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Preface

Grain legumes are a main source of nitrogen-rich edible seeds, providing a wide variety of
protein-rich products and constituting a major source of dietary protein in the diets of hu-
man population especially for vegetarian diet. Legumes comprise the third largest family of
flowering plants and provide important sources of food, fodder, oil, and fiber products. Le-
gume seeds typically contain 20 to 25% protein and are also a rich source of dietary fiber.
Legumes such as groundnut and soybean are also major sources of edible oil and other in-
dustrial by-products. The ability to fix atmospheric nitrogen makes legumes excellent com-
ponents within the various farming systems because they provide residual nitrogen and
reduce the needs for mineral nitrogen fertilizers by associated nonlegumes. Intensification of
low-input agricultural production has led to a rapid increase in soil degradation and nu-
trient depletion in many parts of the world, constituting serious threats to food production
and food security. About 70% more food is needed to feed the growing population. Le-
gumes can play an important role to feed the world as there is lots of scope to increase the
production.

This book “Grain Legumes” represents the excellent reviews about ongoing legume research
and future prospects. This edited book “Grain Legumes” is an attempt to put together dif-
ferent chapters written by experts in their field. The first chapter discusses the diversity of
common bean and its importance in breeding, and Chapter two provides details about lentil
use as a whole food for biofortification. The third chapter describes the importance of pulse
proteins, and the author reviews their structure and functions. The fourth chapter is a re-
view related to antioxidant properties of legumes. The next chapter is related to agronomy
and brings out the importance of intercropping between legumes and cereals (Chapter six).
The last chapter (Chapter seven) deals with grain legume consumption for its medicinal
properties.

First of all, the editor would like to thank all the authors for their outstanding efforts and
timely work in producing such fine chapters. I highly appreciate all the reviewers for their
time to review the respective chapters. I would also like to thank InTech and Edi Lipovi¢ for
his clerical assistance, advice, and encouragement during the development of this book. Last
but not least heartfelt thanks go to my family and parents for their love, encouragement, and
vision that unveiled in me from my earliest years—the desire to thrive on the challenge of
always striving to reach the highest mountain in everything I do.

Aakash Kumar Goyal
International Center for Agriculture Research in Dry Areas (ICARDA),
India






Chapter 1

Diversity of Common Bean (Phaseolus vulgaris L.)

Landraces and the Nutritional Value of their Grains
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Additional information is available at the end of the chapter
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Abstract

Grain legumes are considered major sources of dietary proteins, calories, certain
minerals and vitamins, and they are the most widely cultivated and consumed crops
worldwide. Among them are the common beans, whose major production volumes
came from landraces cultivated in traditional farming systems. The objective of this
study was to evaluate the phenotypic diversity of a set of common bean landraces from
Mexico based on the agromorphological traits and nutritional composition of the grain
in the context of traditional farming systems. Different field and laboratory data were
collected and complemented with secondary information published in refereed journals
and research reports. The results showed that there are significant differences in the
morphological and physiological traits of the plant, pod and grain among groups of
common bean landraces of different geographic origins, which were associated with
different indigenous groups. Similar patterns were observed in the contents of
anthocyanins, polyphenols, flavoinds and minerals as well as antioxidant activity. In the
evaluated population groups in each region, there are outstanding populations in terms
of agromorphological traits and the nutritional value of the grain that can enable a
participatory breeding initiative guided by regional objectives. Some populations from
Sierra Norte, Oaxaca, presented higher values in Zn and Fe, and populations from
Estado de Mexico exhibited high polyphenol and flavonoid values but stable agronomic
behaviour.

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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Keywords: Biochemical characterization, crop evolution, local seed systems, morpho-
logical traits, on farm conservation

1. Introduction

The greatest genetic diversity of wild and cultivated beans is distributed throughout the
Americas from northern Mexico through Central America and the Andes to northwest
Argentina [1]. Domesticated beans are commonly separated into Andean and Mesoamerican
genepools [2], but Mexico has been established as the centre of origin, diversification and
domestication of the common bean based on archaeological, ethnobotanical, morphological,
biochemical, genetic and isoenzyme evidence [3-6]. The distribution pathways of beans into
and across Europe were very complex and occurred through several introduction events from
the New World combined with direct exchange between European and Mediterranean
countries [5].

Currently, the common bean is distributed in Europe, Asia and Africa, where it presents
similarities to Andean and Mesoamerican genepools or forms hybrids between both gene-
pools. For example, it was determined that there is a high hybridization frequency in central
Europe but low frequencies in Spain and Italy [5]. In Africa, the landraces are frequently
grouped into Andean and Mesoamerican genepools with few introgressions among these
groups [6], and this pattern of diversity was also detected in China and India [7, 8]. However,
the diversity of the common bean has been studied less in Asia and Africa than in Europe and
the Americas.

The landrace concept is useful for naming or distinguishing among cultivated varieties
through simple traits that are locally adapted to traditional farming systems [9]. In this context,
we use the landraces of the common bean as the unit of diversity of the farm or farm-managed
population, which farmers select and sow during every crop cycle. In Latin America, the bean
landraces contribute 70-90% of the seed planted by farmers for the production of food grain
[10], and according to the Asian Pacific Seed Association, the seed saved by farmers accounts
for 80-90% of all of the seeds used in Asia [11]. Therefore, it is important to understand the
contribution of such landraces to phenotypic and genetic diversity as well as their contribution
to on-farm conservation of diversity and traditional diets.

The phenotypic and genetic diversity of common bean landraces is typically evaluated through
morphological traits, phaseolin seed proteins, allozymes, the biochemical-nutritional traits of
the grain and DNA markers, with the local populations that are preserved on-farm as refer-
ences, to describe the population structure, to understand diversification processes and
biogeographic distributions, and to define strategies for conservation and utilization [5, 6, 7,
12]. Farmers manipulate common bean populations through the use of the traits of the plants
or seeds, which influences the population structure as well as grain quality, i.e., chemical
composition [13]. Despite the increasing use of DNA-based markers to estimate the genetic
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diversity of different landrace collections, the evaluation of phenotypic variation is still crucial
for determining the adaptation and agronomic potential as well as the breeding and nutritional
values of landraces.

South-central Mexico is part of the Mesoamerican region that is considered one of the world’s
biodiversity hotspots, and 28 ethnic groups are concentrated in this region, including the
Otomi, Mazahua, Nahuatl, Popolucas, Zapoteco, Mixteco, Mixe, Amuzgo, Triqui, Mazateco,
Chinanteco, Mayas, Chontales, Huaves, Chatino, Cuicateco, Chontal, Tzetzal, Tzotzil, Purepe-
cha, Totonaco, Ocuilteco and Matlazinca among others. Various studies of common bean in
this region have indicated that it contains the greatest genetic diversity of Phaseolus vulgaris in
a biocultural diversity context [14-16], a fact documented by the diversity hotspot designation
[17]. According to passport data from Mexican genebanks and genetic diversity studies, the
highest P. vulgaris genetic diversity is being preserved in the fields of indigenous farmers
distributed along the south-central part of the region, which includes the Mesoamerican,
Jalisco and Durango races.

A wide variety of nutritional compounds with multiple positive effects for human health are
contained in bean seeds with the high contents of protein, fibre, polyphenols, flavonoids,
carotenoids, saponins, oligosaccharides, condensed tannins, lectins, trypsin inhibitors and
phytic acid considered to be the most important components. Polyphenols, anthocyanins and
flavonoids, among other phytochemical compounds, are particularly related with antioxidant
biological activities and preventive effects against cardiovascular or chronic degenerative
diseases, such as cancer, obesity and diabetes as well as other conditions related to the
metabolic syndrome, triglycerides and cholesterol [18-23].

In East Africa, the per capita consumption rate of the common bean is above 40 kg/year [24],
and in Mexico, it is 10.38 kg/person a year with an overall food intake of 5.43 g protein/person
a day [25, 26]. As reported by Aguirre-Arenas et al. [27], an annual per capita consumption
ranging from 9.8 to 25.9 kg has been estimated in four communities from Morelos, Tamaulipas,
San Luis Potosi and Michoacan, Mexico. Additionally, the highest bean production (86.4%)
comes from marginal agrosystems with lower fertility, unirrigated soils on slopes where the
landraces are usually planted by small-scale farmers [28].

Interest in the use of grain legumes and their constituents in food is growing in many devel-
oped countries, and the factors contributing to this trend include access, legumes are cultivated
in almost all climatic conditions, as well as their reported nutritional and health benefits.
Despite changes in consumer preferences, pulses have a long history of use as human food in
many developing countries from the Mediterranean region, Africa, Latin America and Asia,
and in some cases, the demand exceeds national production volumes. Peas, chickpeas, lentils,
beans, soybeans, mung beans, faba beans and other grain legumes are important sources of
food proteins, amino acids, minerals and bioactive substances (phenolic compounds, lectins,
enzyme inhibitors, phytates, oligosaccharides), all of which have functional properties that
benefit human health and are modified by processing or physical treatments [29-31]. It is
necessary to know the nutritional composition and to test these functional properties of the
common bean landraces as well as their contribution to traditional rural diets to increase the
consumption volume. The main objective of this research was to evaluate the phenotypic
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diversity of a set of common bean landraces from Mexico through agromorphological traits
and the nutritional composition of the grain in the context of traditional farming systems and
on-farm seed selection.

2. Diversity of common bean landraces using agro-morphological traits and
the criteria of farmers

Diverse researchers around the world use local populations or samples of common bean
landraces as reference sets to study their genetic diversity and population structure [6, 7, 32,
33, 34]. Nevertheless, such on-farm crop genetic diversity is highly dynamic as a result of the
agroecological conditions of cultivation, the preferences of farmers in seed selection and the
management of seed lots, among other factors, that have important impacts on the population
structure and chemical composition of the grain, which change across time [5, 24, 33, 35]. In
Latin America, from 70 to 90% of the common bean seed that is planted is produced by farmers
[10], and in Asia, from 80 to 90% of all seeds used by farmers came from local supplies instead
of seed companies [12]. In this context, famers play an important role in the evolutionary
process of common beans under domestication, and it is necessary to understand the reasons
and criteria for the on-farm management of the bean landraces. In cases where the study
samples came from genebanks, such diversity remained static for years, and the genetic
diversity estimators differ from those of places where on-farm population dynamics exist,
which are primarily in the centres of genetic diversity.

The current genetic and phenotypic variation in the common bean in Mexico in terms of plant
and physiological characters and grain and chemical composition is based on the genetic
diversity preserved by pre-Colombian cultures, contemporary farmers and the genepools of
related wild species [14, 34, 35]. The variety of the shapes, sizes and colours of the grains in
several regions where beans are grown is an example of the still poorly documented genetic
diversity in the fields of traditional farmers that is usually characterized by agro-morphological
descriptors [36], molecular markers [37], and protein [38], anthocyanin [39] and polyphenol
[40] contents among others.

The characters that are most commonly used by farmers to differentiate their landraces include
grain colour, colour brightness (shiny black, dirty black, etc.), growth type when planted alone
(typeland II) or with corn (growth Il and IV), time from planting to the harvest of green beans
and grain, and the size, shape and colour of the grain and pod. Other more accurate descriptive
characters are sometimes used by farmers aiming to distinguish their landraces that are most
commonly related to field and post-harvest behaviour, such as high yield, the quantity of
harvested pods, tolerance to biotic and abiotic factors, grain hardness and grain-cooking time,
among others. This is all local information related to the knowledge shared by local farmers
concerning their landraces.

An agromorphological characterization was required to describe the phenotypic variability in
native beans collected from populations from different states and regions in Mexico as well as
the phenotypic differences among and within the sources of the different landraces. As
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revealed by the results, significant differences exist among bean landraces from different
geographical origins as well as within each geographical location (Table 1). Consequently,
despite the phenotypic similarities in colour and seed dimensions, the different common bean
populations are subject to patterns of isolation in addition to artificial selection, which leads
to divergence in the characteristics of agronomic importance.

Descriptive traits Mexican states (5) Populations/states CV (%) Min. Max. Average
Days to flowering 193.43** 66.4% 5.6 49.3 743 637
Pod length (cm) 8.72%* 4.84** 10.4 9.0 154 128
Pod width (cm) 0.30** 0.07** 79 08 16 114
Grains/pod 11.06** 4.22%* 6.4 39 89 65
Number of pods/plant 557.31** 149.7%* 17.2 2.7 367 195
Number of pods/exp. parcel 488499** 115605** 16.7 19.7 900.0 471.5
Wet yield/parcel (kg) 144.82** 38.34** 18.4 020 172 74
Dry yield/parcel (kg) 3.06** 0.83** 18.6 0.03 231 1.12
Wet weight/pod (g) 51.88** 37.7% 14.0 391 20.81 14.9
Dry weight/pod (g) 1.27** 0.88** 10.3 059 316 23
Wet yield/plant (g) 164898.4** 58479** 19.2 26.7 694.0 299.1
Dry yield/plant (g) 3173.88** 1257.1%* 18.8 42 886 457
Wet weight/30 pods (g) 46719.49** 33999** 14.0 117.3 624.3 446.4
Dry yield/ 30 pods (g) 1147.61** 799.2%* 10.3 17.3 947 68.6
**Significant at P <0.01.

Table 1. Mean squares of the analyses of variance, coefficients of variation (CV), minimums, maximums, and average
values of agromorphological traits evaluated in common bean landraces from five Mexican states.

An average of 6.5 grains per pod were quantified among the landraces in Mexico, which
exceeds the 3.9 grains per pod estimated in 25 native bean populations from different regions
of Italy [41], 4-5 grains per pod from 14 common bean varieties in Turkey [42], and 4.2 grains
per pod from different varieties of Andean origin in Asturias, Spain [43]. Such observations
indicate that most of the landraces evaluated in this study have the dual purpose of consump-
tion as green pods or as dry grain, depending on the length and number of grains per pod,
and they are in high demand in regional markets. The level of demand is very important to
farmers because they have opportunity to sell their surplus in local markets after fulfilling their
food needs.

Overall, there is great variability in the various morphological traits reported for 49 bean
populations from different regions of Mexico, and significant differences were detected in bean
populations grouped by their state of origin as well as within each state, such as Oaxaca,
Puebla, Tlaxcala, Guerrero and the State of Mexico (Table 2). In particular, there are differences
in plant vigour and the number of days to flowering (from 49 to 74 days), which influence the
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timing from planting to first harvest. For instance, the populations with a shorter time from
planting to harvest were those from Puebla and Guerrero, and this precocity was observed in
all of the Puebla bean populations evaluated by Ramirez-Pérez et al. [44] with flowering
intervals ranging from 41 to 57 days. The results showed that one fraction of the genetic and
phenotypic diversity of common bean landraces is preserved in every region of Mexico, and
this diversity is being increased through agro-morphological and physiological traits such as
time to flowering, yield per plant and plant development.

Descriptive traits Mexican states

Oaxaca  Puebla Tlaxcala  Guerrero Mexico
Days to flowering 62.1° 66.0° 60.3° 66.4* 62.6°
Pod length (cm) 12.720 12.4° 12.4° 13.6° 12.6°
Pod width (cm) 1.0¢ 1.1¢ 1.20 11¢ 1.3°
Grains/pod 7.22 6.6° 5.9¢ 6.6° 5.7¢
Number of pods/plant 20.4 21.0° 14.4° 24.5° 14.7°
Number of pods/experimental parcel 474.1° 456.6°  349.0°¢ 653.2° 345.04
Wet yield/exp. parcel (kg) 7.0° 6.7° 5.3° 10.72 5.8
Dry yield/exp. parcel (kg) 1.03 1.06° 0.85° 1.60° 0.88°
Wet weight/pod (g) 13.1° 14.3b¢ 14.8%° 16.3* 15.7°0
Dry weight/pod (g) 2.0° 22° 2400 2.4° 2.4°
Wet yield/plant (g) 281.7°¢ 308.1° 212.9¢ 404.0° 242.7°¢
Dry yield/plant (g) 42.5b¢ 48.4%b 34.9¢ 60.0° 37.0b<
Wet weight/30 pods (g) 392.6°  428.9°c  4435%  488.4° 472 400
Dry yield/30 pods (g) 59.0¢ 67.3° 7170 73.3° 72.7°

In rows, means with similar letters are not significantly different (Tukey’s test, P < 0.05).

Table 2. Comparison of the means of agromorphological traits evaluated in common bean landraces from different
Mexican states.

The bean populations originating in Guerrero had a greater pod length (12.7 cm) than those
from Mexico, which had the greatest width (1.3 cm). Hence, the highest numbers of pods per
plant were yielded in the Oaxaca, Puebla and Guerrero landraces and ranged from 20.4 to 24.5.
Itis noteworthy that the highest average quantity of grains per pod was reported in the Oaxaca
populations (7.2), from which higher pod and grain yield expectations were derived (Ta-
ble 2). The Tlaxcala, Guerrero and Mexico populations had a statistically higher average
weight, both fresh and dry, per pod (> 14.5 g), which yielded higher pod and grain yields
(Table 2). This means that the Oaxaca bean grains are thinner and smaller than those reported
in other states, as classified by Espinosa-Pérez et al. [28] using a collection of native common
bean populations from the south-central region of Mexico. The common beans from Tlaxcala
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and Guerrero have a high potential for use in a breeding programme or for direct consumption
and regional cultivation, but the Oaxaca beans can be used as sources of genes due to their
resilience in environments with limited soil moisture.

One of the limitations to grain legume performance is the low flower sets in environments with
moisture stress in the soils and coldness. In addition to the flower sets being low, approximately
70-80% in the floral phase of the buds, the pods fall prematurely with only a fraction reaching
maturity. A decrease in the number of pods per plant and final yield occurs in these cases,
which affects the adaptability of a bean population to different agroecological production
niches [45].

A principal components (PC) analysis was performed once the population morphological
characterization from the different states of Mexico had been completed, and 74.9% of the total
phenotypic variance in the bean populations was captured in the first two PC. The traits that
described the first component (PC1) were pod number and weight per plant, both fresh and
dry, and pod width and the weight of 30 pods for PC2. The spatial distribution of the bean
population with the highest pod number and weight per plant is in the upper and lower right
quadrant (I and III) in Figure 1, corresponding to the landraces from Guerrero, Puebla, and
Oaxaca as well as some others from the State of Mexico. The phenotypic divergences among
geographic groups, shown in Figure 1, confirm the previous results in the context of the
biogeographic and cultural manipulation of the traditional farming systems by the farmers.
For example, the indigenous groups from Oaxaca have a particular form of cultivation related
to rainfall conditions and the sowing depth, among other practices, that differ from the
management by the farmers of Puebla and Guerrero.

P
20 Width and
T weigth of pods
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o A AGuerrero landraces
AN OEdo. México landraces
ATlaxcala landraces
l.ﬁl-
a A X Puebla landraces
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o 2e" a® X = Yield/ plant (g)

. o . . . . a4 :
k +Ho-0—E—k + Y + + 'y + t 1
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Figure 1. Dispersion of populations of common bean landraces in the states of Oaxaca, Puebla, Tlaxcala, Guerrero and
Estado de Mexico based on two principal components of agromorphological traits.
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A total of 70 native common bean populations from different geographical regions of Oaxaca,
Mexico, which are occupied by the Zapotec, Mixtec, Mixes and Chinantec indigenous groups,
were evaluated and compared with 10 improved varieties. Significant differences were
detected in the common bean landraces both among and within the geographical regions of
origin. Distinctive plant and grain characters were revealed in the bean populations originating
from the Mixtec region and cultivated by the Mixtec indigenous group when compared to
those grown in the Central Valley (Zapotecs of the Valley) and Sierra Norte (Zapotecs of the
Sierra), indicating that differences among native common bean populations are induced by
the natural and artificial selection pressures exerted by indigenous groups (Table 3). The result
highlights the differences in management practices among regions inhabited by indigenous
groups that are conferred to their common bean landraces because the agroecological condi-
tions are different in each region.

Descriptive traits Regions of Populations/ CV (%) Min. Max. Average
Oaxaca (5) regions

Days to flowering 15247.1** 609.3** 7.4 382 101.0 79.6

Pod length (cm) 143.1** 11.70** 6.8 9.8 175 138

Grains/pod 52.79** 7.85%* 10.3 3.4 8.9 6.8

Dry weight of 60 pods (g) 0.040** 0.004** 17.1 40.0 240.0 136.2

Dry weight of grains/60 pods (g) 0.024** 0.002** 18.2 30.0 170.0 101.0

No. of pods/experimental parcel 215499.7** 37456.5%* 332 445 5027 2354

**Significant at P <0.01.

Table 3. Mean squares of the analyses of variance, coefficients of variation (CV), minimums, maximums, and average
values of agromorphological traits evaluated in common bean landraces from different regions of Oaxaca, Mexico.

Descriptive traits Landraces of Improved varieties

Sierra Sur Sierra Norte Valles Centrales Mixteca

Days to flowering 92.7%!1 87.8" 84.70¢ 81.7¢ 44.3¢
Pod length (cm) 15.5° 12.9¢ 15.2° 14.0° 10.9¢
Grains/pod 7.8 6.1° 7.7° 6.9° 5.14
Dry weight of 60 pods (g) 145.92 149.5% 138.9° 14472 77.5°
Dry weight of grains/60 pods (g) 109.1° 106.5° 107.67 107.8*  55.1°
No. of pods/experimental parcel 279.0° 234.9 278.4° 247.3*  104.3°

In rows, means with the same letter are not significantly different (Tukey’s test, P < 0.05).

Table 4. Comparison of the means of agromorphological traits among common bean landraces from different
geographic origins in Oaxaca, Mexico.
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It is noteworthy that the bean populations from different regions of Oaxaca were ranked
significantly higher in terms of several agronomic and morphological characteristics in
comparison with 10 improved varieties used by commercial producers (Table 4). The bean
populations from the Sierra Sur were late to flower, but they have a similar pattern to that of
the bean populations from the Central Valley in relation to grain number per pod and pod
length, with averages of 7.8 and 15.5, respectively. These values are higher than those estimated
in 15 bean populations from different regions of Jalisco and Nayarit, as reported by Lépiz et
al. [35], and moreover, they exceeded the average calculated for 21 common bean genotypes
from Tabasco of 4.2 grains per pod [37]. Therefore, the quality of the bean populations from
Oaxaca significantly exceeded that of the improved varieties, which means that there is high
variability in their agronomic traits, so these populations may be useful as raw materials for a
breeding programme.

Additionally, a PC analysis was also carried out to evaluate the overall variability, and in this
case, 81.2% of the total variation was captured in the first two PC (Figure 2). The descriptive
variables of the first component were days to flowering and dry grain weight, and for the
second component, they were grain number per pod and average dry weight of 60 pods. Hence,
in addition to there being phenotypic differences among bean populations from different
states, significant divergences are also denoted among bean populations located in different
geographic regions within the same state (such as Oaxaca). All of the local bean populations
represent a feasible strategy for bean planting and harvesting by small farmers who plant less
than 3 ha in the south-central and south-eastern regions of Mexico. Regionally, the zone of
origin of each common bean landrace determines its adaptability; subtropical and tropical row
materials have difficulty adapting and producing grain in temperate regions and vice versa.
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Figure 2. Dispersion of common bean landraces and improved varieties from different regions of Oaxaca, Mexico,
based on two principal components of agromorphological traits.
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3. Grain nutritional composition in common bean landraces

In terms of the chemical composition of the common bean, it is an outstanding protein source
with a low carbohydrate level. Thus, approximately 15 % of the required daily protein intake
for a 70-kg adult [46] is provided by a 100-g daily portion of beans. The amino acid content
differs from one genotype to another, and it also depends on the ecological conditions for
planting, farm management and grain storage conditions, among other factors [23, 47].

The proximal analysis of the common bean indicates that grains contain 14-33% protein, 1.5
6.2% lipids, 14-19% total fibre (from 10.1 to 13.4% insoluble and from 3.1 to 7.6% soluble), 2.9-
4.5% ash and 52-76% carbohydrate [48]. Derived and non-derivative (dietary fibre) polysac-
charides plus a variety of mono-, di- and polysaccharides are among the carbohydrates that
occur in greater proportions. Thus, the grain contains a variety of low and non-digestible
carbohydrates, but their functional structure changes through soaking and cooking, increasing
the amount of soluble fibre and the digestibility [49, 50].

As assessed by cooking time, there is high variability in protein content and grain hardness
among improved varieties and landraces. The protein content in native beans from Hidalgo,
Mexico, ranged from 16.0 to 26.9%, as reported by Mufioz-Veldzquez et al. [38], with variations
in cooking time from 43 to 81 minutes for wine- and creamy yellow-coloured beans, and higher
protein content plus a 95% in vitro digestibility rate was observed in light brown Canario and
Flor de Mayo varieties. Protein contents ranging from 16.3 to 29.2% with cooking times from
50 to 141 min were reported by Ramirez-Pérez et al. [44] in local, brown-coloured bean
populations from Puebla, and protein levels ranging from 21.0 to 25.8% with cooking times
from 54 to 118 minutes were reported in local bean varieties from Guerrero by Solano-
Cervantes et al. [51]. Certain variations are induced by agroecological or grain management
conditions, but such changes are not significant. A constant high protein content through
cultivation cycles and years is a characteristic of outstanding genotypes [52].

Regarding essential amino acid content, it has been reported previously that the limiting amino
acids in corn grain are apparently complemented by those contained in beans. Phenylalanine,
isoleucine, leucine, lysine, methionine, cysteine, threonine, tryptophan and valine are among
the main essential amino acids in beans with a range from an average of 1.2 to 1.5 g methionine/
100 g of protein and 4.9 to 9.9 g cysteine/100 g of protein. Most amino acids in the grain are
found in sufficient quantities to meet the daily requirements of 1.1-6.6 g/100 g of protein [48],
and itis noteworthy that the amounts of isoleucine, leucine, lysine, methionine, phenylalanine,
threonine and valine contained in the grain do not change significantly after cooking [49].

A rather important and underestimated input provided by human consumption of beans is
the portion of minerals, and several authors have reported that the environment has little
influence on the differences from genotype to genotype. Instead, differences likely correspond
to genetic diversity among and within improved varieties, either wild or cultivated, and
landraces [53-55]. The intake of both macro- and micro-minerals is associated with the
prevention of prostate cancer [56], and beneficial effects against colon cancer have also been
found experimentally in Sprague-Dawley rats [57]. There are other beneficial effects for human
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health [58], yet the inhabitants of rural and urban communities are deficient in Fe and Zn,
which are elements that are mainly associated with malnutrition in children and pregnant
women [51]. The mineral content in the common bean varies depending on the genetic
material, crop management and grain storage conditions [53, 54, 59].

Significant differences with regards to the S, P, Na, K, Mg, Ca, Fe, Zn, Cu and Mn contents
among groups of native bean populations of different geographical origins were recently
determined in studies carried out by the authors. The contents were evaluated by means of
atomic absorption spectrometry and UV-vis using germplasm from Oaxaca that was planted
in an experimental plot, and differences among bean populations from the same geographic
region were also determined (Table 5). Low S, Na, Ca and Zn contents were presented by the
populations originating from the Mixtec region as opposed to the populations from Sierra
Norte that had higher S, K, Fe, Zn and Mn contents, which in turn differed from those that
originated in the Central Valley with high levels of P, Na, Zn and Cu (Table 5). Hence, a relevant
fraction of the Mexican P. vulgaris genetic pool is in the Oaxaca regions in Mexico, so the genetic
pools of the different Oaxaca regions differ in the contents of both mineral macro- and micro-
elements. Therefore, the data suggest that common beans provide an important fraction of
essential minerals and not only proteins and carbohydrates, and this information is relevant
to consumers because the specialized and organic markets demand products with major
contents of these minor dietary components.

