
seedling is controlled by monogenic 
recessive inheritance for the induced 
xantha, variegata, and greenish 
yellow chlorina mutants

Single recessive ‘al’ and 
‘I’ genes

[42]

Independent monogenic recessive 
inheritance for albina, chlorina, 
xantha and virescens types of 
chlorophyll mutants

Single recessive gene [45, 46]
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Qualitative 
traits

Characteristic Gene involved References

Inflorescence 
type

Simple inflorescence is governed 
by two dominant genes (‘I1’, ‘12’) 
and double recessive homozygous 
genotype results in the compound 
inflorescence

Two dominant genes 
(‘I1’, ‘12’)

[32]

Inheritance of the number of 
clusters per node shows that 
a single dominant gene ‘C’ 
conditions one cluster per node 
and its recessive counterpart ‘c’ 
determines three clusters per node

Single dominant gene [47]

Induced sterility Single dominant gene [48, 49]

A flower mutant with extended 
stigma and male sterility

Monogenic recessive 
inheritance

[50]

Flower colour Four colours of the standard petal 
namely, red yellow, olive yellow, 
yellowish olive and light yellowish 
olive

Single dominant gene [31]

Light yellowish olive colour is 
partially dominant to olive yellow

Single partially 
dominant gene with 
gene symbols of ‘Pg’, ‘Pb’

[51]

Pubescence Dense plant pubescence Single dominant gene 
‘Dp’

[51]

Brown colour of the trait is recessive 
to colourless and therefore, 
dominant forms of both the genes are 
required for colourless pubescence

Two genes ‘N’ and ‘Br’ [26]

Pod pubescence is dominant over 
non-pubescence

Single dominant gene [52]

Pod colour A gene responsible for flower colour 
also conditions the colour of unripe 
pods

Single dominant gene [31]

Purple colour on the suture of 
unripe pod

Single dominant gene [28]

Inheritance of dry pod colour for 
light popcorn and almond biscuit 
colours

Genes ‘lp’ and ‘lab’ [26]

Colour of mature pods Single dominant gene 
with black dominant 
over light brown colour

[28]

Swollen tip is dominant over 
tapering pod tip

Single dominant gene 
‘Tp’

[26]

Pod shattering Pod shattering is dominant to 
non-shattering

A single gene [53]

Resistance to shattering in the 
interspecific hybrids between 
mungbean and urd bean was 
dominant but nonshattering 
plants could not be recovered 
in the segregating generations 
suggesting that the pod shattering is 
a quantitatively inherited trait

A single gene [54]
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Qualitative 
traits

Characteristic Gene involved References

Pigmentation Purple hypocotyl which is dominant 
over green hypocotyl

Single gene ‘A’ [31]

‘P’ gene for the purple hypocotyl 
and a multiple allelic series ‘C’, ‘C’ 
and ‘c’ for purple, purple spotted 
and green epicotyl

Single dominant gene [32]

Anthocyanin pigmentation in 
hypocotyl, epicotyl, stem, petiole 
and peduncle

Single dominant genes [28, 33, 34]

A gene ‘R’ that conditions red colour 
of the cotyledons, hypocotyls and 
top of the leaflet stalk

Single dominant genes [33]

Anthocyanin pigmentation in the 
hypocotyl, epicotyl, stem, petiole, 
and peduncle

Single recessive gene [35]

Anthocyanin in hypocotyl Two supplementary 
genes, designated as ‘Sh’ 
and ‘Ph’ with recessive 
epistatic interaction

[36]

Purple pigmentation on stem, 
petiole and veins of leaves

Single dominant gene 
‘Pppl’ with pleiotropic 
effect

[37]

Stem fasciation Stem fasciations on the number of 
floral organs

Single recessive gene ‘fsl’ 
with a pleiotropic effect

[38]

Leaf traits Inheritance of leaf size revealed that 
large leaflet is dominant over small 
leaflet

Single dominant gene [37]

Pentafoliate leaf One recessive gene [39]

Pentafoliate leaf Two recessive genes with 
duplicate gene action

[40]

Nine foliate leaf mutant Single recessive gene [41]

Induced unifoliata and multifoliata 
leaf mutants

Single recessive genes [42]

Narrow lanceolate leaf Two recessive genes, ‘nil’ 
and ‘n12’

[37]

Lobed trifoliate leaf is dominant 
over entire leaf

Single dominant gene [39, 43]

Trilobite leaf Two dominant genes 
‘Tibl’ and ‘T1b2’ with 
duplicate action

[44]

Chlorophyll 
mutants

Chlorophyll mutants have been 
reported in mungbean with lethal 
and nonlethal effects. The albino 
seedling is controlled by monogenic 
recessive inheritance for the induced 
xantha, variegata, and greenish 
yellow chlorina mutants

Single recessive ‘al’ and 
‘I’ genes

[42]

Independent monogenic recessive 
inheritance for albina, chlorina, 
xantha and virescens types of 
chlorophyll mutants

Single recessive gene [45, 46]
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Qualitative 
traits

Characteristic Gene involved References

Inflorescence 
type

Simple inflorescence is governed 
by two dominant genes (‘I1’, ‘12’) 
and double recessive homozygous 
genotype results in the compound 
inflorescence

Two dominant genes 
(‘I1’, ‘12’)

[32]

Inheritance of the number of 
clusters per node shows that 
a single dominant gene ‘C’ 
conditions one cluster per node 
and its recessive counterpart ‘c’ 
determines three clusters per node

Single dominant gene [47]

Induced sterility Single dominant gene [48, 49]

A flower mutant with extended 
stigma and male sterility

Monogenic recessive 
inheritance

[50]

Flower colour Four colours of the standard petal 
namely, red yellow, olive yellow, 
yellowish olive and light yellowish 
olive

Single dominant gene [31]

Light yellowish olive colour is 
partially dominant to olive yellow

Single partially 
dominant gene with 
gene symbols of ‘Pg’, ‘Pb’

[51]

Pubescence Dense plant pubescence Single dominant gene 
‘Dp’

[51]

Brown colour of the trait is recessive 
to colourless and therefore, 
dominant forms of both the genes are 
required for colourless pubescence

Two genes ‘N’ and ‘Br’ [26]

Pod pubescence is dominant over 
non-pubescence

Single dominant gene [52]

Pod colour A gene responsible for flower colour 
also conditions the colour of unripe 
pods

Single dominant gene [31]

Purple colour on the suture of 
unripe pod

Single dominant gene [28]

Inheritance of dry pod colour for 
light popcorn and almond biscuit 
colours

Genes ‘lp’ and ‘lab’ [26]

Colour of mature pods Single dominant gene 
with black dominant 
over light brown colour

[28]

Swollen tip is dominant over 
tapering pod tip

Single dominant gene 
‘Tp’

[26]

Pod shattering Pod shattering is dominant to 
non-shattering

A single gene [53]

Resistance to shattering in the 
interspecific hybrids between 
mungbean and urd bean was 
dominant but nonshattering 
plants could not be recovered 
in the segregating generations 
suggesting that the pod shattering is 
a quantitatively inherited trait

A single gene [54]
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Qualitative 
traits

Characteristic Gene involved References

Seed coat colour Thickness of the texture layer in 
seeds is under the quantitative genetic 
control while inheritance of the 
brown pigment in the texture layer
The presence of brown pigment 
being dominant to its absence

Two complementary 
genes

[55]

Inheritance of mottling in the seed 
coat is monogenic. The presence 
of anthocyanin being dominant 
to its absence. It indicated that the 
inheritance of black and green seed 
colours was controlled by a single 
gene, ‘B’ with black being dominant 
over green

A single gene [56]

Seed coat colour A single gene [57]

Seed coat colour Two independent 
dominant genes

[31]

Seed coat colour
The dominant alleles, ‘A’ and 
‘Sp’, condition green and spotted 
seed coat whereas their recessive 
counterparts confer yellow and 
non-spotted colours

Two gene pairs [33]

Seed colour Two genes, ‘Dgsml’ and 
‘Dgsm2’

[37]

Each gene conditioning blue sap 
colour, buff sap colour and green 
chloroplast, respectively which 
together define the seed coat colour

Three gene pairs, ‘Br’, br 
and ‘G’

[26]

Seed coat colour Three-gene model [58]

Seed coat colour Three genes with 
several modifiers 
giving mottling 
patterns on yellow 
(mmbbgg), yellow 
green (mmBBgg), green 
(mmBBGG) and black 
(MMBBGG) seed coats

[59]

Seed coat colour
Black, brown, green mosaic, yellow 
mosaic, amber, green, and yellow 
seed coat

Four-gene (W, M, ‘Br 
and G)

[60]

Inheritance of seed coat colour Five major genes 
with non-allelic gene 
interactions

[39]

Seed coat 
surface

Dull rough seed surface is 
monogenically dominant over 
glossy smooth surface and the gene 
symbols assigned for dull seed coat 
are ‘C’

Single dominant gene [26, 31, 33, 61]

Digenic duplicate interaction 
(D1 and D2) is involved in the 
inheritance of seed luster, dullness 
being dominant over shiny

Two dominant gene [41]
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6. Production constraints

Traditionally, mungbean has been grown during kharif season. Development 
of short duration and disease resistant varieties has led their cultivation during 
spring/summer season in North and central India and during winter (rice fallows) 
in the coastal peninsula. The major constraints in achieving higher yield are lack of 
exploitable genetic variability, absence of suitable ideotypes for different cropping 
systems, poor harvest index, and susceptibility to biotic and abiotic stresses, besides 
non-availability of quality seeds of improved varieties. The major yield limiting 
harriers are lack of seedling vigour, excessive flower production, flower drops, poor 
pod setting, poor harvest index, monocarpic senescence, low response to inputs, 
narrow adaptation, indeterminate growth habit, staggered maturity and sensitiv-
ity to photoperiods and temperature. The phenomenon of compensation among 
yield components is considered to be main yield limiting factor. Limited variability 
has been exploited in varietal development programmes of these crops. Pedigree 
analysis of the released cultivars indicated that a small number of parents with high 
degree of relatedness were repeatedly used in crossing programmes. Diseases and 
insect pests cause considerable yield losses to mungbean. Mungbean yellow mosaic 
virus (MYMV), cercospora leaf spot (C. canescens, C. cruenta) and powdery mil-
dew (Ertisiphe polygoni DC) are of considerable economic importance. Mungbean 
yellow mosaic virus and leaf crinkle during kharif and mungbean yellow mosaic 
virus during spring in North India and powdery mildew during winter season in 
coastal peninsula are the major diseases. During the vegetative stage, defoliators 
like hairy caterpillars, semi-looper and caterpillar are the common pests. Activity of 
thrips starts at the bud stage and poses serious problems when the crop attains peak 
flowering, resulting in heavy flower drop. There is no resistant variety against these 
insect pests. Pre-harvest sprouting especially in mungbean poses a serious threat to 
timely sown crop during rainy season. Intense heat and hot winds during May-June 
lead to flower drop and poor pod set in spring/summer crop.

7. Research needs

Varieties developed in the past with resistance to single stress may not be a viable 
solution as new diseases and insect pests are emerging. Therefore, varieties hav-
ing resistance to more than one stress provide greater insurance. For mungbean, 
high yielding cultivars with crop duration of 85–90 days for kharif season and 

Qualitative 
traits

Characteristic Gene involved References

Cotyledon 
colour

Green cotyledon is conditioned by 
which is inherited independently 
of the red colour present in the 
hypocotyl and petiole

Single recessive gene ‘gc’ [61]

Hard 
seededness

Hard seededness Single dominant gene, 
‘Hdl’

[62]

Hard seededness Four QTL [63]

Photoperiod 
response

The photoperiod insensitiveness 
is reportedly dominant over 
photo-sensitiveness

A single gene [64]

Table 1. 
Genetics of qualitative traits.
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Qualitative 
traits

Characteristic Gene involved References

Seed coat colour Thickness of the texture layer in 
seeds is under the quantitative genetic 
control while inheritance of the 
brown pigment in the texture layer
The presence of brown pigment 
being dominant to its absence

Two complementary 
genes

[55]

Inheritance of mottling in the seed 
coat is monogenic. The presence 
of anthocyanin being dominant 
to its absence. It indicated that the 
inheritance of black and green seed 
colours was controlled by a single 
gene, ‘B’ with black being dominant 
over green

A single gene [56]

Seed coat colour A single gene [57]

Seed coat colour Two independent 
dominant genes

[31]

Seed coat colour
The dominant alleles, ‘A’ and 
‘Sp’, condition green and spotted 
seed coat whereas their recessive 
counterparts confer yellow and 
non-spotted colours

Two gene pairs [33]

Seed colour Two genes, ‘Dgsml’ and 
‘Dgsm2’

[37]

Each gene conditioning blue sap 
colour, buff sap colour and green 
chloroplast, respectively which 
together define the seed coat colour

Three gene pairs, ‘Br’, br 
and ‘G’

[26]

Seed coat colour Three-gene model [58]

Seed coat colour Three genes with 
several modifiers 
giving mottling 
patterns on yellow 
(mmbbgg), yellow 
green (mmBBgg), green 
(mmBBGG) and black 
(MMBBGG) seed coats

[59]

Seed coat colour
Black, brown, green mosaic, yellow 
mosaic, amber, green, and yellow 
seed coat

Four-gene (W, M, ‘Br 
and G)

[60]

Inheritance of seed coat colour Five major genes 
with non-allelic gene 
interactions

[39]

Seed coat 
surface

Dull rough seed surface is 
monogenically dominant over 
glossy smooth surface and the gene 
symbols assigned for dull seed coat 
are ‘C’

Single dominant gene [26, 31, 33, 61]

Digenic duplicate interaction 
(D1 and D2) is involved in the 
inheritance of seed luster, dullness 
being dominant over shiny

Two dominant gene [41]
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6. Production constraints

Traditionally, mungbean has been grown during kharif season. Development 
of short duration and disease resistant varieties has led their cultivation during 
spring/summer season in North and central India and during winter (rice fallows) 
in the coastal peninsula. The major constraints in achieving higher yield are lack of 
exploitable genetic variability, absence of suitable ideotypes for different cropping 
systems, poor harvest index, and susceptibility to biotic and abiotic stresses, besides 
non-availability of quality seeds of improved varieties. The major yield limiting 
harriers are lack of seedling vigour, excessive flower production, flower drops, poor 
pod setting, poor harvest index, monocarpic senescence, low response to inputs, 
narrow adaptation, indeterminate growth habit, staggered maturity and sensitiv-
ity to photoperiods and temperature. The phenomenon of compensation among 
yield components is considered to be main yield limiting factor. Limited variability 
has been exploited in varietal development programmes of these crops. Pedigree 
analysis of the released cultivars indicated that a small number of parents with high 
degree of relatedness were repeatedly used in crossing programmes. Diseases and 
insect pests cause considerable yield losses to mungbean. Mungbean yellow mosaic 
virus (MYMV), cercospora leaf spot (C. canescens, C. cruenta) and powdery mil-
dew (Ertisiphe polygoni DC) are of considerable economic importance. Mungbean 
yellow mosaic virus and leaf crinkle during kharif and mungbean yellow mosaic 
virus during spring in North India and powdery mildew during winter season in 
coastal peninsula are the major diseases. During the vegetative stage, defoliators 
like hairy caterpillars, semi-looper and caterpillar are the common pests. Activity of 
thrips starts at the bud stage and poses serious problems when the crop attains peak 
flowering, resulting in heavy flower drop. There is no resistant variety against these 
insect pests. Pre-harvest sprouting especially in mungbean poses a serious threat to 
timely sown crop during rainy season. Intense heat and hot winds during May-June 
lead to flower drop and poor pod set in spring/summer crop.

7. Research needs

Varieties developed in the past with resistance to single stress may not be a viable 
solution as new diseases and insect pests are emerging. Therefore, varieties hav-
ing resistance to more than one stress provide greater insurance. For mungbean, 
high yielding cultivars with crop duration of 85–90 days for kharif season and 

Qualitative 
traits

Characteristic Gene involved References

Cotyledon 
colour

Green cotyledon is conditioned by 
which is inherited independently 
of the red colour present in the 
hypocotyl and petiole

Single recessive gene ‘gc’ [61]

Hard 
seededness

Hard seededness Single dominant gene, 
‘Hdl’

[62]

Hard seededness Four QTL [63]

Photoperiod 
response

The photoperiod insensitiveness 
is reportedly dominant over 
photo-sensitiveness

A single gene [64]

Table 1. 
Genetics of qualitative traits.
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65–70 days for spring season combining determinate growth habit, high harvest 
index and reduced photoperiod sensitivity are required. For summer cultiva-
tion, extra early varieties of 55–60 days with synchronous maturity are desirable. 
Vegetative growth should terminate with flowering and assimilates should be trans-
ported to developing pods [65, 66]. Recently, large seeded varieties like Pusa Vishal, 
SML 668, TMV 37, etc., with early and synchronous maturity have been developed 
which have great market demand. To break the yield plateau in mungbean, there is 
a need to develop suitable plant type for target environments. In high input cereal-
cereal systems, mungbean has to fit in gaps. For this, plant type that is determinate, 
photo-thermo insensitive, early maturing and high yielding with high harvest index 
needs to be developed. Good seedling vigour, distinctive vegetative and reproduc-
tive phases and high harvest index will be essential components of this plant type. 
There is good scope to utilize wild and cultivated Vigna species to incorporate novel 
characters and broaden the genetic base.