Sources of Groups Populations/ Error Coef. var. Groups (contents in mg/100 g)

variation groups (%)

Mixteca Sierra Norte Sierra Sur Valles Centrales

Macro-elements

S 8094.6**  667.2** 11.7 75 39.4¢ 67.1° 41.9° 40.5%¢
P 106769.3**52431.2** 137.1 3.6 341.7¢ 266.0° 267.5° 359.8°
Na 4327.4*  1017.9* 523  10.1 63.9 74.2° 70.6° 85.1°

K 73606.6** 26151.9** 1017.4 3.5 918.4° 946.6* 909.0° 846.4¢
Mg 746.9%  730.5** 3.8 1.6 117.7° 118.6° 125.9° 113.7¢
Ca 998.3**  1353.7** 2.8 7.2 91.34 98.3 93.6° 100.1°

Micro-elements

Fe 1.83** 2.22%* 0.1 6.4 5.24° 5.11° 5.11° 4.87°
Zn 4117 0.90** 017 9.7 4.1° 4.5° 4.0° 4.7°

Cu 6.89** 0.97%* 0.01 74 1.23 1.14¢ 1.25° 2.02*
Mn 0.17** 0.10** 0.001 29 1.24° 1.32¢ 1.17¢ 1.18¢

**Significant at P <0.01. ! In rows, means with the same letter are not significantly different (Tukey’s test, P < 0.05).

Table 5. Significance of the mean squares of the analyses of variance and comparison of means among groups of
common bean landraces from Oaxaca, Mexico, in relation to the mineral contents in the grain.
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Significant differences among collections from the groups of different origin were determined
by a canonical discriminant analysis (Pillai’s trace F =3.36, and Wilks” lambda F =3.52; P <0.01).
The collection dispersion in reference to the first two canonical discriminant functions is
shown in Figure 3, and the patterns of differences by geographic origin indicate divergences.
For instance, the populations from the Mixtec region are dispersed in the lower left quadrant,
very close to those of the Sierra Sur; those from the Sierra Norte are in the lower right quadrant,
and the Central Valley has a higher dispersion in all the quadrants. It is also relevant that the
samples with high Fe, Cu, Ca, P, S, Mn and K contents exist in the upper right quadrant
(Figure 3). As a result, the outstanding samples with high mineral contents might be used in
a breeding scheme as proposed by Welch and Graham [60], Welch et al. [61] and Teixeira et al.
[62] in P. vulgaris germplasm. Therefore, as suggested by these authors, more than high yields
and adaptability ought to be the main criteria for bean selection.
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Figure 3. Scatterplot of common bean landraces from different regions of Oaxaca based on two principal canonical
functions and the mineral contents in the grain.

The dispersion of the evaluated populations based in the amount of total macro- and micro-
element content is shown in Figure 4. A total of four scenarios for the populations of particular
interest were generated by the creation of four quadrants based on the average content of both
macro- and micronutrients. For instance, populations with a higher microelement content are
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scattered in the upper left quadrant, but these were low in macronutrients. On the other hand,
populations that are scattered in the lower right were high in macro- butlow in micro-elements.
The outstanding populations with higher averages of both macro- and micro-elements are
located in the right upper quadrant, where populations from the Mixtec, Sierra Norte and
Central Valleys appear. Specifically, the P-06 population is characterized by a high content of
both micro- and macro-elements, whereas the P-60, P-67, P-75 and P-79 contain a higher

amount of only macro-elements. Consequently, we believe that a set of native bean populations
with high macro- and micro-element contents can be identified in every region of Mexico, and
they are preserved by farmers and used directly as food (Figure 4).
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Figure 4. Dispersion of common bean landraces from different regions of Oaxaca in relationship to the total contents of

the macro- and micro-elements in the grain.

Another relevant aspect of the bean is its functional compounds and potential nutraceutical
content, so 25 native bean populations were collected from Oaxaca, Mexico and experimentally
cultivated. At harvest time, a sample ranging from 200 to 500 individuals per population was
taken and analysed in a laboratory for the contents of monomeric anthocyanins, polyphenols
and flavonoids as well as antioxidant activity by DPPH and a colour index (Table 6).
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Accesion! An? Seed coat Seed Seed colour

Po Fl AA Po Fl AA L* Chrome h°

EDOMEX-011-11P 0.04 82.2 209 5645 25 070 138 595 8.0 46.2
EDOMEX-011-7™¢ 0.04 94.6 93 7513 25 037 141 535 17.1 58.6
EM-01-01P" 1.13 89.5 123 6679 27 040 11.8 544 102 50.7
Average-Mexico 0.4 88.7° 14.2" 661.2° 2.6° 049 132" 55.8" 11.7% 51.8"
GRO-01-1037" 0.41 67.9 128 6217 21 033 120 516 94 33.7
GRO-011-15¢ 0.05 612 65 1325 23 030 138 682 107 65.3
GRO-011-16" 0.25 55.7 16.8 6101 26 078 135 505 155 51.7
GRO-01-118r" 0.25 92.5 129 7244 13 033 104 369 5.1 21.5
GRO-011-19¥" 0.34 51.0 128 5129 27 077 11.0 56.7 89 47.0
GRO-011-20" 0.07 57.9 141 5207 16 018 71 500 97 42.5
GRO-011-23p 0.22 51.2 196 6394 13 063 166 59.7 95 40.8
GRO-10-120° 0.53 70.2 150 6314 23 032 131 481 114 43.6
GRO-10-129" 0.42 809 85 7359 25 048 109 534 7.6 35.2
GRO-10-87" 0.59 62.1 215 7792 14 0.61 102 491 124 40.3
GRO-10-99 0.24 52.2 11.6 4597 23 042 91 607 63 36.4
Average-Guerrero’® 0.3 63.94 13.8° 578.9% 2.0° 0.47° 11.6° 53.2° 9.7% 41.6"
OAX-011-07°" 0.38 879 157 7508 27 056 83 478 116 44.9
OAX-011-12¥ 0.37 71.4 10.0 6157 33 054 203 477 131 48.7
OAX-011-28° 2.14 57.0 59 5347 19 038 105 517 5.6 67.7
OAX-011-29™ 1.54 1082 73 1021.7 23 030 159 63.6 7.7 61.2
OAX-011-30° 3.47 1270 11.0 9738 19 035 125 491 438 81.3
Average-Oaxaca 1.6" 90.3"  9.9¢ 779.3" 24" 043 13.5" 52.0" 8.6" 60.7°
PUE-011-13p 0.25 1045 157 7134 2.0 027 112 485 121 35.7
PUE-011-14¥ 0.04 39.2 89 3894 13 010 74 621 254 72.1
PUE-011-15% 9.07 27.7 79 3216 54 064 324 595 111 62.0
PUE-011-20° 1.94 31.3 80 2404 13 028 230 455 438 79.4
PUE-011-34™ 1.32 80.2 111 7280 15 032 253 563 92 64.1
PUE-11-33 0.05 706 98 6036 27 049 159 537 105 41.4

Average-Puebla 2.1 58.9¢ 102" 499.4° 24" 0.35° 19.2* 54.3" 12.2¢ 59.1
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Accesion' An? Seed coat Seed Seed colour

Po FlL AA Po Fl AA L* Chrome h°

TLA-10-5¢ (average-Tlaxcala) 0.2 123.4° 14.8" 985.3" 2.6 041¢ 13.4"* 62.2° 9.8% 60.6"

DHS-Tukey 0.02 1.03 021 59 0.10 0.02 0.65 5.01 3.0 7.52

!Origin of groups: EDOMEX/EM= Estado de México; GRO = Guerrero; OAX = Oaxaca; PUE = Puebla; TLA = Tlaxcala.
2An = anthocyanins (mg of Cynidin-3-Glucoside-C3G-/g DW); Po = polyphenols (mg gallic acid equivalents-GAE-/g
DW); Fl = flavonoids (mg catequine equivalents -CE-/g DW); AA = antioxidant activity (umol ETrolox/g DW).
among groups, means with the same letter are not significantly different (Tukey’s test, P < 0.05). Visual colour of the
grains: P = pink;™= mixture of seed colours; P* = pink-red; < = cream; % = cream pink; * = red; ® = black; ¥ = yellow.

Table 6. Average values of anthocyanins, polyphenols, antioxidant activity and colour index in a Mexican collection of
common bean landraces.

The variation among populations in the monomeric anthocyanin content in grains ranged from
0.04 to 9.07 mg cianidine-3-glucoside (C3G)/g on a dry basis, and among groups, the highest
average was presented by samples from Puebla (2.1 mg C3G/g) followed by the Oaxaca group
(1.6 mg C3G/g) and Tlaxcala (0.2 mg C3G/g). The variation in anthocyanins among the study
populations was slightly greater than that described by Gola-Masum-Akond et al. [63] in 29
common bean genotypes of different colours: 0.05 to 0.45 mg C3G/g. Although no specific
determinations of anthocyanin types were carried out in this study, it was evident that
collections of intense black and red as well as multicoloured beans (a grain mixture of different
colours) presented a higher anthocyanin content (>1 mg C3G/g); these included EM-01-01,
0OAX-011-28, OAX-011-29, OAX-011-30, PUE-011-15, PUE-011-20 and PUE-011-34. As deter-
mined by Tsuda et al. [64], delphinidin-3-O-3-D-glucoside, petunidin-O-f-D-glucoside and
malvidin-3-O-3-D-glucoside were mostly associated with black bean anthocyanins. However,
as reported by Xu et al. [65], the dephinidin-3-glucoside and petunidin-glucoside were the
compounds most commonly related to the black grain bean. The highest anthocyanin content
in red grain beans was of pelargonidin 3-glucoside, as reported by Choung et al. [66], and
higher anthocyanin content was reported in brown, black spotted and pinto grain beans (0.45
a 0.59 mg C3G/g) by Dzomba et al. [67]. As a result, the highest anthocyanin contents in the
common bean are associated with beans with a dark seed coat with brown, red and black grain
variations.

The anthocyanin contents in black beans reported in this study (1.94 to 3.47 mg C3G/g) were
higher than those reported by Salinas-Moreno et al. [39] in 15 black bean varieties, which varied
from 0.38 to 0.72 mg C3G/g. Variations are partly attributed to the types of laboratory proce-
dures used, yet differences among genotypes can not be ignored. This was confirmed by the
evaluation performed by Xu and Chang [68], who did not find any anthocyanins in the pinto
variety but identified delphinidin-3-glucose, malvidin-3, 5-diglucose, petunidin-3-glucose,
malvidin-3-galactoside, and malvidin-3-glucose in the black variety (Turtle Eclipse).

Regarding polyphenol and flavonoid contents, important differences were found among the
types of seed coats and seeds without seed coat, and the first was favoured in both cases.
Among population groups, polyphenol content varied from 58.9 to 123.4 mg GAE/g and from
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2.0 to 2.6 mg GAE/g, respectively, plus the variation in flavonoids among groups differed from
9.9 (Puebla) to 14.8 (Tlaxcala) mg CE/g and from 0.35 to 0.49 mg CE/g. These higher polyphenol
and flavonoid concentrations provided major antioxidant activity in the seed coat (499.4 to
985.3 umol ETrolox/g) than in the seed (11.6 a 19.2 umol ETrolox/g), Table 5.

These patterns of high antioxidant activity were repeatedly found among populations within
groups such as the PUE-011-15 (27.7 umol ETrolox/g) and PUE-011-20 (31.3 umol ETrolox/g)
collections, which had the lowest polyphenol contents in the seed coat. Nevertheless, they were
higher than the highest seed contents of 20.3 and 32.4 pmol ETrolox/g in the OAX-011-12 and
PUE-011-15 collections, respectively (Table 5).

Regarding flavonoid contents among populations, the variation ranged from 5.9 (OAX-011-28)
to 21.5 (GRO-10-87) mg CE/g in the seed coat and from 0.1 (PUE-011-14) to 0.77 (GRO-011-19)
mg CE/g in the seed (Table 5). Consequently, the greatest flavonoid content and highest
antioxidant activity in the seed coat made us conclude that, with regard to nutraceutical
properties, attention should be focused on this fraction, as well as on the grain covering,
because of its high potential.

The variation in the total polyphenol content in the grain ranged from 1.3 to 5.4 mg GAE/g in
this work, which was slightly lower than that reported by Golam-Masum-Akond et al. [63] in
different bean varieties (from 5.9 to 14.1 mg GAE/g) and even lower that the contents in the
seed coat (from 27.7 to 127.0 mg GAE/g). These latter values are similar to those reported by
Espinosa-Alonso et al. [40] in different common bean populations in Mexico, which ranged
from 49.6 to 131 mg GAE/g. Differences in the laboratory methodology could have influenced
the results, but populations with potential nutraceutical value due to high flavonoid content
in both the seed coat and seed were still detected, such as the OAX-011-29 and TLA-105 among
others.

A variation in total flavonoid content ranging from 0.82 to 10.6 mg CE/g in 62 bean popula-
tions, both wild and cultivated, was reported by Espinosa-Alonso et al. [40]. The lowest
values were similar to those determined for grain but, in several cases, were higher than
those revealed for the seed coat for a group of 15 populations, up to 11 mg CE/g. An esti-
mated variation in flavonoids ranging from 0.6 to 1.2 mg CE/g was reported by Boateng et
al. [69]. Regardless of the differences in methodology and the estimate derived from the
results, the populations under evaluation have important flavonoid levels in the seed coat
compared to other genotypes, both cultivated and wild. This fact indicates that the farmers
in the study area have a deep knowledge of their bean seeds and continue cultivating the
most valued landraces.

The use of combined grain colour indexes (L*: chromaticity, and h°: tone) helps to differen-
tiate populations by the colour of the seed coat or any other characteristic that can be visu-
ally appreciated, such as the luminosity index (L*). These indexes became rather useful in
the present study for distinguishing the visual colours: pink, cream, yellow or red from
other visual variants. Those denominated red and those denominated black were distin-
guished by the Chroma index, but the tone hue index (h°) was the most accurate because a
gradient value was assigned to each colour or variant. Thus, all of the evaluated bean pop-
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ulations were classified in a quantitative way, and in this case, the lowest values corre-
spond to perceptions of pink or red and the highest to black (Table 5). These indexes can
be used as physical parameters to differentiate between local bean varieties of different
grain colour.

The antioxidant activity in the seed coat (132.5 a 1021.7 umol ETrolox/g) was considerably
higher compared to that reported in the seed (7.1 a 32.4 umol ETrolox/g). It was significant-
ly correlated (r > 0.36, P < 0.05) with total polyphenol content in the seed coat and seed as
well as to the anthocyanins in the grain. As a result, the differentiation among bean groups
of origin and bean populations was rather clear. As confirmed by the results of this study,
anthocyanins and polyphenols confer high antioxidant activity to the bean grain and seed
coat; similar results were reported by Golam-Masum-Akond et al. [63], Dzomba et al. [67],
and Oomabh et al. [70].

4. Contribution of farmers to on-farm conservation of common bean
germplasm

The on-farm conservation of common bean landraces by Mexican small farmers is a basic
survival strategy aimed at meeting the daily feeding requirements of rural families. As a
consequence, the strategic conservation in situ landraces within indigenous, non-indigenous
and marginalized communities becomes a way to access food that is not discussed but only
conducted to grow and produce beans to eat. However, when there are surpluses, they are
sold through either local or regional markets [15, 16, 71]. In several cases, landraces are only
regionally or sporadically known nationwide [28] even when remarkable potential has been
fully identified in local genetic pools through agronomic, molecular and biochemical assess-
ments [36, 72, 73].

The cultivated wild species Phaseolus sp., Zea mays ssp. parviglumis H. H. Iltis & Doebley
(teosinte) and Cucurbita sp. [74-77] are also distributed in the Mexican region within Mesoa-
merica. Possibilities for crossing or genetic flow are generated by the spatial convergence of
the genetic pools of wild and cultivated species despite some degree of geographical isolation,
differences in flowering time or low crossing rates (<1%). This occurs in beans [78], even though
crosses are sometimes high (20-70%) when large numbers of pollinators prevail in the
agroecosystems [79].

Beans are grown under different agroecological conditions and for multiple purposes, as we
documented in different visits though several regions in the south and southeast of Mexico.
The cultivation variants depend on growth rate, both fresh and dry harvest purposes and the
levels of precocity. For instance, bean population types III and IV of indeterminate growth,
which are most commonly referred to as either climbers or ‘frijol de guia’, are usually associ-
ated with corn and harvested as fresh green beans or dry grain. In these cases, the bean climbs
and tangles itself in the corn plant, which being a late flowering and fruiting plant supports
the bean. Determinate growth bean types I and Il are grown in small plots or backyard gardens
to harvest in green beans, and a pink, purple, green with mottled burgundy or simply green
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colourations characterize the pods, depending on the landraces sold in the local and regional
markets. Dry cultivation is performed, and higher yields per unit area are also obtained in such
cases.

The bean populations referred to as bush bean plants or determinate growth type I and II are
preferred for monoculture planting, most frequently in large areas and in northern Mexico.
They are precocious, and the populations display more uniform flowering and fruiting. The
grain colour is uniform solid to mottled and variegated, pale white, pink purple, marbled,
cream, red, wine, brown, grey, black, white, as well as mottled in different combinations, and
it is not surprising to find farmers planting different physical seed mixtures in terms of colour
and species. P. vulgaris with Phaseolus coccineus and P. vulgaris with Phaseolus [unatus are among
the most productive mixtures. All of these observations are consistent with the management
of Phaseolus sp. diversity described by Worthington et al. [80] and Soleri et al. [81] in Oaxaca,
Mexico.

Thelocal bean supply system differs from region to region and from one community to another,
and it was revealed through field trips that beans are planted in larger areas by the farmers in
the north-central region (>3 ha/producer) than in the south-southeast region (<3 ha/producer)
of Mexico. As a consequence, the seed requirement for improved varieties or landraces in both
volume and diversity are different in such cases. Improved varieties, and sometimes landraces,
are most commonly used by north-central farmers, and often in contrast, landraces, and
sometimes improved varieties or even a mixture of both, are most commonly used by the
farmers located in the south-southeast. It is a rather common practice for farmers to turn to
other communities or regions to obtain seed in years when losses occur due to weather events,
such as droughts, storms, floods or hurricanes, or even buy improved varieties. However, they
are always looking to find germplasm that suits their agroecological niches [82].

Estimates have been made concerning the movement of seeds within communities in Oaxaca,
Mexico, and it was revealed that over 90% of farmers either keep and cultivate their own
landrace seed or obtain it from their neighbours or farmers in nearby communities or from
traditional local markets [80].

More than a single local bean population has been planted in each agricultural cycle by farmers
in Yucatan and some other states in the south-eastern region of Mexico. Some of the reasons
underlying the decisions regarding which bean landraces to grow include growth type (I, 1I,
IT or IV) because it is directly related with the number of management practices that need to
be performed (e.g., Type IV requires more practices); days from planting to the harvest of green
beans or dry grain pods; the adaptability to the ecological conditions of the plots or backyard
of the producer; tolerance to soil water deficits or low temperature; consumption of fresh forms
(as green beans) or dry forms, flowers and/or dry pods; tolerance to insects during storage;
grain hardness or consistency with regard to cooking time and flavour and the related
organoleptic characteristics, among others [83]. It is appropriate to note that such seed
exchange systems are not closed because new seed lots always arrive in the communities being
sown, but the sowing continuity of such batches relies on both adaptability and productivity
levels in the new places where they are used.
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The local seed beans from small farmers are often stored in closed plastic containers and
packages, and occasionally, the seed is treated with calcium hydroxide (lime), ash, dried
epazote plants (Dysphania ambrosioides (L.) Mosyakin et Clemants), chilli pods (Capsicum sp.)
and chemical insecticides. Additionally, the bean grain is handled differently depending on
the harvest volume and the need for storage in the medium term; when only small amounts
are harvested (<100 kg), it is generally used for immediate consumption. As a consequence,
bags are used and placed in dry spots that are regularly used in the kitchen, but when the
harvest is good (>100 kg), the surplus is usually sold at either local or regional markets or even
stored in plastic containers with capacities of 100-200 kg that must be perfectly closed. The
necessary seed treatments are applied in such cases.

Frequently, farmers from a given region in Mexico or a community have apparently similar
bean populations because the beans are alike in grain coat colour, size, shape, growth type,
flower and even the local name, as when the Spanish names, such as “negro delgado”, “frijol
de milpa” or “frijol de cerro”, are used or when the local names are used, such as “daa yel-la”,
“dadlad”, “daa tupil” and “dad ya-44” [81] in the Zapoteca de la Sierra language; “xcolibu’ul”
and “tzama” in the Mayan language [83]; “ndutji” in Mixtec; “etl”, “iztac etl”, “yahoetl”,
“pitzahuaqetl” or “itza acalet]” in Nahuatl; “tatsuniutul” in Purepecha; “tsjad” in Mazahua;
“chenek” in Tzotzil; “m’jnai” in Chinanteco; “rune” in Triqui [84], among other indigenous
languages. This means that even if the beans are visually or morphologically equal oridentified
by the same landrace name, they cannot be assumed to be from similar populations. Addi-
tionally, the landraces in the Phaseolus regions and communities of geographical origin cannot
be assumed to have low levels of genetic diversity, mainly in the region known as Lerma-
Santiago where a high genetic diversity prevails, based on the documented genetic profiles,
geographical origin, phylogeny and ethnohistory of the local bean populations.

The south-southeast regions of Mexico are recognized as the centres of the origin, domestica-
tion and genetic diversity of the common bean [4, 77, 85] and where, even today, in indigenous
communities, knowledge of the germplasm, crop and seed management [16] is transferred
from parents to their children. As a result, the management of genetic diversity in the hands
of farmers has established a certain group of features in each bean population that is adapted
to each particular agro-ecological niche that is influenced by consumer preferences [85]. Some
evidence of such facts was confirmed by the analysis of genetic diversity among different seed
samples from farmers in the region of Santa Maria Jaltianguis in the state of Oaxaca, México,
where, using SSRs and RFPs markers, significant differences (Fs;) were revealed among
farmers with similar bean seed lots of the Mesoamerican and Jalisco races [80, 81].

The bean genepools in Mexico can be classified into four groups: a) a total of 85 improved
varieties that are currently registered in the Catalogo Nacional de Variedades Vegetales del
Sistema Nacional de Inspeccién y Certificacion de Semillas [86] for marketing to farmers; b)
approximately 7000 Mexican P. vulgaris accessions that are mainly preserved in the germplasm
banks from the Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias
(INIFAP), Universidad Auténoma Chapingo (UACH) and Universidad de Guadalajara; c) out
of the 70 Phaseolus wild and cultivated species that are distributed in Mexico, the Mexican
germplasm banks have the seed of 28 wild species that are distributed throughout the country
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from sea level to an altitude of 3000 m (Table 7). It should be considered that even though both
wild and cultivated species exist, five species have already been domesticated in the region
including P. vulgaris, P. coccineus, P. lunatus, P. acutifolius and P. dumosus [35, 87]. d) Finally, the
genepools composed of wild species, landraces and heirlooms in the hands of farmers from
different Mexican regions; a single farmer may usually hold from 1 to 3 landraces [81, 83]. Now,
taking into account that there were 609,342 small family bean production units in 2008 [88], it
can be estimated that there are currently 609,342 to 1,828,026 seed lots with a certain degree of
differentiation induced by the handling that each farmer provides to his bean populations. As
a consequence, each seed lot is designated as the unit of physical diversity that is shaped by
all of the bean grains used by each farmer for the next crop, which is treated as independently
reproducing a particular type of bean [89, 90]. The highest P. vulgaris genetic diversity, which
is generally classified as the Mesoamerican, Jalisco and Durango races, is preserved in the
fields of small Mexican farmers [2, 4, 14, 77, 91].

Phaseolus species'  Phaseolus distribution by Mexican state

xanhtotrichus Hidalgo, Chiapas

vulgaris Most of the country

tuerckheimii Chiapas

ritensis Chihuahua, Durango

polymophus Aguascalientes, Coahuila, Durango, Guanajuato, Jalisco, Nuevo Ledn

pluriflorus Durango, México, Jalisco, Michoacan, Morelos, Nayarit, Sinaloa

pedicellatus Guanajuato, Guerrero, Hidalgo, Jalisco, México, Michoacan, Morelos, Nayarit, Querétaro, San Luis

Potosf, Tamaulipas, Veracruz

pauciflorus Chihuahua, Durango, Guerrero, Jalisco, México, Michoacan, Morelos, Nayarit, Sinaloa, Sonora,
Zacatecas

parvulus Chihuahua, Durango, Nayarit, Sinaloa, Sonora, Zacatecas

oligospermus Chiapas

oaxacanus Oaxaca

nesonii Chiapas, Jalisco, México, Michoacan, Oaxaca, Zacatecas

neglectus Nuevo Leén, Tamaulipas

microcarpus Chiapas, Guanajuato, Durango, Guerrero, Jalisco, Michoacan, Oaxaca, Puebla

micranthus Jalisco, Michoacan, Nayarit, Sinaloa, Sonora

maculatus Aguascalientes, Chihuahua, Coahuila, Durango, Guanajuato, Hidalgo, Puebla, Querétaro, San Luis

Potosf, Sonora, Tlaxcala, Zacatecas

lunatus Baja California, Campeche, Chiapas, Colima, Guerrero, Jalisco, México, Michoacan, Morelos,

Nayarit, Oaxaca, Sinaloa, Tabasco, Tamaulipas, Veracruz, Yucatan
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leptostachyus Chiapas. Chihuahua, Colima, Durango, Guanajuato, Guerrero, Hidalgo, Jalisco, México,
Michoacan, Morelos, Nayarit, Nuevo Ledn, Oaxaca, Puebla, Querétaro, San Luis Potosl, Sinaloa,

Sonora, Tamaulipas, Veracruz, Zacatecas

jaliscanus Jalisco, Nayarit, Sinaloa, Michoacan

hintonii Oaxaca, Morelos, Michoacan

grayanus Chihuahua, Coahuila, Durango, San Luis Potosl, Sonora, Zacateca

glabellus Chiapas, Hidalgo, Oaxaca, Puebla, San Luis Potosl, Tamaulipas, Veracruz

filiformis Baja California, Chihuahua, Coahuila, Sonora

esperanzae Hidalgo, México, Michoacan, Puebla

coccineus Template regions from states of México, Chiapas, Oaxaca, Guerrero, Morelos, Puebla, Veracruz,

Tlaxcala, Hidalgo, Guanajuato, Michoacan, Jalisco, Nayarit, Zacatecas, Durango, Nuevo Ledn,

Tamaulipas, Sinaloa

chiapasanus Chiapas, Oaxaca
albescens Jalisco, Michoacan
acutifolius Baja California, Chihuahua, Durango, Sonora, Sinaloa. Nayarit, Jalisco, Querétaro, Colima,

Coahuila, Guerrero, Michoacan, Oaxaca, Chiapas, Veracruz, Tabasco

!Species with seed available at the INIFAP germplasm banks, Universidad Autonoma Chapingo and/or Universidad
de Guadalajara.

Table 7. Gene pools of wild species of Phaseolus distributed in Mexico [34, 73, 91].

5. Perspectives on the implementation of strategies for the participatory
breeding of landraces at the community level

Common bean landraces are an important component of Mexican small-scale farms, and there
are numerous landraces that are often highly variable in the plant, physiological, seed,
biochemical, genetic and nutritional traits and which usually distinguished by local names or
characters. The landraces have particular properties or reputational characteristics for
adaptation to local climatic conditions and consumer demand for regional dishes.

The demand for seeds by local farmers depends on the market demand for each improved
variety. Improved varieties of grains with light colours are regularly demanded by farmers in
the north-central region (i.e., Flor de Mayo, Flor de Junio, Bayo, Cacahuate, Canario, Garban-
cillo, Mayocoba, Ojo de Cabra, Pinto and some others), and dark-coloured or black varieties
(i.e., Jamapa, Negro, etc.) are less likely to be in demand. Small farmers in the south-central-
southeastern communities, on the other hand, request a higher number of landraces than
improved varieties because they farm plots with a great diversity of agroecological, orographic
and altitudinal production niches where improved varieties do not usually thrive. Specific
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genetic differences have been determined among the seed lots of farmers in the same com-
munity [80, 81], who thus provide a high genetic diversity grouped in three common bean
races, which are the Mesoamerican, Jalisco and Durango, that are conserved in situ by small
farmers [2, 4, 78].

Efforts to supply improved bean varieties to farmers who have their products sold in domestic
and international markets are being made by INIFAP, research centres and universities. Such
farmers can pay from $20 to $100 dls for the amount of seed required to sow a single hectare
with a last generation variety or imports. Conversely, small farmers in the south, central and
south-eastern regions of Mexico lack economic resources to buy the seeds of improved bean
varieties and are more likely to supply themselves with their own seed or to borrow it from
their neighbours in either the same community or nearby [81, 82, 92]. Therefore, decentralized
plant breeding or a strategy different to the traditional scheme is required to improve bean
landraces, which means that breeding programmes need to be either participatory or collab-
orative to implement in situ breeding with the cooperation of breeders and farmers or farmer
communities to achieve local and regional objectives in the fields of local farmers. A relevant
lack of genetic improvement programmes prevails in Mexico because there is also a lack of
bean breeders.

Unique opportunities to use the gene sources of more than 20 wild species distributed
throughout Mexico are offered by the many Phaseolus landraces and heirlooms and wild or
cultivated germplasm genepools, even though the interspecific crossings have not yet been
tested. There are also ways to break through the barriers that prevent crosses among species
or any other gene transfer strategies of agronomic and biochemical-nutritional relevance
among related or different species in terms of genetic divergences. These underutilized or
underexplored opportunities require further study. Genetic markers help to both locate and
identify specific groups of genes of agronomic and nutritional biochemistry importance, thus
making the genetic selection more efficient. However, investment in laboratory infrastructure
as well as equipment and human resources is still required to make assisted breeding with
genetic markers a reality. Recent improvements include the generation of advanced lines with
varying degrees of resistance to pests and diseases through interspecific hybridization [93].

Evidence of the nutritional and nutraceutical potential of landraces as protein sources (essen-
tial amino acids), carbohydrates, minerals and polyphenols (anthocyanins, flavonoids,
phenols, carotenoids and some other compounds) with high antioxidant activity were
previously above. Small farmers, in several cases, take direct advantage of landraces despite
little knowledge of the enormous nutritional contribution that comes from the consumption
of common bean landraces. The data generated in universities and research centres must be
disseminated to consumers because of the decreasing tendency in per capita consumption in
Mexico from 18.9 kg in 2000 to 10.2 kg/person/year in 2008 [85, 94]. Important progress was
achieved by Welch et al. [61], Blair et al. [95] and Gelin et al. [96] with regards to common bean
improvement with the selection of elite germplasm with high Zn and Fe contents. However,
despite having a quantitative inheritance, such characters interact with the environment and
crop management. The most remarkable outcomes were realized using germplasm from the
Andes and Mesoamerica.
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One challenge for common bean breeding is the generation of improved varieties, which
requires the exploitation of genetic variability and the application of local knowledge. Atlocal
and regional levels, a farmer is aware that genotypes or landraces respond favourably to abiotic
and biotic stresses, including future scenarios of climate change. As previously reported, most
breeding for drought resistance has been within the Mesoamerican gene pool and based on
grain yield under stress. The sources for drought resistance originated from Jalisco and
Durango, Mexico [97]. The impacts of both abiotic and biotic stresses on the common bean
crop are influenced by interactions with other environmental components, such as soil texture
characteristics, organic matter content, the degree to which aggregate stability affects water
infiltration, soil water-holding capacity, and the ability of the roots to acquire moisture and
nutrients.

The highest phenotypic and genetic diversity of the landraces is in the custody and preserved
in the plots, backyards and homes of small farmers in Mexico. Such self-generated seed
producers are able to exchange this diversity among neighbours and relatives who require
only small quantities, which is a different scheme than that employed by seed companies or
institutions that provide improved seed varieties because the demand in the communities is
lower than the minimum required by a business aiming to multiply the improved varieties.
Furthermore, the latter are not always adapted to the agroecological niches of small traditional
producers, so the local seed exchange systems become the only sources of supply for small
farmers, who require different breeding strategies than those used in commercial agriculture.

6. Conclusions

To understand the diversity of common bean landraces, to take advantage of the nutritional
value of the grain, and to promote strategies for on-farm conservation and utilization, it is
necessary to characterize and evaluate the phenotypic and genetic variation managed by
traditional farmers, which provides us with a better understanding of the dynamic and
structure of cultivated populations. The farmers modify landrace diversity through manage-
ment practices in accordance with the diverse reasons or criteria used to satisfy their food
needs, the agroecological production conditions, cultural factors and, sometimes, market
demands.

The results of this study showed that two patterns of diversity in the common bean landraces
can be distinguished in Mexico in terms of the geographic area being represented; at the level
of states and regions within a state, the landraces are defined by the agromorphological
characteristics and chemical composition of the grain, such as the contents of minerals,
flavonoids, polyphenols and antioxidant activity as well as grain colour indexes (L*, chrome
and hue). The agroecological conditions of cultivation and farm management influence the
high variability in the agromorphological and chemical composition of the grain in the
common bean landraces.

In each collection of the evaluated common bean landraces, populations were detected with
high agronomic and grain composition potential. For example, there were populations with a
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high number of grains and yield per plant and/or populations with high contents of micro-
and macro-elements, polyphenols, flavonoids and antioxidant activity within each level of
diversity represented, the Mexican states and the regions in the state of Oaxaca. Therefore,
there is germplasm available at both diversity levels to start a breeding programme at the
national level or for on-farm seed selection. In addition, different populations were identified
with a dual purpose, the production of both green and dry beans.

In developing countries such as Mexico, consumer preferences are changing towards a
decrease in the consumption of common beans, but contradictorily, the incidence of diabetes,
obesity and others chronic degenerative diseases is increasing in the population. Therefore, in
countries with the major genetic diversity of the species, the common bean is losing its social
role. Currently, different researchers are publishing articles demonstrating the protective effect
of green or dry beans in the prevention of diverse diseases, including cancer, and other research
groups are demonstrating the functional properties. However, there is scarce or no research
oriented towards solving the social problem of malnutrition, which is also associated with the
reduction in the information available to consumers and non-experts. Today; it is not enough
to demonstrate that high genetic diversity exists in common beans with the accompanying
nutritional and nutraceutical potential; we must test its utility to solve social problems.
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Abstract

Lentil (Lens culinaris Medik.) is a cool season food legume that is high in protein (20-30%)
andinarange of micronutrients (e.g., minerals, carotenoids, folates) but very low in phytic
acid. Recent research indicates that lentil contains a wide array of low-molecular weight
carbohydrates (LMWC) or prebiotic carbohydrates, such as mono- and disaccharides,
raffinose-family oligosaccharides (RFO), fructooligosaccharides (FOS), and sugar
alcohols, and high-molecular weight resistant starches. Lentil provides more than 13 g of
prebiotic carbohydrates per 100 g serving, and this level increases almost two-fold upon
cooking, cooling, and reheating. Inaddition, prebiotic carbohydratelevels vary withlentil
genotype and growing location/country. Intestinal microbiome and prebiotic studies
suggest a prebiotic-rich, low-calorie diet can reduce the prevalence of obesity and related
non-communicable diseases. Lentil thus represents a whole food source of prebiotics that
can play a role in efforts to reduce obesity and non-communicable diseases. This chapter
provides an overview of the current obesity-related health issues, holistic approaches to
reduce obesity, worldwide lentil production, and the promise of pulses, mainly lentil, to
be a whole food solution to combat global obesity. In addition, lentil’s superior LMWC
profile and the genetic potential for further enrichment of prebiotic carbohydrates are
briefly discussed.

Keywords: lentils, low-molecular weight carbohydrates, prebiotics, gut microbiome,
obesity
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1. Introduction

Obesity has become an epidemic. Chronic, non-communicable diseases associated with obesity
result in 36 million deaths globally each year, more than all other causes combined [1]. Obesity
hasbeenaseverallyneglected global publichealth concern for decades [2] and, today, “globesity”
—the global epidemicof overweightand obesity —is taking over many parts of the world despite
continued economic development[2].In1995,200 million adults were obese; by 2000, 300 million
adults were obese; and today, more than 1.9 billion adults are overweight and 600 million are
obese [2]. Both obesity and overweight increase the risk of health conditions including hyper-
tension, adverse lipid concentrations, type 2 diabetes, and several cancers (endometrial, breast,
prostate, and colon) [3]. This situation calls for immediate public health awareness to reduce
obesity and the risk of related health disorders.

Obesity and overweight are preventable health conditions. Several prevention approaches are
available, including dietary therapy (low caloric diets), changes in physical activity and/or
social behavior, surgical procedures, and combinations thereof. However, because of the
nature of these metabolic disorders, solutions will by necessity have a focus on diet. The
intestinal microbiome and a prebiotic-rich, low-caloric diet are beginning to be recognized as
being important for preventing obesity. Prebiotic-rich diets change microbial species in the
human gut, which leads to increased satiety, regulation of intestinal motility, production of
short-chain fatty acids, prevention of diarrhea and constipation, and reduction of pathogen
colonization [4, 5]. Furthermore, consumption of a prebiotic-rich diet may stimulate the
immune system [6], promote mineral absorption (especially iron and selenium), decrease the
risk of colon cancer [7, 8], reduce cholesterol levels and excess circulation of glucose, and
improve insulin sensitivity [9]. As such, products high in prebiotics are becoming more
popular health-promoting foods around the world. Lentil (Lens culinaris Medik.), also known
as poor man’s meat, is one such “superfood” and has the potential to provide daily prebiotic
requirements. Compared with cereal food products, prebiotics are found at high levels in
lentils [10]. The objective of this chapter is to provide an overview of current obesity-related
health issues, holistic food approaches to prevent obesity, global lentil production, and the
promise of pulse crops, particularly lentil, as a whole food solution to combat global obesity.

2. Obesity

2.1. Global obesity prevalence

Since the 1960s, obesity and overweight prevalence has increased enormously, resulting in a
global health burden far surpassing infectious diseases. The numbers tell a clear story. From
1980 to 2013, the number of overweight or obese individuals rose from 857 million to 2.1 billion
[11-13]. Worldwide, 37% of men and 38% of women are overweight or obese [13]. In some
regions, the rate of obesity in adults exceeds 50% [13]. The prevalence of overweight and
obesity among children and adolescents is also rising [11], with these conditions affecting
23.8% of boys and 22.6% of girls in developed countries and 12.9% of boys and 13.4% of girls
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in developing countries, respectively [13]. Unfortunately, awareness of the problem has not
resulted in any decline in obesity and overweight rates, especially in developing countries [13].

Health effects and comorbidities associated with obesity are numerous and include cardio-
vascular disease, type 2 diabetes mellitus, chronic kidney disease, osteoarthritis, hypertension,
stroke, dyslipidemia, gall bladder disease, and some cancers [14-16]. The severity of many of
these comorbidities increases with the degree of obesity, i.e., increasing body mass index
(BMI) [16]. In an analysis of risk factors contributing to global disease burden, high BMI alone
is the sixth highest risk factor for chronic disease even before the consideration of associated
comorbidities [14].

The costs of obesity are very high, both for afflicted individuals and for national healthcare
systems [14, 17-19]. Obese individuals have impaired physical function and health-related
quality of life [19], as well as socioeconomic and emotional consequences such as decreased
work force, completion of fewer years of school, stigmatization, decreased self-esteem, and
increased likelihood of experiencing poverty [18, 20]. Furthermore, obesity and overweight
cause an estimated 3.4 million deaths worldwide, accounting for 4% of life years lost and 4%
of disability-adjusted life years [14]. The financial burden of overweight and obesity is equally
high, consuming between 0.7 and 9.1% of total healthcare expenditures among countries
included in a meta-analysis from 1990 to 2009 [17]. Had associated comorbidities been
included, these expenditure estimates would be significantly higher. The etiology of obesity is
complex, but three contributing factors have been identified: diet, metabolic dynamics, and
physical inactivity [21]. The complexity of obesity arises because of interactions of these factors
with genetics and environmental stimuli (e.g., stress). To illustrate, over 150 gene loci relate to
obesity and diabetes through effects on body processes, including insulin and insulin recep-
tors, fat deposition and distribution, lipolysis, and hypothalamic function [22]. Obesity is
associated with chronic low-grade inflammation, which subsequently leads to a host of
downstream pathological conditions [23-26]. Proinflammatory markers, such as interleukin-6
and tumor necrosis factor (TNF)-a and -{3, are found in higher concentrations in the liver of
obese individuals, resulting in local and systemic insulin resistance [27].

2.2. What causes obesity?

Popkin et al [12]. suggest an evolutionary rationale for the obesity pandemic, pointing out
clashes between human biology and the technological and industrial revolutions (Table 1).
Three problems the authors identify relate directly to diet: sweet preference, disconnect
between thirst and hunger mechanisms, and fatty food preference. Food processing, added
sweeteners, caloric beverages, and ease of vegetable oil production exploited these biological
tendencies, resulting in dramatically increased consumption of sugars, oils, and milled grains.
The per capita supply of fats increased from 47 to 82 g/capita/day and of sugars increased from
47 to 61 kg/capita/day between 1961 and 2010; however, the per capita supply of pulse crops
(including lentil) dropped significantly over the same period (Figure 1) [28]. Furthermore, food
availability per capita overall has significantly increased [11].
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Biology Technology

Sweet preferences Cheap caloric sweeteners, food processing benefits
Thirst and hunger/satiety mechanisms not linked ~ Caloric beverage revolution
Fatty food preference Edible oil revolution, high-yield oilseeds, cheap removal of oils

Desire to eliminate exertion Technology in all phases of movement/exertion

Reproduced from ref [12].

Table 1. Technological clashes with human biology.
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Figure 1. Global supply of sugar, fat, and pulses from 1961 to 2009 [28].

2.3. Holistic approaches to preventing obesity

Consumption of foods rich in sugars/fat and low physical activity are major contributors to
obesity. Environment and human genetics also play a fair role, but societal changes are driving
the obesity epidemic. In 2002, experts from United Nations, Food and Agricultural Organiza-
tion (FAO), and World Health Organization (WHO) collaborating centers joined forces to
identify an immediate action plan to prevent global obesity. They recommended (1) correcting
social food intake and physical activity patterns, (2) intervention and commitment to the above
actions (food intake and physical activity) at all levels (e.g., individual through to community,
national, and international levels), and (3) developing new government policies for popula-
tions to improve individual lifestyle characteristics [29].

Economic growth, urbanization, and globalization of food markets have led to nutritional
transitions around the world. Consequently, consumption of high-fat high-energy diets
and/or reduced physical activity have become common practice. For thousands of years, world
agriculture adopted simple rotations of profitable cash crops, i.e., wheat, maize, and rice, with
nutritionally rich legume crops. However, modern calorie-centric agriculture is devoid of these
traditional or more diverse cropping systems, leading to nutrition transitions that are linked
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to increased rates of obesity in both developing and developed countries. To overcome these
nutritional transitions, appropriate food systems should feature a host of activities related to
the distribution, utilization, and consumption of nutritious foods including fruits, vegetables,
cereals, and pulse crops [30]. Holistic systems approaches use healthy soil, water, seeds,
fertilizer, human labor, and capital and have outputs beyond food —primarily the long-term
health of both the people and the environment. Such approaches have proven successful with
respect to the prevention of micronutrient malnutrition in developing countries. For example,
introduction of biofortified staple food crops through HarvestPlus to severely malnourished
populations has promoted distribution, utilization, and consumption of these food crops.
Traditionally, agriculture, food science and technology, economics, nutrition, and sociology
were separate disciplines. However, the newly designed system has combined all of these
activities into one compressive larger unit termed a “food system”. As a result, the under-
nourished population around the world is declining, from approximately 1 billion in 1991 to
792 million today [28]. Is it possible to use the same approach to prevent obesity?

Indeed, experts are proposing a holistic approach to prevent obesity. Proposed approaches
include (1) increasing the diversity of locally available foods though food hub, (e.g., developing
home gardens to be managed by women as a source of highly nutritious food for their families),
(2) diet diversification with whole foods (pulse crops, fruits, and vegetables) and reduction of
the intake of foods rich in refined sugar and fat, (3) developing appropriate technologies to
preserve and store foods for local communities, (4) population-based guidelines to control food
intake, e.g., food-based dietary guidelines (eat more fruits, vegetables, and legumes) or a
nutrient-based dietary approach (10% energy from protein, 15-30% energy from fat, and >50%
energy from complex carbohydrates), along with limited salt and alcohol intake, and (5)
population-based guidelines for physical activity and a greater focus on basic social and
biological research to understand household decision-making, food habits, child care, and food
purchasing power [29, 31]. Notably, social level solutions for obesity prevention require
attention from national government, food supply, media, non-government organizations,
healthcare services, workforce, education, neighborhoods, homes, and families [29, 31].

3. The potential role of pulse crops in combating obesity

Diet modulates local and systemic inflammatory markers, suggesting a mechanism of action
on obesity, diabetes, and other related conditions. In a fairly detailed study, a healthy diet,
characterized by fruits, vegetables, tomato, poultry, pulses, tea, fruit juices, and whole grains,
was inversely associated with inflammatory markers C-reactive protein, TNF-a, soluble
vascular cell adhesion molecules (sVCAM-1), and E-selectin; conversely, a diet rich in refined
grains, red meat, butter, processed meat, high-fat dairy, sweets, pizza, potato, and soft drinks
was positively associated with systemic inflammation [32]. In particular, prebiotic food
ingredients can decrease systemic inflammation through associations with hindgut microflora
[33]. Pulse crops, and lentil in particular, are key whole foods that provide significant nutri-
tional benefits in terms of micronutrient and prebiotic carbohydrate content and could thus
play a role in obesity prevention.
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3.1. Lentil production

Global lentil production has increased six-fold since the 1960s, from 0.85 million tons (Mt) in
1961 to 4.98 Mt in 2013; this has been accompanied by a 150% increase in sown area and a more
than doubling of average yields from 528 to 1150 kg ha™ (Table 2) [28]. Lentil is currently grown
in as many as 51 countries, including Canada, India, Turkey, Australia, the United States,
Nepal, China, Ethiopia, Syria, and Bangladesh. Although the area under lentil cultivation in
Turkey has declined in the last decade, lentil growing areas in Australia, Canada, Ethiopia,
India, Nepal, and the United States have considerably increased. Production in Asia is
concentrated in a belt stretching from Turkey in the west to Bangladesh in the east, accounting
for ~58% of the world sown area. China has recently started releasing lentil-related data, and
Bangladesh has increased its productivity through release and cultivation of improved
varieties. During the 1990s, Iran, Nepal, and Syria substantially increased production but lentil-
cultivated area and production in Pakistan declined. Forty percent of the world’s lentil
production is in North America, where Canada and the United States are major producers and
Mexico is a minor producer. In Africa, Ethiopia and Morocco are significant producers, while
Algeria, Sudan, Egypt, and Tunisia are only minor producers. In South America, Argentina
and Peru are the only significant producers. European lentil production is gradually decreas-
ing, with France and Spain being the only noteworthy producers. In Oceania, Australia has
emerged as a global leader with a production of 324,100 tons in 2013.

Year Area (million ha) Production (Mt) Yield (kg/ha)
1961 1.62 0.85 528

1971 1.72 1.05 611

1981 227 1.45 640

1991 3.27 2.66 814

2001 3.99 3.25 816

2013 433 498 1,150

Reproduced from ref [28].

Table 2. Trend in world lentil production (1961-2013).

Exports account for approximately one-third of total lentil production, with the remainder
eaten locally. International trade in small-seeded, red cotyledon lentil is dominated by
Australia, Canada, and Turkey, whereas trade in large-seeded, green lentil is primarily led by
Canada and the United States. Countries in the Indian subcontinent and the Middle East are
major importers of red lentil, and southern Europe and South America import large-seeded
green lentils. Lentils have been a popular food in many countries for thousands of years, likely
because of the associated nutritional benefits and preference for vegetable protein over other
protein sources.
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3.2. Nutritional quality of lentils

Lentils contain a relatively high concentration of protein (~30%) and are a rich source of
essential micronutrients (e.g., folates, iron, zinc, selenium, and carotenoids; Table 3). Lentils
are naturally high in iron, zinc, and selenium in forms that are highly bioavailable to humans
[42]. In addition, broad-sense heritability estimates for these minerals are high, indicating it is
possible to breed lentil cultivars with enhanced ability to accumulate iron, zinc, and selenium
in the seed despite environmental influences [37, 38]. Interestingly, lentils are very low in phytic
acid, which enables greater mineral absorption in the human gut [39, 41]. Furthermore,
bioavailability studies using both cultured Caco-2 cells and humans clearly show certain lentil
varieties are rich in bioavailable iron and selenium [42, 43]. Mineral bioavailability in lentil is
relatively high compared with cereals and other legumes because of the presence of high levels
of iron absorption promoters (e.g., ascorbic acid) and low levels of Fe absorption inhibitors
(e.g., phytic acid, gallic acid, and chlorogenic acid) [39, 42]. Lentil has been used as a model
candidate crop for micronutrient biofortification research at the International Centre for
Agricultural Research in the Dry Areas (ICARDA) in collaboration with the Clemson Univer-
sity Pulse Quality and Nutrition program. Our recent work has selected a few selenium-
enriching lentil accessions to develop high selenium uptake lentil populations with the aim of
releasing new lentil cultivars that produce seed with high bioavailable selenium [44]. Further
studies are in progress with respect to the release of high iron and zinc lentil cultivars for India
and Africa.

Nutrient component (units) Concentration Reference
Moisture (%) 1-12 [34]
Protein (%) 20-29 [34]
Ash (%) 1.8-3.3 [34]
Total lipid (fat) (%) 1-2 [35]
Carbohydrate, by difference (%) 60-63 [36]
Total starch (%) 40-70 [10]
Total prebiotic carbohydrates (g/100 g) 12.3-14.1 [10]
Resistant starch 5.5-9.3 [10]
Calcium, Ca (mg/kg) 460-496 [34]
Iron, Fe (mg/kg) 73-90 [37]
Potassium, K (mg/kg) 6,954-7,761 [34]
Zinc, Zn (mg/kg) 44-54 [37]
Selenium (ug/kg) 425-673 [38]
Ascorbic acid (mg/kg) 61.2-84.3 [39]
Gallic acid (mg/kg) 28.2-39.3 [39]
Chlorogenic acid (mg/kg) 10.3-20.3 [39]
Folate, dietary folate equivalent (ug/g) 2.2-29 [40]
Phytic acid (mg/g) 24-44 [41]
Fe bioavailability (ng/mg of protein) 7.2-22 [42]

Table 3. Nutritional composition of raw lentils.
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4. Prebiotic carbohydrates in lentil

Prebiotics, also known as low digestible carbohydrates, are defined as a selectively fermented
ingredient that allows specific changes, both in the composition and/or activity in the gastrointestinal
microflora that confers benefits upon host well-being and health [45]. A prebiotic is a specific colonic
nutrient that provides a metabolic substrate, and/or acts as a biosynthetic precursor or cofactor
for human microbiota. Classification of a food as a prebiotic requires scientific demonstration
that the ingredient (1) resists digestive processes in the upper part of the gastrointestinal tract,
(2) is fermented by intestinal microbiota, and (3) selectively stimulates growth and/or activity
of health promoting bacteria in that microbiotic population [45].

Food Prebiotic type Range (g/100 g) Reference
Lentil Sugar alcohol
Sorbitol 1.04-1.35 [10]
Mannitol 0.16-0.29 [10]
Galactinol 0.03-0.13 [10]
Non-starch polysaccharides
RFO 2-4 [10]
Nystose 0.06-0.07 [10]
FOs 0.20-0.10 [46]
Starch polysaccharides
Total starch 44-49 [10]
Resistant starch 34-9.3 [10, 47]
Common bean Non-starch polysaccharides
RFO 0-1.4 [46]
FOS 0-0.5 [46]
Starch polysaccharides
Resistant starch 1.8-1.9 [47]
White bread Non-starch polysaccharides
RFO 0-0.2 [46]
FOS 0-0.7 [46]
Starch polysaccharides
Resistant starch 0.1-1.2 [47]
Jerusalem artichoke Non-starch polysaccharides
FOS 12.2 [48]

Table 4. Types and concentrations of prebiotic carbohydrates in foods.

Lentils, on average, contain a total of 63% carbohydrates [36] and support healthful hindgut
microflora [10]. Naturally occurring prebiotic carbohydrates in lentils are categorized into two
major groups: (1) dietary fiber and (2) sugar alcohols [10, 45]. Dietary fiber is comprised of
starch polysaccharides, including resistant starch (RS), and non-starch polysaccharides,
including raffinose family oligosaccharides (RFO), fructooligosaccharides (FOS),
galactooligosaccharide (GOS), xylooligosaccharide (XOS), and insulin. Sugar alcohols include
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sorbitol, mannitol, and galactinol. Types of prebiotic carbohydrates present in lentils and other
foods are shown in Table 4. Concentration of prebiotics in foods range from trace levels, as
seen in white bread, to relatively high amounts in Jerusalem artichoke. Many of these naturally
occurring prebiotic carbohydrates are found in vegetables, pulses, and fruits at concentrations
ranging from 35.7 to 47.6 g/100 g in chicory root to trace amounts in many vegetables [49]. In
addition to vegetables and legumes, wheat, onion, and green bananas are other major sources
of these carbohydrates. A few studies have reported RFO [50, 51] and RS [52] concentrations
in lentil but did not assess genetic and environmental influences to determine the baseline
concentration of these prebiotic carbohydrates in current lentil cultivars in production.
Therefore, the ICARDA-Clemson University research program is working toward answering
the following questions with respect to lentil prebiotic carbohydrates: (1) What is the profile of
lentil prebiotic carbohydrates? [10] (2) Is there any genetic or environmental variation in prebiotic
carbohydrates in lentil? [10, 53] (3) What is the effect of dehulling, cooking, and cooling on lentil
prebiotic carbohydrate concentrations? [54] and (4) What is the effect of lentil prebiotics on obesity?
The remainder of this chapter will provide an overview of research findings to date with
respect to the first three questions as well as research currently in progress to address question
four.

4.1. What is the profile of lentil prebiotic carbohydrates?

To understand the profile of prebiotic carbohydrates, we analyzed 10 commercial lentil
genotypes grown in North Dakota, USA, in 2010 and 2011. Study results clearly characterized
the following lentil prebiotics: FOS (kestose and nystose), RFO (raffinose, stachyose, and
verbascose), sugar alcohols (sorbitol and mannitol), and total and resistant starch [10]. Mean
concentrations of RFO, sugar alcohols, FOS, and resistant starch were 4071 mg, 1423 mg, 62
mg, and 7.5 g 100 g™, respectively. Total starch ranged from 45 to 48 g 100 g™'. This means a 100
g serving of lentil could provide over 13 g of total prebiotic carbohydrates (Table 3) [10].
Overall, these results indicate that lentil contains nutritionally significant amounts of prebiotic
carbohydrates, the levels of which could potentially be further increased through genetic
selection and location sourcing.