8. Molecular diversity analysis

Assessment of genetic diversity using RAPD analysis shows close similarity 
among mungbean cultivars [67]. The study reveals narrow genetic base of Indian 
cultivars probably due the repeated use of limited ancestors in their pedigrees. This 
observation has further been confirmed using RAPD [68, 69] and ISSR [70, 71] 
markers. Amplified fragment length polymorphism (AFLP) markers have also been 
used in mungbean to test their usefulness in genetic diversity assessment [67]. The 
long primers yielded significantly higher number of discrete and detectable bands 
as well as polymorphic bands than 10-base primers. The results show that long 
primers can be used efficiently for analyzing genetic diversity and the relationships 
in mungbean germplasm.

9. Mapping of genes/QTLs

Increasing the seed weight has been one of the major objectives to develop 
high yielding varieties. Molecular markers are now available which are linked to 
orthologous seed weight loci. RFLP markers to locate major QTLs for orthologous 
seed weight in mungbean. They found that the genomic regions in cowpea and 

Characteristic Marker Genes/QTLs/remarks References

Seed weight RFLP Major QTLs [72]

RFLP Suggested a weak association between seed weight 
and hard seededness in mungbean by analyzing a F2 
population

[62]

RFLP Four loci for hard seededness and 11 loci [63]

Powdery mildew RFLP Genes, ‘13 m’ and ‘Thiz2’ identified in a cross 
VC3890 × TC1966

[65]

RFLP Two QTLs, ‘13MR1’ and ‘PMR2’ have been identified [73]

RFLP A single locus has been identified that explains 86% of 
variation associated with resistance to powdery mildew 
in mungbean

[74]

Table 2. 
Genes/QTLs/remarks of important traits.
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mungbean that have the major effect on seed weight span the same RFLP markers 
in both the species. These markers are co-linear in arrangement on homologous 
linkage groups in both the crops. Attempts to breed large and hard seeded varieties 
of mungbean have not been very successful because of negative genetic correlation 
between these two traits as a result of pleiotropy or genetic linkage. Studies on the 
genetic relationship between hard seededness and seed weight, however, are not 
conclusive. QTL mapping approach using molecular markers have been employed 
to investigate the linkage relationship between these two traits (Table 2).

10. Breeding approach

In order to develop high yielding disease resistant varieties in mungbean, the 
common breeding methods employed were pure line selection, hybridization 
followed by pedigree selection, mutation breeding and wide hybridization. While 
exercising selection, major emphasis has been placed on short duration, photo and 
thermo-insensitivity, synchronous maturity and resistance to mungbean yellow 
mosaic virus and powdery mildew. More than 150 varieties have been developed in 
India employing pure line selection, pedigree method of selection following hybrid-
ization, mutation and wide hybridization. The first variety of mungbean was Type 1 
developed from local selection of Muzaffarpur (Bihar), which has been extensively 
been used afterward as one of the parents in hybridization programmes for the 
development of improved varieties like Type 2, K 851, T 44 and Sunaina. Utilization 
of T 44 in hybridization has resulted in the development of Pusa Baisakhi which, 
in turn, has given PIMS 4 and Jyoti. Through mutation breeding, about 14 varieties 
using gamma rays or occasionally ethyl methane sulphonate as mutagens have been 
developed. Varieties developed through mutation like CO 4, Pant Moong 2, TAP 7, 
BM 4, MUM 2 and TARM 1.

10.1 Parental selection

The main reason that the expected yield advances by the conventional com-
ponent breeding methods have not materialized in mungbean is that the parents 
used in crossing programmes are not duly evaluated before their use. Seed yield of 
parents has a positive significant bearing on the yield of the progenies and in the 
inheritance of this character, additive variance is of paramount importance than 
the nonadditive variance, although many a times the latter also has significant 
bearing. The choice of the parents besides on their agronomic attributes like yield 
and its components must also be based on their genetic diversity, phenotypic 
stability and combining ability. So logically all the would-be parents must be 
evaluated by their progeny tests across environments and locations before their 
use in a crossing programme. A progeny test provides genetic composition of the 
parental plants and helps in selection of superior ones. In self-pollinated crops like 
mungbean, many minor genes of additive effect control yield and in any breed-
ing programme, the ultimate goal is to accumulate and harness these genes. High 
yielding varieties from different genetic backgrounds and carrying different genes 
for yield when crossed and subjected to replicated progeny tests are expected to 
generate higher frequency of high yielding plants. Yield stability in mungbean is 
very important owing to significantly variable response of high yielding varieties 
across locations and years. Work on stability analysis done in mungbean shows that 
no high yielding varieties are stable across time and space. All the potential parents 
in a hybridization programme must be evaluated for their mean yield performance 
and yield stability, F1 performance, F2 mean yield and the variance generated, 
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65–70 days for spring season combining determinate growth habit, high harvest 
index and reduced photoperiod sensitivity are required. For summer cultiva-
tion, extra early varieties of 55–60 days with synchronous maturity are desirable. 
Vegetative growth should terminate with flowering and assimilates should be trans-
ported to developing pods [65, 66]. Recently, large seeded varieties like Pusa Vishal, 
SML 668, TMV 37, etc., with early and synchronous maturity have been developed 
which have great market demand. To break the yield plateau in mungbean, there is 
a need to develop suitable plant type for target environments. In high input cereal-
cereal systems, mungbean has to fit in gaps. For this, plant type that is determinate, 
photo-thermo insensitive, early maturing and high yielding with high harvest index 
needs to be developed. Good seedling vigour, distinctive vegetative and reproduc-
tive phases and high harvest index will be essential components of this plant type. 
There is good scope to utilize wild and cultivated Vigna species to incorporate novel 
characters and broaden the genetic base.

8. Molecular diversity analysis

Assessment of genetic diversity using RAPD analysis shows close similarity 
among mungbean cultivars [67]. The study reveals narrow genetic base of Indian 
cultivars probably due the repeated use of limited ancestors in their pedigrees. This 
observation has further been confirmed using RAPD [68, 69] and ISSR [70, 71] 
markers. Amplified fragment length polymorphism (AFLP) markers have also been 
used in mungbean to test their usefulness in genetic diversity assessment [67]. The 
long primers yielded significantly higher number of discrete and detectable bands 
as well as polymorphic bands than 10-base primers. The results show that long 
primers can be used efficiently for analyzing genetic diversity and the relationships 
in mungbean germplasm.

9. Mapping of genes/QTLs

Increasing the seed weight has been one of the major objectives to develop 
high yielding varieties. Molecular markers are now available which are linked to 
orthologous seed weight loci. RFLP markers to locate major QTLs for orthologous 
seed weight in mungbean. They found that the genomic regions in cowpea and 

Characteristic Marker Genes/QTLs/remarks References

Seed weight RFLP Major QTLs [72]

RFLP Suggested a weak association between seed weight 
and hard seededness in mungbean by analyzing a F2 
population

[62]

RFLP Four loci for hard seededness and 11 loci [63]

Powdery mildew RFLP Genes, ‘13 m’ and ‘Thiz2’ identified in a cross 
VC3890 × TC1966

[65]

RFLP Two QTLs, ‘13MR1’ and ‘PMR2’ have been identified [73]

RFLP A single locus has been identified that explains 86% of 
variation associated with resistance to powdery mildew 
in mungbean

[74]

Table 2. 
Genes/QTLs/remarks of important traits.
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mungbean that have the major effect on seed weight span the same RFLP markers 
in both the species. These markers are co-linear in arrangement on homologous 
linkage groups in both the crops. Attempts to breed large and hard seeded varieties 
of mungbean have not been very successful because of negative genetic correlation 
between these two traits as a result of pleiotropy or genetic linkage. Studies on the 
genetic relationship between hard seededness and seed weight, however, are not 
conclusive. QTL mapping approach using molecular markers have been employed 
to investigate the linkage relationship between these two traits (Table 2).

10. Breeding approach

In order to develop high yielding disease resistant varieties in mungbean, the 
common breeding methods employed were pure line selection, hybridization 
followed by pedigree selection, mutation breeding and wide hybridization. While 
exercising selection, major emphasis has been placed on short duration, photo and 
thermo-insensitivity, synchronous maturity and resistance to mungbean yellow 
mosaic virus and powdery mildew. More than 150 varieties have been developed in 
India employing pure line selection, pedigree method of selection following hybrid-
ization, mutation and wide hybridization. The first variety of mungbean was Type 1 
developed from local selection of Muzaffarpur (Bihar), which has been extensively 
been used afterward as one of the parents in hybridization programmes for the 
development of improved varieties like Type 2, K 851, T 44 and Sunaina. Utilization 
of T 44 in hybridization has resulted in the development of Pusa Baisakhi which, 
in turn, has given PIMS 4 and Jyoti. Through mutation breeding, about 14 varieties 
using gamma rays or occasionally ethyl methane sulphonate as mutagens have been 
developed. Varieties developed through mutation like CO 4, Pant Moong 2, TAP 7, 
BM 4, MUM 2 and TARM 1.

10.1 Parental selection

The main reason that the expected yield advances by the conventional com-
ponent breeding methods have not materialized in mungbean is that the parents 
used in crossing programmes are not duly evaluated before their use. Seed yield of 
parents has a positive significant bearing on the yield of the progenies and in the 
inheritance of this character, additive variance is of paramount importance than 
the nonadditive variance, although many a times the latter also has significant 
bearing. The choice of the parents besides on their agronomic attributes like yield 
and its components must also be based on their genetic diversity, phenotypic 
stability and combining ability. So logically all the would-be parents must be 
evaluated by their progeny tests across environments and locations before their 
use in a crossing programme. A progeny test provides genetic composition of the 
parental plants and helps in selection of superior ones. In self-pollinated crops like 
mungbean, many minor genes of additive effect control yield and in any breed-
ing programme, the ultimate goal is to accumulate and harness these genes. High 
yielding varieties from different genetic backgrounds and carrying different genes 
for yield when crossed and subjected to replicated progeny tests are expected to 
generate higher frequency of high yielding plants. Yield stability in mungbean is 
very important owing to significantly variable response of high yielding varieties 
across locations and years. Work on stability analysis done in mungbean shows that 
no high yielding varieties are stable across time and space. All the potential parents 
in a hybridization programme must be evaluated for their mean yield performance 
and yield stability, F1 performance, F2 mean yield and the variance generated, 
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combining ability and their interaction with the important environmental vari-
ables. All these variables give a measure of the comparative potential of different 
F2 crosses. It is desirable that the progenies of only those parents be advanced 
beyond F2 generation that show high grain yield, yield stability, a positive general 
combining ability for grain yield and that are of distant genetic origin. Progenies 
of parents with low yield and negative general combining ability for yield must not 
be advanced beyond F2 generation. In an intra-species crossing programme, one 
parent should be a good agronomic base with higher stability and the other parent 
a good general combiner for yield and its components. Crosses with this strategic 
selection of parents are expected to give a wide range of genetic variability. To 
achieve stability and get a true measure of inherent genetic potential, the parental 
lines must be tested over a number of locations and get their combining ability 
estimates.

10.2 Component breeding

Fifty years of conventional approach of engineering different yield com-
ponents in mungbean to build up a new plant type with higher productivity 
levels has thus far given only modest yield gains over the traditional cultivars. 
This approach has failed to break the present yield barriers as a whole and bring 
changes of scale. Based upon correlation analysis of various yield components, 
selections have been based mainly on number of pods per plant, seeds per pod 
and 100-seed weight and sometimes also on number of pods per bunch and 
branches per plant or podding per unit area usually called ‘Pod Index’. Pods per 
plant is by far the most important yield component and almost all the workers 
have found it having positive correlation with seed yield. It is the best selection 
index for seed yield and could be increased by increasing number of branches per 
plant or number of bunches per plant or by increasing the number of pods per 
bunch. Most of the work has shown that branch number per plant is negatively 
correlated with seed yield, but bunches per plant has mostly been found to be 
positively correlated with seed yield. Ramanujam [75] and others have found that 
pods per bunch and bunches per plant both are positively correlated with yield. 
Increasing pods per bunch is physiologically constrained in grain legumes owing 
to fall of flowers and unripe or partially filled pods. It seems the most feasible 
path to increase seed yield is through increasing number of bunches per plant. 
This in essence means a plant with more number of nodes with a shorter internode 
length, with three to four erect branches emerging from the lower to lower-middle 
nodes at around 20–30° angle with the main stem, and sympodial bearing of pod 
inflorescences coming from the upper nodes of the main stern, each carrying 
around 8–10 pods. Number of seeds per pod has been shown mostly positively 
correlated with seed yield but many workers show it to be negatively correlated 
with yield. However, an optimal level of 14–16 seeds per pod should be a breed-
ers objective. Seed weight is generally negatively correlated with seed yield but 
some results have shown it to be positively correlated. The strength of the newly 
developed second generation varieties like Pusa Vishal and Pusa Ratna lies in 
the fact that they have more seeds per pod (12–16) with higher 100-seed weight 
(5.0–5.5 g) without compromising on the pod number per plant. Many researchers 
advocated cereal mimics with sympodial bearing and suggested increasing pods 
per plant through the path of increasing the average number of pods per node 
and building up a soybean like plant type in mungbean [76]. He found the main 
stem bearing under the control of a single recessive gene and normal conventional 
bearing to the incompletely dominant. Plant height has been found positively 
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correlated with seed yield. An optimal upright plant height incorporates more 
functional nodes and thus more number of pods per plant. After pods per plant, 
this is the second most important character to be used for selection of seed yield. 
Owing to their high heritability, 100-seed weight and branch number could be 
excellent selection criteria but for their unfavorable correlations with yield. Also 
due to the compensatory mechanisms operating within the plant as a whole, this 
correlation based selection methodology has not brought the desired productivity 
levels in mungbean. Alternatively, the best option is direct selection for seed yield 
on a unit area basis.

10.3 Conventional breeding methods

Most of the high yielding varieties of mungbean bred and released so far have 
been developed through single cross pedigree method of selection. The single 
plant selections made in the early generations restrict carrying forward the bulk 
of created variability, which gets lost quickly giving way to homozygosity with 
each succeeding generation. This method has served the mungbean improvement 
programme well in the past, but lately no productivity advances are materializing 
due to the inherent genetic limitation of the method. The intermitting of selected F2 
plants and selections in the late generations will help to harness most of the desir-
able genes.

10.4 Early generation testing

The early generation yield trials allow early identification of better perform-
ing crosses and F, derived lines within the individual crosses. However, selection 
emphasis is given in later generations only. The F2 derived family selection is 
very appropriate in mungbean, which is prone to high GE interactions and low 
seed increase ratio, which renders pedigree, bulk and single seed decent methods 
inefficient. The time required is less and emphasis is on grain yield in replicated 
progeny tests. It was developed in Canada as a modification of bulk method. The F2 
derived family selection takes benefits of early generation yield testing to eliminate 
efficiently all the undesired materials both between and within the hybrid popula-
tions. Replicated yield trials are conducted across locations/environments for early 
generation selections among and within populations. These selections are further 
evaluated and final selections for high yield are made in only the best of families or 
populations. Due emphasis must be given to make site specific selections for differ-
ent agro-climatic and production systems. Also depending upon the demands of the 
location and system, input responsiveness of the selections under high management 
conditions may be tested.

10.5 Mutation breeding

Both physical and chemical mutagens have been employed in improvement of 
mungbean crop India. The main drawbacks of this method are that the frequencies 
of desirable mutants are very less, necessitating evaluation of very large popula-
tion and the difficulty in identification and scoring of micromutations. Tickoo and 
Chandra [77] using both physical and chemical mutagens could induce significantly 
higher variability in mungbean for characters like yield per plant, pods per plant, 
seed number per pod, seed weight, days to flower and harvest index in M2, genera-
tion. Mean values of all the characters had a negative shift in M2 but after selection 
changed to positive direction in M3 but were still associated with significantly 
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combining ability and their interaction with the important environmental vari-
ables. All these variables give a measure of the comparative potential of different 
F2 crosses. It is desirable that the progenies of only those parents be advanced 
beyond F2 generation that show high grain yield, yield stability, a positive general 
combining ability for grain yield and that are of distant genetic origin. Progenies 
of parents with low yield and negative general combining ability for yield must not 
be advanced beyond F2 generation. In an intra-species crossing programme, one 
parent should be a good agronomic base with higher stability and the other parent 
a good general combiner for yield and its components. Crosses with this strategic 
selection of parents are expected to give a wide range of genetic variability. To 
achieve stability and get a true measure of inherent genetic potential, the parental 
lines must be tested over a number of locations and get their combining ability 
estimates.