4.2. Is there any genetic or environmental variation in prebiotic carbohydrates?

Work to date clearly demonstrates that prebiotic concentrations in lentils vary with genetic
and environmental factors. Growing location/country significantly influences the concentra-
tion of various prebiotic carbohydrates (Figure 2). We completed a global survey of 335 lentil
samples from 10 locations in 6 countries for sugar alcohols and various mono-, di-, and
oligosaccharides, including RFO and FOS [54]. Mean LMWC concentrations varied widely:
sorbitol, 1250-1824 mg/100 g; mannitol, 57-132 mg/100 g; galactinol, 46-89 mg/100 g; sucrose,
1,750-2,355 mg/100 g; raffinose + stachyose, 3,314—4,802 mg/100 g; verbascose, 1,907-2,453 mg/
100 g; nystose, 8-450 mg/100 g; and kestose, from not detected to 244 mg/100 g. In addition,
the concentrations of these prebiotics varied with average temperature and precipitation of
the region/country of origin, which was expected because of the fact that sugar alcohols, RFOs,
and sucrose are primarily stored in plants as reserves for survival during abiotic stress [55].
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Moroccan lentils had consistently higher concentrations of RFOs and sugar alcohols (Fig-
ure 2) than those grown in other regions. Likewise, concentrations in Ethiopian and the
American (WA) lentils were also high in RFOs. Regions with less precipitation and higher
temperatures during the growing season showed higher concentrations of prebiotic carbohy-
drates, reflecting the existence of a response mechanism to water-deficit stress.
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Figure 2. Sugar alcohol, raffinose family oligosaccharides (RFO), and sucrose concentration of lentils grown in seven
different locations [10, 54].

Genotypic variation with respect to prebiotic carbohydrates was also evident. In lentils from
the United StatesA [10], for example, total sugar alcohol concentrations were highest in CDC
Riveland (1,598 mg 100 g™), RFO concentrations ranged from 3,508 mg 100 g™ in CDC
Rosetown to 4,652 mg 100 g™ in Pennell, and FOS ranged from 52 mg 100 g™! in CDC Red Rider
to 79 mg 100 g in CDC Viceroy. Resistant starch ranged from 6.0 to 8.9 g 100 g™ and total
starch ranged from 45 to 48 g 100 g™

4.3. What is the effect of dehulling, cooking, and cooling on lentil prebiotic carbohydrate
concentrations?

Food processing is an important component of food production. Generally, processing involves
separation of non-edible parts, making foods more storage stable, and converting foods into
easily cooked forms. Lentil processing involves three steps: cleaning, dehulling, and splitting.
Cleaning removes other seeds, soils, and physical contaminants from the harvested lentils,
dehulling involves removal of the lentil seed coats, and splitting breaks the lentil cotyledons
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into two halves. The last two steps in lentil processing are determined by consumer preference:
some lentil consumers favor lentils with the seed coat intact while others choose non-split and
split lentils without seed coats. Lentils can also be further processed to separate protein,
carbohydrate, and other fractions, but this is not typical; more than 90% of lentil produced in
the world is consumed in either whole seed with seed coat, football (dehulled but whole), or
split form.

Lentil is a fast cooking food (~10 minutes), and the majority of consumers eat lentils as a soup
or curry as a nutritional complement to accompanying rice or bread. Their short cooking time
makes them a popular whole food for millions of people. Unlike other legumes, cooked lentils
retain all of their nutritional value as there are no cooking water nutrient losses. As noted
above, lentils can be processed into various fractions, with the carbohydrates and proteins
contributing unique physical and chemical properties to foods when added as an ingredient.
However, separation of lentil into different fractions requires higher energy and labor inputs
that increase in cost of production. Such further lentil processing may also lead to a loss of
essential nutrients found only in the whole seeds. Current lentil supply and demand, the
increased focus on micronutrient delivery from whole foods, and consumer preferences
suggest lentil will continue to be produced and marketed primarily as a whole food.

Few studies have indicated the effects of processing and cooking on lentil prebiotic carbohy-
drate concentrations. Two commercially available lentil market classes (medium green and
small red) showed some RFO reductions with cooking, cooling, and reheating [54]. Mean RS
concentrations in raw, cooked, cooled, and reheated lentil were measured at 3.0, 3.0, 5.1, and
5.1% (w/w), respectively, indicating cooling-induced synthesis of RS from gelatinized starch.
These results highlight the impact of temperature on lentil nutritional quality and shows lentil
are more nutritious after cooling. Similar increases (400%) in RS from raw to cooked then cooled
potatoes have also been demonstrated [56].

4.4. What is the effect of lentil prebiotics on obesity?

Recent discoveries suggest the intestinal microbiome and a prebiotic-rich, low-caloric diet can
play important roles in combating obesity and related diseases. Three dominant phyla have
been identified in human fecal flora: Furmicutes, Bacteroides, and Actinobactteria. Sub-
dominant groups are enterobacteria, streptococci, and lactobacilli [57]. The relative proportion
of Bacteroidetes is decreased in obese individuals compared with lean individuals; however,
this relative proportion rebounds with weight loss on a prebiotic-rich, low-caloric diet.
Furthermore, consumption of non-digestible, fermentable carbohydrates (or prebiotics) may
stimulate the growth and activity of hind gut bacteria by producing short-chain fatty acids that
provide energy source for colonocytes, strengthen the gut mucosal barrier, and suppress
colonization of pathogens [43]. As clearly shown by our research, lentil is a rich source of
prebiotic carbohydrates, therefore, lentils offer new opportunities in this regard. To date, no
research has been carried out to understand the true effect of lentil prebiotics on obesity. We
are expecting to finish preliminary research related to this question in summer 2016. Lentil
prebiotic carbohydrates provide numerous positive benefits to human health. However,
accurate prebiotic carbohydrate characterization and quantification is important not only to
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determine types and levels but also inform consumers of food sources that are rich in these
important compounds.

4.5. Accurate measurement of prebiotics

Human intestinal enzymes are able to digest carbohydrates based on their molecular structure.
Carbohydrates can be categorized in to readily-, slow- and non-digestible carbohydrates,
which are known chemically as mono-, di-, and polysaccharides. Glucose, a monosaccharide,
is a readily digestible carbohydrate; however, starch is a glucose polysaccharide with a
digestibility varying from fully digestible to non-digestible. Some prebiotic carbohydrates
resist the activity of human digestive enzymes and pass to the large intestine where they are
acted upon by bacterial enzymes. The use of both modern analytical instrumentation and
enzymatic procedures is required to accurately characterize the true levels of prebiotic
carbohydrates.

Carbohydrate analysis involves two main steps: carbohydrate isolation from a sample and
analysis of those isolated compounds. Hot water extraction or a combination of hot water
and ethanol is used to isolate most water-soluble carbohydrates. These water-ethanol soluble
carbohydrates are small in molecular size. The most accurate analytical method to quantify
these smaller carbohydrates is high performance anion exchange chromatography with
pulsed amperometric detection (HPAE-PAD). Sugar alcohols of monosaccharides represent
two groups of water-soluble carbohydrates that can be accurately identified and quantified
by HPAE-PAD. Other carbohydrates such as disaccharides (two monosaccharide units) and
oligosaccharides (3-10 monosaccharide units) are also water or water-ethanol mixture
soluble carbohydrates and can be successfully be quantified using HPAE-PAD. However,
HPAE-PAD and other analytical methods do not provide accurate identification and
quantification of polysaccharides comprised of 10 or more monosaccharides. These carbo-
hydrates can only be quantified only after hydrolyzing them into monosaccharides by
enzymatic hydrolysis.

Enzyme hydrolysis of prebiotic carbohydrates has two objectives: (1) to simulate human
intestinal environment to isolate digestible and non-digestible carbohydrate fractions and (2)
to selectively hydrolyze the glycosidic linkage of carbohydrates for accurate quantification.
For example, amylases are a type of human digestive enzyme that can be used to separate
starches from resistant starches during sample preparation/isolation procedures. The same
type of enzyme can also be used to completely hydrolyze starch-like macromolecules into their
simpler glucose units, thus enabling quantification of larger carbohydrate molecules.

Sugar alcohols such as sorbitol have the simplest molecular structure of all prebiotic carbohy-
drates; however, resistant starches are large, complex macromolecules. Well-established
HPAE-PAD and enzymatic procedures are available to accurately quantify some but not all
prebiotic carbohydrates. However, work is ongoing to combine good understanding of
prebiotic carbohydrate molecular structures, HPAE-PAD instrumentation, and enzymatic
hydrolysis procedures to accurately quantify more prebiotic carbohydrates.
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5. Lentil breeding at the ICARDA

Within the biofortification framework, the ICARDA lentil breeding program is working
together with Clemson University to increase mineral concentration and bioavailability to
combat global micronutrient malnutrition. In addition, future lentil selections will be carried
out by selecting cultivars with higher micronutrients, prebiotic carbohydrates, and low
phytate. Biofortification can improve crop nutritional value with minimal impact on
consumer cost. The ICARDA has also created a composite collection of more than 1,000 lentil
lines to understand the genetic diversity with respect to different nutritional traits, including
iron and zinc accumulation. Knowledge of the patterns of variation in the world germplasm
collection for yield, disease resistance, and nutrition is the key to understand factors
affecting lentil adaptation that can then be applied to lentil breeding. The geographic
distribution of these landraces in the world lentil collection for various morphological
characteristics, responses in flowering to temperature and photoperiod, winter hardiness,
iron-deficiency chlorosis, and boron imbalances collectively illustrate the specificity of
adaptation in lentil. Additional information on the specificity of adaptation within the crop
has come from collaborative multi-environment yield trials of common entries selected in
different locations.

Understanding genotypes and environmental factors, local constraints to production, and the
various consumer requirements of different geographic areas has led the breeding program at
the ICARDA to develop new genetic materials for a series of separate but finely targeted
geographical streams, linked closely to national breeding programs. The major agro-ecological
regions of production of lentil being targeted include (1) South Asia, East Africa, and Yemen,
(2) low-to-medium elevation Mediterranean regions, and (3) high-elevation areas of West Asia
and North Africa. These regions correspond to early, medium, and late maturity groups,
respectively. Additionally, lentil improvement activities have also been extended to the Central
Asia and Caucasus (CAC) region, where an initial thrust has been to study the adaptation of
diverse material suitable to their agro-climatic conditions.

6. Final thoughts

Recent studies have focused on health-beneficial bioactive components in commonly eaten
foods to understand their impact on human health and disease. Among these bioactive
compounds, prebiotic carbohydrates are important food constituents to reduce obesity-
related non-communicable diseases through interactions with the hindgut microbiome.
Lentils induce a low-glycemic response, and this has been attributed to their prebiotic content
that has a high resistance to human enzyme hydrolysis. In addition to human health benefits,
prebiotic carbohydrates are important for plant survival, e.g., with respect to water-deficit
or cold stress. Overall, lentil is a highly nutritious pulse crop that has supplied essential
nutrients including proteins, dietary fiber, macro, and micronutrients to various populations
over centuries.
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Despite current research evidence on prebiotic health effects, lentil breeding programs
continue to work toward lentil cultivars with reduced levels of RFOs in response to consumer
preference in certain markets [51]. RFOs have long been known as antinutrients and linked to
the flatulence and gastrointestinal discomfort that occur in some consumers [58]. Conventional
plant breeding programs have reduced the RFO concentration in seeds [59]; however, human
health benefits associated with RFOs have begun to be documented. RFO and other prebiotic
carbohydrates are important dietary components for preventing overweight and obesity and
associated diseases. Therefore, the aim of future plant-breeding efforts may instead be to
enhance all types of prebiotic carbohydrates.
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Abstract

Interest in alternative protein sources to those derived from animal, soy and wheat is
on the rise, as consumers are searching for lower cost, healthier alternatives without
compromising product quality and safety. Pulses are rich in protein, carbohydrates,
vitamins and minerals and are low in fat. Although pea proteins experience greater
integration into the plant protein ingredient market than others, lentil, chickpea, bean
and faba beans are not far behind. This review discusses approaches used for extracting
pulse proteins used to produce protein products (concentrates/isolates), mechanism
driving structure-function relationships as well as potential applications.

Keywords: Pulse proteins, extraction, structure-function and applications, Legumin:
Vicilin

1. Introduction

Pulses such as beans, peas and lentils have been consumed for thousands of years and represent
one of the most extensively consumed food in the world [1]. Pulses play crucial roles in fulfilling
the nutritional requirements of the growing population in a cost effective manner, especially
for developing orunderdeveloped countries whereanimal protein consumptioniseitherlimited
or expensive [2]. Pulses are widely used for food purposes because of their high protein content,
high nutritional and health beneficial properties, appropriate functional attributes, and
associated low production cost and abundance [3]. The health benefits associated with pulse
consumptionincludelowering of cholesterol levels, reducing therisks of various cardiovascular
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diseases and cancers, and decreasing the risk of type-2 diabetes [4]. Along with protein, pulses
provides dietary fiber and vitamins and minerals such as iron, zinc, folate, and magnesium [1].
Pulses also have an antioxidant and anti-carcinogenic effect because of the presence of phyto-
chemicals, saponins and tannins in them [1].

For many years, pulses have been used in the preparation of wholesome nutritional meals in
combination with other food sources or ingredients. Pulse crops such as pea, chickpea and
common bean (Phaseolus vulgaris L.), when blended with regionally grown cereal grains, could
be of immense value in helping to fulfill the nutritional requirements of people relying just on
mono-carbohydrate diets [5]. However, the nutritional quality of pulses is limited because of
the presence of heat labile and heat stable anti-nutritional factors (ANFs) [2]. The ANFsinclude
proteins such as lectins and protease inhibitors, and other compounds such as phytate, tannins,
saponins, and alkaloids [2]. The negative impact of these ANFs on consumption of pulses in
human and animal diets has been extensively reported [6]. However, the processed forms of
legumes (flours, concentrates or isolates) are reported to have lower levels of ANFs than their
corresponding raw material (seeds) [7]. For instance, during the germination process, legumes
were found to have a higher digestibility, soluble protein [8] and dietary fiber [9, 10], and
reduced levels of ANFs [11]. Furthermore, protein isolates prepared by extraction or precipi-
tation methods were also found to have reduced anti-nutritional factors such as trypsin
inhibitors, glycosides (such as convicine and vicine) and hemagglutinins which would
otherwise impair protein digestion and could be toxic for human consumption [5, 12-14]. The
exploitation of protein isolates or concentrates in new food formulations is of great importance
because of their high nutrition and functionality [15]. The utilization of right individual
functional properties might be useful in producing different food products such as cakes,
biscuits, beverages and breads.

2. Protein structure and legumin/vicilin (L/V) ratio

The majority of pulse proteins are albumin and globulin fractions, where globulins represent
~70% and albumins constitute 10-20% of the total pulse protein [5, 16]. In addition, other
proteins are present in minor proportions such as prolamins and glutelins [17, 18]. These four
proteins can be classified according to their solubility in various solvents based on the Osborne
classification scheme [19]. For example, globulin proteins are soluble in dilute salt solution,
albumins in water, prolamins in 70% ethanol solution, and glutelins are solubilized in dilute
alkali solutions [19, 20].

Albumins encompass structural and enzymatic proteins, lectins and protease inhibitors, with
their overall molecular mass (MM) ranging between 5 and 80 kDa [5]. In contrast, the salt
soluble globulins include legumin (11S, S = Svedberg Unit) and vicilin (7S) proteins. The 115
fraction is a hexamer (MM of ~340-360 kDa) comprised of six subunits (MM of ~60 kDa)
linked by non-covalent interactions. Each subunit pair is comprised of an acidic (MM of ~40
kDa) and basic (MM of ~20 kDa) chain joined by a disulfide bond [16, 21]. In contrast, the 7S
fraction is a trimer with a MM of ~175-180 kDa, and lacks disulfide bridging [5]. Vicilin protein
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molecules also have been reported to have various subunits of 75, 43, 33, 56, 12 and 25 kDa [16,
21]. A third type of globulin is also present, although in lesser amounts as compared to other
globulins, and is known as convicilin [22]. It is a 7S globulin, and a single convicilin molecule
has an overall MM of 220-290 kDa, and consists of 3 or 4 subunits each with a MW of 70 kDa.
This protein has a different amino acid profile than vicilin as it contains sulfur-containing
amino acids, is immunologically similar to 7S vicilin, and contains very little carbohydrate [5].
Various pulse species have been reported to contain convicilin-type proteins. For example,
Saenz de Miera et al. [23] investigated 29 different legume species from 4 genera (Pisum, Lens,
Vicia and Lathyrus spp.), and reported the presence of 34 new convicilin gene sequences. All of
the above studies considered convicilin as a third class of globulin molecules. However,
O’Kane et al. [24] deny the consideration of convicilin as a third pea globulin based on their
findings and reported that convicilin (a polypeptide) should be denoted as the R-subunit of
pea vicilin molecules (salt extracted).

The ratio of legumin:vicilin (L/V) is not fixed and may vary among different pulse varieties
and species. The ratio of L/V for pea, soybean and faba bean varies in the range of 0.2-8.0, 1.3-
3.4 and 1.7-3.7, respectively [25-35]. Various studies reported that L/V ratio for wrinkled pea
seeds (0.2-0.6) represents a smaller ratio compared to the smooth pea seeds (0.3-2.0) [28, 30,
35, 36]. Various factors including the methods used in the preparation of protein materials
(concentrates or isolates), processing parameters like pH and temperature and environmental
or agronomic factors may account for the variation in these ratios, which in turn could also
have influential effects on the physiochemical properties of pulse protein materials [16, 21, 37,
38]. As a part of their studies, Barac et al. [38] extracted the proteins from six varieties (geno-
types) of pea (Calvedon, L1, L2, L3, Maja and M.A) and indicated that genotypes with high 7S
protein levels or low 115 protein levels yielded higher amounts of protein (protein extracta-
bility) compared to the other genotypes. Moreover, pure vicilin solutions were observed to
have better functional properties (such as emulsification and gelation) than the pure legumin
solutions [38]. It was indicated that a low L/V ratio for preparation of protein isolates could be
desirable. In the Mertens et al. [35] study on smooth pea seeds, it was reported that agronomic
factors, including variety, cultivar type and location, affected the protein content and L/V ratio
with high significance. However, some varieties were less sensitive to the prevailing climatic
conditions than others. This approach could be beneficial from an industrial point of view as
it could manifest in picking stable and less sensitive L/V ratio lines for specific product quality
characteristics [35].

Various groups have researched relationships between L/V ratios and their functional
attributes. A number of studies noted that pea vicilin showed higher emulsifying properties
than corresponding pea legumin [39-41], which was attributed due to higher solubility [42]
and surface hydrophobicity [5] of vicilin proteins. Furthermore, Shen and Tang [43] reported
that emulsifying properties of vicilins were found to be dependent on both the legume
source (Kidney bean, red bean and mung bean) and their protein concentration (0.25-2.5%
w/v). The differences in the emulsion properties of vicilins at different concentrations were
majorly related to the variation in zeta potential and interfacial characteristics, and were also
found to be dependent on other factors such as protein folding, penetration and structural
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rearrangement at the interface [43]. Bora et al. [44] studied the heat induced gelation of
mixed pea globulins and found that 7S globulin had the capacity to undergo heat gelation
while 11S globulin did not although used the same optimal conditions of gelation with 15%
globulin solutions, pH 7.1 and heating at 87°C for 20 min. However, Nakamura et al. [45]
observed that the gels formed by 7S globulins of soybean are less strong and transparent as
compared to those formed by 11S globulins, which were much harder and turbid in nature.
The study suggested that the extent of interaction in gel formation of a mixed system of 7S
and 115 globulins is affected by factors such as the 11S/7S ratio and the composition of their
subunits. Cserhalmi et al. [39] reported that mixed globulins and 7S fractions of pea proteins
had increased surface hydrophobicity and emulsifying properties compared to the albumins
and 11S fractions. Moreover, for all the pea varieties tested, the emulsifying and surface
hydrophobicity properties were different from each other. Thus, varying the L/V ratio could
be used in obtaining the desired functional attribute in new food formulations.

The quantification of 7S and 115 fractions present in isolates or concentrates is an essential step
for calculation of L/V ratio which can be achieved using various methods described in
literature. Methods include ammonium sulfate salt extraction [46], isoelectric precipitation
[47], sodium dodecyl sulfate-polyacrylamide-gel electrophoresis (SDS-PAGE), gel chromatog-
raphy [48], selective thermal denaturation [49], sucrose gradient centrifugation [50] and zonal
isoelectric precipitation [51, 52]. The effective separation and the choice of technique should
be dependent on factors such as nature of sample (isolates, concentrates, seed), extraction
technique employed and the level of purification required. For testing of functional and
physicochemical properties of 7S and 11S fractions, it is required that enough quantity of these
samples is obtained whichever technique is used without compromising the purity.

3. Protein extraction

Protein extraction is dependent on many factors such as pH, temperature, particle size, ionic
strength, type of salt used, and solvent to flour ratio [53, 54]. Various extraction methods are
being studied so as to maximize the protein yield without compromising the protein func-
tionality of the concentrate or isolate product. The protein extraction processes which are being
exploited in the preparation of protein-rich materials (such as isolates and concentrates) can
be classified into dry and wet methods [55-57].

3.1. Dry processing

Dry processing of pulses is typically done by air classification, which involves the separation
of flours on the basis of particle size and density using an air stream into protein and starch
rich fractions [21, 58]. Air classification has been found to be suitable for legume crops low in
fat, such as field pea and common bean. Flours are first fractionated into starch (SI) and protein
(PI) rich concentrates using an air classification method. SI is then remilled and fractionated
to give SII and PII concentrates [55]. Protein separation efficiency (PSE) is defined as the
percentage of total flour protein recovered in the PI and PII fractions, and measured as the
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subtraction of % total flour protein recovered in SII fraction from 100% [55]. For legume crops
high in fat such as soybean and chickpea, particle agglomeration is detected which interferes
with PSE [59-61]. Dry processing has major advantage over wet extraction methods as the
native functionality of proteins is retained and a lower amount of energy and no water is
required [62]. Moreover, in contrast to wet extraction methods where both protein concentrates
and isolates can be produced, dry processes are suitable only for preparing protein concen-
trates with protein content from 40-75% [63] probably because of the presence of higher
amount of other compounds such as oil and fibers, and protein loss in coarse fractions [64].

Tyler et al. [55] studied the fractionation of eight legumes (cowpea, great northern bean, lima
bean, mung bean, navy bean, lentil, faba bean and field pea) using flours produced by pin
milling followed by air classification and found faba bean (63.8-75.1%) and lima bean (43.4—
49.6%) to have the highest and lowest protein concentrations in the protein-rich fractions.
According to the authors, the suitability of pin milling followed by air classification is strongly
correlated with the PSE of the legumes. Mung bean, lentil and great northern bean were found
to have the highest mean PSE values of 88.9, 87.2 and 87.0%, respectively, whereas lima bean,
cowpea and navy bean showed the lowest at 80.2, 78.2 and 80.3%, respectively. The other two
legumes, faba bean and field pea, had PSE values of 84.1 and 82.8%, respectively. Overall, the
authors indicated that except for lima bean and cowpea, the legumes were found to be suitable
for separation of protein and starch fractions by the pin milling and air classification method.

3.2. Wet processing

In general, wet extraction methods can be exploited for preparing both protein concentrates
and isolates at levels of 70% and 90% protein (or higher), respectively. However, it should be
noted that currently there is no universal classification scheme which separates concentrate
from an isolate for all the legumes. The various wet extraction processes include acid/alkaline
extraction-isoelectric precipitation, ultrafiltration and salt extraction. Legume flours dispersed
in aqueous solutions typically show high solubility when subjected to alkaline or acidic
extraction conditions at pH 8-10 and below 4 respectively [63].

3.2.1. Acid/alkaline extraction-isoelectric precipitation (IEP)

Briefly, proteins are first dissolved under alkaline (alkaline extraction) or acidic (acid extrac-
tion) conditions, followed by a clarification step and then precipitation by adjusting the pH to
the isoelectric point (pI) of the protein [65]. In solutions with the pH < pl, proteins assume a
net positive charge, whereas at pHs > pl proteins assume a net negative charge. Under solvent
conditions where proteins carry a net positive or negative charge, repulsive forces between
proteins repel neighboring molecules, and also promote protein-water interactions for
improved dispersion and solubility. Near the pl value, proteins tend to carry a neutral net
charge, allowing neighboring proteins to aggregate via attractive van der Waals forces and
hydrophobic interactions. Under these conditions, protein-protein interactions are favored
over protein-water interactions, and thus protein is precipitated out of the solution.
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According to Han and Hamaker [65], alkaline extraction followed by isoelectric precipitation
is the most widely used method for obtaining extracts with protein purity greater than 70%.
During alkaline extraction, legume proteins become solubilized at high pH values. The
solution can then be clarified by centrifugation to remove insoluble material such as insoluble
fiber, carbohydrates and insoluble proteins (e.g., prolamins). Protein concentrates or isolates
can be formed by reducing the pH of the supernatant to near the pl of the protein using an
acid such as HCI [63, 66]. The study of Can Karaca et al. [16] showed that isolates prepared
from legumes (faba bean, chickpea, lentil, pea and soybean) by an alkaline extraction/IEP
method had higher overall protein content (85.6%) as compared to those prepared by a salt
extraction method (78.4%). Moreover, it was reported that both legume source and protein
extraction method along with their interaction had significant effects on protein levels of the
isolates, and also on physicochemical and emulsifying properties. The overall surface charge,
solubility, hydrophobicity and creaming stability for IEP produced isolates was higher as
compared to isolates produced by salt extraction [16]. The effect of processing or extraction
conditions on the protein content of isolates can also be well observed from the studies of Flink
and Christiansen [67] and McCurdy and Knipfel [68]. In the former study, faba bean isolates
with protein contents of 80.0-90.0% were obtained when the bean:solvent ratio was 1:5 (w/v)
with pH 8 to 10 at 23°C for 10 min, and the precipitation of protein was carried out at pH 3-5.
While in the latter study, the protein content of faba bean isolates was 76.4-94.0% using a
bean:solvent ratio of 1:5 w/v with pH 7-10, for 30 min, temperatures of 10°C and 20°C, and
precipitation at pH 4-5.3.

Acid extraction (in principle similar to alkaline extraction) involves the preliminary extraction
of proteins under acidic conditions. This process could result in high solubilization of proteins
prior to protein recovery (IEP, Ultrafiltration (UF)), as proteins tend to be more soluble under
acidic conditions (pH below 4) [5]. In a study by Vose [69] for preparation of faba bean (Vicia
faba equina L. cv. Diana) and pea (Pisum sativum L. cv. Trapper) IEP isolates, the cyclone
discharge obtained from pin milling these two legumes was acidified directly using 2 N HCl
to a isoelectric point of 4.4—4.6. This process resulted in pea and faba bean protein isolates with
91.9% and 91.2% protein, respectively [5].