10.2 Component breeding

Fifty years of conventional approach of engineering different yield com-
ponents in mungbean to build up a new plant type with higher productivity 
levels has thus far given only modest yield gains over the traditional cultivars. 
This approach has failed to break the present yield barriers as a whole and bring 
changes of scale. Based upon correlation analysis of various yield components, 
selections have been based mainly on number of pods per plant, seeds per pod 
and 100-seed weight and sometimes also on number of pods per bunch and 
branches per plant or podding per unit area usually called ‘Pod Index’. Pods per 
plant is by far the most important yield component and almost all the workers 
have found it having positive correlation with seed yield. It is the best selection 
index for seed yield and could be increased by increasing number of branches per 
plant or number of bunches per plant or by increasing the number of pods per 
bunch. Most of the work has shown that branch number per plant is negatively 
correlated with seed yield, but bunches per plant has mostly been found to be 
positively correlated with seed yield. Ramanujam [75] and others have found that 
pods per bunch and bunches per plant both are positively correlated with yield. 
Increasing pods per bunch is physiologically constrained in grain legumes owing 
to fall of flowers and unripe or partially filled pods. It seems the most feasible 
path to increase seed yield is through increasing number of bunches per plant. 
This in essence means a plant with more number of nodes with a shorter internode 
length, with three to four erect branches emerging from the lower to lower-middle 
nodes at around 20–30° angle with the main stem, and sympodial bearing of pod 
inflorescences coming from the upper nodes of the main stern, each carrying 
around 8–10 pods. Number of seeds per pod has been shown mostly positively 
correlated with seed yield but many workers show it to be negatively correlated 
with yield. However, an optimal level of 14–16 seeds per pod should be a breed-
ers objective. Seed weight is generally negatively correlated with seed yield but 
some results have shown it to be positively correlated. The strength of the newly 
developed second generation varieties like Pusa Vishal and Pusa Ratna lies in 
the fact that they have more seeds per pod (12–16) with higher 100-seed weight 
(5.0–5.5 g) without compromising on the pod number per plant. Many researchers 
advocated cereal mimics with sympodial bearing and suggested increasing pods 
per plant through the path of increasing the average number of pods per node 
and building up a soybean like plant type in mungbean [76]. He found the main 
stem bearing under the control of a single recessive gene and normal conventional 
bearing to the incompletely dominant. Plant height has been found positively 
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correlated with seed yield. An optimal upright plant height incorporates more 
functional nodes and thus more number of pods per plant. After pods per plant, 
this is the second most important character to be used for selection of seed yield. 
Owing to their high heritability, 100-seed weight and branch number could be 
excellent selection criteria but for their unfavorable correlations with yield. Also 
due to the compensatory mechanisms operating within the plant as a whole, this 
correlation based selection methodology has not brought the desired productivity 
levels in mungbean. Alternatively, the best option is direct selection for seed yield 
on a unit area basis.

10.3 Conventional breeding methods

Most of the high yielding varieties of mungbean bred and released so far have 
been developed through single cross pedigree method of selection. The single 
plant selections made in the early generations restrict carrying forward the bulk 
of created variability, which gets lost quickly giving way to homozygosity with 
each succeeding generation. This method has served the mungbean improvement 
programme well in the past, but lately no productivity advances are materializing 
due to the inherent genetic limitation of the method. The intermitting of selected F2 
plants and selections in the late generations will help to harness most of the desir-
able genes.

10.4 Early generation testing

The early generation yield trials allow early identification of better perform-
ing crosses and F, derived lines within the individual crosses. However, selection 
emphasis is given in later generations only. The F2 derived family selection is 
very appropriate in mungbean, which is prone to high GE interactions and low 
seed increase ratio, which renders pedigree, bulk and single seed decent methods 
inefficient. The time required is less and emphasis is on grain yield in replicated 
progeny tests. It was developed in Canada as a modification of bulk method. The F2 
derived family selection takes benefits of early generation yield testing to eliminate 
efficiently all the undesired materials both between and within the hybrid popula-
tions. Replicated yield trials are conducted across locations/environments for early 
generation selections among and within populations. These selections are further 
evaluated and final selections for high yield are made in only the best of families or 
populations. Due emphasis must be given to make site specific selections for differ-
ent agro-climatic and production systems. Also depending upon the demands of the 
location and system, input responsiveness of the selections under high management 
conditions may be tested.

10.5 Mutation breeding

Both physical and chemical mutagens have been employed in improvement of 
mungbean crop India. The main drawbacks of this method are that the frequencies 
of desirable mutants are very less, necessitating evaluation of very large popula-
tion and the difficulty in identification and scoring of micromutations. Tickoo and 
Chandra [77] using both physical and chemical mutagens could induce significantly 
higher variability in mungbean for characters like yield per plant, pods per plant, 
seed number per pod, seed weight, days to flower and harvest index in M2, genera-
tion. Mean values of all the characters had a negative shift in M2 but after selection 
changed to positive direction in M3 but were still associated with significantly 
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higher interfamily and overall variances than the control populations. Such char-
acters may be incorporated into the cultivated varieties by backcross method. 
Many a times the selected mutants have been released as new varieties as such for 
cultivation. Some varieties have been released in India including Pant Mung 2, Co 
4, Dhauli, TAP 7, BM 4 and MUM 2 and some in Pakistan including NM 51 and NM 
54. The latter two large seeded varieties resistant to MYMV have been developed by 
hybridization and irradiation of the F1 seeds.

11. Thrust areas

Resistance to biotic stresses namely, mungbean yellow mosaic virus (MYMV), 
powdery mildew (PM), cercospora leaf spot (CLS), root diseases caused by 
Pythium spp. There is variability in the virulence of MYMV in white fly for incuba-
tion of different isolate in mungbean plant for genes governing resistance/tolerance 
to the virus and tim vector. Gene transfer across species in Vigna group has been 
found difficult. Biotechnological tools are being presently used to overcome these 
barriers. In the field, spreader row technique has been found to be most effective in 
screening the materials. However, parental lines to be used in crossing and promis-
ing selections before their release for cultivation may she screened under artificial 
inoculation.

12. Conclusions

Mungbean has the distinct advantage of short crop duration. This fact together 
with its atmospheric nitrogen fixing ability makes it an indispensable component 
in various cereal-based cropping systems. Mungbean has tremendous scope for 
horizontal expansion subject to some committed research inputs to overcome its 
various productivity bottlenecks. Proper evaluation and utilization of germplasm 
from secondary and tertiary gene pools by conventional and biotechnological tools 
immediate priorities. Incorporation of genes from its closely related species tor 
resistance or tolerance to biotic factors like MYMV, bruchids and abiotic factors like 
sensitivity to photoperiods, high temperatures, drought, waterlogging, pre-harvest 
sprouting and nutrient use efficiency’ and response to irrigation must be accom-
plished. Breeding for efficient fixing of atmospheric nitrogen has to be priority 
for higher response to the applied nitrogen in recombination breeding. Mungbean 
is grown in different seasons and different cropping systems necessitating the 
development of varieties of different maturity span. The varieties for wheat based 
cropping systems of Indo-Gangetic-Plains should have crop duration of 60 days 
with average yield of 1.3–2.0 tonnes per ha.
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Chapter 6

The Productivity of Selected 
Species and Cultivars of Legumes 
Grown for Seeds in Organic 
Production System
Księżak Jerzy and Bojarszczuk Jolanta

Abstract

The aim of the study was to assess the yielding of selected legume species with 
diversified morphological structure cultivated for seeds in ecological system. The 
field experiment was carried out in 2016–2018. The first factor was legume species: 
faba bean, field pea, yellow lupine, and blue lupine, and the second factor was vari-
eties of legumes: faba bean (Granit and Amulet), field pea (Hubal and Batuta), blue 
lupine (Kurant and Regent), and yellow lupine (Bursztyn and Perkoz). After the 
harvest, the grain yield of legume plants and the weight of a thousand seeds were 
determined. The plant structure was determined (length of the part of fruiting 
stem, number of pods and seeds per plant, number of seeds in the pod, number of 
fruiting nodes, number of pods and seeds from the node). In addition, the content 
of selected nutrients (protein, fiber, fat, macroelements) was determined in seeds. 
Studies showed that in ecological conditions, the pea cultivation, especially Hubal 
variety (with bipinnate leaves), enabled obtaining the largest seed yield, while the 
smallest seed yields yellow lupine independent of the morphological type. The self-
completing varieties of faba bean, yellow lupine, and blue lupines were yielded at a 
higher level than varieties with a traditional growth type. Among the pea varieties 
assessed, the variety Hubal yielded better (with bipinnate leaves). Significantly, 
higher yield of protein is provided by faba bean cultivation, while the smaller level 
of pea and yellow lupine.

Keywords: cultivar, ecological system, legume, seeds, productivity

1. Introduction

Currently, there is a growing interest in growing leguminous plants, as their 
high fodder value, universal consumption values, and their role in a sustainable 
and ecological production system are more and more widely appreciated [1, 2]. An 
extremely important trait of these species is also the ability to bind atmospheric 
nitrogen (about 3–6 million tons per year by global crops), which allows to reduce 
CO2 and NO emissions into the atmosphere and at the same time allows to reduce 
the demand for nonrenewable energy sources for food production [3]. Legume 
seeds and legume-based food are an important and sustainable source of nutrients 
for human diet, especially carbohydrates and proteins [4, 5]. They also contain 
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faba bean, field pea, yellow lupine, and blue lupine, and the second factor was vari-
eties of legumes: faba bean (Granit and Amulet), field pea (Hubal and Batuta), blue 
lupine (Kurant and Regent), and yellow lupine (Bursztyn and Perkoz). After the 
harvest, the grain yield of legume plants and the weight of a thousand seeds were 
determined. The plant structure was determined (length of the part of fruiting 
stem, number of pods and seeds per plant, number of seeds in the pod, number of 
fruiting nodes, number of pods and seeds from the node). In addition, the content 
of selected nutrients (protein, fiber, fat, macroelements) was determined in seeds. 
Studies showed that in ecological conditions, the pea cultivation, especially Hubal 
variety (with bipinnate leaves), enabled obtaining the largest seed yield, while the 
smallest seed yields yellow lupine independent of the morphological type. The self-
completing varieties of faba bean, yellow lupine, and blue lupines were yielded at a 
higher level than varieties with a traditional growth type. Among the pea varieties 
assessed, the variety Hubal yielded better (with bipinnate leaves). Significantly, 
higher yield of protein is provided by faba bean cultivation, while the smaller level 
of pea and yellow lupine.

Keywords: cultivar, ecological system, legume, seeds, productivity

1. Introduction

Currently, there is a growing interest in growing leguminous plants, as their 
high fodder value, universal consumption values, and their role in a sustainable 
and ecological production system are more and more widely appreciated [1, 2]. An 
extremely important trait of these species is also the ability to bind atmospheric 
nitrogen (about 3–6 million tons per year by global crops), which allows to reduce 
CO2 and NO emissions into the atmosphere and at the same time allows to reduce 
the demand for nonrenewable energy sources for food production [3]. Legume 
seeds and legume-based food are an important and sustainable source of nutrients 
for human diet, especially carbohydrates and proteins [4, 5]. They also contain 
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active substances such as phenolic compounds whose antioxidant activity and 
health features are the subject of many studies [6, 7]. They are used to produce 
functional food and improve food nutritional value [8–10]. According to Duranti 
[10] and Vioque et al. [4], an increase in consumer awareness of the health benefits 
of these proteins can stimulate the production of legumes. In addition, their high 
protein and energy content make their seeds an excellent feed source [6, 11]. In 
addition, according to Doležal et al. [12], Fraszer et al. [13], and Szyszkowska et al. 
[14], protein, which has a significant influence on the results of animal production, 
is the nutrient that determines the nutritional value.

The role and importance of leguminous plants in agriculture, regardless of the 
production system, the increase in the area of organically cultivated agricultural 
land, and the increase in consumer knowledge concerning the health value of 
leguminous seeds, prompted us to undertake research evaluating the productiv-
ity of four legume species with diversified morphological structure of organically 
cultivated plants.

2. Materials and methods

The field experiment was carried out in the years 2013–2015, in a split-plot 
design, in four replications. The first factor was legume species: faba bean, 
field pea, yellow lupine, and blue lupine, and the second factor was varieties of 
legumes: faba bean—Granit (self-completing) and Amulet (traditional growth 
type), peas—Hubal (traditional growth type) and Batuta (with bipinnate leaves), 
blue lupine—Kurant (traditional growth type) and Regent (self-completing), 
and yellow lupine—Amber (traditional) and Perkoz (self-completing). Plant 
density was: faba bean (70 units·m−2), peas, yellow lupine, and blue lupine 
(100 units·m−2). The size of the plot, for harvest, is 22.0 m2. The experiment 
was carried out on the soil of a very good rye complex, class IIIa. The content 
of available phosphorus (in mg per 100 g of soil) ranged from 10.15 to 11.8%, 
potassium from 11.1 to 20.7%, magnesium from 2.8 to 4.1%, and humus from 1.34 
to 1.39%. Sowing was carried out from the 2nd to the 29th of April. The collec-
tion of pea and blue lupine was made at the complete maturity in the first days 
of August, and faba bean and yellow lupine in the second and third decade of 
August. For the purposes of care, the harrowing of legumes was performed twice. 
During the growing season, dates of the developmental phases of legumes have 
been recorded. Before the harvest, on ten random chosen plants from each plot, 
morphological features were determined (height of plants, height of the first pod, 
share of pods in the plant, number of pods per plant). After the harvest, the seed 
yield and the weight of thousand seeds per 14% were determined. The content of 
total nitrogen and phosphorus was determined in the seeds (control flow analysis 
(CFA), potassium content (emission atomic spectrometry), crude fat, crude fiber, 
and ash content (weight method). The significance of the influence of the experi-
mental factors on observed characters was assessed using the analysis of variance, 
determining Tukey’s half-intervals at the significance level of α = 0.05.

3. Results and discussion

During the study period, there were significant differences in the growth and 
development of faba bean. In 2016, precipitation was fairly evenly distributed in 
individual months (Table 1). Despite the fact that the sum of precipitation dur-
ing the growing season was much lower than the average for many years, it was 
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conducive to yielding legumes. Low Sielianinow’s coefficients (less than 1) were 
recorded in June 2017 and 2018 during the most intense demand of plants for water, 
i.e., during flowering and emergence of pods (Table 1). It can therefore be concluded 
that in the most critical period of faba bean development, plants in these years, and 
especially in 2017, were relatively poorly supplied with water. In addition, during 
this period higher air temperatures were noted, which also did not favor the field 
bean harvest. According to Podleśna et al. [15] and Faligowska [16], the amount and 
distribution of precipitation during the growing season of plants is one of the most 
important factors affecting the yield level of leguminous plants. According to Atkins 
and Smith [17], the shortage of precipitation combined with the high air temperature 
is particularly unfavorable during germination and setting of pods, because the 
plants shed flowers and pods, which in turn reduces the crop yield.

The weather conditions are shown by calculating the hydrothermal coefficient 
of water supply for individual years according to Sielianinov’s index (K). The fol-
lowing formula was applied:

𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 × 10
𝐷𝐷𝐷𝐷𝐷𝐷 × 𝑑𝑑

where K is the hydrothermal coefficient for individual months, Mo is the total 
monthly precipitation, and Dt is mean daily temperatures in a particular month.

The yield of legume seed significantly depended on the course of weather condi-
tions during the growing season, the legume species, its type of growth and devel-
opment (self-completing, traditional), or the type of foliage (with bipinnate leaves, 
traditional). The highest level of yields of all species was recorded in 2016, and they 
were higher by about 75% than in 2017 and by about 40% than in 2018 (Table 2). 
On average, for 3 years among the assessed species, the highest yields were provided 

Specification Month Sum/mean

III IV V VI VII VIII IX

2016

Rainfall (mm) 52.3 45.1 39.4 60.1 81.9 53.6 20.3 352.7

Temperature (°C) 3.9 9.2 14.9 18.7 19.2 18.1 15.7 14.2

Sielianinov’s index (K) 4.23 1.75 0.85 1.07 1.37 0.95 0.43 1.52

2017

Rainfall (mm) 35.8 69.1 34.4 32.6 86.3 55.3 102.7 416.2

Temperature (°C) 5.7 7.5 13.9 18.1 18.6 19.6 13.9 13.9

Sielianinov’s index (K) 2.02 3.07 0.80 0.60 1.49 0.91 2.46 1.62

2018

Rainfall (mm) 14.1 25.3 97.4 44.6 118.5 70.6 — 370.5

Temperature (°C) — 13.3 17.0 18.4 20.4 20.2 — 17.9

Sielianinov’s index (K) — 0.63 1.85 0.81 1.86 1.13 — 1.26

Average rainfall from many years* 34 50 67 79 87 71 58 63.7

Average temperature from many 
years (°C)

2.1 8.0 13.6 16.8 18.5 17.8 13.2 14.3

*Mean for the years 1961–2017.
Sielianinov’s index: < 0.5, drought; 0.5–1.0, semi-drought; 1.0–1.5, border of optimal moisture; > 1.5, excessive 
moisture.

Table 1. 
Course of weather conditions during the vegetation.
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by pea cultivation, in particular the Hubal variety with the traditional form of 
foliage. This species significantly improved yields, especially in 2017 and 2018, with 
less favorable weather conditions during the growing season. Pea is a species with 
a shorter growing season, and earlier it started flowering and tying pods when the 
soil moisture was higher. On the other hand, the smallest level of yield was charac-
terized by yellow lupine irrespective of the morphological type. The self-completing 
varieties of faba bean, yellow lupine, and blue lupine yielded at a higher level than 
varieties with a traditional type of growth. Among the pea varieties evaluated, the 
variety Hubal yielded the traditional type of foliage (Table 2).

Księżak [18] observed a higher level of yielding of the Ramrod pea variety (with 
bipinnate leaves) compared to the Rola variety (traditional). It was the result of this 
variety producing a longer fruiting stem, a greater number of pods, and a weight 
of seeds on the plant, as well as a weight of thousand seeds. Prusiński [19] and 
Szwejkowska et al. [20] comparing varieties of pea with diversified morphologi-
cal structure noted better yielding of varieties with normal foliage. According to 
Podleśny and Strobel [21] and Bieniaszewski [22] from comparable varieties of 
blue lupine, they yielded better with traditional growth type than self-completing. 
Jarecki and Bobrecka-Jamro [23] recorded a higher yield of seeds of the Mister 
variety of yellow lupine than the self-completing ones. It resulted from the larger 
number of pods set up on the plant and the greater weight of 1000 seeds. Borowska 
and et al. [24] showed much higher yields of the traditional variety of white and 
yellow lupine than traditional ones. The same authors noted the opposite tendency 
in blue lupine. Also, according to Szymańska et al. [25], the Mister (traditional) cul-
tivar yielded better on average in 5 years than the self-completing Perkoz. Podleśny 
[26], Prusiński [27], and Kulig [28] report that from among many evaluated faba 
bean varieties, Nadwiślański yielded much better than the self-completing ones. 
In other studies, Kulig [29] noted a more accurate yield of Kodam cultivar than 
Nadwiślański and Titus.

Significantly, higher protein yields as well as seed yields were noted in 2016 
with favorable weather conditions during the growing season than in 2017 with 
a small amount of precipitation in June and the first decade of July. Significantly, 
higher yield of protein enabled the cultivation of faba bean, while the lower level 
of cultivation of pea and yellow lupine (Table 3). Obtained results by Panasiewicz 
et al. [30] indicate that among the four evaluated species (yellow lupine, white 

Legume species Cultivar Seed yield Weight of 1000 seeds

2016 2017 2018 2016 2017 2018

Blue lupine Kurant 2.53 1.41 2.15 142.5 142.3 147.2

Regent 2.68 1.34 2.26 138.2 128.6 131.4

Yellow lupine Bursztyn 1.55 0.85 1.02 104.8 130.7 133.2

Perkoz 1.66 1.00 1.03 113.3 142.0 137.1

Field pea Hubal 2.66 2.26 2.54 160.3 207.7 219.5

Batuta 2.85 2.16 2.21 171.6 219.1 226.3

Faba bean Amulet 3.13 1.22 1.60 326.4 405.1 41.1

Granit 3.19 1.32 1.62 361.5 447.7 415.6

HSD0.05 For: species
Cultivar

0.187
n.i.

0.213
n.i.

0.175
n.i.

17.8
10.6

18.8
n.i.

16.3
n.i.

Table 2. 
Seed yield and weight of 1000 seeds of legume.
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lupine, blue lupine, and field pea), the highest yield of seeds and protein enables 
the cultivation of yellow lupine and the smallest of pea.

During the experimental period, changes in the structure of legume plants 
were observed depending on the course of the weather conditions during the 
growing season. Species and varieties were characterized by a varied plant struc-
ture. In 2018, all species established more pods and seeds on the plant, produced 
a large weight on the plant, and bound more seeds in the pod, and the blue lupine 
was characterized by a greater weight of 1000 seeds (Table 4). Peas among the 
assessed species were characterized by the smallest size of seeds; they formed the 
least pods and seeds on the plant and produced the smallest weight of seeds in  
the plant (Table 5).  
Faba bean cultivars were characterized by a similar plant structure; only the 
Granit variety produced larger seeds and a larger number of seeds per plant. The 
self-completing variety of blue lupine compared to the traditional variety was 
characterized by a larger size of seeds, the number of pods, and weight of seeds 
on the plant, and the yellow lupine variety Perkoz greater number of pods and 
seeds on the plant and seeds in the pod (Table 5). In contrast, the pea variety 
Batuta (with bipinnate leaves) was characterized by a higher weight of thousand 
seeds, a greater number of pods, and weight of seeds on the plant. According to 
Borowiecki et al. [31], pea variety Wiato (with bipinnate leaves) was distinguished 
by the longer fruiting part, the greater number of pods per plant, and the greater 
weight of 1000 seeds compared to the traditional Rola variety. On the other hand, 
Podleśny and Podleśna [32] in the determined Legat variety of yellow lupine 
noted larger seeds than in the traditional Polo variety, and at the same time, the 
variety established more pods and seeds on the plant than the self-completing 
variety. Panasiewicz et al. [33] state that the traditional blue lupine variety Bojar 
was characterized by a greater number of pods and seeds per plant, a weight of 
thousand seeds, and Regent varieties produced more seeds in the pod. Szymańska 
et al. [25] observed a greater number of pods and seeds on the plant in the Mister 
variety of yellow lupine than in the Perkoz variety (self-completing), and the 
number of seeds in the pod and the weight of thousand seeds were similar in both 
varieties. Podleśny [26] states that the self-completing variety of faba bean Tim 
planted more pods on the plant, and the Nadwiślański variety set more seeds on 
the plant and was characterized by larger seeds. According to Prusiński [27], the 

Species Cultivar Protein content (g·kg−1s.m) Protein yield  (kg·ha−1)

2016 2017 2016 2017

Blue lupine Kurant 300.5 312.5 759 440

Regent 281.3 301.1 744 403

Yellow lupine Bursztyn 425.2 437.3 658 371

Perkoz 381.6 400.9 632 400

Field pea Hubal 213.2 225.4 566 508

Batuta 204.4 213.6 581 460

Faba bean Amulet 287.6 306.8 898 373

Granit 273.8 290.7 870 348

HSD0.05 For: species
Cultivar

29.6
14.28

31.70
1.29

17.7
12.4

20.7
2.5

Table 3. 
The protein content and protein yield of legume.
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was characterized by a greater number of pods and seeds per plant, a weight of 
thousand seeds, and Regent varieties produced more seeds in the pod. Szymańska 
et al. [25] observed a greater number of pods and seeds on the plant in the Mister 
variety of yellow lupine than in the Perkoz variety (self-completing), and the 
number of seeds in the pod and the weight of thousand seeds were similar in both 
varieties. Podleśny [26] states that the self-completing variety of faba bean Tim 
planted more pods on the plant, and the Nadwiślański variety set more seeds on 
the plant and was characterized by larger seeds. According to Prusiński [27], the 

Species Cultivar Protein content (g·kg−1s.m) Protein yield  (kg·ha−1)

2016 2017 2016 2017

Blue lupine Kurant 300.5 312.5 759 440

Regent 281.3 301.1 744 403

Yellow lupine Bursztyn 425.2 437.3 658 371

Perkoz 381.6 400.9 632 400

Field pea Hubal 213.2 225.4 566 508

Batuta 204.4 213.6 581 460

Faba bean Amulet 287.6 306.8 898 373

Granit 273.8 290.7 870 348

HSD0.05 For: species
Cultivar

29.6
14.28

31.70
1.29

17.7
12.4

20.7
2.5

Table 3. 
The protein content and protein yield of legume.



Legume Crops – Characterization and Breeding for Improved Food Security

72

Nadwiślański variety was characterized by more favorable elements of the yield 
structure (number of pods, seeds, seed mass, weight of thousand seeds) than the 
self-completing varieties.

The longest fruiting part was produced by faba bean, especially the Amulet 
variety with a traditional type of growth. In the other varieties of the assessed 
species, the values   of these features were relatively small. In 2016 and 2017, the 
plants of the evaluated species, the first pod, were established at a similar height; 
only in 2018 both varieties of peas deposited it much higher (Tables 6–8). Both pea 
varieties were characterized by the smallest dry mass of stems and pods than those 
of other species (Table 9). Kulig [29] observed the highest faba bean plants of the 
traditional type of growth (Nadwiślański), and the Titus (self-completing) variety 
deposited only the first pod and produced the shortest fruiting part.

Fat is an important component of legume seeds, regardless of the species. The 
seeds of yellow and blue lupine contained more than seeds of pea and faba bean. 
Varieties of peas accumulated a similar amount of this ingredient, while more fat 

Species Cultivar Weight of seeds on plant (g) Number of seeds per pods

2016 2017 2018 2016 2017 2018

Blue lupine Kurant 4.63 3.13 4.18 4.30 3.87 3.59

Regent 5.20 2.72 4.77 4.65 3.93 4.34

Yellow lupine Bursztyn 2.98 1.89 3.38 3.73 3.33 3.29

Perkoz 3.60 2.30 3.71 3.60 2.97 3.16

Field pea Hubal 3.08 2.17 3.32 3.53 3.21 3.84

Batuta 3.45 1.78 3.04 3.70 3.30 3.64

Faba bean Amulet 11.58 3.03 5.42 3.23 2.59 2.92

Granit 10.20 3.70 5.33 3.48 2.44 2.97

HSD0.05 For: species
Cultivar

0.216
0.018

0.132
n.i.

0.079
0.118

0.170
0.149

0.152
0.089

0.077
0.075

Table 5. 
The weight of seeds on plant and number of seeds per pods.

Species Cultivar Number of pods Number of seeds

2016 2017 2018 2016 2017 2018

Blue lupine Kurant 7.68 6.18 7.90 33.1 23.9 28.36

Regent 8.15 4.88 8.35 37.6 19.2 36.25

Yellow lupine Bursztyn 7.73 4.35 8.60 28.6 14.5 28.29

Perkoz 8.6 5.46 8.45 31.1 16.2 26.70

Field pea Hubal 5.15 3.05 4.60 18.8 9.8 17.66

Batuta 5.45 2.65 4.50 20.6 8.7 16.38

Faba bean Amulet 11.08 2.90 5.35 35.6 7.5 15.62

Granit 10.05 3.40 5.33 34.9 8.3 15.83

HSD0.05 For: species
Cultivar

0.314
n.i.

0.058
n.i.

0.240
n.i.

1.86
1.32

1.72
0.06

1.637
n.i.

Table 4. 
Number of pods and seeds on plant.
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contented in self-completing varieties of faba bean, blue lupine, and yellow lupine 
(Table 10). The studies showed that, regardless of the agroecological conditions, 
the yellow lupine varieties were characterized by a higher content of crude protein 
and crude fiber. Both blue lupine varieties contents high amount of fiber also. 
Unfavorable weather conditions during the growing season had a positive effect on 
the accumulation of protein and fat in the seeds of all legume species.

Podleśny and Strobel [21], among the evaluated varieties of blue lupine, the 
most favorable protein content was characterized by Graf varieties, yellow lupine 
Wersal, and the most fiber accumulated in varieties of Graf and Boruta. The 
same authors [21] state that the amount of ash in seeds of all varieties was similar. 
Podleśny and Strobel [34] did not report differences in protein concentration in 
seeds of yellow lupine varieties. In their opinion, more fat contained Legat and 
Markiz seeds, and the least fiber of Polo variety. In their studies, ash content was 
similar in all species and varieties. Kulig [28] did not observe differences in protein 
content in the seeds of various faba bean cultivars with different morphological 
structures.

Księżak et al. [35] in previous studies showed that regardless of the habitat 
conditions varieties of blue lupine (Graf and Tango) and yellow lupine (Dukat, 

Species Cultivar Height of 
first pod

Height of 
last pod

Height of the apex 
pea plant

Length of 
fruiting pods

Blue lupine Kurant 42.8 51.2 55.6 8.4

Regent 41.3 52.3 58.2 11.0

Yellow 
lupine

Bursztyn 50.9 56.1 64.3 5.2

Perkoz 46.3 58.5 66.6 12.2

Field pea Hubal 50.0 58.2 64.9 8.2

Batuta 49.3 59.0 68.6 9.7

Faba bean Amulet 45.2 68.1 93.5 22.9

Granit 45.0 69.8 82.8 24.8

Table 6. 
The height of the first pod, of the last pod, and of the apex pea plant and length of the fruiting part of the stem 
in 2016.

Species Cultivar Height of 
the first 

pod

Height of 
the last 

pod

Height of the 
apex pea plant

Length of the 
fruiting part of the 

stem

Blue 
lupine

Kurant 31.8 38.4 41.5 6.6

Regent 27.2 32.3 37.8 5.1

Yellow 
lupine

Bursztyn 37.2 44.5 54.1 7.3

Perkoz 34.5 40.9 52.4 6.4

Field pea Hubal 43.9 47.5 52.7 3.6

Batuta 44.5 48.2 52.4 3.7

Faba bean Amulet 36.7 48.3 63.1 11.6

Granit 36.8 46.7 60.1 9.9

Table 7. 
The height of the first pod, of the last pod, and of the apex pea plant and length of the fruiting part 
of the stem in 2017.
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contented in self-completing varieties of faba bean, blue lupine, and yellow lupine 
(Table 10). The studies showed that, regardless of the agroecological conditions, 
the yellow lupine varieties were characterized by a higher content of crude protein 
and crude fiber. Both blue lupine varieties contents high amount of fiber also. 
Unfavorable weather conditions during the growing season had a positive effect on 
the accumulation of protein and fat in the seeds of all legume species.

Podleśny and Strobel [21], among the evaluated varieties of blue lupine, the 
most favorable protein content was characterized by Graf varieties, yellow lupine 
Wersal, and the most fiber accumulated in varieties of Graf and Boruta. The 
same authors [21] state that the amount of ash in seeds of all varieties was similar. 
Podleśny and Strobel [34] did not report differences in protein concentration in 
seeds of yellow lupine varieties. In their opinion, more fat contained Legat and 
Markiz seeds, and the least fiber of Polo variety. In their studies, ash content was 
similar in all species and varieties. Kulig [28] did not observe differences in protein 
content in the seeds of various faba bean cultivars with different morphological 
structures.

Księżak et al. [35] in previous studies showed that regardless of the habitat 
conditions varieties of blue lupine (Graf and Tango) and yellow lupine (Dukat, 
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in 2016.
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Regent 27.2 32.3 37.8 5.1
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Bursztyn 37.2 44.5 54.1 7.3
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Batuta 44.5 48.2 52.4 3.7

Faba bean Amulet 36.7 48.3 63.1 11.6
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Table 7. 
The height of the first pod, of the last pod, and of the apex pea plant and length of the fruiting part 
of the stem in 2017.
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Talar, Lord, and Baryt) were characterized by the highest protein content, while the 
Sonet variety of blue lupine and the Perkoz variety of yellow lupine—the smallest. 
Lagunes-Espinoza et al. [36] inform that the protein content in seeds in the same 
lupine species is relatively little differentiated, while definitely larger differences 
occur between species. Rybiński et al. [37] also report that among the varieties of 
blue lupine the largest amount of protein was recorded in the seeds of Graf, Baron, 
Neptun, and Boruta. Niwińska [38] reports that much less proteins contain sweet 
lupine seeds than alkaloid ones.