3.2.2. Ultrafiltration/diafiltration

In the literature, membrane separation methods were shown to produce protein isolates with
higher functionality [70, 71] and were effective in reducing levels of anti-nutritional compo-
nents which include protease and amylase inhibitors, lectins and polyphenols [72-74]. UF and
microfiltration are membrane-based fractionation methods using pressure as the driving force
for separation. Microfiltration can be used to separate particles or macromolecules larger than
0.1 pm, whereas ultrafiltration removes similar particles in the range of 0.001-0.02 um [75].
For preparation of protein materials using ultrafiltration, the supernatant after alkaline or
acidicextraction is processed using either UF or diafiltration (DF) together to isolate the protein
material. UF is often combined with DF to improve protein recovery, where water is added to
the retentate for dilution purposes, followed by re-ultrafiltration.
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Vose [69] used the UF procedure to produce faba bean and pea protein isolates which protein
levels of 94.1% and 89.5%, respectively. Boye et al. [66] evaluated the protein content of isolates
obtained from different pulses (pea, chickpea and lentil) using alkaline extraction-IEP and UF/
DF extraction methods. The protein content in concentrates obtained by the UF/DF method
was found to be higher than in those obtained by IEP. For instance, for yellow pea, green lentil,
red lentil, and desi and kabuli chickpea, UF/DF gave protein levels of 83.9%, 88.6%, 82.7%,
76.5% and 68.5%, respectively. In contrast, for IEP extraction, protein levels were 81.7%, 79.1%,
78.2%, 73.6% and 63.9% respectively for the same legume crops. Moreover, it was reported that
UF was different from IEP in terms of protein composition as the isolates prepared by UF
comprised both globulins and albumins, whereas the isolates prepared by IEP were observed
to contain only globulins [63, 76, 77].

3.2.3. Salt extraction

Salt extraction is a process where globulin proteins are separated from albumins on the basis
of solubility [5], as described previously in the Osborne classification scheme [19]. Proteins
contain both hydrophobic and hydrophilic amino acids. The majority of hydrophobic moieties
are buried inside the quaternary or tertiary structure due to a hydrophobic effect, and the
majority of hydrophilic moieties are on the surface, free to participate in protein-water
interactions. ‘Salting-in" of proteins typically occurs at low salt levels, where the ions act to
increase order of the protein's hydration layers and promote protein-water interactions [78-
83]. However, at high levels of salt, hydration layers can be disrupted as ion-water interactions
become favored over protein-water interactions in a ‘salting-out’ process [78-83]. As the ions
attract water molecules away from the surface of the proteins, protein-protein aggregation is
favored due to hydrophobic interactions. Aggregates continue to grow in size and number
until they fall out of solution as a precipitate. The ability of ions to ‘salt-in” or ‘salt-out’ proteins
depends on both the ionic strength and type of cations and/or anions present, as described
according to the Hofmeister series [Anions: SO,> > HPO,*> acetate” > Cl" > NO;; Cations:
N(CH,),> NH,*> Na*=K* > Li* > Mg*] [84].

Salts formed between cations and anions with higher precipitation ability in the series decrease
the solubility of non-polar amino acids, favoring hydrophobic interactions to ‘salt-out’
proteins. On the contrary, salts formed between cations and anions with lower precipitation
ability in the series weaken the hydrophobic interactions and result in increasing solubility of
non-polar amino acids, thus favoring the ‘salting-in” process [85]. Broadly speaking, ammo-
nium sulfate (NH,),SO, and sodium chloride (NaCl) are the most commonly used salts for
research purposes [16, 86-88]. Typically in the salt extraction procedure, proteins are initially
dissolved in an aqueous NaCl solution (0.3-0.5 M) [86, 88] at neutral pH, followed by a
clarification procedure to remove insoluble material. Precipitation of the protein can be
triggered by either diluting the supernatant with water to lower the ionic strength or by dialysis
to remove the salts, resulting in the formation of protein micelles which grow in size and
number until precipitation ensues. Alsohaimy et al. [87] prepared protein isolates from
chickpea, lupin and lentil using IEP and ammonium sulfate precipitation. For all of these
legumes, the latter method resulted in higher protein content (chickpea —90.6%, lupin —92.6%
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and lentil - 93.0%) in comparison to the former method (chickpea — 81.4%, lupin — 87.3% and
lentil — 80.0%). On the contrary, Can Karaca et al. [16] produced isolates from chickpea, faba
bean, pea and lentil using IEP and a salt extraction method and found that the protein levels
obtained using the IEP method (chickpea —85.4%, faba — 84.1%, pea — 88.8%, and lentil — 81.9%)
were found to be higher than the ones produced by the salt extraction method (chickpea
- 81.6%, faba — 82.0%, pea — 81.1%, and lentil- - 74.7%) [16].

4. Functional properties of pulse proteins

Protein flours, concentrates and isolates can be incorporated into various foods to increase
their nutritional value and/or to provide specific and desirable functional attributes [5]. These
functional attributes may include solubility, gelation, emulsifying ability, oil and water
absorption capacity, and foaming. Moreover, functional properties of legume proteins
contribute an important aspect in determining the competitiveness of the protein ingredient
or the product in the market, as they can impact the sensory, physical and chemical properties
of a food, which includes texture and organoleptic characteristics. In the literature, the
functional attributes of legume proteins vary considerably due to differences in the raw
material, processing, extraction methods and environmental conditions used during testing.

4.1. Solubility

Protein solubility plays a major role in various food applications as a number of functional
properties such as foaming, gelation or thickening, and emulsification are closely related and
often dependent on protein solubility. High protein solubility may be helpful in producing
food products such as beverages, infant milk powder, imitation milk and other products which
require instant solubility with no residues left. For instance, imitation milk produced using
lentil protein isolate was reported to have the same quality as compared to milk prepared from
soy protein isolate, however had a lower quality than when pea protein isolate was used [21].
The solubility of protein depends on various attributes including hydrophobic/hydrophilic
balance of the protein molecule (mainly the surface composition: polar/non polar amino acids),
pL pH, temperature, ionic strength and the type of ions present in the solution [63]. Proteins
exhibit minimum solubility at their pl because of a zero net surface charge, resulting in
aggregation of protein molecules into larger structures, followed by precipitation. On the
contrary, when the pH values are greater or less than the protein's pl, proteins exert a positive
or negative net charge into solution, repelling one another to maximize solubility.

The solubility profiles of concentrates and isolates from various pulses obtained by IEP or UF
were found to be lowest between pH 4 and 6, and significantly increased with pH shifting to
either more acidic or alkaline conditions [63]. Boye et al. [66] reported that the solubility of pea,
chickpea and lentil protein concentrates, which were processed using IEP and UF/DF techni-
ques, were highest at pHs 1-3 and pHs 7-10. Moreover, the solubility profile varied with
different varieties where, UF-yellow pea and UF-red lentil concentrates had the highest
solubility at neutral pH, while at pH 3 and 8-10 solubility was highest for only UF-red lentil.
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In both cases, the lowest solubility was found for UF-chickpea (desi). The study by Can Karaca
etal. [16] on five different legumes (pea, chickpea, faba bean, lentil and soybean) showed higher
overall solubility (determined at neutral pH) of these legume isolates prepared by the IEP
method (85.9%) as compared to ones prepared by a salt extraction method (61.5%). For the IEP
method, the pea protein isolate had the lowest solubility (61.4%); soybean isolates had the
highest solubility (96.5%); and pea, lentil and chickpea isolates exhibited intermediate
solubility (>90.0%). However, highly variable results were obtained for the solubility of salt-
extracted isolates with values of 30.1% and 96.6% for chickpea and soybean respectively, while
intermediate solubility was observed for lentil (89.8%), pea (38.1%), and faba bean (52.5%).
Solubility profile of isolates produced from kabuli (PBG-1, PDG-4, PDG-3, GL769 and GPF-2)
and desi chickpea cultivars (L550) were found to be non-significant as a function of genotype
(p>0.05) [89]. However, in the study of Baracet al. [38], the solubility profile of six pea genotypes
(Maja, Calvedon, Miracle, L1, L2 and L3) were found to be significantly different from each
other except L2 and Maja (p<0.05).

4.2. Oil holding and water hydration capacities (OHC, WHC)

OHC and WHC refer to the extent to which oil and water, respectively, can be bound per gram
of the protein material or legume flour [5, 63]. These properties are essential with respect to
maintaining the quality of a product, its shelf life and consumer acceptability (texture and
mouth feel). The ability of a protein to bind oil and water is important in preventing cook loss
or leakage from the product during processing or storage [63]. Failure of a protein to bind
water could lead to brittle and dry characteristics of the product [5]. WHC values for pulse
protein concentrates, such as pea, faba bean, lentil and chickpea, have been determined by
various groups [66, 89, 90] and fall in the range of 0.64.9 g/g, suggesting that both pulse
genotype and manner of processing could impact values. For instance, Kaur and Singh [89]
found that protein isolates prepared by kabuli chickpea cultivars (PBG-1, PDG-4, PDG-3,
GL769 and GPF-2) produced significantly lower WHC than desi chickpea (L550) (p<0.05)
which clearly indicates the impact of different cultivars in assessing functionality. Boye et al.
[66] reported that for all the legumes studied (red and green lentil, desi and kabuli chickpea,
yellow pea), IEP protein concentrates had higher WHCs than did ones prepared by UF (with
the exception of red lentil protein concentrates) although no substantial differences were
observed between WHC values between the processing treatments. The yellow pea concentrate
(IEP) had the highest WHC value which was much higher than those of the kabuli and desi
chickpea concentrates (IEP and UF) indicating the more significant effect of pulse type
compared to extraction method on WHC.

OHC values reported by various authors [86, 89, 90] for different pulses range from 1.0-3.96
g/g, and seem to depend again on the type and variety of pulse used, and the method of
preparation of the protein product. Boye et al. [66] studied the UF and IEP concentrates
produced from red and green lentil, yellow pea and kabuli and desi chickpea. They reported
that pulse variety and processing conditions had a larger impact on the OHC of yellow pea,
kabuli chickpea and red lentil concentrates as compared to those made from desi chickpea and
green lentil. Moreover, UF concentrates made from yellow pea, red lentil and kabuli chickpea
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had significantly higher OHC than their corresponding IEP concentrates. Red lentil and yellow
pea concentrates produced by UF had the highest OHC of 2.26 g/g and 1.17 g/g respectively.
However, no significant differences in OHC were observed between the IEP produced
concentrates (p>0.05) [66]. In the study of Kaur and Singh [89], chickpea protein isolates were
reported to have higher OHC than the corresponding flour samples. Moreover, in contrast to
WHC, the OHC of kabuli chickpea was reported to be significantly higher than desi cultivars
(p<0.05).

The water and oil holding properties of legume proteins may be essential in formulation of
food products such as meat, pasta, cookies, etc. In producing low fat meat products, water is
added to substitute the fat loss. And, water holding compounds are added to prevent cooking
losses and meat shrinkage which includes proteins (whey, soy and collagen), lipids (soy
lecithin) and carbohydrates (flours, starches and gums) [91]. For instance, soy proteins added
to ground beef improves the tenderness, moisture retention, decreases cooking losses, and
inhibits rancidity [92]. Deliza et al. [93] replaced meat in ground beef mixture with hydrated
textured soybean protein (15 or 30%) and found that beef patties were more tender as compared
to controls, although the overall flavor quality was reduced with having less beefy flavor.
However, legumes (navy beans, chickpeas, mung beans and, red kidney beans) when substi-
tuted at a level of 15% in beef mince resulted in acceptable products, with chickpea preferred
over other legumes [94].

4.3. Emulsification

An emulsion is a mixture of two or more immiscible liquids (usually oil and water), where one
of the liquids (the dispersed phase) is mixed in to the other (the continuous phase) in the form
of small spherical droplets [95]. Emulsions are generally classified into two types: oil-in-water
(O/W), in which oil droplets are dispersed within an aqueous phase (e.g., milk, mayonnaise,
cream and soups); or water-in-oil (W/O), in which water droplets are dispersed within an oil
phase (e.g., butter and margarine). Emulsions are thermodynamically unstable and with time
separate into oil and liquid layers due to collision and coalescence of droplets [95]. Stabilizers
such as emulsifiers can be used to produce stable emulsions. For instance, protein as an
emulsifier acts by adsorbing onto the oil-water interface to form a viscoelastic film surrounding
the oil droplets. Stability is enhanced through electrostatic charge repulsion (depending on the
pH), steric hindrance or increases to the continuous phase viscosity [95].

Protein emulsifiers are used worldwide because of their ability to adsorb at the droplet surface
in an O/W emulsion during the process of homogenization, thereby reducing interfacial
tension. The adsorbed protein molecules present at the surface act as a separating membrane
preventing coalescence with the neighboring droplets [63]. To be an effective emulsifier,
protein must exhibit the following properties: fast adsorption at the oil-water interface, ability
to form a protective and cohesive layer around the oil droplets, and ability to unfold at the
interface [96]. Various studies reported that the emulsifying ability of legume protein concen-
trates or isolates are dependent on the type of legume or the method (IEP/UF/salt extraction)
used in their preparation. For instance, Fuhrmeister and Meuser [71] reported that a pea
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protein isolate prepared by an IEP method was found to have lower emulsifying ability as
compared to one prepared using UF.

Emulsion activity index (EAI) refers to the area of emulsion stabilized per gram of emulsifier
or protein material and expressed as m*/g whereas emulsion stability index (ESI) refers to the
measure of stability of this emulsion as a function of the time. Emulsion capacity (EC) is the
amount of oil homogenized per gram of protein material and expressed as g oil/g protein
whereas creaming stability (CS) is the ability of an emulsion to resist creaming and the
formation of a serum layer as time passes, and measured as %. The study conducted by Can
Karaca et al. [16] on different legumes (pea, chickpea, faba bean, soybean and lentil) showed
that both legume source and extraction method (IEP or UF) had significant effects on emulsi-
fying and physicochemical properties. Both EAl and ESI were significantly affected by legume
source and extraction method, whereas EC was dependent on the legume source only.
However, Boye et al. [66], studying the functional properties of chickpea, lentil and pea protein
concentrates, concluded that IEP and UF preparation methods had little impact on emulsifying
properties. Barac et al. [38] studying functional properties of six pea genotypes reported
significant differences in emulsifying properties (EAI and ESI) as a function of Genotype and
pH. The EAI of pea genotypes tested in this study was significantly higher than the commercial
pea protein isolates tested.

Emulsifying and other functional properties of proteins can also be improved with protein
modifications such as limited enzymatic hydrolysis using proteases (e.g. trypsin). The
hydrolysis reaction results in partial unraveling of protein molecules thus exposing more ionic
and hydrophobic groups for interaction with oil droplets [97]. For instance, trypsin treated oat
bran protein with a ~4-8% degree of hydrolysis (DH) had improved solubility, water holding,
foaming and emulsifying properties as compared to those of native proteins [98]. On the
contrary, Avramenko et al. [99] reported detrimental effects of trypsin mediated hydrolysis
(DH~4-20%) of lentil protein isolates. Here, except zeta potential, all the physicochemical
properties (surface hydrophobicity and interfacial tension) and emulsifying properties
(emulsion activity and stability indices) were found to have lower values as compared to the
unhydrolyzed lentil protein isolate. This suggests that processing conditions might have
specific effects dependent on protein source.

Legume proteins play a vital role in the formulation of a number of novel foods (such as
sausages, bologna, meat analogues, cakes and soups) by formation and stabilization of
emulsions. Meat analogues are foods which are made from nonmeat ingredients, structurally
similar to meat and may have the same texture, flavor, appearance, and chemical characteris-
tics [100]. Some of the traditional foods such as wheat gluten, rice, mushrooms, tofu and
legumes when added with flavors mimic the finished a meat products such as chicken, beef,
sausage etc. [100]. Soybean protein is an important meat analogue since it has meat like texture
and provides a similar amino acid profile to meat proteins [100]. Tofu is a widely consumed
meat analogue made from soy, which provides a good source of protein, calcium and, iron. In
general, the market for meat analogues is large and includes vegetarians, vegans, and people
who do not eat meat products because of religious or cultural practices.
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4.4. Foaming

Similar to emulsions, foams also have two immiscible phases (aqueous and gas), and require
an energy input to facilitate their formation. Foams are comprised of a dispersed gas phase
within a continuous aqueous phase [96]. Proteins in solution adsorb to the gas-liquid interface
in a similar manner as in emulsions to form a viscoelastic film surrounding the gas bubbles
that helps resist rupturing and bubble fusion [63]. In contrast to emulsions, the major driving
mechanism associated with foam instability is associated with Oswald ripening, which
involves the diffusion of small gas bubbles through the continuous phase in order to become
absorbed into a larger gas bubble [96]. Rupture of the viscoelastic film leads to drainage of the
continuous liquid phase through the film matrix. Various food products are available which
use protein as a stabilizer including meringues, whipped desserts, mousses and leavened
bakery products [101]. Vose [69] reported that the foaming properties of faba bean and yellow
pea isolates, prepared using UF, were higher than that of skim milk powder, wheat flour and
soy protein isolates. A faba bean isolate was observed to have better foaming properties than
pea protein isolate.

Foaming capacity (FC) refers to the volume of foam generated after homogenization of a
certain amount of protein solution whereas foam stability (FS) refers to the ability to retain
foam structure and resistance in the formation of serum layer as a function of time. In the
study of Sathe and Salunkhe [102] on great northern bean (Phaseolus vulgaris L.) protein
materials, the FCs were in the following decreasing order: albumins (180%) > protein
concentrate (164%) > globulins (140%) ~ egg albumin (140%) > flour (132%) > isolate (106%),
where egg albumin was the standard for measuring foaming capacity. These results indicated
that all great northern bean protein materials except the isolate, had FCs that were comparable
to or higher than that of egg albumin. However, the foaming stabilities were as good as egg
albumin, and hence the overall foaming ability was given only a fair mark [5, 102]. Boye et
al. [66] studied and compared the functional properties of yellow pea, green and red lentil,
and kabuli and desi chickpea protein concentrates prepared using IEP and UF techniques. In
their studies, they found that foaming capacity (which ranged from 98% to 106%) was similar
for pea and lentil protein concentrates irrespective of extraction method used. However, the
desi and kabuli chickpea concentrates prepared by the IEP method showed higher foaming
capacity than the others. In general, it was observed that chickpea showed higher foaming
capacity and expansion but lower foam stability as compared to the other sources. Further-
more, variability was observed in foaming stability with kabuli and desi chickpea and green
lentil concentrates prepared by the IEP method having higher foam stability values compared
to concentrates prepared by the UF method. Barac et al. [38], studying the functional
properties of isolates produced from six pea genotypes using the IEP method, reported
significant differences in their foaming properties as a function of genotype and regardless
of changes in pH. Generally, a low foam stability was observed probably because of the low
concentration of protein used in the formation of the protein solution. However, foaming
capacity was highest for Maja cultivar, which was significantly higher than the commercial
pea protein isolate.
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5. Applications

Nowadays, there has been a growing interest by the food industry towards utilizing pulse
proteins in novel products due to their nutritional value, availability, low cost, desired
functional properties and beneficial health effects [3]. Pulse protein concentrates and isolates
are being applied in many food products such as beverages, imitation milk, baby foods, bakery
products, meat analogs, cereals, snack foods, bars, and nutrition supplements. Examples of
some of the food applications of pulse proteins from literature offering opportunities for novel
product development are presented in Table 1. Pulse proteins are also used in non-food
applications such as microencapsulation of bioactive ingredients. Pulse proteins can serve as
good encapsulating agents due to their amphiphilic nature, ability to stabilize oil-in-water
emulsions and film forming abilities. Some of the current examples of pulse protein-based
microcapsules include: alpha-tocopherol [103], polyunsaturated fatty acids-rich oil [104] and
conjugated linoleic acid [105] encapsulated with pea protein, flaxseed oil encapsulated with
chickpea or lentil protein [106], Bifidobacterium adolescentis [107] and folate [108] encapsulated
with chickpea protein.

Pulse Application Protein Outcome References
protein Conc'n (%)
Chickpea Pasta 5-15 Quality characteristics of the cooked pasta were [109]
not affected by increasing protein content.
Chickpea, faba Bean curd 2.3-3 Chickpea and faba beans had comparable textural ~ [110]
bean, lentil, mung properties to soybean.

bean, smooth pea,
pea, and winged

bean

Lentil and Cake 3 Lentil and white bean protein extracts tested were [111]

white bean found to be suitable to replace soy and pea in
bakery products.

Pea protein Gluten-free 1-6 Pea protein addition improved rheological and [112]

bread structural properties of the dough.

Lupin Bread 5-10 Lupin protein addition increased the dough [113]
development time, stability and the resistance to
deformation and the extensibility of the dough.

Lupin Fermented 2 Products containing lupin protein showed no [114]

sausage difference in firmness, appearance and color
compared to control.
Pea and sweet lupin Sausage-like 9 Sensory profile and textural properties were [115]
(cross-linked) vegetarian overall accepted.

substitute

Table 1. Some examples of food applications of pulse proteins.

6. Challenges for pulse protein ingredients

Application of pulse protein ingredients in food products is limited due to the formation of a
green or beany off-flavor during storage [116]. The most potent odor-active volatiles have been
identified in soy protein. One of the key off-flavors in soy protein is reported to be n-hexanal,
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which is a degradation product of linoleic acid. Fermentation with Lactobacillus or Streptococci
strains was suggested to overcome this hurdle [117]. In the case of pulse proteins, Murat et al.
[118] showed that the flavor profile is evolving during the extraction process from pea flour to
pea protein extract. The odor active compounds were found to be different between pea flour
and pea protein powder. Schindler et al. [116] identified 23 highly odor-active compounds in
pea protein extracts including n-hexanal, 1-pyrroline, dimethyl trisulfide, 1-octen-3-one, 2,5-
dimethyl pyrazine, 3-octen-2-one, f-damascenone, and guaiacol. The authors suggested that
lactic acid fermentation improved the aroma of pea protein extracts by decreasing the -
hexanal content and reducing or masking off-flavors.
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Abstract

Cadmium (Cd) is a chemical element present in the soil. At high concentrations Cd can
cause physiological and morphological damages to plants and it is highly toxic to
human beings. Minimizing the intake of Cd and other heavy metals from food
consumption is an important health issue. Efforts have been made to identify genetic
elements that are involved in Cd detoxification in plants. Heavy metal transporter 3
(HMAB3) plays a role in sequestration of Cd into vacuoles in soybean (Glycine max).
Inheritance studies revealed that low Cd accumulation in soybean seed is controlled by
a major gene (Cdal) with the allele for low accumulation being dominant. Major QTL
for seed Cd accumulation, Cdal and cd1, have been identified independently for low Cd
accumulation and both mapped to the same location as on LG-K (Chromosome 9) with
simple sequence repeat (SSR) markers. A single nucleotide substitution causing a loss
of function of the ATPase was found. The SSR markers linked to the Cdal and
Cdlgene(s)/or QTLs and the SNP marker in the P1B-ATPase metal ion transporter gene
in soybean can be utilized in marker assisted selection (MAS) for developing food grade
soybean varieties.

Keywords: cadmium, soybean, SSR markers, QTLs, marker-assisted selection

1. Introduction

Cadmium (Cd) is a highly toxic element for human beings because of its extremely long
biological half-life. Vast areas of agricultural soils are contaminated with Cd through the use
of super phosphate fertilizers, sewage sludge, and inputs from the mining and smelting

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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industries [1]. Cd* is readily taken up by roots and can be translocated into aerial organs,
where it affects photosynthesis and consequently root and shoot growth. At high concentra-
tions, Cd can cause severe physiological and morphological damages to plants, such as stunted
root and shoot growth [2—-4], chlorosis, decreased reproducibility [5], and reduced water and
nutrient uptake [6]. Cd stress can affect enzyme activities [3, 7], alter membrane permeability
[6], and disrupt cell transport processes [8]. Cd stress can also disturb cellular redox control
[9], damage the light-harvesting complex II [10] and photosystems I and II [11], and decrease
carbon assimilation and chlorophyll content [12]. Soybean has long been a staple food for
Asians, especially as soymilk, tofu, and oil [13]. Many soybean cultivars can accumulate high
Cd concentration in seed when grown on Cd-polluted soil [2, 14].

Cd can accumulate in the human body over time from ingestion of food containing Cd, leading
to a risk of chronic toxicity with excessive intake. In humans, it can damage kidneys, causing
a loss of calcium and associated osteoporosis [15]. It is desirable to limit the concentration of
Cd in crops used for human consumption to reduce potential health risks. Due to growing
concern about safety of foods and human health, Codex Alimentarius Commission of Food
and Agriculture Organization/World Health Organization (FAO/WHO) has proposed an
upper limit of 0.2 mg kg for Cd concentration in soybean grain [16]. The results of a large-
scale survey of domestic agricultural products revealed that the Cd concentration of 16.7% of
soybean seeds exceeded the international allowable limit of 0.2 mg kg™ proposed by the Codex
Committee until 2001, which is much higher than that of other upland crops [17].

Considering the health issues due to the intake of Cd and other heavy metals through food
grains, cultivars with reduced uptake of these metals are needed for human health. Breeding
cultivar with reduced Cd is an attractive method for changing the element profile of crops as
the benefit will persist in the seed that can reduce the requirement for other management
practices [18]. The amount of Cd that enters the human diet from a crop depends on the amount
of Cd accumulated in the portion of the plant that is edible rather than solely on total plant
uptake. Both accumulation and distribution of Cd in the plant differ depending on the species,
the cultivar, and the growing conditions. In general, the distribution of Cd within the plant is
influenced by transport from roots to the shoots via the xylem, transfer from the xylem to the
phloem, and transport through the phloem from sources to sinks and other environmental
factors [19].

2. Genetic variation for Cd uptake

Natural variation occurs in the uptake and distribution of essential and nonessential trace
elements among crop species and among cultivars within species. Plant breeding can be an
important tool to either increase the concentration of desirable trace elements or reduce that
of potentially harmful trace elements such as Cd. Since the Cd trait is highly heritable,
incorporation of the genes influencing low Cd accumulation can help to reduce the average
grain Cd to levels below the recommended international limit. The allele for low Cd concen-
tration can be incorporated into other cultivars through breeding program without affecting
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other agronomic traits [20]. Cd uptake depends both on the Cd concentration in the soil and
on the characteristics of the specific cultivars. Accumulation of large amounts of Cd in the root
may limit the accumulation of Cd in edible aboveground portions of the plant. It was reported
that Cd concentration in soybean seeds was reduced when high accumulating soybean lines
(rootstock) were grafted with low accumulating lines. This indicated that the Cd accumulation
in the seed was reduced by high accumulation in the root and was controlled by the rootstock
cultivar [21]. Differences in seed Cd concentration among different varieties may be in part
related to differences in the abilities of plants to control movement of Cd from the xylem into
the phloem, and via the phloem to the soybean seeds [2, 22, 23]. There was also considerable
genetic variation observed among soybean cultivars [2, 23-26], with low Cd cultivars appear-
ing to retain more Cd in the root and translocate less to the seed than high Cd cultivars [22].

In field-grown soybean, a wide range of Cd concentrations varying from 0.08 to 1.1 mg kg™ in
seed have been reported depending on growing environment and soybean genotype [2, 27—
29]. Low soil pH, vicinity to mining sites or sludge applications, has contributed to an increased
Cd level in soybean seed [28-30]. In most studies, soybean Cd levels were considerably higher
in roots, stems, leaves, or pods than in seeds. Moreover, a high soil Cd concentration is also
toxic to soybean reducing plant growth and photosynthesis apart from other effects [31]. Due
to genetic differences in soybean cultivar for seed Cd accumulation, a three- to sixfold Cd
concentration increase was observed between lowest and highest accumulating genotypes. It
was reported that the variation in the Cd accumulation level between genotypes was due to
differences in both uptake and Cd retention of the roots [2]. Cadmium concentration in roots
showed far higher than that in shoots of soybean genotypes. The root morphological traits
such as the total root length (RL), root surface area (SA), and root volume (RV) were closely
related to Cd tolerance at young seedlings under Cd treatments [26].