Obtained results by Księżak et al. [35] indicate that the evaluated varieties of 
yellow lupine were characterized by a similar fiber content; only the Perkoz variety 
contained significantly more of this component than Parys, whereas in the case of 
blue lupine, it contained the least Neptun variety and indeed more varieties Karo, 
Boruta, Graf, Bojar, and Kadryl. Niwińska [39] noted species and varietal diver-
sity in fiber accumulation. The most of this ingredient contained the blue lupine 
variety Sur, the least white lupine Bardo variety, and blue lupine Emir variety. The 
authors mentioned earlier [35] state that the least fat from the included varieties 

Species Cultivar Height of 
the first 

pod

Height of 
the last 

pod

Height of the 
apex pea plant

Length of the 
fruiting part of the 

stem

Blue 
lupine

Kurant 54.6 53.6 59.3 5.7

Regent 40.8 49.1 55.1 6.0

Yellow 
lupine

Bursztyn 43.2 60.1 65.2 5.1

Perkoz 37.9 47.2 52.2 5.5

Field pea Hubal 58.4 65.6 69.8 4.2

Batuta 59.0 65.6 70.3 3.7

Faba bean Amulet 41.6 61.6 76.7 15.1

Granit 45.6 53.2 63.0 9.8

Table 8. 
The height of the first pod, of the last pod, and of the apex pea plant and length of the fruiting part 
of the stem in 2018.

Species Cultivar Dry matter of the stem of one 
plant

Dry matter of siliques

2016 2017 2018 2016 2017 2018

Blue lupine Kurant 4.25 1.60 4.48 2.28 1.54 2.16

Regent 4.80 1.59 3.40 2.30 1.44 2.08

Yellow 
lupine

Bursztyn 4.05 1.92 5.25 2.80 1.92 3.58

Perkoz 4.30 2.09 4.99 2.64 1.67 3.00

Field pea Hubal 2.73 2.19 3.77 0.75 0.39 0.62

Batuta 2.80 1.96 4.09 0.78 0.32 0.69

Faba bean Amulet 11.20 3.34 5.59 3.15 1.63 1.96

Granit 8.63 3.23 5.23 3.05 1.72 2.18

HSD0.05 For: species
Cultivar

0.227
0.283

0.184
0.012

0.090
0.096

0.148
n.i.

0.193
0.019

0.088
0.068

Table 9. 
Dry matter of the stem of one legume plant and siliques (g).
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of blue lupine was collected by Boruta, while significantly more varieties were 
Kalif, Regent, and Zeus. On the other hand, in the case of yellow lupine, the Perkoz 
variety was distinguished by a significantly higher content of this ingredient than 
the other varieties.

Obtained by Księżak et al. [40], the results of the protein content assessment 
in faba bean showed that the smaller amount of it characterized Sonet, Optimal, 
and Granit varieties, while the larger the other evaluated varieties. Sarah et al. [41] 
inform that the content of protein, carbohydrates, ash, fat, and fiber depends on the 
variety. Mekkei [42], that regardless of the varieties, large bean seeds contain more 
protein and carbohydrates. Hendawey [43] reports that the differences in features 
between faba bean cultivars are caused by both genetic and environmental factors. 
Księżak [44] similar content of protein, fiber, fat ash, and nitrogen-free extract 
compounds in reported Nadwiślański, Bronto, Tino, and Martin varieties. Only 
Caspar varieties contained less protein and more nitrogenous compounds [44].

Species Cultivar Ash Fat Fiber

2016 2017 2016 2017 2016 2017

Blue lupine Kurant 42.3 43.4 62.4 67.2 173.1 162.1

Regent 33.9 36.7 64.2 71.2 162.4 163.5

Yellow lupine Bursztyn 40.1 42.6 50.4 60.2 172.3 158.2

Perkoz 38.4 39.3 59.5 73.1 176.4 157.6

Field pea Hubal 33.2 33.4 28.0 32.6 69.1 64.2

Batuta 35.6 36.3 28.8 34.3 66.8 61.3

Faba bean Amulet 37.1 36.4 21.9 24.0 91.1 94.3

Granit 36.8 37.1 30.1 28.3 87.2 90.3

HSD0.05 For: species
cultivar

3.74
n.i.

0.701
0.62

2.41
3.10

1.43
1.24

9.55
n.i.

8.71
n.i.

Table 10. 
Concentrations of crude fiber and fat in faba bean seeds depending on the method of fertilization (%).

Species Cultivar Potassium Phosphorus

2016 2017 2016 2017

Blue lupine Kurant 10.2 10.2 4.20 4.42

Regent 10.3 9.7 4.23 4.19

Yellow lupine Bursztyn 12.3 11.4 5.12 5.21

Perkoz 11.7 11.2 5.02 5.09

Field pea Hubal 11.3 10.8 4.93 4.83

Batuta 10.8 11.1 5.28 5.30

Faba bean Amulet 12.5 11.6 6.71 6.82

Granit 11.6 12.0 6.82 6.91

HSD0.05 For: species
Cultivar

1.58
0.62

1.63
n.i.

0.07
0.06

0.08
n.i.

Table 11. 
Concentrations of potassium and phosphorus in seeds depending on legume cultivar (%).
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of blue lupine was collected by Boruta, while significantly more varieties were 
Kalif, Regent, and Zeus. On the other hand, in the case of yellow lupine, the Perkoz 
variety was distinguished by a significantly higher content of this ingredient than 
the other varieties.
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and Granit varieties, while the larger the other evaluated varieties. Sarah et al. [41] 
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variety. Mekkei [42], that regardless of the varieties, large bean seeds contain more 
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Księżak [40] reported varied content of fiber, the least contained it Bobas and 
Granitp. Księżak [40] noted similar fat content in all evaluated cultivars in faba 
bean. However, Hendawey [43] showed greater concentration in Giza 843 and 
Giza 3. Nowacka-Zaborska and Oleszek [45] observed higher content of fat in faba 
bean seeds in drought conditions. The obtained results indicate that the seeds of 
both faba bean species showed a higher concentration of phosphorus and potassium 
in comparison with other species (statistically significant differences) (Table 11). 
There were no significant differences between the compared varieties within all 
plant species.

4. Conclusions

In ecological conditions, pea cultivation especially the Hubal variety (traditional 
form of foliage) allowed to obtain the largest seed yield and the smallest cultiva-
tion of yellow lupine independent on the morphological type. The self-completing 
varieties of faba beans, blue lupines, and yellow lupines were yielded at a higher 
level than varieties with a traditional type of growth. Significantly, higher yield 
of protein is provided by faba bean cultivation, while the smaller level of pea and 
yellow lupine.

Yellow and blue lupine seeds contained more fat than pea and faba bean seeds. 
Pea varieties, regardless of the form of foliage, accumulated a similar amount of 
this component, while more self-completing varieties of faba bean, blue lupine, and 
yellow lupine. Irrespective of the agroecological conditions, the seeds of the yel-
low lupine varieties were characterized by a higher protein and fiber content. Both 
varieties of blue lupine also characterized high fiber content. Unfavorable weather 
conditions during the growing season have positively influenced the accumulation 
of protein and fat in the seeds of all legume species. The seeds of the tested species 
contained a similar amount of potassium and phosphorus, a greater amount of ash 
characterized blue lupine of the Kurant variety.
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Chapter 7

Influence of Adjuvants on Efficacy 
of Postemergence Herbicides 
Commonly Used in Peanut 
(Arachis hypogaea L.)
William James Grichar, Peter A. Dotray and Mark A. Matocha

Abstract

Field studies were conducted for 2 years in the High Plains of Texas (34.1826o N, 
101.9505o W) and in South Texas (29.1634o N, 97.0725o W) to evaluate weed control 
when using different adjuvants with commonly used peanut herbicides. In the High 
Plains, Amaranthus palmeri L. control with acifluorfen, imazapic, lactofen, and 2,4-
DB at the 1X dose improved with the use of an adjuvant over no adjuvant. A. palmeri 
control with imazethapyr was similar to that seen with imazapic and lactofen with 
the exception of the 1/2X rate of imazethapyr, which showed improved control with 
Agridex over the use of no adjuvant or Induce in 1 year, while Induce was better than 
no adjuvant or Agridex in the other year. In 1 year in South Texas, A. palmeri control 
with imazapic at the 1X dose was ≥73% with/without an adjuvant. In another year, 
the 1X dose of imazapic controlled A. palmeri 64% without an adjuvant, while 
the addition of Cide Kick II resulted in 83% control. An adjuvant did not improve 
A. palmeri control with lactofen or Cucumis melo L. control with either imazapic 
or lactofen. Urochloa texana (Buckl.) control with clethodim at the 1X dose was not 
improved by the addition of an adjuvant in either year. U. texana control was not 
improved when using the 1X dose of fluazifop-P with any adjuvant.

Keywords: herbicides, Palmer amaranth, smell melon, Texas millet, weed control

1. Introduction

An adjuvant is described as any compound that lowers the surface tension of a 
liquid, thereby increasing the contact between the liquid and another substance [1]. 
The efficacy of postemergence (POST) herbicides is influenced by several factors 
including weed species [2], weed size [2, 3], environmental conditions at the time of 
application [4, 5], application rate [2], interactions with other agrichemicals [6, 7], 
and the interaction with adjuvants [3, 7–10].

Adjuvants enhance herbicide efficacy primarily through increasing herbicide 
absorption [9–12]. Some adjuvants alter the formulation of a herbicide so that the 
herbicide more completely and evenly covers the plant surfaces, thereby keeping 
the herbicide in contact with plant tissue rather than beading up and rolling off 
[13, 14]. This is accomplished by the adjuvant reducing the surface tension and 
contact angle of herbicide solution, thereby improving the coverage of the solution 
and improving the chance for the herbicide to penetrate the plant surface [15–17]. 
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Foy and Smith [18] studied the effect of adjuvants on surface tension and herbicide 
efficacy and found that minimum surface tension and contact angle occurred at 
concentrations of 0.1–0.5% for all adjuvants tested. However, maximum herbicidal 
activity was observed at 1% concentration, which indicated that there were other 
factors increasing herbicide activity besides surface tension and contact angle. They 
concluded that specific interactions of herbicide-adjuvant-plant surface were a part 
of the total adjuvant action.

Other adjuvants increase the herbicides’ penetration through the cuticular wax, 
cell walls, and/or stomatal openings [13, 14, 19, 20]. Crop oil concentrates and veg-
etable oils fall into the category of penetrants [20]. This type of adjuvant improves 
cuticular penetration by softening, plasticizing, or dissolving cuticular waxes and 
allowing herbicide movement to the more hydrophilic regions underneath [20]. 
Although volatile herbicides easily penetrate stomata, stomatal penetration by an 
aqueous solution is not possible unless the surface tension of the spray solution is 
reduced significantly [20]. Most adjuvants are incapable of reducing surface tension 
enough to allow stomatal penetration. Prior to the development of the organosili-
cone surfactants, stomatal infiltration of herbicides into the leaf was considered to 
be of minor importance [20]. In contrast to other wetting agents, the organosilicone 
surfactants can reduce surface tension to levels low enough to allow stomatal 
infiltration of aqueous spray solutions [21–23]. When stomatal penetrations occur, 
it is greatest in the morning when stomates are more likely to be open.

The objectives of this research were (1) to compare efficacy of several grass 
and broadleaf herbicides commonly used in peanut (Arachis hypogaea L.) when 
applied with different adjuvants and (2) compare the different spray adjuvants 
when labeled and sublethal herbicide doses are used with acifluorfen, clethodim, 
fluazifop-P-butyl, imazapic, imazethapyr, lactofen, and 2,4-DB on four major 
weeds found in Texas peanut.

2. Materials and methods

2.1 Field studies

These studies were conducted during the 2011 and 2012 peanut growing sea-
sons in the Texas High Plains near Halfway (34.1826o N, 101.9505o W) and during 
the 2012 and 2013 growing seasons in the south-central Texas peanut growing 
region near Yoakum (29.276o N, 97.123o W). Soil type at the High Plains location 
was a Pullman clay loam (fine, mixed, thermic Torrertic Paleustoll) with less 
than 1% organic matter and pH 7.7, while at the South Texas location, the soil type 
was a Denhawken sandy loam (fine-silty, carbonitic, hyperthermic Fluventic 
Ustochrepts) with less than 1.0% organic matter and pH 7.6. Studies were con-
ducted in the same field but moved from year-to-year to different areas within 
those fields. Irrigation was applied as needed to maintain soil moisture and plant 
growth.

2.2 Herbicides, doses, and application

Postemergence herbicide treatments at the High Plains location included 
acifluorfen {5-[2-chloro-4-(trifluoromethyl) phenoxy]-2-nitrobenzoic acid} at 
0.28 (1/2X) and 0.56 kg ai/ha (1X), imazapic {(+)-2-[4,5-dihydro-4-methyl-4-
4(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-methyl-3-pyridinecarboxylic acid} 
at 0.035 (1/2X) and 0.07 kg ai/ha (1X), imazethapyr {2-[4,5-dihydro-4-methyl-
4-(1-methylethyl)-5-oxo-1H-imidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid} 
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at 0.035 (1/2X) and 0.07 kg ai/ha (1X), lactofen {2-ethoxyl-1-methyl-2-oxoethyl 
5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzene} at 0.11 (1/2X) and 0.22 
(1X) kg ai/ha, and 2,4-DB [4-(2,4-dichlorophenoxy) butanoic acid] at 0.14 (1/2X) 
and 0.28 (1X) kg ai/ha. An untreated check was included for comparison.

In South Texas, herbicides in the broadleaf weed study included imaza-
pic and lactofen at the previously mentioned rates, while in the annual grass 
study, the herbicides included clethodim {(E)-2-[1-[[(3-chloro-2-propenyl)
oxy]imino]propyl]5-[2-(ethylthio)propyl]-3-hydroxy-2-cyclohexen-1-one} at 
0.05 (1/2X) and 0.1 (1X) kg ai/ha and fluazifop-P-butyl {(butyl)(R)-2-[4-[[5-
(trifluoromethyl)-2-pyridinyl]oxy]phenoxy]propanoate} at 0.1 (1/2X) and 0.2 
(1X) kg ai/ha. Adjuvants in both studies include Agridex®, Cide-Kick II®, ETA®, 
Induce®, and 90–10® (Table 1). An untreated check was included for comparison 
in each study.

Herbicides were applied in water using a CO2 pressurized backpack sprayer 
with TeeJet® 11002 DG (Spraying Systems Company, P.O. Box 7900, North Avenue, 
Wheaton, IL 60188) nozzles calibrated to deliver 190 L/ha at 180 kPa at the South 
Texas location and TurboTee® 110015 nozzles calibrated to deliver 94 L/ha at 
207 kPa at the High Plains location. Herbicides were applied POST when Amaranthus 
palmeri L. was up to 43 cm tall, while Cucumis melo L. var. Dudaim Naud. vines were 
vining up to 38 cm in length. Urochloa texana (Buckl.) R. Webster was up to 46 cm 
in height at the time of herbicide application (Table 2).

2.3 Experimental design, weeds, and densities

The experimental design was a randomized complete block with three replica-
tions at both locations. A. palmeri was evaluated at the High Plains location in a 
5-(herbicide)-by-2-(dose)-by-3 (adjuvant) factorial arrangement of treatments.

At the South Texas location, two separate studies were completed. In the first 
study, A. palmeri and C. melo were evaluated using imazapic and lactofen, while 
in another study, U. texana was evaluated using clethodim and fluazifop-P butyl 
for control. Both studies in South Texas were a 2-(herbicide)-by-2-(dose)-by-6-
(adjuvant) factorial arrangement of treatments.

Individual plots at the High Plains location were four rows 9.5 m long spaced 
101 cm apart, and the middle two rows of each plot were sprayed, while at the 
South Texas location, plots were two rows 7.9 m long spaced 97 cm apart. Natural 

Adjuvant Adjuvant composition Dose (%, v/v) Manufacturer

Agridex Paraffin-based petroleum oil (83%) and 
surfactant blend (17%)

1.0 Helena Chem. Co.

Cide-Kick 
II

100% d’limonene and related isomers plus 
selected emulsifiers

1.0 Brewer International

ETA Paraffinic petroleum oil (60%) and 
ethoxylated nonionic surfactant (40%); 

unsulfonated oil residue (UR) value, 90% 
minimum

1.0 Aurora Cooperative

Induce Alkylarylpolyoxylkane ether, free fatty acids 
isopropyl (90%) and water and formulation 

aids (10%)

0.25 Helena Chem. Co.

90–10 Alkyl, polyethoxy ethers, ethoxylated and 
soybean derivatives, and antifome 90–10

1.0 Precision 
Laboratories

Table 1. 
Adjuvants, composition, dose, and manufacturer.
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infestations of A. palmeri at the High Plains location were present at a population 
range of 6–8 plants/m2. A. palmeri, C. melo, and U. texana were present in South 
Texas at a population density of 6–10 plants/m2 in both years.

2.4 Peanuts and planting

At the High Plains location, OLin [24] was planted in both years at the rate of 
100 kg/ha. Planting date in 2011 was April 27, while in 2012, the planting date was 
May 1. Tamrun OL07 [25] and Georgia 09B [26] peanut were planted at the rate of 
110 kg/ha in South Texas on June 14, 2012 and June 6, 2013, respectively. At neither 
location was peanut harvested for yield.

2.5 Weed efficacy ratings and data analysis

Weed control or peanut injury was estimated visually using a scale of 0 (no weed 
control or peanut injury) to 100 (complete weed control or plant death) relative 
to the untreated control [27]. Weed control ratings and peanut injury consisting 
of chlorosis and/or stunting (where applicable) were taken 2 and 4 weeks after 
herbicide application.

Data from the High Plains were analyzed using a five by a two-by-three factorial 
analysis (POST herbicide by dose by adjuvant), while the data from South Texas 
were analyzed using a two-by-two-by-six factorial analysis (POST herbicides by 
dose by adjuvant). Significant differences among treatments were determined using 
analysis of variance and means were separated by protected Fisher’s LSD test at 
P < 0.05 [28]. Visual estimates of weed control and peanut injury were transformed 
to the arcsine square root prior to analysis of variance, but are expressed in their 
original form for clarity because the transformation did not alter interpretation. 
The untreated check was not included in the weed control or peanut injury analysis.

Date Time of 
day

Herbicide 
appl.

Dew RH 
(%)

AT 
(°C)

ST 
(°C)

SMa WSa, b 
(cm)

High Plains

6/30/2011 10:30 am All No 35 32 26 G 10–36

6/02/2012 2:30 pm All No 51 29 31 D 25–43

South Texas

7/19/2012 7:45 am Imazapic 
lactofen

Yes 90 31 27 E 15–36(A)
15–38(C)

7/23/2012 8:00 am Clethodim 
fluazifop

Yes 98 25 27 E 20–46(U)

7/13/2013 6:30 am Imazapic Yes 90 24 27 G 15–25(A)
15–30(C)

7/14/2013 6:30 am Lactofen Yes 94 24 27 G 15–25(A)
15–30(C)

7/23/2013 7:00 am Clethodim Yes 96 26 26 E 20–46(U)

7/24/2013 7:00 am Fluazifop Yes 96 24 26 E 20–46(U)
aA, A. palmeri; AT, air temperature; C, C. melo; D, dry; E, excellent; G, good; RH, relative humidity; ST, soil 
temperature; SM, soil moisture; U, U. texana; and WS, weed size.
bOnly A. palmeri was present at Halfway.

Table 2. 
Environmental conditions at time of herbicide application at each location.
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3. Results and discussion

3.1 Amaranthus palmeri control

3.1.1 High Plains of Texas

No attempt was made to consolidate data over years since there was a treatment 
by year interaction and environmental conditions (relative humidity, soil tem-
perature, and soil moisture) at time of herbicide application varied between years 
(Table 2). Also, extremely hot, dry weather conditions were observed in 2011 
(data not shown). Although the test area was irrigated, the record high tempera-
tures and low rainfall [29] made it difficult to maintain adequate soil moisture for 
plant growth.

In 2011, only the high dose of acifluorfen and 2,4-DB showed no response to 
the addition of an adjuvant, while the addition of either Agridex or Induce to 
the low dose of acifluorfen and 2,4-DB improved A. palmeri control over those 
herbicides with no adjuvant (Table 3). The addition of Induce to either imazapic 
or imazethapyr at 0.035 kg/ha or lactofen at 0.11 kg/ha improved control over 
those herbicides without any adjuvant, while the addition of Agridex to the high 
dose of these herbicides improved control over Induce or the use of the herbicide 
with no adjuvant. Other research has reported that herbicide rates can be reduced 
up to 75% with the use of adjuvants, usually when applications are made during 
early growth stages [30–32]. However, successful control using reduced herbicide 
rates depends on weed growth stage sensitivity [33, 34] and current environmental 
conditions [35, 36].

In 2012, the low dose of either imazapic or lactofen showed no response to A. 
palmeri control with the addition of an adjuvant, while acifluorfen, imazapic, ima-
zethapyr, or lactofen at the high dose and 2,4-DB at both doses resulted in greater 
control with the addition of either Agridex or Induce over the use of no adjuvant 
(Table 3). A. palmeri control with acifluorfen, imazapic, or lactofen herbicides 
was similar with either adjuvant. Imazethapyr, at either dose, provided better 
control with the addition of Agridex than the addition of Induce. Since soil mois-
ture was low in 2011 and weed size at time of herbicide application was greater in 
2012 than 2011 (Table 2), the use of an adjuvant proved beneficial. Adjuvants have 
been reported to increase absorption of bentazon in Abutilon theophrasti Medic. 
[37] although plants were water-stressed [38]. Bellinder et al. [39] reported that 
there was no benefit in using a crop oil concentrate (COC) with either bentazon 
or fomesafen at the 0–2 or 2–4-leaf stage of A. theophrasti; however, control was 
inconsistent at the 4–6-leaf stage even when a COC was used.

3.1.2 South Texas

In 2012, only the addition of ETA to imazapic at the low dose improved A. 
palmeri control over the use of either imazapic or lactofen without an adjuvant 
(Table 4). In 2013, the addition of either Induce or Cide-Kick II to the low dose 
of imazapic or Cide-Kick II and 90–10 to the high dose of imazapic improved 
control over both doses of imazapic without an adjuvant. No other adjuvants 
improved A. palmeri control over either dose of imazapic or lactofen without  
an adjuvant.

In both years, A. palmeri amaranth control when using lactofen with or without 
an adjuvant was at least 88% with the exception of the addition of ETA to the high 
dose of lactofen in 2012, which resulted in 78% control. Grichar and Dotray [40] 
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location was peanut harvested for yield.

2.5 Weed efficacy ratings and data analysis

Weed control or peanut injury was estimated visually using a scale of 0 (no weed 
control or peanut injury) to 100 (complete weed control or plant death) relative 
to the untreated control [27]. Weed control ratings and peanut injury consisting 
of chlorosis and/or stunting (where applicable) were taken 2 and 4 weeks after 
herbicide application.

Data from the High Plains were analyzed using a five by a two-by-three factorial 
analysis (POST herbicide by dose by adjuvant), while the data from South Texas 
were analyzed using a two-by-two-by-six factorial analysis (POST herbicides by 
dose by adjuvant). Significant differences among treatments were determined using 
analysis of variance and means were separated by protected Fisher’s LSD test at 
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to the arcsine square root prior to analysis of variance, but are expressed in their 
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The untreated check was not included in the weed control or peanut injury analysis.

Date Time of 
day

Herbicide 
appl.

Dew RH 
(%)

AT 
(°C)

ST 
(°C)

SMa WSa, b 
(cm)

High Plains

6/30/2011 10:30 am All No 35 32 26 G 10–36

6/02/2012 2:30 pm All No 51 29 31 D 25–43

South Texas

7/19/2012 7:45 am Imazapic 
lactofen

Yes 90 31 27 E 15–36(A)
15–38(C)

7/23/2012 8:00 am Clethodim 
fluazifop

Yes 98 25 27 E 20–46(U)

7/13/2013 6:30 am Imazapic Yes 90 24 27 G 15–25(A)
15–30(C)

7/14/2013 6:30 am Lactofen Yes 94 24 27 G 15–25(A)
15–30(C)

7/23/2013 7:00 am Clethodim Yes 96 26 26 E 20–46(U)

7/24/2013 7:00 am Fluazifop Yes 96 24 26 E 20–46(U)
aA, A. palmeri; AT, air temperature; C, C. melo; D, dry; E, excellent; G, good; RH, relative humidity; ST, soil 
temperature; SM, soil moisture; U, U. texana; and WS, weed size.
bOnly A. palmeri was present at Halfway.

Table 2. 
Environmental conditions at time of herbicide application at each location.
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3. Results and discussion

3.1 Amaranthus palmeri control

3.1.1 High Plains of Texas

No attempt was made to consolidate data over years since there was a treatment 
by year interaction and environmental conditions (relative humidity, soil tem-
perature, and soil moisture) at time of herbicide application varied between years 
(Table 2). Also, extremely hot, dry weather conditions were observed in 2011 
(data not shown). Although the test area was irrigated, the record high tempera-
tures and low rainfall [29] made it difficult to maintain adequate soil moisture for 
plant growth.

In 2011, only the high dose of acifluorfen and 2,4-DB showed no response to 
the addition of an adjuvant, while the addition of either Agridex or Induce to 
the low dose of acifluorfen and 2,4-DB improved A. palmeri control over those 
herbicides with no adjuvant (Table 3). The addition of Induce to either imazapic 
or imazethapyr at 0.035 kg/ha or lactofen at 0.11 kg/ha improved control over 
those herbicides without any adjuvant, while the addition of Agridex to the high 
dose of these herbicides improved control over Induce or the use of the herbicide 
with no adjuvant. Other research has reported that herbicide rates can be reduced 
up to 75% with the use of adjuvants, usually when applications are made during 
early growth stages [30–32]. However, successful control using reduced herbicide 
rates depends on weed growth stage sensitivity [33, 34] and current environmental 
conditions [35, 36].

In 2012, the low dose of either imazapic or lactofen showed no response to A. 
palmeri control with the addition of an adjuvant, while acifluorfen, imazapic, ima-
zethapyr, or lactofen at the high dose and 2,4-DB at both doses resulted in greater 
control with the addition of either Agridex or Induce over the use of no adjuvant 
(Table 3). A. palmeri control with acifluorfen, imazapic, or lactofen herbicides 
was similar with either adjuvant. Imazethapyr, at either dose, provided better 
control with the addition of Agridex than the addition of Induce. Since soil mois-
ture was low in 2011 and weed size at time of herbicide application was greater in 
2012 than 2011 (Table 2), the use of an adjuvant proved beneficial. Adjuvants have 
been reported to increase absorption of bentazon in Abutilon theophrasti Medic. 
[37] although plants were water-stressed [38]. Bellinder et al. [39] reported that 
there was no benefit in using a crop oil concentrate (COC) with either bentazon 
or fomesafen at the 0–2 or 2–4-leaf stage of A. theophrasti; however, control was 
inconsistent at the 4–6-leaf stage even when a COC was used.

3.1.2 South Texas

In 2012, only the addition of ETA to imazapic at the low dose improved A. 
palmeri control over the use of either imazapic or lactofen without an adjuvant 
(Table 4). In 2013, the addition of either Induce or Cide-Kick II to the low dose 
of imazapic or Cide-Kick II and 90–10 to the high dose of imazapic improved 
control over both doses of imazapic without an adjuvant. No other adjuvants 
improved A. palmeri control over either dose of imazapic or lactofen without  
an adjuvant.

In both years, A. palmeri amaranth control when using lactofen with or without 
an adjuvant was at least 88% with the exception of the addition of ETA to the high 
dose of lactofen in 2012, which resulted in 78% control. Grichar and Dotray [40] 
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reported that lactofen control of A. palmeri was greater when applied to 2–5 cm tall 
compared with either 15–20 or 25–30 cm tall plants.

Mayo et al. [41] concluded that A. palmeri control generally decreased as appli-
cation timing was delayed for acifluorfen, imazethapyr, and lactofen.

Herbicide/dose Adjuvanta Peanut injuryb,c (%) A. palmeri (%)

2012 2011 2012

Acifluorfen/0.28 kg/ha None 3 7 22

Agridex 7 30 30

Induce 5 30 25

Acifluorfen/0.56 kg/ha None 5 27 32

Agridex 6 43 47

Induce 6 43 47

Imazapic /0.035 kg/ha None 0 33 70

Agridex 0 22 67

Induce 0 53 70

Imazapic /0.07 kg/ha None 0 58 78

Agridex 0 80 93

Induce 0 58 93

Imazethapyr/0.035 kg/ha None 0 27 10

Agridex 0 27 27

Induce 0 50 12

Imazethapyr/0.07 kg/ha None 0 42 47

Agridex 0 65 82

Induce 0 27 67

Lactofen/0.11 kg/ha None 4 8 15

Agridex 4 18 22

Induce 4 33 20

Lactofen/0.22 kg/ha None 6 40 22

Agridex 5 73 35

Induce 6 38 37

2,4-DB/0.23 kg/ha None 2 12 37

Agridex 3 52 63

Induce 3 65 60

2,4-DB/0.46 kg/ha None 5 68 73

Agridex 5 77 87

Induce 5 78 83

LSD (0.05) 2 18 8
aAdjuvant doses: Agridex, 1.0% v/v; Induce, 0.25% v/v.
bNo injury was noted in 2011.
cAcifluorfen and lactofen leaf injury consisted of leaf burn, interveinal chlorosis, and marginal necrosis while 2,4-DB 
injury consisted of leaf curling and irregular leaf growth.

Table 3. 
Peanut injury and Amaranthus palmeri control in the High Plains 1 month after herbicide application when 
using different adjuvants.
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3.2 Cucumis melo L. control

In neither 2012 nor 2013 did the use of any adjuvant with either dose of imazapic 
or lactofen improve C. melo control over the use of no adjuvant (Table 4). In 2013, 
using Induce with the low dose of imazapic did reduce C. melo control compared to 
the use of no adjuvant or ETA. Imazapic at 0.04–0.07 kg/ha controlled greater than 
90% C. melo in corn (Zea mays L.) regardless whether applied either preemergence, 
early POST or late POST [42], while Grichar [43] has seen similar results in peanut 
with imazapic POST applications.

Herbicide/dose Adjuvanta,b Peanut injuryc A. palmeri C. melo

2012 
(%)

2013 
(%)

2012 
(%)

2013 
(%)

2012 
(%)

2013 
(%)

Imazapic/0.035 kg/ha None 0 0 66 70 82 97

Agridex 0 0 82 75 89 89

Induce 0 0 72 86 91 82

C-K II 0 0 66 82 85 93

90–10 0 0 53 66 91 90

ETA 0 0 88 80 94 97

Imazapic /0.07 kg/ha None 0 0 75 64 99 95

Agridex 0 0 73 71 97 91

Induce 0 0 83 66 97 97

C-K II 0 0 80 83 95 98

90–10 0 0 88 79 99 99

ETA 0 0 83 57 98 99

Lactofen/0.11 kg/ha None 23 2 94 96 82 97

Agridex 38 18 99 97 89 99

Induce 27 4 91 92 91 95

C-K II 33 18 99 100 85 94

90–10 18 10 88 98 91 89

ETA 33 19 93 96 94 99

Lactofen/0.22 kg/ha None 22 6 97 98 99 100

Agridex 38 20 97 89 97 100

Induce 19 7 91 99 97 100

C-K II 33 17 99 92 95 99

90–10 23 10 99 95 99 99

ETA 38 22 78 97 98 100

LSD (0.05) 11 5 22 12 14 9
aAdjuvant dose: Agridex, 1.0% v/v; Induce, 0.25% v/v; Cide-Kick II, 1.0% v/v; 90–10, 1.0% v/v; and ETA, 1.0% v/v.
bC-K II, Cide-Kick II.
cPeanut injury ratings taken 4 days after herbicide application in 2012 and 7 days after herbicide application in 2013.

Table 4. 
Peanut injury, Amaranthus palmeri, and Cucumis melo control in South Texas 1 month after imazapic and 
lactofen application when using different adjuvants.
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Agridex 5 73 35
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2,4-DB/0.23 kg/ha None 2 12 37

Agridex 3 52 63

Induce 3 65 60

2,4-DB/0.46 kg/ha None 5 68 73

Agridex 5 77 87

Induce 5 78 83

LSD (0.05) 2 18 8
aAdjuvant doses: Agridex, 1.0% v/v; Induce, 0.25% v/v.
bNo injury was noted in 2011.
cAcifluorfen and lactofen leaf injury consisted of leaf burn, interveinal chlorosis, and marginal necrosis while 2,4-DB 
injury consisted of leaf curling and irregular leaf growth.

Table 3. 
Peanut injury and Amaranthus palmeri control in the High Plains 1 month after herbicide application when 
using different adjuvants.
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3.2 Cucumis melo L. control

In neither 2012 nor 2013 did the use of any adjuvant with either dose of imazapic 
or lactofen improve C. melo control over the use of no adjuvant (Table 4). In 2013, 
using Induce with the low dose of imazapic did reduce C. melo control compared to 
the use of no adjuvant or ETA. Imazapic at 0.04–0.07 kg/ha controlled greater than 
90% C. melo in corn (Zea mays L.) regardless whether applied either preemergence, 
early POST or late POST [42], while Grichar [43] has seen similar results in peanut 
with imazapic POST applications.