Genotypic differences in Cd uptake and distribution were observed in soybeans cultivated in
pot and under low Cd concentrations in the field [2]. Cultivars with low Cd uptake accumu-
lated much higher Cd in their roots than those of the cultivar with high Cd uptake [32].
Decreasing soil Cd concentration reduced Cd concentration in soybean seeds [33]. Interaction
of Cd and nitrogen resulted in decreased Cd uptake by soybean seedling roots cultivated at a
high nitrogen nutrition level [34]. Cd adversely affected soybean growth, nodulation, and N,
fixation as a function of time and increase in Cd concentration [35]. The risk of toxicity from
Cd in food is influenced not only by Cd concentration but also by concentrations of other trace
elements such as Zn and iron (Fe) [36]. Breeding programs are underway to increase the
concentration of essential trace elements to enhance the nutritional value of staple crops.
Breeding programs to increase concentrations of essential trace elements would have the
combined benefit of enhancing the nutritional value of staple crops while reducing the
bioavailability of Cd, particularly if low Cd was included as a selection criterion [20].

Growth stage or the age of the plants and the time of exposure to the heavy metal also affect
Cd absorption and distribution between different cultivars and between plant parts. The
soybean cultivar “Doko” showed an increase in Cd concentration in the roots from the VC
(cotyledon stage) to V2 (second node) stage while the cultivar “Bossier” showed the opposite
trend in roots. The Cd content of both cultivars (cvs) in stems, however, did not change much
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from VC to V2. The highest Cd concentration in roots, stems, and leaves was found approxi-
mately at the 8th, 10th, and 13th day after Cd addition, respectively. After these maxima, Cd
concentration remained approximately constant in the stem and the leaves but decreased in
the roots of both cvs [37]. Using tracer Cd, it was reported that Cd transported to seeds was
absorbed before full seed stage and Cd absorbed at the beginning of growing stage was
accumulated in leaves [38, 39]. The growing stage where Cd concentration in seeds becomes
the highest was from full pod to full seed stage [40]. The relationship between Cd concentration
in soil and soybean seeds was different among cultivars. There were significant differences of
Cd uptake among soybean cultivars cultivated in the same upland fields. The order of Cd
concentration in green beans and in matured soybean seeds was Enrei < Tsurunoko < Tsukui.
The translocation of Cd to mature seeds increased rapidly after green seed formation [41].

3. Genetic control of Cd accumulation

Higher plants possess six possible ways to overcome heavy metal exposure at the cellular level:
control metal influx, reduce metal bioavailability, chelate metals, promote metal efflux,
compartmentalize and sequester metals, and detoxify metal-induced reactive oxygen species
(ROS) [42-47]. Efforts have been made to identify gene(s) that are involved in Cd detoxification
in plants. Cadmium accumulation in grain may be affected by the uptake by roots, xylem-
loading-mediated translocation to shoots, and further transportation to seed via the phloem
[48]. Cd translocation from roots to shoots is driven by transpiration in leaves [49]. Cd
accumulation in the edible parts is thus likely to be controlled by the general translocation
properties of leaves, stems, and roots via the xylem and phloem. Genetic variability for Cd
uptake has been reported in soybean [2, 22, 23, 25, 50-52]. The seed Cd concentration of certain
genotypes was consistently low under all field and soil conditions. Cd concentration in young
tissue of the soybean correlated well to the final Cd concentration of the mature seed, which
would facilitate breeding [23]. However, limited efforts have been made in the past to utilize
the genetic variability for reduced Cd accumulation in crops. Now, because of market require-
ments and/or concerns for human health, researchers have placed greater emphasis on
producing low Cd cultivars [20]. In soybean, inheritance studies using an F,; population
showed that low Cd accumulation in soybean seed is under the control of a major gene (Cdal)
with the allele for low accumulation being dominant [53]. Genetic control of Cd accumulation
in soybean cultivars was also reported from a field experiment, where 32 soybean cultivars
were cultivated on three fields with high Cd content. Evaluation for the seed Cd accumulation
revealed that 14 cultivars had an average Cd accumulation of 0.135 mg kg™ or less (0.0936-
0.1326) and 18 cultivars had an average Cd accumulation of 0.285 mg kg or more (0.2852-
0.4452), while none accumulated between 0.135 and 0.285 mg kg™ Cd in the seed. This also
suggested that a major gene played a role in controlling Cd accumulation in soybean seed [53].

Genetic control of Cd accumulation was also evaluated in a recombinant inbred line (RIL)
population (Fgg) derived from the cross between soybean genotype AC Hime (high Cd
accumulator in seeds) and Westag-97 (low Cd accumulator). The amount of Cd accumulation
in the seeds of the parents AC Hime (0.537 + 0.046 mg kg™') and Westag-97 (0.170 + 0.01 mg
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kg™) differed significantly (P < 0.0004, F = 7.70). Cd concentrations in the RILs ranged from
0.067 to 0.898 mg kg™!, with a mean of 0.268 + 0.013 mg kg'. Of the 166 RILs analyzed for seed
Cd concentration, 87 had <0.2 mg kg and 79 had 20.21 mg kg™'. Treated in this manner, the Cd
concentration in the soybean seed segregated in a 1:1 ratio, giving a y>value of 0.386 (P =0.534)
(Figure 1). Transgressive segregation indicates that some minor genes or QTLs may be
involved in influencing Cd accumulation in the AC Hime 9 x Westag-97 populations [53].

4. Breeding for low Cd accumulation

Genetic variation in Cd uptake and translocation had been found in crop plants. Plant-breeding
approaches became feasible for the selection of genotypes with reduced Cd accumulation.
Genetic variability for Cd accumulation within a species provides an opportunity to utilize
plant breeding to select for genetically low Cd concentration. Cultivar selection is an important
way to limit Cd uptake and accumulation in crops. Breeder should study the genetic variability
for seed Cd concentration in germplasm. An understanding of the heritability of the genetic
variability is essential in designing the breeding strategy. It would help in incorporation of the
low Cd accumulation trait with suitable modern cultivars. However, identifying low Cd
phenotypes by analysis of the grain is challenging due to the high cost of analysis [20].
Developing inexpensive methods would assist in transferring the low Cd accumulation traits
with other desirable traits. In soybean grain, Cd concentration was found to be controlled by
a single gene, with low Cd dominant in the crosses studied [53]. Lines with the low Cd trait
had restricted root-to-shoot translocation, which limited the Cd accumulation in the grain.
Genetic variability in soybean [2, 22, 23, 25, 51, 54] has been reported.

Based on the importance of soybean as a staple food crop, the development of low Cd soybean
cultivars should be a priority [2, 22, 23, 52]. Inclusion of low Cd as a selection criterion adds
an additional trait to an already lengthy list of characteristics that need to be incorporated into
a potential new cultivar. The basic characteristics of yield, seed quality, biotic, and abiotic
resistance should always be considered. Breeding for low Cd accumulation trait should be
assessed based on time and resources available for other characters while determining the
priorities. However, care should be taken when considering certain selection activities that
may indirectly influence seed cadmium concentration. For breeding aluminum tolerance in
crops growing on acid soils and selecting for improved bioavailability of zinc, it may be
necessary to incorporate genes to limit the high Cd uptake that would occur at high pH soils
(pH of <5.5) and uptake by plants due to similarity of these elements with Zn, respectively [20].
The Cd concentration in both low and high Cd cultivars can increase, if environmental factors,
soil salinity, high Clirrigation water, or management practices increase the phytoavailable Cd.
Correction of Zn deficiencies, flooding of rice paddies combined with the application of organic
matter and possibly limiting or addition of organic residues can reduce Cd uptake by crops
[55]. Low Cd-accumulating cultivars combined with management practices would be more
effective in decreasing Cd movement into the food chain than growing low Cd cultivars alone.
Although appropriate cultivars and management practices can decrease Cd in crops, the risk
of long-term accumulation of phytoavailable Cd in agricultural soils may exist, which could
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increase the Cd concentration in both low and high Cd cultivars. Cultivar selection can be
effective in reducing the potential Cd concentration in crops. However, the availability of an
inexpensive methods to detect and select for genetic differences in Cd concentration at an early
developmental stage will reduce the time and cost of a breeding program [23, 51, 56, 57].

5. Marker-assisted selection for low Cd accumulation in soybean

5.1. Developing markers for marker-assisted selection of low Cd accumulation

Marker-assisted selection (MAS), the use of molecular markers linked to or located at a desired
gene locus, could be an alternative to phenotypic selection. In soybean, DNA markers linked
to low Cd accumulation were identified using recombinant inbred line population (Fg)
derived from the cross AC Hime (high Cd accumulation in seeds) and Westag-97 (low Cd
accumulation in seeds). The distribution of Cd concentration of 166 RILs ranged from 0.067 to
0.898 mg kg, with a mean of 0.268 + 0.013 mg kg™. Of the166 RILs analyzed, 87 had <0.2 mg
kg and 79 had 20.21 mg kg (Figure 1). Using the RIL population, seven simple sequence
repeat (SSR) markers, SatK138, SatK139, SatK140 (0.5 cM), SatK147, SacK149, SaatK150, and
SattK152 (0.3 ¢cM), were reported to be linked to Cdal in soybean seed (Table 1). It was also
reported that all the linked markers were mapped to the same linkage group (LG) K, indicating
that a major gene affecting Cd accumulation could be located in the region (Figure 2).
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Figure 1. Frequency distribution of seed cadmium concentration in the AC Hime x Westag-97 population. (a) Frequen-
cy distribution in the F,; population in 2005. (b) Lines with low Cd (<0.2 mg kg™) and high Cd concentration (>0.2 mg
kg') in the F,; population. (c) Frequency distribution in Fgg RIL population in 2008. (d) Lines with low Cd (<0.2 mg
kg') and high Cd concentration (0.2 mg kg") in the F¢3 RIL population. The arrow indicates the level of the parental
lines. Solid and dashed arrows indicate the AC Hime and the Westag-97 parent, respectively.
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Primer Primer sequence (5'-3") Repeat Size Reference
DNA (bp)
SatK 138F AATGAATGTGATGTGATTTGTCA (AT) 313 Jegadeesan et al. [53]
SatK 138R TGAGTTAGGTAAGATGGTCATTAAAA
SatK 139F AACTAAACAATGTAATGTGATTTGTCA (AT)s 201
SatK 139R AAGTTAAACCTTAATTCAAGAAATGTG
SatK 140F AACTTTAATCGAAAAGTTATTGCTGA (AT);; 200
SatK 140R CAGCTAGAACCTAGAAGATTACGC
SatK 147F CCATGGATATCTCCTAATCTCCTG (AT),s 203
SatK 147R TCTGCAAATTAAAACTTAGAGGGTG
SacK 149F TGAACACATGCTCAACTTGTCA (AC);s 236
SacK 149R CGTGTGGTTGCTATTAACTAAATGA
SaatK 150F TGATGTCTCCGTACATAAAAGATCAC (AAT), 286
SaatK150R CTTCAACCATACGCTTGTGAA
SattK 152F AAAATGTGACCAAACGGGAC (ATT),, 205
SattK 152R CACGCCAGTAAATCAAAACTCA
Gm09: 4770663-F AAAGCACGGCTGCTTATATAGTT Benitez et al. [27]
Gm09: 4770663-F CGTCGTGCATGTGTTATATATTATT
Gm09:4790483-F AAGCCCACGATTAGTACTTGGA
Gm09:4790483-R ACCAGGCATGTAGTTTCTGTAGC
Gm-dCAPS-HMAI-F  TGACATCGGTATCTCACTGG 90 Benitez et al. [74]

Gm-dCAPS-HMAI-R  ATGACATTCTCAATTAGCTTTC
GmHMA3w-F GCTGACATCGGTATCTCA Wang et al. [61] (Figure 5)
GmHMA3w-R GCATTGCCTGTTTCATTTG

Table 1. DNA markers linked to low cadmium accumulating locus Cdal and Cd1 located on soybean linkage group K
(Gm:09).

The closest flanking SSR markers linked to Cdal were validated using diverse soybean cultivars
and a parallel population (RILs) involving Leo 9 x Westag-97. SSR markers SatK147, SacK149,
and SattK152 clearly differentiated the high and low Cd-accumulating genotypes tested in
soybean [53]. In order to identify QTL affecting Cd accumulation, a linkage map constructed
with 161 markers identified a major QTL associated with low Cd concentration in the soybean
seeds. The QTL for low Cd accumulation was also reported to be mapped on the same
location as Cdal on LG-K, and accounted for 57.3% of the phenotypic variation [53]. SSR
markers closely linked to Cdal in soybean seeds have the potential to be used for MAS to
develop low Cd-accumulating cultivars in a breeding program. In a similar mapping approach,
Benitez et al. [27] reported a major QTL cd1 affecting seed Cd content using RILs derived from
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a cross between two cultivars: Harosoy (with high seed Cd content) and Fukuyutaka (with low
Cd content). This major QTL, cd1, was identified on chromosome 9 (LG-K) across years and
generations which accounted for 82, 57, and 75% of the genetic variation. Near isogenic lines
(NILs) were used to confirm the effect of the QTL and the peak of the QTL that was located in
the vicinity of two SSR markers, Gm09:4770663 and Gm09:4790483 (Table 1). The separate
studies revealed a major QTL for seed Cd content, Cdal at a similar genomic location, sug-
gesting that cd1 and Cdal may be identical.

P

Figure 2. Linkage group-K which corresponds to chromosome 9 (Gm: 09) indicating the location of the newly devel-
oped SSR markers and the location of the major gene Cdal or QTL controlling low Cd accumulation in soybean seed.
Location of the major QTL associated with low Cd accumulation mapped on the LG-K with its LOD score values are
shown for the AC Hime x Westag-97 F,;(2005) and Fz RIL (2008) populations.

5.2. Validation of markers linked to low Cd accumulation

SSR markers linked to low Cd accumulation were validated using diverse soybean genotypes
differing in their seed Cd concentration. Of the 12 primers evaluated, three (SatK 147, SatK
149, and SattK 152) effectively differentiated all the high and low Cd genotypes and could be
used effectively in MAS for identifying low Cd-accumulating genotype in soybean seed [53].
The reliability of these linked SSR markers was also tested using another RIL population (95
lines) involving Leo 9 x Westag-97. Leo 9 and Westag-97 had seed Cd concentrations of 0.435
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+0.046 and 0.170 + 0.001 mg kg™, respectively. The concentration of Cd in the seeds of the Leo
x Westag-97 population varied from 0.065 to 0.878 mg kg, with a mean of 0.305 + 0.019 mg
kg. Of the 95 lines analyzed, 42 were in the low (<0.2 mg kg™) and 53 were in the high (=0.21
mg kg') category. Eight SSR primer pairs (SatK 122, SatK 131, SatK 140, SatK 147, SatK 149,
SaatK 150, SattK 152, and SaatK 155) were found to be linked to the Cdal gene [53]. It was found
that the relative positions of the markers were found to be the same as was found in the AC
Hime x Westag-97 population with minor variation in the distances, which often occurs with
different mapping populations [58].

Furthermore, these SSR markers were validated for their suitability to discriminate the low
and high Cd-accumulating soybean genotypes grown in Europe [59]. The reliability of the SSR
markers for the Cdal gene revealed that more than half (12) of the examined soybean cultivars
carried the allele for low Cd accumulation. The SSR analysis identified soybean cultivars with
potential health risk when grown in metal-polluted areas, regardless of their natural tolerance
[59]. Vollmann et al. [60] validated the low seed Cd accumulation trait based on the Cdal locus
and the associated Sack149 marker. Out of 48 genotypes evaluated, 19 exhibited the allele
associated with low and 29 with high Cd accumulation in the seed. SSR marker Sack149
amplified a single polymerase chain reaction (PCR) product was visible in each of the acces-
sions, and no other alleles than the two described for the SacK149 marker were found in any
of the genotypes analyzed. Sack149 marker is clearly effective over a range of different
genotypes, and thus soybean lines with reduced seed Cd concentration could be selected
without the need for extensive and costly field testing in locations with Cd-contaminated soils.

6. Candidate gene(s) controlling Cd accumulation in soybean

Soybean genome sequence available from phytozome (http://www.phytozome.net/
soybean.php) via SoyBase (http://soybase.org/gbrowse/cgi-bin/gbrowse/gmax1.01/) was
analyzed to identify the candidate genes located between the tightly linked flanking markers
(SatK 140 and SaatK 155). Three potential genes homologous to serine-threonine protein
kinase, plant type (nt. 4909157-4913830) and two homologous to cation-transporting ATPase
(nt. 4918664-4926453 and 5011045-5020110) were identified based on the predicted gene model
for the DNA sequence from nt.4909157 to nt.5020110, flanked by SatK 140 and SaatK 155.
“Moreover, 13 soybean ESTs, including TA47883_3847 [plasma membrane H*-ATPase (Sesbania
rostrata)], TA65152_3847 [Protein kinase, (Medicago truncatula)], and AW152957 [Adagio-like
protein 1 (Oryza sativa)], were also aligned to this genomic region” [53]. There are four SSR
markers (SatK 147, SacK 149, SaatK 150, and SattK 152) found in the vicinity of the genes. Of
these SSR markers, SattK 152 is reported to be located in the candidate gene plasma mem-
brane H*-ATPase [53].

In another parallel study, the evaluation of the Cda 1 locus and the SSR marker genotype
indicated that the candidate gene should be located in the 184.3-kb genomic region between
the SatK130 and SacK 149 markers [61]. According to the gene annotation in the SoyBase (http://
soybase.org/) [62], six annotated genes in this region were found (Figure 3).
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Figure 3. Physical location of the SSR markers in Gm:09 tightly linked to Cdal controlling low Cd accumulation in
soybean seeds. Putative genes located in the vicinity of the tightly linked markers (http://soybase.org/) based on the
predicted and known gene function with EST support for soybean genomic sequences are shown.

Among them, Glyma09g06170 encodes a putative heavy-metal transporter (GmHMAB3). Its
homologs, AtHMA3 and OsHMAS3, which belong to P1B-ATPases and localized on the
vacuolar membrane in Arabidopsis thaliana and rice, were reported to have potential to
sequester Cd into vacuoles to limit Cd transport to the xylem [63, 64]. On comparing the full-
length cDNA sequence of GmHMAS3a from AC Hime (a high Cd accumulator in seeds, GI#
JN187676) and GmHMAS3w from Westag 97 (a low Cd accumulator in seeds, GI# J[N187675),
it was found that the two gene sequences are identical and have nine exons and eight introns
except for a single nucleotide polymorphism (SNP) at nucleotide position 1823 in GmHMA3a.
This single nucleotide change from G to A resulted in the substitution of glutamic acid (E) with
glycine (G) at position 608, which is highly conserved in AtHMA3 and OsHMA3, even in
AtHMA?2 and AtHMA4 [61]. HRM (high-resolution melt) analysis genotyped the SNP in AC
Hime, Westag 97, and the 166 RILs; the results indicated GmHMA3w (0.3 cM away from
Cdal) is significantly associated with low seed Cd concentration in the RILs. To validate the
SNP, 20 diverse soybean cultivars were genotyped and confirmed by sequencing. It was found
that the 13 high Cd accumulators had the GmHMA3a allele while the seven low Cd accumu-
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lators had the GmHMA3w allele. GmHMA3w was found to be associated with low Cd level
in soybean seeds and the SNP marker effectively differentiated high from low Cd phenotype
[61]. Gene expression studies revealed that GmHMA3 expressed only in roots of AC Hime and
Westag 97 (Figure 4), indicating that GmHMAS3 plays an essential role in the transport of some
divalent metals in roots [61].
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Figure 4. Alignment of two allelic amino acid sequences (GmHMA3a and GmHMA3w) from AC Hime and Westag 97,
respectively. Blue box indicated the single amino acid mutation. Red boxes showed all typical motifs of P;;-HMA.
Transmembrane domains were underlined with black lines.
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The regulation of metal homeostasis is complex and controlled by several metal-specific and
metal nonspecific genes located in different membranes and long-distance transport systems
to move throughout the plant. The presence of higher levels of heavy metal ions in the soil
triggers a wide range of cellular responses including the synthesis of metal-detoxifying
peptides and change in gene expression. Cd- and copper-responsive genes have been shown
to code for signal transduction components, such as Arabidopsis mitogen-activated protein
kinase kinase kinase (MAPKKK) MEKKI, stress-induced proteins, transcription factors,
proteins participating in protein folding, and sulfur and glutathione metabolism [65-67].
MAPKs are pro-directed Ser/Thr kinases phosphorylating numerous substrates in different
cellular compartments and thereby shown to involve in the signal transduction in the form of
a phosphorylation cascade from upstream kinase to downstream targets. Cd ion-activated
distinct mitogen-activated protein kinases were reported in alfalfa seedlings [68].

In soybean, candidate genes related to heavy metal transport or homeostasis were located in
the vicinity of the identified QTL (Cdal). Protein kinase, putative adagio-like protein, and
plasma membrane H*-ATPase were found in the QTL vicinity. Genes uniquely induced by Cd
ions in Arabidopsis showed a high percentage of genes with “kinase activity” (16.7%) [69]. In
soybean, the influx of Cd across the plasma membrane of root cells has been shown to occur
via a concentration-dependent process exhibiting saturable kinetics, indicative of metabol-
ically mediated membrane transport process [70]. Cd seems to have differential-inhibiting
effects on ATPase activity and proton transport activity in oat roots [71]. Evidence from
previous studies suggests that protein kinases modulate the plant plasma membrane ATPase
activity, and the ATPase probably contains multiple phosphorylation sites that may affect its
activity in different ways [72]. The presence of protein kinase, and plasma membrane H*-
ATPase genes near the tightly linked SSR markers, suggests that the regulation of this enzyme
may play a vital role in Cd stress [53]. This was later supported by a major QTL-controlling
Cd concentration (cd1) identified in soybean [27]. Analysis of the genome sequence of Williams
82 from Sat_119 (Gm09:3585450) to Satt178 (Gm09:5438776) that flanks the cd1 revealed the
presence of Pz-ATPase gene (Glyma(09g06170.1, Gm09:4918664 to Gm09:4926453) in the
vicinity, which had been implicated in the transport of a range of essential and also potentially
toxic metals across cell membranes (e.g., Cu*, Zn*, Cd*, Pb**) [73].

The gene was designated as GmHMA1, and cDNA sequence analysis revealed the presence of
two types of transcript candidates with different lengths (3719 and 3929 bp) that were identified
for this gene and designated as GmHMA1a and GmHMA1b [74]. GmHMA1a sequence revealed
the presence of nine exons and eight introns which are similar to the one identified in AC Hime
[61]. In GmHMA1b, however, 210-bp nucleotides corresponding to the eighth intron were
retained as part of an exon (i.e., were not spliced out), resulting in a structure with eight exons
and seven introns. Hence, it was concluded for the existence of alternative splicing in the
GmHMA1gene of soybean [74]. Evidence for such alternative splicing events of the intron-
retention type in GmHMA1 has also been reported in soybean blue light photoreceptors
(cryptochrome multigene family genes) GmCRY1b, GmCRY1c, GmCRY1d, and GmCRY2a
[75]. The open-reading frame of GmHMA1a contained 2655 nucleotides with 1064 bp of the 3'-
untranslated region. The putative polypeptide of GmHMA1a consisted of 885 amino acids with
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molecular mass and isoelectric points of 95,135, and 5.86, respectively. In GmHMA1b, transla-
tion was prematurely terminated, resulting in a polypeptide consisting of 559 amino acids due
to an alternative splicing that generated a stop codon around the middle of the region
corresponding to the eighth intron. In GmHMA1a one base substitution from G to A at
nucleotide position 2095 resulted in changed amino acid from glycine to glutamic acid at amino
acid number 608, but it did not affect the putative amino acid translation of GmHMA1b because
alternative splicing generated a stop codon upstream of the base substitution [74]. No catalytic
domains have been ascribed to the region of amino acid substitution, but it was located
immediately downstream of the ATP-binding domain. The glycine residue at the site of amino
acid substitution was fully conserved in AtHMA3, AtHMA4, AtHMA6, and AtHMA7 [76, 77],
suggesting that GmHMA1a of Fukuyutaka is the wild type. Similar to AtHMA3 and AtHMA4,
the expression of GmHMA1 was substantially lower than actin and was predominant in roots
compared with leaves [76, 77]. Using the SNP location, dCAPS primers were designed to
produce a 95-bp fragment in Harosoy, Fukuyutaka, and the NILs. After Bmrl digestion, a
shorter band of 70-bp fragments observed in Fukuyutaka and the NIL of Fukuyutaka type was
designated as Gm-dCAPSHMALI [74]. Linkage mapping revealed that the marker (Gm-
dCAPSHMAL) was assigned to a position identical to Gm09:4790483 and located around the
three markers, Gm09:4770663, Gm09:4790483, and Gm-dCAPS-HMA]1, spanning 0.6 cM. The
genotype of Gm-dCAPS-HMA1 was significantly associated with seed Cd concentration. The
genotype and Cd concentration completely co-segregated in the RILs. The presence of P1B-
ATPases near the marker location suggested that it may be present at the intracellular mem-
branes and be responsible for compartmentation of metals, for example, sequestration in the
vacuole, Golgi, or endoplasmic reticulum, or they may be present at the plasma membrane
and function as efflux pumps removing potentially toxic metals from the cytoplasm [73, 76, 77].

Wang et al. [78] studied gene expression pattern of the low and high Cd-accumulating soybean
genotypes Westag-97 and AC Hime and reported different expression levels of five metal
nonspecific genes, a receptor-like serine/threonine-protein kinase (RSTK, glyma09g06160), a
plasma membrane H*-transporting ATPase (H*-ATPase, glyma09g06250), an iron-sulfur
cluster scaffold protein nfu-related (ISCP, glyma09g06300), and two uncharacterized con-
served protein (UCP1, glyma(09g06220, and UCP2, glyma09g06310), which were previously
found at the Cdal locus [53]. The responses of the five genes at the Cdal locus to Cd treatment
were studied using soybean genotypes differing in Cd sequestration and translocation. Westag
97, alow seed Cd accumulator that sequestrates Cd in roots and restricts it from loading into
xylem and transporting to leaves and seeds, and AC Hime, a high seed Cd accumulator that
has a smaller capacity of Cd accumulation in roots but translocates and stores more Cd in stems
and leaves, were used for gene expression studies. The transcriptional levels of the five genes
in both AC Hime and Westag 97 were altered in response to the external Cd treatment [78].The
expression levels of RSTK were significantly increased by Cd in AC Hime but were decreased
in Westag 97. These results indicated that the RSTK is probably involved in Cd transportation.
RSTK can boost Cd transporting into stems and leaves in AC Hime through elevating its
expression levels and limiting Cd transporting into leaves and stems in Westag 97 through
reducing its expression level. The RSTK family is involved in signal transduction pathways in
plants and interacts with membrane receptor proteins. Several studies have shown that the
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expression levels of RSTKs are readily influenced by some biotic/abiotic stresses. H'-ATPase,
the only proton-pump operator in plasma membranes, not only regulates the ion homeostasis
but also regulates the growth and development processes in plants. Although the Cd accu-
mulation capacity differs in leaves and stems between AC Hime and Westag 97, the expression
trends of H*-ATPase in both leaves and stems of the two cultivars were similar. The expression
levels were different in roots between AC Hime and Westag 97, which consisted of different
Cd capacity. These results indicated that cultivars’ effect on the expression of the soybean H*-
ATPase exposed to Cd and the soybean H*-ATPase is probably involved in Cd transporting to
root vacuoles in Westag 97 [78]. The gene expression levels of ISCP were also regulated by Cd.
Cd significantly reduced the gene expression level in roots of both AC Hime and Westag 97.
Similar to the RSTK, the expression patterns of ISCP in leaves and stems were opposite between
AC Hime and Westag 97, which indicated that Cd caused some changes of fundamental life
process. According to the different expression levels of RSTK, ISCP, and H*-ATPase between
Westag 97 and AC Hime, RSTK may be involved in transporting Cd into stems and leaves, H
*-ATPase may be correlated to the capacity of Cd accumulation in roots, and Cd caused some
changes of fundamental life process which led to the different expression patterns of ISCP
between Westag 97 and AC Hime [78]. In ATPase gene, a single nucleotide substitution causing
aloss of function due to an amino acid substitution was reported; the functional isoform of the
protein is present in the low Cd accumulating genotype that is considered as the wild-type
allele [61, 74]. It was found that the expression of the ATPase gene is limited to the plant root
only [61]. Wang et al. [79] evaluated the independent effect of the three Cd concentrations on
the reference genes (RGs) using quantitative real time PCR (qQRT-PCR). It was reported that
the effect of increased Cd concentration on the expression levels of the four RGs (ACT3, PP2A,
ELF1B, and F-box) is less than that on the other candidate RGs. The four genes may not be
involved in any of the cellular processes associated with Cd uptake and translocation. Soybean
has a complex network of homeostatic mechanisms that controls Cd uptake, accumulation,
and trafficking, and some genes such as ACT3, PP2A, ELF1B, and F-box can self-regulate well
when under metal stress and recommended them as most stable RGs in these gene expression
studies.