Herbicide/dose Adjuvanta,b Peanut injuryc A. palmeri C. melo

2012 
(%)

2013 
(%)

2012 
(%)

2013 
(%)

2012 
(%)

2013 
(%)

Imazapic/0.035 kg/ha None 0 0 66 70 82 97

Agridex 0 0 82 75 89 89

Induce 0 0 72 86 91 82

C-K II 0 0 66 82 85 93

90–10 0 0 53 66 91 90

ETA 0 0 88 80 94 97

Imazapic /0.07 kg/ha None 0 0 75 64 99 95

Agridex 0 0 73 71 97 91

Induce 0 0 83 66 97 97

C-K II 0 0 80 83 95 98

90–10 0 0 88 79 99 99

ETA 0 0 83 57 98 99

Lactofen/0.11 kg/ha None 23 2 94 96 82 97

Agridex 38 18 99 97 89 99

Induce 27 4 91 92 91 95

C-K II 33 18 99 100 85 94

90–10 18 10 88 98 91 89

ETA 33 19 93 96 94 99

Lactofen/0.22 kg/ha None 22 6 97 98 99 100

Agridex 38 20 97 89 97 100

Induce 19 7 91 99 97 100

C-K II 33 17 99 92 95 99

90–10 23 10 99 95 99 99

ETA 38 22 78 97 98 100

LSD (0.05) 11 5 22 12 14 9
aAdjuvant dose: Agridex, 1.0% v/v; Induce, 0.25% v/v; Cide-Kick II, 1.0% v/v; 90–10, 1.0% v/v; and ETA, 1.0% v/v.
bC-K II, Cide-Kick II.
cPeanut injury ratings taken 4 days after herbicide application in 2012 and 7 days after herbicide application in 2013.

Table 4. 
Peanut injury, Amaranthus palmeri, and Cucumis melo control in South Texas 1 month after imazapic and 
lactofen application when using different adjuvants.
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The high humidities at application timing may have been a factor in the excellent 
control [44]. Wichert et al. [44] reported that relative humidity appeared to be a 
more important environmental factor than temperature on the activity of lactofen 
and other diphenylether herbicides on Sida spinosa L. Control of Xanthium strumar-
ium L. and Ambrosia artemisiifolia L. with acifluorfen at 85% relative humidity was 
10–30% greater than control with treatments applied at 50% relative humidity [45].

3.3 Urochloa texana control

The use of an adjuvant with either dose of clethodim did not improve U. texana 
control over clethodim alone at either evaluation timing or in either year (Table 5). 
Trends in 2013, when evaluated 2 weeks after herbicide application, did indicate 
that the addition of either Agridex or Cide-Kick II hastened the kill of U. texana. 
Jordan et al. [46] reported that the most consistent grass control with clethodim was 
obtained when applied with adjuvants containing a crop oil constituent or with the 
adjuvant Dash. They stated that although clethodim applied with a conventional non-
ionic adjuvant or silicone-based adjuvant controlled grasses in some instances, espe-
cially when applied at the higher dose of 0.14 kg/ha, control was inconsistent. They 
concluded that differences in efficacy among experiments could not be explained by 
differences in visible plant stress or extremes in temperature or relative humidity.

As seen with clethodim, the addition of an adjuvant to fluazifop-P-butyl did not 
improve U. texana control over the use of fluazifop alone at either dose (Table 5). At 
the time of herbicide application, relative humidity was at least 96% and soil mois-
ture was excellent in both years (Table 2). These conditions can greatly influence 
herbicide activity [47, 48]. The effect of one climatic factor, such as humidity, will be 
greatest when other factors such as temperature or soil moisture are optimal [48].

3.4 Peanut injury

No injury was noted at the High Plains location in 2011 (data not shown). In 
some instances, imazapic can cause a yellowing of peanut plant for approximately 
7–10 days after application; however, no injury was noted when rated 1 month after 
herbicide application (Table 3) in the High Plains or 4–7 days after application in 
South Texas (Table 4). Acifluorfen did cause a leaf burn, which was still noticeable 
1 month after herbicide application (Table 3). The use of either Agridex or Induce 
with the lower dose of acifluorfen resulted in greater leaf burn than acifluorfen 
alone; however, this was not seen with the higher dose as there was no difference 
in leaf burn with/without the use of an adjuvant. The use of 2,4-DB did result in 
leaf curling and some irregular leaf growth, but no differences were noted with 
or without adjuvant with either dose (Table 3). Lactofen can also result in peanut 
leaf burn. Peanut injury ratings with lactofen were less in the High Plains (Table 3) 
than South Texas (Table 4), and this was due in part to the time interval between 
herbicide application ratings. In South Texas, ratings were taken 7 days or less after 
herbicide application, while in the High Plains, ratings were taken 30 days after 
application. Also, delaying the rating in 2013 by 3 days resulted in less injury than 
the 4 days evaluation (Table 4). At the High Plains location, no differences in leaf 
burn were noted with any adjuvant with either dose of lactofen (Table 3). At the 
South Texas location in 2012, leaf burn was greatest with Agridex when using the 
lower dose of lactofen (Table 5). At the higher dose of lactofen, Agridex, Cide-Kick 
II, and ETA resulted in greater injury than lactofen alone or lactofen plus Induce. In 
2013, leaf burn with lactofen was greater when Agridex, Cide-Kick II, or ETA was 
used with either dose of lactofen. The addition of Induce or 90–10 resulted in 10% 
or less injury when added to either dose of lactofen (Table 4).
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4. Conclusion

The use of an adjuvant in South Texas did not always improve weed efficacy, 
while in the High Plains of Texas, the use of an adjuvant did improve weed efficacy 
in most instances. The herbicide-adjuvant-plant interaction is a complex system. 
An adjuvant can impose its impact at several stages of the herbicide application 
including tank mixing, deposition and retention on the plants, absorption by the 
plants, and translocation from the applied area to the site of action [15, 18, 20, 23]. 
Understanding the different roles of adjuvants in enhancing herbicide efficacy is 
essential for the optimum use of adjuvants in herbicide application. Reducing the 

Herbicide/dose Adjuvanta,b U. texana

2 weeks after 4 weeks after

2012 (%) 2013 (%) 2012 (%) 2013 (%)

Clethodim/0.05 kg/ha None 73 74 98 80

Agridex 68 92 89 87

Induce 75 77 97 88

C-K II 60 82 84 83

90–10 65 77 98 91

ETA 77 81 98 70

Clethodim/0.1 kg/ha None 84 90 98 95

Agridex 91 90 99 94

Induce 81 64 97 95

C-K II 77 81 85 97

90–10 76 77 93 94

ETA 77 87 95 96

Fluazifop-P/0.11 kg/ha None 65 81 92 96

Agridex 62 85 65 93

Induce 63 81 87 88

C-K II 62 72 73 88

90–10 63 95 78 97

ETA 65 86 85 90

Fluazifop-P/0.22 kg/ha None 67 88 92 95

Agridex 58 62 91 93

Induce 65 79 94 93

C-K II 57 99 83 93

90–10 62 96 95 97

ETA 63 90 84 96

LSD (0.05) 15 24 19 15
aC-K II, Cide-Kick II.
bAdjuvant dose: Agridex, 1.0% v/v; Induce, 0.25% v/v; C-K II, 1.0% v/v; 90–10, 1.0% v/v; and ETA, 1.0% v/v.

Table 5. 
U. texana control with clethodim and fluazifop-P when using different adjuvants.
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The high humidities at application timing may have been a factor in the excellent 
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10–30% greater than control with treatments applied at 50% relative humidity [45].
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The use of an adjuvant with either dose of clethodim did not improve U. texana 
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Trends in 2013, when evaluated 2 weeks after herbicide application, did indicate 
that the addition of either Agridex or Cide-Kick II hastened the kill of U. texana. 
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cially when applied at the higher dose of 0.14 kg/ha, control was inconsistent. They 
concluded that differences in efficacy among experiments could not be explained by 
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the time of herbicide application, relative humidity was at least 96% and soil mois-
ture was excellent in both years (Table 2). These conditions can greatly influence 
herbicide activity [47, 48]. The effect of one climatic factor, such as humidity, will be 
greatest when other factors such as temperature or soil moisture are optimal [48].

3.4 Peanut injury

No injury was noted at the High Plains location in 2011 (data not shown). In 
some instances, imazapic can cause a yellowing of peanut plant for approximately 
7–10 days after application; however, no injury was noted when rated 1 month after 
herbicide application (Table 3) in the High Plains or 4–7 days after application in 
South Texas (Table 4). Acifluorfen did cause a leaf burn, which was still noticeable 
1 month after herbicide application (Table 3). The use of either Agridex or Induce 
with the lower dose of acifluorfen resulted in greater leaf burn than acifluorfen 
alone; however, this was not seen with the higher dose as there was no difference 
in leaf burn with/without the use of an adjuvant. The use of 2,4-DB did result in 
leaf curling and some irregular leaf growth, but no differences were noted with 
or without adjuvant with either dose (Table 3). Lactofen can also result in peanut 
leaf burn. Peanut injury ratings with lactofen were less in the High Plains (Table 3) 
than South Texas (Table 4), and this was due in part to the time interval between 
herbicide application ratings. In South Texas, ratings were taken 7 days or less after 
herbicide application, while in the High Plains, ratings were taken 30 days after 
application. Also, delaying the rating in 2013 by 3 days resulted in less injury than 
the 4 days evaluation (Table 4). At the High Plains location, no differences in leaf 
burn were noted with any adjuvant with either dose of lactofen (Table 3). At the 
South Texas location in 2012, leaf burn was greatest with Agridex when using the 
lower dose of lactofen (Table 5). At the higher dose of lactofen, Agridex, Cide-Kick 
II, and ETA resulted in greater injury than lactofen alone or lactofen plus Induce. In 
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herbicide rate proved to be effective in South Texas but not so in the High Plains 
due to several factors including a higher relative humidity, the time of herbicide 
application in the early morning hours, and excellent moisture conditions at time 
of herbicide application in South Texas. Postemergence herbicide efficacy may be 
affected by environmental factors including light duration and intensity, air tem-
perature, relative humidity, and dew or precipitation [47–51]. These environmental 
conditions may influence processes such as herbicide absorption, translocation, 
or plant metabolism, which influence herbicide efficacy [52]. Air temperature in 
South Texas varied from 25 to 31°C, while air temperature varied from 29 to 32°C 
in the High Plains region (Table 2). As temperature increased, glyphosate efficacy 
on Avena fatua L., Urochloa panicoides Beauv. [53], and Echinochloa colona (L.) Link 
[54] increased. Temperature also influenced 14C-glyphosate absorption by cultured 
velvetleaf cells [55]. Nearly twice as much glyphosate was absorbed at 28°C than at 
4 or 16°C. Similar temperature effects were observed with Cynodon dactylon (L.) 
Pers. [56] and Sorghum halepense L. [57]. Herbicide activity or absorption increased 
with increasing relative humidity for Elytrigia repens (L.) Nevski [58], C. dactylon 
[56], U. panicoides [53], E. colona [54], and S. halepense [57]. Generally, high relative 
humidity and high temperatures, as well as low light intensity before treatment, 
increased plant susceptibility to POST herbicides [49]. Plant stress may also reduce 
systemic herbicide activity and account for relatively poor performance. Buhler and 
Burnside [58] noted that glyphosate was less effective on drought-stressed annual 
grass species than actively growing plants. Contact herbicides such as lactofen are 
not as dependent on translocation for activity, and their activity is not as adversely 
affected by drought-stressed plants. The above-mentioned factors all contributed 
to the lack of difference of the postemergence herbicides alone or with an adjuvant 
as well as the effectiveness of the 1/2X herbicide doses specifically in the South 
Texas studies. Many field applications of herbicides in South Texas start early in the 
morning to avoid windy conditions that may develop late in the day when coastal 
sea breezes may start up. Under the early morning conditions, with high humid-
ity, dew can be found on weeds as well as on the crop at the time of application. 
Dew, defined as the presence of free water on plant foliage [59], could affect the 
foliar uptake and therefore efficacy of foliar-applied herbicides, mainly those of 
high water solubility. The presence of dew at application is believed to increase or 
decrease foliar herbicide efficacy [60]. Herbicide runoff and herbicide dilution 
could explain the negative effect of dew [61]. By contrast, dew can increase the total 
area of herbicide interception and reduce the impact of large drops on foliage sur-
faces, avoiding their loss from the leaves [62]. At the same time, the presence of dew 
results in hydration of the cuticle and may play an important role favoring foliar 
uptake [59]. The effect of dew on herbicide activity is not thoroughly understood, 
due to limited research where dew has not been quantified [63]. Another factor 
which may explain the lack of a response to a surfactant in South Texas may be the 
effects of higher spray volumes used in South Texas (190 L/ha) compared to the 
High Plains (94 L/ha). In order to obtain acceptable control with lactofen, a contact 
herbicide, a large portion of the leaf, must receive a spray solution [64] and with 
higher spray volumes in South Texas more of the leaflet received spray coverage. 
The drift guard (DG) nozzles used in South Texas contained larger droplets [65]. A 
larger droplet size causes localized injury to the weed leaf resulting in better control 
with contact herbicides such as acifluorfen and lactofen. Several researchers have 
investigated the effects of carrier volumes on the efficacy of herbicides [66–69] and 
results have been variable. At a constant spray droplet size, glyphosate [66, 67] and 
paraquat efficacy increased as application volume decreased. However, clopyralid 
activity decreased as application volume decreased [68]. Results from these tri-
als suggest that not all adjuvants perform the same for individual herbicides. It is 
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critical that a quality adjuvant be used when the label suggests that one is needed for 
maximum herbicidal activity. Since adjuvants may also increase herbicidal toxic-
ity to crops, it is also critical to omit the surfactant if the label suggests to do so for 
individual herbicides.
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Abstract

Cowpea, Vigna unguiculata (L.) Walp, is among the most important grain 
legumes in Africa. Its nutritional value and biological nitrogen fixation (BNF) 
potential coupled with a high plasticity to environmental conditions places this 
legume in a unique position in Sub-Saharan Africa (SSA) in the context of food and 
nutritional security. However, cowpea yield and BNF contribution to agricultural 
systems in this sub-continent is far behind the average global values. The inability 
to run effective breeding programs to timely generate and deliver high yielding, 
nutritious and climate smart cowpea varieties, coupled with poor crop husbandry 
practices has been in the forefront of the current situation. In this chapter, the main 
constrains and opportunities to establish and run successful and effective cowpea 
production and breading programs in SSA are discussed. The discussion is built 
around the argument that SSA can benefit from its rich collection of landraces, as 
well as from high-throughput methodologies to assist the screening and the devel-
opment of adapted, high yielding and nutritious varieties.

Keywords: cowpea, breeding, food security, Africa

1. Introduction

Cowpea, Vigna unguiculata, is a legume crop widely regarded as the “poor men’s 
meat”, due to the high protein contents in leaves, pods and grains [1]. Besides that, 
cowpea presents high plasticity which allows it to thrive under a wide range of 
environmental conditions [2]. These characteristics, together with its biological 
nitrogen fixation (BNF) capacity in symbiosis with rhizobia bacteria, make cowpea 
an important crop to rural households from Sub-Saharan Africa (SSA), whose diet 
is mainly based on carbohydrate rich crops and agricultural systems are largely 
deficient. Despite the fact that SSA is among the main cowpea producers and 
primary consumers, its yield and BNF return is the lowest when compared with the 
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rest of the world [3, 4]. In consequence, the sub-continent’s production is far from 
satisfying the internal demand.

With the exponential growth of the world’s population, which is anticipated to 
be ca. 10 billion by 2050 [5], 60% of which in Africa, the demand for food in the 
continent is anticipated to grow by as much as 400% [6]. Taking into consideration 
the current scenarios of climate changes and the predictions for the middle of 
this century, i.e., a high probability for the occurrence of temperature and CO2 
increases, coupled with altered rainfall patterns and soil salinity [7–9], the impact 
of population growth on food and nutritional security will be further exacerbated. 
Given this reality, the design and promotion of climate-smart food systems will 
be mandatory to achieve most of the United Nations Sustainable Development 
Goals [10]. Thus, accelerating the development and implementation of a nutrition-
sensitive agricultural research and development agenda, particularly in making the 
breeding programs in SSA more responsive to its nutritional and agro-ecological 
context will be more relevant than ever. In this chapter the main cowpea produc-
tion constraints in SSA are discussed, bringing forward the major challenges and 
opportunities to breed elite cowpea varieties towards self-sufficiency and competi-
tiveness in the global arena.

2. Cowpea in sub-Saharan Africa

2.1 Importance and potential contribution to better diets and food security

In most developing countries from SSA cowpea is the most accessible nutritional 
source [11]. The leaves for instance, are more nutrient-dense than many other leaf 
vegetables [12, 13]. Cowpea is also a source of minerals and vitamins [14]. High 
lysine content of grain proteins plays a key role in balancing cereals and cassava-
based diets, typical of most African countries [15]. Additionally, low fat and high 
carbohydrate contents make cowpea a balanced food source [16]. An analysis of 
1541 cowpea germplasm lines [17] revealed that on average cowpea has 25% protein 
and ca. 38 mg Zn/kg, 53 mg Fe/kg, 1.9 g Mg/kg, 0.825 g Ca/kg, 5 g P/kg, and 15 g K/
kg. Cowpea plays also an important role in soil nutrient cycling [18] as a result of 
its capacity to establish N2-fixing root-nodule symbiosis with rhizobia bacteria. In 
modern agriculture systems, cowpea can contribute with 70–350 kg nitrogen per ha 
through biological nitrogen fixation (BNF) [19]. Thus, it is an important resource 
management technology in cereal-based systems leading to ca. three-fold yield 
increases of unfertilized maize [20–22].