7. Role of miRNASs in cadmium tolerance

Many abiotic conditions including heavy metal result in oxidative stress in plants [80].
Recently, increasing evidences have revealed that miRNAs played the crucial role on the
regulation of plant genes at the posttranscriptional level in responding to metal stresses.
Several miRNAs are involved in the regulation of genes responsible for antioxidation. MiR398
is the first miRNA identified to regulate plant responses to oxidative stress [81]. MiRNAs are
small, non-protein coding single-stranded RNA, around 22-24 nucleotides in higher plants,
which regulate gene expression at the posttranscriptional and translational levels [82-84].
Several studies have demonstrated that miRNAs involved in most of the essential physiolog-
ical processes in plants, including signal transduction, development regulation, and stress
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responses [85, 86]. MiRNAs are of importance for plant to respond to heavy metal stress [87-
89]. Novel miRNAs responsive to Cd were reported in Brassica and rice [90-93].

Similarly, to study the regulatory mechanism of miRNAs in response to Cd treatment in
soybean, a miRNAs microarray chip was used to detect the expression of miRNAs in HX3 and
ZH24 roots with Cd stress or Cd-free. Under Cd stress, 26 Cd-responsive miRNAs were found
[94]. Of these 26 miRNAs identified, gma-miR1535b, which was detected as being up-regulated
in HX3 and down-regulated in ZH24 and all other miRNA, showed similar expression patterns
in HX3 and ZH24. This suggested that miRNA regulation may represent the fundamental
mechanism of adapting to Cd exposure [94]. Further, it was reported that miR397a, miR408,
and miRNA398c showed almost the similar up-regulated alteration in response to Cd expo-
sure, which might imply that SPL7 (SQUAMOSA promoter-binding protein-like 7) is involved
in the regulation of Cu deficiency and Cd response in soybean [94]. To evaluate the target
transcripts of the miRNAs, a high-throughput degradome sequencing was adopted using a
small RNA library. Fifty-five targets cleaved by 14 Cd-responsive miRNAs were identified. In
addition, a number of Cd-responsive miRNAs and target mRNAs in soybean have been
validated by quantitative RT-PCR [94]. It is well established that lignin provides structural
support and contributes to plant defense mechanism against both biotic and abiotic stresses
[95]. Several studies reported on an increased lignin synthesis upon metal treatment [96, 97],
and reported that lignification is one defense mechanism under Cd exposure in soybean root
[98, 99]. One novel soybean Cd-responsive miRNA, miR1535b, was illustrated to cleave
Glyma07g38620.1 and Glyma07g38620.1 encoding isopentyl transferase (IPT). It was shown
that IPT catalyses the rate-limiting first step in de novo cytokinin (CK) biosynthesis and
promotes the formation of isopentenyladenosine-59-monophosphate (iPa) [100, 101]. Overex-
pression of ipt in leaves and roots can promote stress tolerance in Agrostis stolonifera [102]. CK
was reported to inhibit primary root elongation in A. Thaliana [103]. Under Cd exposure,
Glyma07g38620.1 displayed an apparent up-regulation in HX3 and slight down-regulation in
ZH?24, so does the CK, which probably explain why HX3 show higher tolerance and distinctly
primary root elongation inhibition than that of ZH24 [94].

8. Conclusion

Genetic variation for Cd accumulation in soybean genotypes provides an opportunity to
develop varieties with low Cd content. Breeding programs are underway to produce low Cd
cultivars of soybean. The low Cd accumulation in soybean seed was reported to be genetically
controlled by a major gene Cdal. The SSR markers linked to the Cdal gene in soybean would
help in MAS to incorporate this trait with other agronomic traits. Candidate gene was found
for seed Cd concentration in soybean using populations and NILs derived from a single cross
and a dCAPS marker based on the base substitution was developed using Cd1 locus. A survey
of various genetic resources with different seed Cd levels may be necessary to ascertain the
prevalence of the base substitution, the existence of different genetic polymorphisms associ-
ated with seed Cd concentration, and the usefulness of the dCAPS marker. Marker based on
the SNP in the P1B-ATPase metal ion transporter gene could be utilized as a precise gene-based
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marker along with the linked Sack149 SSR marker, which will also reduce the cost involved in
the Cd analysis. The cost involved in the MAS for one sample will be approximately $1-2,
compared to $10-23 for Cd analysis in an established laboratory. In conclusion, the low seed
Cd accumulation trait from the Cdal locus and its tightly linked SSR and SNP markers were
clearly effective over a range of different genotypes, and thus soybean lines with reduced seed
Cd concentration could be selected without the need for extensive and costly field testing in
locations with Cd-contaminated soils. In addition, there is a possibility to study further
mechanisms of controlling seed Cd concentration either on the root or on the shoot level, which
is inferred from significant variation in seed Cd concentration within the two marker locus
classes of the Cdal gene and transgressive segregation.

Transgenic experiments may be necessary to determine the function of GmHMA1a and to verify
whether the amino acid substitution affected transport and accumulation of Cd in seeds.
Considering the human health issues due to Cd accumulation, the utilization of the soybean
Cdal locus for the selection of genotypes low in seed Cd is particularly of importance for food-
grade soybean. Due to the current expansion of soybean production to new production regions
with partly unknown heavy metal concentration of soils, the cultivation of low Cd-accumu-
lating varieties would contribute to better food safety for soy food products.
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Abstract

Extensive research has proven that fruits and vegetables contribute significantly
to the body supply of bioactive compounds due to their antioxidant activity to
protect organisms against harmful effects of oxygen radicals. A special case is
the legumes that are also rich source of proteins, dietary fiber, micronutrients,
and bioactive phytochemicals. Many legume species are still an irreplaceable
source of dietary proteins for humans, especially in the mainly vegetarian diets
of developing countries. Incorporation of leguminous seeds into the human diet
can offer protective effects against chronic diseases because they contain a
number of bioactive substances including phenolics that can increase protein
digestibility and mineral bioavailability. However, technological processing and
seed germination can impact the levels of natural endogenous antioxidants (e.g.,
phenolics, tocopherols; vitamin C) in leguminous seeds. Therefore, this chapter
is a review about reports of antioxidant properties and their relationship with
their total phenolic content of the most commonly consumed legumes. Research-
es about changes in the content of natural antioxidants during technological
processing are included as well as some clinical reports concerning to the health
benefits offered by legumes of higher consumption.
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1. Introduction

Food legume crops are considered vital for agriculture in developing countries for their
nutritionalvalueinwhichrelyboththe producersand consumers. Foodlegumesareanimportant
source of protein and minerals, complementing the diet when combined with cereals. In
agronomical terms, legumes crops serve as rotation crops with cereals, increasing the amount
of nitrogen and also reducing soil pathogens [1]. Added to this, extensive research has proven
that fruits and vegetables contribute significantly to the body supply of bioactive compounds
due to their antioxidant activity attributed to the phenolic compounds that are known to protect
organisms against harmful effects of oxygen radicals. A special case is legumes that are also rich
source of proteins, dietary fiber, micronutrients, and bioactive phytochemicals. Experimental,
epidemiological, and clinical studies show correlations between the consumption of food
legumes and decreasing incidence of several diseases, such as cancer, cardiovascular diseases,
obesity, and diabetes [2—4]. The antioxidant capacity [5] and the antimutagenic [6, 7], apoptosis-
related [8], and antiproliferative effects of legumes are associated with the presence of phenolic
compounds [9, 10].

The antioxidant capacity of legumes is within a wide range, because it depends on the
biological variety of the plant and its origin. On the other hand, technological processing and
seed germination can impact the levels of natural endogenous antioxidants (e.g., phenolics,
tocopherols; vitamin C) in leguminous seeds. However, food processing not only improves
flavor and palatability of foods but also increases the bioavailability of nutrients, by inactivat-
ing antinutritional factors, growth inhibitors, and hemagglutinins [11]. Legumes must be
cooked —typically by boiling process —before consumption, because it changes the chemical
composition and physical characteristics, such as flavor, color, and biological active compo-
nents. To accelerate the cooking process, legumes should be soaked prior to boiling. Other
cooking alternatives include pressure boiling and steaming. Moreover, a high-quality product
might be obtained using high-pressure cooking technology [12].

This chapter is a review about some relevant reports about the antioxidant properties and their
relationship with their total phenolic content of the most commonly consumed legumes, as
well as some researches about changes in the content of natural antioxidants during techno-
logical processing and some clinical reports concerning to the health benefits offered by
legumes of higher consumption.

2. Legumes description

Legumes belong to the family Leguminosae, one of the most important families in Dicotyle-
dons, including around 700 genera and 20,000 species [13]. Leguminosae or Fabaceae is the
third most populous family of flowering plants (behind Asteraceae and Orchidaceae) and
include important pasture, grain, and agro-forestry species [14].

Legumeis a plant characterized by edible seeds, borne in pods that often open along two seams,
by pea-shaped flowers, and by compound stipulate leaves [15]. These include alfalfa, clover,
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lupins, green beans and peas, peanuts, soybeans, dry beans, broad beans, dry peas, chickpeas,
and lentils, and those of them represent an important component of the human diet in several
areas of the world, where they complement the lack of proteins from cereals, roots, and tubers
[16]. Legumes, such as lentils, chickpeas, and beans, have been cultivated for millennia all
around the world; therefore, they have played a big role in many traditional cuisines of Asia,
Central and South America, Middle East, and the Mediterranean, along with cereals (e.g.,
maize, barley, wheat, and rice) [17]. Although legume research is mostly dedicated to dry
seeds [18], legumes are also consumed in salads as green vegetables (i.e., fresh pods, leaves,
and seedlings); contain natural antioxidants; and are generally recognized as safe (GRAS) for
human consumption. Proteins contained in legumes can counteract the oxidative effects of free
radicals in biomolecules (e.g., DNA, lipids, and other proteins). In general, legumes are
considered to be a better source of nutrients than cereals, because of their low glycemic indexes
and fat (2-5%) and high amount of proteins, fibers, and carbohydrates (55-60%), which might
be the reason why legumes were considered beneficial in traditional medicine [19, 20].

2.1. Antioxidant properties of higher consumption legumes

Antioxidants in legumes, such as flavonoids, phenolic acids, lignans, and tannins, are abun-
dant in the seed coats [21, 22]. These phenolic compounds have a number of favorable
physiological properties that are beneficial against chronic diseases. Antioxidants are naturally
present in leguminous seeds; however, technological processing and seed germination can
diminish their presence [11]. Antioxidant activities and phenolic compounds in raw legumes
have been reported in several earlier communications. The following section describes some
relevant studies on the antioxidant properties of the most common legumes (common beans,
soybean, lima bean, lentils, peanut, peas, and chickpea).

2.1.1. Common bean (Phaseolus vulgaris L.)

Common bean (P. vulgaris L.), a member of the Leguminosae family, is a grain consumed in
considerable quantities around the world. It is a plant native to America, specifically to the
Andean and Mesoamerican regions. Common beans are a good source of protein (16-33%),
some vitamins, minerals, and complex carbohydrates [23]. They also contain secondary
metabolites such as tannins, anthocyanins, phenolic compounds, and fiber. There is evidence
that these compounds, identified like to phytochemicals, play an important role in prevention
and treatment of certain diseases. For example, the lower incidence of colon cancer registered
in Latin-American countries as compared with other countries is partially due to the higher
consumption of common bean [24].

Some of the main phenolic compounds found in various types of beans and their physiological
properties are the following [25-29]: flavonoids (i.e., caffeic, p-coumaric, ferulic, and sinapic
esters) present in a methanolic black-bean seed coat extract are thought to diminish liver injury
in animal models, as well as colon, breast, and prostate cancer proliferation. Polyphenols
present in a hot water pinto-bean hull extract increase bone metabolism in mice. Tannins, also
presentin black beans, hamper cancer cell proliferation. Anthocyanins are found in black beans
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(i.e., delphinidin, petunidin, and malvidin), pinto beans (i.e., kaempferol), and pink beans (i.e.,
quercetin and kaempferol), although their physiological effects have not been reported.

Moreover, peptides released after enzymatic hydrolysis also act as antioxidants because the
phenolic, indole, and imidazole groups contained in their amino acids function as proton
donors that stabilize free radicals [30]. Particularly, total hydrolysates (TH) or peptides derived
after enzymatic hydrolysis and fractioning procedures from protein leguminous such as
chickpea, soybean, pea, lentil, mung bean, and common beans have demonstrated an impor-
tant antioxidant and angiotensin-I converting enzyme (ACE) [31]. The ACE is a key element
in the rennin angiotensin system (RAS) responsible for the control of blood pressure. Recently,
[32] reported that the protein hydrolysates and peptidic fractions obtained from different
varieties of common beans (P. vulgaris) have several biological activities, such as the antioxi-
dant, antimicrobial (inhibit the growth of Shigella dysenteriae), and antihypertensive activities
(in vitro and in vivo).

A comparative study of protein profile and potential bioactive peptides of improved common
bean cultivars grown in Mexico and Brazil was carried out, and the major identified proteins
were phaseolin, lectin, and protease and a-amylase inhibitors, and abundant peptides were
identified by HPLCMS/MS with molecular masses ranging from 300 to 1500 Da [33]. Peptides
from common bean proteins presented potential biological activities related to control of
hypertension and type-2 diabetes. As inflammatory reactions often include the formation of
tissue-damaging oxidation products, compounds with high antioxidant activity may inhibit
inflammation. Results by Oomabh et al. [34] with bean hulls support previous studies in which
antioxidant and anti-inflammatory activities of extracts are associated with polyphenols
capable of inhibiting COX and LOX [34-36]. Animal models of cellular activity also provided
evidence for chemopreventive effects of black bean hull extracts.

There are also some studies relating the beneficial effect of whole bean and reduction of chronic
diseases related to inflammation such as colon cancer [37] and diabetes mellitus [38]. The
antioxidant capacity of protein hydrolysates and the effects on the markers of inflammation
in lipopolysaccharide (LPS-induced RAW 264.7) macrophages were evaluated in common
bean (P. vulgaris L.) varieties, Negro 8025 and Pinto Durango [23]. They concluded that
hydrolysates from the common bean could be used to combat inflammatory and oxidative-
associated diseases.

Furthermore, the influence of thermal processing (canning and open pot) of common beans
(P. vulgaris L.) varieties Black 8025 (N), Bayo Victoria (BV), Pinto Durango (PD), and Pinto
Saltillo (PS) in their chemical composition, and their antioxidant and anti-inflammatory
activities in a human intestinal cell model, was evaluated [39]. They concluded that the effect
of cooking on bioactive compounds from common beans is cultivar dependent, being more
quantitative than qualitative as a consequence of the release of bonded phenolics. Although
the thermal processing is partially degrading some phenolics, at the same time it is releasing
other bonded polyphenols. Cooked beans have shown good antioxidant properties as the raw
materials, and in some cases, even better than the raw beans.



Antioxidants Properties and Effect of Processing Methods on Bioactive Compounds of Legumes
http://dx.doi.org/10.5772/63757

2.1.2. Soybean (Glycine max (L.) Merr. Fabaceae)

Soybeans are one of the most produced commodities worldwide and are among the most
important crops for human and animal consumption; however, only four countries (USA,
Brazil, Argentina, and China) are responsible for providing nearly 90% of soybean seeds
worldwide [40]. Soybean seeds [Glycine max (L.) Merr. Fabaceae] contain a significant amount
of protein (~40%) and oil (~20%). The antioxidants of soybeans are represented by isoflavones,
tocopherols, ascorbic acid, and some other compounds [41, 42].

When soybeans are processed into different foods, the particular antioxidants content of the
produced foods may change depending on the processing procedure [43] and storage condi-
tions [44] and differ from the initial antioxidant content in the soybeans [45].

This species is a widely used crop because of its valuable beneficial health effects on several
chronic diseases, including the prevention of cancer (including breast, colon, and prostate
cancers), osteoporosis, cardiovascular disease, and multiple conditions ameliorated by
antioxidants [46—48]. On the other hand, for a practical application in the food industry,
antioxidants should be first extracted. The efficiency of the extraction process affects the
antioxidant capacity of the extract [49]. Studies on the extraction of the antioxidant activity in
unfermented soybeans and vine have reported a variation of the total phenolic concentration
when different solvents were used, which is due to differences in their polarities [50]. Limited
information is available regarding the extraction of antioxidant compounds in fermented
soybeans. However, significant higher concentration of phenolics was obtained after fermen-
tation when compared to unfermented soybeans [51, 52]. Until now, a regular extraction
protocol has not been established because of the complex nature of the soybeans and their wide
range of antioxidants. Also, other factors such as the temperature and the nature of solvent
might react unpredictably and alter the extraction efficiency [53].

It is well established that the insoluble-bound phenolic compounds have high antioxidant and
antiradical activities when compared with those of soluble and free phenolic compounds [54].
Soybean has high contents of the soluble phenolics, such as isoflavone and anthocyanin, in
comparison with other phytochemicals. It has been reported in several studies the phenolic
compounds and antioxidant activity of soybean. Among soybeans containing various seed
coat colors, black soybeans showed strong antioxidant properties using the a,a-diphenyl-f3-
picryl hydrazyl (DPPH), ferric-reducing antioxidant power (FRAP), and oxygen radical
absorbance capacity (ORAC) methods [48]. Brown and black soybeans contain highly poly-
meric seed procyanidins and anthocyanins [55]. Furthermore, black soy beans were observed
higher radical scavenging activities than those of green and yellow soy beans [56].

The measured distribution of antioxidant capacity in black soybeans depends on the assay
technique: DPPH and FRAP methods show that the seed coat contributes to 90% of the entire
antioxidant activity of the soybean; conversely, the ORAC method shows that the seed coat
and dehulled part of the soybean contribute equally to the antioxidant capacity [12]. These
results, although contradicting, are helpful for the creation of effective treatments.

The antioxidant activity and contents of various polyphenol classes in the seeds of 20 soybean
hybrids were evaluated [57]. They found a positive linear correlation between the antioxidant
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capacity and the total contents of phenolics, tannins, and proanthocyanidins. Extracts of
hybrids were found to have the highest antioxidant activity because they contained large
amounts of polyphenols. On the other hand, single-cross hybrids are deficient in tannins and
are thus suggested as livestock fodder. These studies sought to demonstrate that polyphenols
are significant component of soybean seeds.

2.1.3. Lima beans (Phaseolus lunatus L.)

Lima beans have been domesticated in the United States and present two major gene pools:
(1) the Mesoamerican one, with small seeds and wild types distributed in Mexico, Central
America, and eastern part of the Andes. (2) The Andean pool with large seeds and wild types
distributed predominantly in the Western part of the Andes, in Ecuador, and Northern Peru
[58, 59]. Embrapa Genetic Resources and Biotechnology has an Active Gene bank of P. [unatus
L., with approximately 330 accessions collected predominantly in Brazil [60]. Lima bean (P.
lunatus L. Walp) belongs to the family Fabaceae and genus of Phaseolus. P. [unatus seeds powder
islargely prescribed in traditional medicine for promoting suppuration on application to small
cuts on tumors and abscesses [61]. The medicinal values of plants lie in their phytochemical
components, which produce definite physiological results on the human body [62]. Polyphe-
nolics compounds appear to play a significant role as antioxidants in the protective effect of
plant-derived foods and medicine [63] and have become the focus of current nutritional and
therapeutic interest in recent years.

Lima bean (P. lunatus) seeds coat was evaluated for its chemical composition, phytochemical
constituents, and in vitro antioxidant activity. Epidemiological studies have demonstrated that
there is a positive relationship between intake of antioxidant rich diets and lower incidence of
degenerative diseases caused by reactive oxygen species (ROS) and reactive nitrogen species
(RNS) [64], such as cancer, heart disease, inflammation, arthritis, and immune system decline
[65]. Recently, more attention has been focused on the potential utilization of agricultural by-
products in the development of new functional ingredients for food enrichment to provide an
economic alternative for industries and sustainability of the environment [66]. Often, agricul-
tural by-products are sources of bioactive compounds with functional properties, such as fiber
and phenolics that have antioxidative defense system against some degenerative diseases or
disorders in biological system. The proportion of coat (>10% by weight) of the lima bean seeds
is quite high and as such constitutes a kind of environmental nuisance. There is a dearth of
information on the phytochemical constituents and antioxidant capacity of P. lunatus seeds
coat. In this study, it is reported that P. [unatus seeds coat were found to be a good source of
phytochemicals and radical scavenging activities. Therefore, it becomes important to promote
maximal use of agro by-products such as seeds coat in the development of new functional
ingredients for food and environmental sustainability [67].

2.1.4. Lentils (Lens culinaris Medik.)

Lentils, like many other legumes, have been cultivated in societies all around the world for
centuries [68]. Lentils come in a variety of presentations: canned, dry-packaged, whole, split,
or processed into flour. Lentils are commonly used in vegetarian cuisine, as well as in salads,
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stew, and soups because they contain substantial amounts of protein, fibers, minerals, and
antioxidants [69]. Lentils are not only an excellent source of macronutrients such as protein,
fatty acids, fibers, and carbohydrates, but also contain phytochemicals that can be categorized
into phenolic acids, flavanols, flavonols, soy saponins, phytic acid, and condensed tannins [70,
71].

Epidemiological studies suggest that lentils confer protection against chronic diseases through
a multitude of biological activities including antioxidant, anticancer, angiotensin I-converting
enzyme inhibition, reducing blood lipid, and reducing the risk of cardiovascular diseases [72].
The phenolic compounds have potential health benefits in people with coronary heart disease,
type II diabetes, and obesity [73, 74]. Lentils are often recommended in Western diets because
of their beneficial effects; they are considered to be good sources of nutrients and calories.
There is information about polyphenols and their properties in lentil, but scarce knowledge is
available regarding to the effect of processing on the phenolic compounds. The effects of
cooking, soaking, and industrial dehydration treatments on the phenolic profile and antioxi-
dant properties of the Pardina lentil have been studied using HPLC-PAD and HPLC-MS (ESI)
methods. The principal phenolic compounds found in raw and processed lentils were ([3)-
catechin, 3-glucoside, procyanidin trimer, and procyanidin B2 [75]. Other important findings
regarding the processing of lentils were that dehydration and ordinary cooking did not reduce
phenolic compounds. Moreover, antioxidant activity in raw lentil flours is reduced after
processing; however, it is still of relevance to consider processed lentil flour in the human diet
for its phenolic compounds and antioxidant activity [70].

With the current upsurge of interest about the efficiency and function of natural antioxidants
in food and biological systems, the testing of antioxidant activity has received much attention
[76]. Thus, there are some researches reporting the effect of germination on nutritional value
of legumes. Other studies have evaluated the effect of bioprocess on lentil’s (L. culinaris)
phenolics composition and antioxidant activity in order to improve the content of antioxidant
compounds, and obtain processed lentil flours with added value that could be used by the
food industry as functional ingredients [76, 77].

Lentils contain different concentrations of the hydroxybenzoic phenolic compounds, proto-
catechuic, vanillic acid, aldehyde p-hydroxybenzoic, trans-ferulic acid, and trans-p-coumaric
acid [78]. The amount of phenolic compounds increased significantly (p < 0.05) after germina-
tion. Germination process causes various changes in the phenolic compounds and modifies
their antioxidant activity; therefore, lentil sprout flour or extract can be used as a source of
natural antioxidants in functional foods. Germination modifies the quantity and quality of
phenolic compounds of legumes [78]. Further research is needed to elucidate the composition
of the seed extract for identification and level of bioactive compounds. The impact of food
processing methods as well as physiological processes like digestion on the stability of these
phytochemicals and their antioxidant activity needs to be established in order to use lentils as
natural therapeutic food supplement [79].
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2.1.5. Peanut (Arachis hypogaea L.)

The peanut cultivar plays an important role in the economy of several countries (China, India,
USA, Netherlands, UK, Germany, Russia, and Spain). Peanut (A. hypogaea L.) is one of the major
oilseed crops of the world. It is also an important source of food protein in many countries.
They can be eaten raw, boiled, or roasted, are used in recipes, made into flour, oil, and peanut
butter. Raw peanuts are also free of sodium and frans-fats, and have high-protein content
(about 25%). Recently, peanuts have gained much attention as functional food [80].

A chemical analysis, total phenolic content, and antioxidant capacity were carried out of two
varieties of peanuts [81]. Phenolic compounds such as resveratrol, catechin, epicatechin, and
quercetin were identified in both samples. The obtained values for resveratrol in all samples
were higher than those reported in literature. The antioxidant capacity of raw skin and roasted
peanuts Virginia variety was slightly higher in the defatted samples. The same occurred with
the samples of the Spanish variety. The raw and roasted conditions also showed slight
differences that are mainly attributed to differences in extraction methods. It is important to
bear in mind that the peanut skin represents a potential source of natural antioxidants suitable
for use as food additives, as reported by [82]. The antioxidant capacity of these samples
depends on the mining methods employed, type of sample (skin or seed), origin, and storage
time, among others [81].

The phenolic compounds in the outer layers of plants such as peel, shell, and hull are present
in high concentration to protect inner materials such as the cotyledon. A number of phenolic
acids, however, are covalently bound with insoluble polymers. Heat treatment may liberate
the low-molecular antioxidant compounds from the repeating subunits of high-molecular-
weight polymers [83]. Despite being rich in phenolics and antioxidants [84], peanut seed coat
is considered to be a by-product by the peanut processing industry.

Peanut skins and hulls also contain natural phenolic compounds, which can be extracted for
commercialization in the food industry. The main ones are proanthocyanidins [85], caffeic acid,
chlorogenic acid, ferulic acid, coumaric acid, catechins, procyanidins and stilbene (resvera-
trol) [84], and ethyl protocatechuate [86]. Thirty to forty peaks were detected from the three
peanut skin types at 280 nm. Similar findings were observed in a study by Yu et al. [87], which
showed numerous peaks at 280 nm.