2.2 Biotic stress: pests, diseases and weeds

One of the reasons associated with the low cowpea yields in SSA is the impact 
of several pests (Table 1). Aphids (Aphis craccivora Koh) are among the main pests 
affecting cowpea production, particularly at the seedling stage [23]. However, the 
impact can be minimized through the use of tolerant cultivars coupled with proper 
agronomic management procedures [33]. Another major threat to cowpea is posed 
by post flowering and podding pests, such as the flower thrips (Megalurothrips 
sjostedti Trybom), the legume pod borer (Maruca vitrata Fab.) and pod sucking 
bugs from the Hemiptera order, of which Clavigralla tomentosicollis Stal is the most 
important in tropical Africa [34]. In severely infested fields, post flowering pests 
can lead up to 70–80% yield loss [35]. Several measures have been used to minimize 
the impact of these pests, including pesticides, genetically modified (GM) varieties, 
as well as integrated pest management (IPM) practices [36].
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The first GM pod borer resistant (PBR) cowpea was introduced in Nigeria in 
2011 [37–39], and then expanded to Burkina Faso [39], Ghana [40], and Malawi 
[39]. However, results are still preliminary and most countries with on-going trials 
are yet to release GM-PBR cowpea, pending the evidence on GM cowpea perfor-
mance, as well as the legal issues, such as competition with non-GM landraces, and 
assess of smallholder farmers to transgenic seeds [39]. Therefore, the GM option 
needs to be part of a feasible integrated IPM package that can easily meet local 
farmers’ needs and capacities while offering an easily accessible solution.

Callosobruchus maculatus (Fab.), a cosmopolitan storage pest, is one of the most 
important off-the field pests affecting African cowpea producers mainly due to 
poor post-harvest storage conditions [30]. The attack normally leads to weight loss, 
decreased retail and nutritional value and reduced seed germination rate [27, 41]. So 
far, chemical control coupled with the use of resistant varieties have offered the best 
response to resource endowed smallholder cowpea producers across SSA, which 
also use grain hardness as a key selection trait to reduce storage losses [42–44]. 
More recently, hermetic grain storage technologies have been promoted [44–46]. 
However, these technologies are yet to reach most resource poor farmers.

Besides pests, cowpea is also susceptible to several fungal, bacterial and viral 
diseases. Bacterial blight caused by Xanthomonas axonopodis (Smith) is the most dam-
aging bacterial disease [47]. This seed-borne disease can lead to almost 60% seedling 
mortality and can survive on crop residues [27]. Therefore, the use of healthy seeds 
and resistant varieties is the best option to control the disease [48] . On the other 
hand, cowpea anthracnose caused by Colletotrichum lindemuthianum (Sacc. & Magn.) 
is the leading fungal disease, mainly during cool and wet weather [41]. Yield losses of 
30–50% have been reported in highly susceptible lines grown in monocrops where the 
disease attack is most severe and the agent spreads easily [49].

Viruses have been even more problematic than fungal and bacterial diseases, 
thus needing particular attention [41, 50]. In total, eight major viral diseases were 
reported to affect cowpea in SSA. These can be divided in four groups based on 
the main propagation agent. Three are beetle-transmitted, namely, the cowpea 
yellow mosaic virus (CYMV), cowpea mottle virus (CMV) and southern bean 
mosaic virus (SBMV); two aphid-borne viruses namely, the cowpea aphid-borne 
mosaic potyvirus (CABMV) and cucumber mosaic cucumovirus (CMV); and 
two whitefly-transmitted viruses namely, cowpea golden mosaic virus (CGMV) 

Species (order: family) Plant part attacked Importance Reference

Aphis craccivora Koch (Homoptera: Aphididae) Leaves, flowers and 
pods

Key [23–25]

Empoasca dolichi Paoli (Homoptera: Cicadelidae) Leaves Sporadic [26]

Ophiomyia phaseoli (Tryon) (Diptera: Agromyzidae) Stem Sporadic [27]

Amsacta moorei (Butler) (Lepidoptera: Arctiidae) Leaves Sporadic [28]

Megalurothrips sjostedti (Trybom) (Thysanoptera: 
Thripidae)

Floral structures Key [24, 29]

Maruca vitrata (Fab.) (Lepidoptera: Pyralidae) Stem, flowers, pods Key [24, 29]

Clavigralla tomentosicollis Stal (Hemiptera: Coreidae) Pods Key [24, 29]

Riptortus dentipes (Fab.) (Hemiptera: Alydidae) Pods Sporadic [28]

Nezara viridula Linnaeus (Hemiptera: Pentatomidae) Pods Sporadic [28]

Callosobruchus spp. (Coleoptera: Bruchidae) Seeds (storage) Key [30–32]

Table 1. 
Major field and storage pests of cowpea: Attacked plant parts and importance.
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The first GM pod borer resistant (PBR) cowpea was introduced in Nigeria in 
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Species (order: family) Plant part attacked Importance Reference
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pods

Key [23–25]

Empoasca dolichi Paoli (Homoptera: Cicadelidae) Leaves Sporadic [26]

Ophiomyia phaseoli (Tryon) (Diptera: Agromyzidae) Stem Sporadic [27]

Amsacta moorei (Butler) (Lepidoptera: Arctiidae) Leaves Sporadic [28]

Megalurothrips sjostedti (Trybom) (Thysanoptera: 
Thripidae)

Floral structures Key [24, 29]

Maruca vitrata (Fab.) (Lepidoptera: Pyralidae) Stem, flowers, pods Key [24, 29]

Clavigralla tomentosicollis Stal (Hemiptera: Coreidae) Pods Key [24, 29]

Riptortus dentipes (Fab.) (Hemiptera: Alydidae) Pods Sporadic [28]
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Table 1. 
Major field and storage pests of cowpea: Attacked plant parts and importance.
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and cowpea mild-mottle carlavirus (CPMMV). The eighth disease, whose agent 
is unknown to date, is the sunn-hemp mosaic virus (SHMV) [51], a tobamovirus 
that attacks several legume species [52]. Of the eight viruses, CABMV is the most 
problematic. In Nigeria, Oderara and Kumar [53] and Shoyinka and collaborators 
[54] analyzed 315 and 649 cowpea lines, respectively, and found that CABMV 
had high incidence across all sampled agroecological regions with up to 64% yield 
losses. Recently, Mukoye and collaborators [55] reported yield losses ranging from 
10–100% in Western Kenya. The use of clean seeds and resistant varieties are the 
most cost-effective practices to control viruses [55], but recent research has shown 
promising results with IPM and the use of plant extracts in controlling the trans-
mission agents, i.e., pests [56]. The use of allelopathic effects, a technology that has 
gained prominent use to manage field pests in Asia and Latin America [57–59] is 
also another alternative to be explored in Africa. Trap cropping [56], a well-known 
strategy to manage insect pest through diversification of the plant strata to stimu-
late the population of natural enemies is also a practice to be massified.

Weeds also present a serious problem to cowpea mainly during crop establish-
ment when more attention towards weed control is required [60]. At this stage 
severe competition for light, nutrient and space are responsible for considerable 
reduction in crop yield [61]. The parasitic weeds, Striga gesnerioides (Willd.) Vatke 
ex Engl. and Alectra vogelii Benth. are the major limitations to cowpea production 
in Africa, particularly in the dry savannas of West and Central Africa, i.e., Sudan, 
Sahel and Guinea and portions of eastern and southern Africa [11, 62]. In total, 
yield losses between 73 and 100% by S. gesnerioides infestations have been reported 
in Africa [63]. Breeding efforts to transfer the Bt-gene to cowpea as a way to reduce 
the incidence of striga are ongoing with an ex ante economic impact assessment in 
West and Central Africa estimated in $1.2, $3.1 and $8.4 billion dollars in Benin, 
Niger and Nigeria respectively [64]. However, no Bt-cowpea has been available 
commercially in the region so far.

2.3 Abiotic stress: Water, nutrients and heat

Abiotic factors, such as, high temperature, drought and soil fertility are of 
upmost importance to plant development. Environmental stressors can lead to 
considerable cowpea yield losses in most SSA rain-fed agricultural systems. In the 
African dry savannas, characterized by hot days with high temperatures (above 
35°C) spread across a short growing season, flower abortion and infertility due to 
poor pollen development is a common cause of yield reduction [11]. Singh and col-
laborators [65], observed that cowpea plants exposed to temperatures of 30–38°C, 
from 8 days after emergency to maturity, had a limited vegetative growth and 
reproductive potential. However, heat tolerant genotypes were able to retain flower 
production with a greater pod set [66].

Cowpea is frequently considered as a drought tolerant crop, linked also to the 
nitrogen fixing capacity of symbiotic rhizobia bacteria. However, in SSA where 
most systems are rain-fed, drought caused mainly by deficit of rainfall for long time 
periods has been a major threat to cowpea production [67, 68]. Ibrahim and col-
laborators [69] reported significant decreases in biomass production and water use 
efficiency (WUE) in six Ghanaian varieties subjected to water stress. Additionally, 
Fatokun and collaborators [1] observed that drought delayed the flowering process 
in 12 days and consequently the grain yield in ca. 70%. This might be explained 
by the decrease in leaf area and the concomitant photosynthetic rate and stomatal 
conductance [67].

One solution is the use of water efficient varieties coupled with better crop hus-
bandry practices. The on-going efforts to screen and breed for drought tolerance and 
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water efficient varieties, attaining more grain per drop, are essential in the African 
context where the crop is mostly cultivated under rainfed conditions and frequently 
exposed to intermittent droughts [68]. Thus, the use of well adapted early maturity 
cultivars seems to be one of the best solutions for smallholder cowpea producers to 
escape the effects of late season droughts [11].

Soil nutrient imbalances, particularly phosphorous (P) and nitrogen (N) have 
deserved less attention in cowpea research, despite the BNF potential to improve 
nutrient cycling and yields in African low external input agricultural systems [18]. 
According to Jemo and collaborators [70], BNF was significantly reduced in soils 
with low P levels and limited water supply. The same authors observed that as the 
level of P increased there was a significant reduction of water-deficit associated 
damages on BNF potential. Research has also demonstrated that supplying non-
nodulated cowpea varieties with small nitrogen doses, promoted branching and 
increased crop yield [1].

3.  Cowpea breeding programs in SSA: History, challenges and 
opportunities

Worldwide, cowpea breeding programs have targeted qualitative and quantita-
tive traits to enhance the crop productive performance. The primordial breeding 
programs (1960–1980’s) in SSA focused on high grain yield and seed quality, matu-
rity time (extra-early, early and late), light sensitivity (photo-insensitive), growth 
habit (erect), intercrop fitting, lodging, and pest and disease resistance [1]. This 
was done mainly through a conventional breeding pipeline that included mainly 
germplasm collection, evaluation, maintenance and screening for desired traits 
mostly in Nigeria, Senegal, Uganda and Tanzania. Nowadays, breeding for drought 
tolerance [71, 72] and pest and disease resistance [73–76] have deserved major 
attention where the use of genomic tools is slowly gaining space. The International 
Institute of Tropical Agriculture (IITA) in Nigeria, and its international partners 
have played a key role in cowpea research and breeding initiatives. The Semi-Arid 
Food Grains Research and Development (SAFGRAD) project in the 1980’s and 
more recently the Tropical Legumes project (2007–2018) and the CGIAR Cowpea 
Genomics Initiative (2005) marked a new step in cowpea breeding in SSA. Despite 
this, the number of varieties released in SSA is still small and there are more prom-
ising breeding lines than officially released varieties. In total, 80 IITA supported 
cowpea varieties were released, 24 of which during the past decade in 13 out of 54 
African countries.

Despite the referred efforts, there are several constraints to cowpea breeding 
programs in SSA, which can be attributed to several factors, namely:

I. Poor investments in agricultural Research and Develop- ment (R&D) at 
national level and departmentalization of breeding programs: IITA and 
National Agricultural Research Systems (NARS) have been in the forefront 
of much breeding efforts in SSA, but the involvement of the regional 
agricultural universities (AUs) is not consolidate. In fact, only in Nigeria, 
Senegal, Uganda, Ghana, Tanzania and Kenya university-based research has 
been reported [1]. In addition to that, R&D in private sector is practically 
inexistent in SSA. Therefore, the region would benefit from a collaborative 
approach between international and regional R&D institutions (includ-
ing AUs) and NARS, promoting the internationalization of the local R&D 
systems regarding scientific and technical work and publications, and 
engaging competitive funding raising.
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II. Nutrition-sensitive trait selection for improved dietary quality: inter-
est in cowpea’s nutrition quality in Africa is an old issue [76], but it has 
been overlooked over the years. However, with the continent’s nutrition 
agenda becoming increasingly important, a targeted breeding agenda on 
the nutritional quality of the crop is needed [12, 77]. Contrarily to Africa, 
the production of varieties with high dietary quality has deserved much 
attention in Europe and Asia [78, 79]. Currently, screening segregating 
populations for traits such as Fe, Zn, Cu and Mo content is in progress [80]. 
Such efforts are essential to improve the crop’s contribution to local diets, 
as well as for the establishment of nutrition sensitive food systems. Special 
attention should be also given to fresh leaves and pods rather than solely 
focusing on dry pods and grain as it has happened so far. Increasing protein 
and mineral content, the latter also through biofortification, needs to be on 
top of the agenda.

III. Breeding approach: most breeding programs in Africa rely on open 
environment conventional breeding technics centered mostly on single 
trait selection methods. However, in the developing world, molecular 
characterization of germplasm, based in modern genomics and molecular 
marker-assisted selection [1] and genetic engineering [80, 81] coupled with 
digital imaging in high-throughput phenotyping [82], historical data [83, 
84] and model-assisted selection [84–87] have revolutionized crop breed-
ing programs. Such approach facilitated molecular, morpho-agronomic, 
physiological and biochemical characterization of cowpea germplasm to 
identify the best performing genotypes [88]. This integrative screening and 
selection approach represents a clear shift from single-trait to multiple-
trait selection [85], something that is scantly done in African screening 
programs. By doing multiple-trait selection, the effectiveness and efficiency 
of breeding programs have been significantly improved in Europe, America 
and Australia, where significant investments in research infrastructure and 
human resource training has been made [89]. Model assisted breeding has 
proved to be fundamental in helping underpin prediction of likely pheno-
typical consequences of trait and genetic variations in targeted environ-
ments [86]. Furthermore, the agricultural production simulator (APSIM) 
has been successfully used in phenotyping and evaluating Genotype × 
Environment × Management (G × E × M) effects on drought adaptation. 
The growing interest in genotype-to-phenotype (G2P) models which pre-
dict phenotypic traits as a function of genotypic and environmental inputs 
is currently helping to enhance phenotype screening [89]. Additionally, the 
use of speed breeding chambers (SBC) [90], is also a recent and important 
advance in breeding programs. Such facilities allowed breeders to achieve 
up to six generations per year from spring wheat, durum wheat, barley, 
pea, chickpea and groundnuts, instead of one to three generations per year 
usually possible under field conditions and glasshouse, respectively [91].

IV. Improve cross-country coordination mechanisms and systematization of 
existing information: over the last decades several projects involving cow-
pea landraces screening and the assessment of their genetic diversity have 
been conducted in Africa [77]. However, the knowledge generated from 
this research is scattered all over the region and needs to be systematized 
and made available to aid current and future breading programs. For that to 
happen, cross-country coordination mechanisms and collaborative research 
opportunities need to be improved.
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4. Conclusion

With an increasing world population, there is an urgent need to re-structure the 
R&D agenda in SSA towards the development of elite crop varieties that are more 
likely to successfully cope with future climate conditions. Cowpea, despite its high 
plasticity to survive in harsh environments, will not be an exception. The crop’s 
importance in SSA as a food crop, animal feed and nutrient cycling agent makes it a 
candidate crop for future improvement and to operationalize the continents’ nutri-
tion agenda. For that, coordinate R&D efforts should be made at the regional level, 
in order to: (i) address the best production and breeding practices, through a wide 
screening of landraces towards the identification of the best performing genotypes 
(yield and nutritional quality) under limiting environmental conditions; (ii) iden-
tify multiple breeding traits and molecular tools for marker-assisted selection; and 
(iii) develop fast and reliable methods for variety certification, linked to important 
investment in R&D facilities and advanced training of human resources.
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