High total phenolic content in peanut hulls of varied maturity is associated with a high
antioxidant activity and with an important role in the stability of lipid oxidation. In this study,
both the ethanol extract and EP (ethyl protocatechuate) reacted as scavengers against a,a-
diphenyl-B-picryl hydrazyl (DPPH) and hydroxyl radicals. In addition, the ethanol extract was
found to act as a metal-binder. Using 70% ethanol, Nepote et al. [88] were able to extract 118
mg of phenolic antioxidants per gram of dried peanut skins.

Consuming peanuts on daily basis reduces the risks of weight gain [89], cardiovascular
diseases [90], Alzheimer’s disease, and cancer [91]. Recent research has showed that peanuts
contain antioxidants, phenolics, and other phytochemicals including flavonoids, proantho-
cyanidins [92], anthocyanins [93], and resveratrol [94]. These phytochemicals are found to have
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protective function against cancer, coronary heart diseases, degenerative nerve disease,
Alzheimer’s disease, and viral/fungal infections.

2.1.6. Peas (Fabaceae)

Peas are cultivated during the cool season. Peas grow in vines that can reach 9 ft long, although,
modern vines are only 2 ft long. Peas consist of a hollow stem [95], two large leaf-like stipules,
one to several pairs of oval leaflets and terminal tendrils. Modern vines with afila (semileafless)
leafs might have additional tendrils [96].

Pea (Pisum sativum L.) has been extensively used in early hybridization studies, and it was the
model organism of choice for Mendel’s discovery of the laws of inheritance, making pea part
of the foundation of modern genetics [97]. Ripe seeds are round, smooth or wrinkled, and can
be green, yellow, beige, brown, red-orange, blue-red, dark violet to almost black, or spotted
(NRCS Plant Materials Center, Pullman, Washington).

Sugar snap peas, snow peas, and garden peas are the most common varieties of this legume
crop. The younger the peas are, the sweeter and tenderer they will be. Garden peas were
developed into snap peas to create easily snapped pods, which can also be eaten because they
have low-fiber content. Snow peas are harvested before the peas develop. When the peas
“shell,” they can be eaten raw or cooked. It is important to cook peas with the smallest amount
of water possible in order to conserve most of the nutrients.

The antioxidant and antiradical properties of phenolic compounds of extract of pea seeds were
studied [98]. An extract of seeds of pea was prepared using 80% (v/v) acetone. Six fractions (I-
VI) were separated from the crude extract on a column Sephadex LH-20 using methanol as the
mobile phase. The antioxidant activity of fractions of peas was very strong as compared with
that of butylated hydroxyanisole (BHA). Absorption maxima from UV spectra showed that
flavonoids, and not phenolic acids, were the main phenolic compounds in separated fractions.
The strong antiradical activity of tannins separated from the crude extract should be empha-
sized. Vanillic, caffeic, p-coumaric, ferulic and sinapic acids, quercetin, kaempherol, procya-
nidin B2, and procyanidin B3 were found as active phenolic compounds in the investigated
material [99].

Cooking peas might not necessarily cause the loss of nutrients, depending on the process:
microwave cooking causes no significant nutrient loss, whereas boiling causes a 39% loss of
ascorbate, but only a minor loss of water- and lipid-soluble antioxidant activities; overcooking
leads to a loss of 61% of water-soluble antioxidant activities and 34% of ascorbate [100]. On the
other hand, frozen vegetables have similar activities to fresh vegetables, whereas canned or
jarred vegetables do not. As expected from previous publications, antioxidant activity is lost
on storage of fresh vegetables after harvest; however, appropriate cooking methods retain total
antioxidant activity, although overcooking may result in substantial losses.

Most research of legume antioxidant activity has studied fresh samples [101]. However,
legumes are often consumed after being stored, processed, and cooked in a variety of ways,
which may impact the levels of nutrients. Ascorbate loss has been already documented [102].
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The effects of limited hydrolysis on functional properties, as well as on protein composition
of laboratory-prepared pea protein isolates, were investigated by [103]. The results showed a
slight positive correlation of 0.74 between solubility and emulsifying activity index (EAI) and
a negative correlation of —0.60 between solubility and foam stability, and also between foam
stability and EAI of -0.77. A detected improvement in the functional properties was due to a
partial hydrolysis of insoluble protein complexes.

2.1.7. Chickpea (Cicer arietinum L.)

Chickpea also called “garbanzo bean” or “Bengal gram,” is an Old-World pulse and one of the
seven Neolithic founder crops in the Fertile Crescent of the Near East [1]. It is an annual grain
legume (pulse crop) that is extensively cultivated for human consumption. Chickpea is
cultivated throughout the world, including the Mediterranean basin, the Near East, Central
and South Asia, East Africa, South and North America, and Australia [9]. It is the second-most
important pulse crop in the world (after dry bean), covering 15% (10.2 million ha) of the area
dedicated to pulse cultivation and accounting for 14% (7.9 million tons) of pulse production
worldwide [104].

Other countries with a significant production of chickpea include Pakistan, Turkey, Australia,
Myanmar, Ethiopia, Iran, Mexico, Canada, and the USA. India is the largest chickpea-produc-
ing country with an average production of 6.38 million metric tons during 2006-2009, ac-
counting for 66% of global chickpea production [104]. The chickpea is a component of the diet
in the semiarid tropics as it is a rich source of both protein and carbohydrates, which constitute
80% of the total mass of dry seed [105, 106]; it is free of cholesterol and is a source of dietary
fiber (DF), vitamins, minerals, folate, b-carotene, and health-promoting fatty acids [107]. There
is little scientific evidence regarding the beneficial effect on the health of the components in
chickpea. However, it is reported that the consumption of chickpea reduced the risk of some
chronic diseases [106].

Several studies have shown that legumes generally contain significant amounts of polyphe-
nols, flavonoids, and antioxidant activity that vary widely depending on its type [12, 74]. For
example, chickpea color contains a lot of polyphenols and flavonoids with high antioxidant
activity but the common chickpea beige seeds have low levels of these compounds with a low
antioxidant activity [12, 74]. However, both of them can be used for studies of functional foods.

On the other hand, both chickpea and other legumes should be cooked before consumption to
improve taste and palatability and to increase their nutritional bioavailability by inactivation
of antinutritional factors [9, 11]. However, it has been reported that although the chickpea color
containing high levels of phenolic material exhibiting high levels of antioxidant activity,
processes such as soaking, cooking, and steaming significantly affect the total phenols content
(TPC) and antioxidant activities of all tested types of chickpeas [9]. In this study, the authors
suggested that the use of soaking at room temperature for 22 h in combination with steaming
for 1 h is the best way to retain the polyphenols, flavonoids, and the antioxidant activity of
colored chickpea.
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3. Effect of processing on legumes properties

Antioxidant activities and phenolic compounds in raw legumes have been reported in several
earlier communications [43, 99]. As already mentioned, legumes must be cooked before
consumption. However, they are few reports about how processing methods affect the health
promoting phenolics and antioxidant activities. Food processing not only improves flavor and
palatability of foods but also increases the bioavailability of nutrients, by inactivating antinu-
tritional factors, growth inhibitors, and hemagglutinins [11]. The cooking causes a number of
changes in chemical composition and physical characteristics of dry legumes, which are
usually cooked by a boiling process before use. Pressure boiling and steaming can also be used.
High-pressure processing technology may provide high quality of food products (flavor, color,
biological active components) [12].

Soaking, boiling, and steaming processes significantly affect the total phenolic contents and
antioxidant activities in legumes as green pea, yellow pea, chickpea, and lentil. The changes
depended on the type of legume and processing conditions. Steaming process causes smaller
losses in TPC, antioxidant activities, and solid mass than the boiling process. Hence, steaming
is recommended for legumes preparation in domestic and industrial processes, for preserving
antioxidant components and decreasing cooking time. The changes in the overall antioxidant
properties of processed food could be attributed to the synergistic combinations or counter-
acting of several types of factors, such as oxidative reaction, leaching of water-soluble antiox-
idant compositions, formation or breakdown of antioxidant compositions, and solid losses
during processing [12].

3.1. Food technologies applied on legumes

Food technologies are increasingly oriented to providing health and wellness to consumers.
The average per capita food consumption has increased 17% over the past 30 years and still,
the world face lack of sufficient food for individuals and family problems and malnutrition on
one side and overweight and obesity on the other. Moreover, there is increasing evidence that
the nutrients in a food may not be fully available for absorption in the stomach depending, for
example, on processing conditions and the presence of other components in the diet. In many
cases, processed foods show improved bioavailability of nutrients when compared with fresh
or raw that only go through mastication before being ingested. Impact of technology on
nutrition will change as we learn more about the fate of the components after ingestion [108].

Seeds of legumes can be divided into two types: those where energy is stored as fat as in the
case of soybean, lupin, and others, and where energy is deposited in the form of starch, such
as beans, peas, lentils, chickpeas, and others. Interest in legumes is based on the nutritional
value they provide. Seeds of peas are low in fat and high in protein of excellent quality (about
25% crude protein), starch (35-45%) as well as dietary fiber and a variety of micronutrients as
minerals and bioactive compounds with claimed anticancer effects, such as vitamins and
antioxidants [109]. On the other hand, legumes are also reported to have antinutritional factors
that reduce their nutritious value.
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3.2. Effects of processing on nutrients

Processes applied to legumes can be classified into three groups: the preparation of raw
materials involving washing, cutting, or chopping; preservation operations, such as steriliza-
tion, drying, freezing, or freeze-drying; and transformation processes all of which aim to
increase the shelf life of the foodstuff. Postharvest practices for most seeds and beans are
threshing, hulling, or removal of pods as well as drying or dehydration, after which the product
can be stored. During drying and storage, it is important to prevent mold contamination and
aflatoxins. After postharvest operations carried out on the farm, the products go to markets
thatlead the consumer or agribusiness. In addition to primary products, oilseeds and legumes
produce considerable quantity of by-products or such as shells, fibers, pods, which can be used
as fuel or for animal feed. FAO has programs to help farmers in postharvest activities by means
of the creation and diffusion of technology, training in quality management and marketing,
and usage of materials [104].

Processes such as peeling and heat-related ones such as cooking, drying, autoclaving, extru-
sion, and others may positively impact quality by reducing antinutritional compounds and
improving digestibility of protein and starch so that changes induced by heat need to be
investigated from a biochemical point of view being necessary to specially study effects on
proteins and carbohydrates [11]. It is important to study the processing effects of enzymes
(proteases, amylases, a-galactosidases) that can facilitate digestion of various nutrients as well
as usage of other enzymes such as tannases, which could allow for the degradation of certain
antinutritional factors. For example, it has been recommended to add fitase to prevent phytic
acid antinutritional properties. Addition of fitase to flours of legumes aids decreasing antinu-
tritional factors and iron bioavailability [110, 111].

Pea, chickpea, and lentil whole flours have great potential in different processes due to their
functional properties. High content of water, good oil absorption and gelation, emulsifying,
and foaming capacities make these flours useful in bakery products, soups, dairy products,
gluten-free foods, and other new products. Studies on functional and processing characteristics
of whole legumes and fractions as well their emerging food and nutraceutical applications
must be carried out [112].

In addition, a combination of the above-mentioned techniques and the effect of additives (such
as citric acid, sodium bicarbonate) on the nutritional quality of the legumes has been studied.
A comparison of various techniques allows for the selection of the better processes enabling
improvement in the nutritional value with a minimum loss of nutrients and reduction in
antinutrients. Among all the processing techniques, germination is recommended to improve
the nutritional value of legumes by increasing bioavailability of minerals, vitamins, digesti-
bility and decrease in antinutrients during germination. Cooking treatments (ordinary
cooking, pressure-cooking, and microwave cooking) in addition to improving digestibility
importantly decrease content of antinutrients [113]. Germination of peas increases digestibility
of proteins, crude fiber, and decrement in phytic acid and polyphenols. Various authors have
reported that soaking and cooking of peas, chick peas, and lentils reduce the content of
estaquiose, rafinose, and a-galactoside (flatulence inducer compound). It has been demon-
strated that boiling, autoclaving, and microwaving cooking affect the composition, presence
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of antinutritional compounds, and flatulence factors as well as nutritional quality of chickpeas
[113].

Microwave cooking caused slight losses in minerals, whereas boiling and autoclaving caused
significant losses. Cooking improved the in vitro protein digestibility and protein efficiency
ratio of lentils. It is clear that cooking lentils by microwave saves time and help to retain their
nutritional value. The effects of microwave cooking and other traditional cooking methods
such as boiling and autoclaving on nutritional composition and antinutritional factors of
lentils showed that by using conventional cooking, the concentrations of lysine, tryptophan,
total aromatic, and sulfur-containing amino acids decreased. The losses in minerals in lentils
cooked by microwaving were smaller than those cooked by boiling and autoclaving [114].
Microwave cooking may be recommended for legume preparation, for enhancing nutritional
quality as, for example, leading to a better retention of B-vitamins and minerals, reduction in
the level of antinutritional factors, and to increase digestibility of proteins and reduction of
cooking times. Soaking and cooking processes cause minimum vitamin loss and may be
conducted by using 0.1% citric acid solution or in water and subsequent microwaving cooking
[115]. Effects of soaking and cooking on the chemical composition and digestibility of winged
beans have been investigated. These authors found that there was an increase in protein
content, total carbohydrates, and digestibility in samples subjected to soaking and cooking.
Wang et al. [116] combined effects on the nutrients of soaking, water, and steam blanching,
further oligosaccharides and trypsin inhibitor activity (TIA) in cowpea and demonstrated that
the combination of soaking and steam blanching had less effect on losses of nutrients. Besides,
steam blanching caused a higher reduction in TIA than water blanching. However, water
blanching reduced more oligosaccharides in cowpea. Soaking does not affect starch gelatini-
zation during water blanching but the effect of soaking on the gelatinization of starch was
significant when in combination with steam blanching. The losses in minerals in lentils
cooked by microwaving were smaller than those cooked by boiling and autoclaving. Based
on these results, microwave cooking is recommended for lentil preparation, not only for
improving nutritional quality, but also for reducing cooking timer [116]. Fermentation, on the
other hand, considerably reduces phytic acid given the inactivation of endogenous fitase and
microbial growth [117].

4. Conclusions

The epidemiological evidence indicated that the consumption of dietary antioxidant such as
legume seed proteins, provides protective effects for several chronic diseases such as cardio-
vascular diseases, cancer, obesity, diabetes, and hypercholesterolemia. As vegetables are a
major source of antioxidants it is desirable assess their antioxidant activity and compare
different processing and preparation methods. Legumes are important components of human
diet and are subjected to various processing method that can affect composition and nutritional
value. The mild heat treatments are recommended over heat-intensive ones for the processing
of legumes; in order to avoid deactivation of enzymes and lose of nutrients, which can also
achieve by using germination, microwaving, and fermentation. Also addition of enzymes, such
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as phytases, helps preserving bioavailability of iron. Fermentation and germination are highly

recommended in order to obtain enhanced functionality. The information presented in this
chapter shows the potential nutritional importance of the legumes and its role on improved
nutrition and human health.
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Abstract

Intercropping of cereal and legume can improve the use of resources for crop growth
compared to cropping system. An increase in soil phosphorus (P) and nitrogen (N)
acquisition by root-induced biochemical changes of intercropped species has been
reported askey processes of facilitation and complementarily betweenbothintercropping
legumes and cereals. Indeed, the functional facilitation prevails over interspecific
competition under nutrients limiting for crop growth. Results showed that P availability
significantly increased in the rhizosphere of both species, especially in intercropping
under the P-deficient soil conditions. This increase was associated with high efficiency
efficiency in use of rhizobial, plant growth and resource use efficiency as indicated by
higher land equivalent ratio (LER) and N nutrition index. In addition, the rhizosphere P
availability and nodule biomass were positively correlated (r*=0.71**, and r* = 0.62**) in
the intercropped common bean grown at P-deficient soil. The increased P availability
presumably improved biomass and yield in intercropping, although it mainly enhanced
intercropped maize grain yield. Exploiting belowground parameters in a legume-cereal
intercropping is likely necessary to maximize rhizosphere-interspecific interactions as a
strategy to improve the symbiotic rhizobial efficiency and microbial activities, as a result
of root-induced pH and N availability changes under low P soils.

Keywords: intercropping, symbiosis, legumes, cereals, phosphorus, Algeria
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1. Introduction

Nitrogen (N) and phosphorus (P) are often considered to be the mostimportant limiting factors,
after water deficit and salinity, for plant growth and yield productionin natural agroecosystems
[1]. In cropping system and under stress conditions, the input of P and N via mineral fertilizers
has been practiced to improve yielding agroecosystems [2-4]. However, the availability of P
fertilizers is increasingly limited by the depletion of P mineral reserves with the growing food
needs [5, 24]. Another approach is to increase the soil P availability that is often limited by
adsorption on surfaces of mineral phases and fixation to cations such as Ca?", AI*" or Fe* [6, 7].

Adopting sustainable technologies to better exploit soil nutrients resources, such as P and N,
has been an interesting research challenge. Thus, the management of agricultural practices,
including intercropped cultivation of cereals with legumes, is so far considered as one of the
main agriculture sustainable components [2, 3, 6]. Recent studies reported that legumes-cereals
in intercropping as compared to monocropping systems introduced greater environmental
sources use efficiency for either plant growth or yields due to interspecific complementary,
facilitation and competition between intercropped species [8-10, 17].

Increased acquisition of N has been mostly demonstrated in cereal-legume intercrops,
compared to sole crops, only a few recent studies have reported the P or N-P interaction effect
[6, 10, 11, 24]. Indeed, most of the former studies on cereal-legume intercropping implicitly
assume that the legume enhances P and N acquisition by the cereal because of legumes’ ability
to increase large amounts of P-mobilizing compounds that ultimately increase P availability
[6,7,12].

Root-induced some biological and chemical changes that can help to alter the rhizosphere
processes of both intercropped legumes and cereals through (i) proton release by roots of N,-
fixing legumes [13, 14]; (ii) alkalization can also increase rhizosphere P availability in noncal-
careous soils [7, 15]; and (iii) CO, emissions from the soil surface, which are the result of the
overall activity of soil microorganisms and root-nodule symbionts, may be involved in the
control of P availability in an alkaline soil [4].

In this context, fallow-cereal-rotation is the common cropping system for cereals production
in Algeria. Actually, replacing fallow by legume crops in such farming systems of Algeria has
become a strategic necessity for food security in a context of rising prices of food products [2,
13]. However, northern Algeria soils are among the most alkaline and calcareous soil in the
Mediterranean conditions with high pH (7.5-8.5) and are considered Mediterranean zones [10,
16]. The following revision of the literature focuses on advantage of intercropping legumes-
cereals under Algerian agroecosystems conditions.

2. Plant growth and nodulation under legumes-cereals intercropping

Although consistent progress has been made in exploring the intercropping cereal-legume
advantages for better growth and productivity, this cropping system needs to be more deeply
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investigated in order to point out abiotic stress tolerance traits such as those associated with
the low nutrients availability in the soil [10]. The increase in cereals biomass and grain yield
in association with alegume has been demonstrated for maize when it was grown intercropped
with cowpea [7, 14] and also durum wheat in intercropping with faba bean. Legumes-cereals
dual intercropping, provide the P and increase its availability for cereals [6, 10]. Recent studies
show that total shoot dry weight of mixed cereals and legumes (above-ground biomass) was
significantly higher in intercropping than in sole crop (Figure 1) [10]. Recent studies reported
a significant increase in above-ground biomass of intercropped faba bean during continuous
maize-faba bean intercropping for 9-10 years [12]. Legumes, with their adaptability to different
cropping patterns and their ability to fix N,, may offer opportunities to sustain increased plant
biomass for intercropped species [2, 6, 7]. Several studies have addressed the effect of inter-
cropping in increasing nodule growth [2, 18].
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Figure 2. Dry weight of nodules (a) and number of nodules (b) for cowpea in sole cropping and intercropping.
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However, nodule biomass for intercropped legumes were significantly decreased compared
to monocropped legumes. A limited number of recent studies have addressed the same effect
of intercropping on nodule growth for chickpea and common bean [2, 6]. In low P alkaline soil,
it was reported a greater cowpea nodule number weight under intercropping with maize due
to complementarily effect [7].

The decrease in nodule biomass was partly compensated by an increase in nodule number
(Figure 2a and b) [7], which could be due to a change in the population of efficient rhizobial
strains involved in root infection and efficient nodulation with higher nitrogenase activity [7,
19].

3. Increased efficiency in use of the rhizobial symbiosis (EURS)

The increase in the EURS of intercropped legumes in intercropping can be explained by
interspecific competition for nitrogen use by the dual intercropping. Field research studies
show a significant increase in N, fixation by common bean, as a result of competition with
either durum wheat or with maize [2, 8].
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Figure 3. Efficiency in use of the rhizobial symbiosis in common bean as sole crops (filled circle) or intercrops (opened
circle) under S1 (P deficient) and S2 (P sufficient) conditions.

An increase in EURS (mostly during low P availability: Figure 3) [10] indicating a tight
relationship between legume N, fixation, growth and total grain yield. However, detecting
differences in EURS between legumes grown in both sole and intercrops may offer an impor-
tant clue in investigating key processes that influence P availability under P deficiency, where
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legume’s reliance to N, fixation presumably increased in parallel to a number of rhizosphere-
induced changes (proton release, organic acids exudation, acid phosphatases, etc.) that
contributed to increase P availability (Figure 4) [10] and growth [20].

wl? a9
~ | SOW=109NDW+59 SOW =28 NOW + 159
E 15 R=071" =0% .
@!2 [] - g +— _! ¢
E o? [] . ’ %0 0 . L]
= 0_!‘-)-'-’0'/ .
(N . 1
§ ¥ 8
0, SNETmeE SO =33 NOW+ 144
Ri=038 K R0z
0
003 004 005 006 007 068 06 0 0N 0 0B 005 06 007 008 09 o0 0 012 0M3
I i ) © Season20f2 [0 Season, 2012
18 st 82
e SOW =29 NDW + 65 SOW = 26 NDW + 15,7
915 =00 =028
9 p o—lﬁ'___‘jg_d—_’_n
: W B ’
o9
¢ [ .__k-r—‘""—_i 12
0’ s
0 SOW =17 W +§ . SO =52 NDW + 143
. Ri=03 R=012
004 005 006 010 02 0M 0% 018 003 004 005 005 00 008 008 0fd
Nodules dry weight (g plant) Nodules dry weight (g plant)

Figure 4. Correlation between rhizosphere soil Olsen P and nodule dry weight of common bean grown as sole crop
(filled circle) or intercrop (opened circle) under S1 (P deficient) and S2 (P sufficient) conditions.

Recent studies were reported a high EURS of cowpea and common bean among intercrops
treatment compared to corresponding EURS as sole crop, the increase in EURS by intercrop-
ping was significantly observed under low P conditions in either alkaline or calcareous soil 7,

10].

4. Phosphorus availability and root-induced changes

Several studies have reported the decline in the availability of P in the rhizosphere via root
uptake during the crop cycle [11, 22]. Nevertheless, recent studies show an increase in P
availability in the rhizosphere of intercropped legumes and cereals [22]. Recent researches
reported an increase in inorganic P availability (Olsen-P) in the rhizosphere of both intercrop-
ped legumes and cereals [7, 10, 21]. Theses authors suggested that P deficiency can promote P
availability through the root-induced processes (Figure 5) [7] in an alkaline soil, for example,
rhizosphere acidification by legumes, nodules root respiration, exudation of phosphatases,
carboxylates and/or indirectly through microbial activities [7, 14, 22].
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Figure 5. Olsen phosphorus (a, ¢) and pH (b, d) in the rhizosphere of cowpea and maize as sole crop and intercrop and
in the fallow.

Indeed, nutrient limitation is the norm in native soils, especially in alkaline or calcareous soils,
including many aridisols and some entisols, which are characterized by poor availability of P
and N are less favorable than in most managed systems [2, 3].

Recent studies observed, under field experiments, a significant increase in P availability in the
rhizosphere of both common bean and cowpea intercropped with maize [7, 10]. An increase
in P availability was reported to (i) an acidification in the rhizosphere of cowpea and common
bean in intercropping, (ii) alkalization in the rhizosphere of maize, it was significant only for
the maize in intercropping and (iii) an increase of nodules-root respiration in intercropping
compared to the monocropping system. Few research studies suggest that the availability of
P in the rhizosphere is affected not only by changes in pH, but also by interacting with other
root-induced changes such as an increase in EURS and C-CO, flux from microbial and root
activity (Figure 6) [7].

However, species interactions resulted in an increase in growth only for maize in the alkaline
and calcareous low P soil. In the other hand, these authors were reported a significant
correlation between nodule biomass and Olsen-P in the rhizosphere of intercropped common

bean in low P conditions indicates a positive effect of nodule growth in altering rhizosphere
P availability.
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Figure 6. A, B: Nitrogen nutrition index (NNI) of maize as sole crop or intercrop under S1 (P-deficient) and S2 (P-suffi-
cient) conditions.

5. Phosphorus and nitrogen nutrition under legumes-cereals intercropping

For intercropped cereals, an increase in P and N concentration and plant biomass, associated
with an increase in grain yield, is assumed to result from the positive effect of legumes on P
availability [2, 7]. Li et al. [23] and Latati et al. [10] reported an improvement in the growth of
intercropped maize by improved P nutrition. For intercropped legumes, no facilitation was
observed; these authors suggest that phosphatase activity produced by either chickpea or
common bean increased the mineralization of organic P and its absorption by the associated
maize.

In one of last research study, results showed that the EURS was significantly increased in both
common bean and cowpea intercropped with maize. Such an increase is associated with high
N and P availability in the rhizosphere of common bean and cowpea in intercropping, as a
result, increase in N (Table 1) [2] and P uptake in shoot and seed of intercropped maize,
especially for under low P and N conditions [7, 10].

133



134  Grain Legumes

Sites Crop Common bean Maize
treatment treatment Shoot N Root N Seed N Shoot N Root N Seed N

concentration concentration concentration concentration concentration concentration

mgg™h  (mgghH (mgg™H  (mgghH (mgghH (mgghH

sl Intercrop 453 +0.1b 142+4+03c 547+04d 29.6+02a 41+0.04c 23.7+0.2b

s1 Solecrop 58.2+0.08a 17.5+0.2b 59.5+1.1b 258+ 03b 3.8+0.1c 184+06d

52 Intercrop 38.4 +04d 154+01c 71.3+02a 30%+02a 57+0.06b 19.3+0.08d

S2 Solecrop 36.2+0.3e 11.3+0.6d 57.2+0.08c 253+ 0.2b 7.5+ 0.08a 208+ 0.1¢

S3 Intercrop 40.7 £ 0.06 ¢ 17.1+0.1b 589+ 0.2bc 23.8+0.4c 3.6+ 0.1cd 27.5+0.08a

S3 Solecrop 37.6+0.1d 214+02a 584+02bc 19.7+03d 3.2+02d 206+0.1c
Shoot N Root N Seed N Shoot N Root N Seed N

concentration concentration concentration concentration concentration concentration

p Values p Values p Values p Values p Values p Values
Sites <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Crop <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Sites x <0.001 <0.001 <0.001 0.34 <0.001 <0.001

crop

Table 1. Nitrogen concentration in shoots, roots and seed for maize and common bean in sole crop and intercropping.

Indeed, legume had a positive effect on interspecific competition through nitrogen partitioning
with the intercropped cereal via increased of N, fixation under intercropping system. Ana-
lyzing the nitrogen nutrition index (NNI) in maize also added value in explaining the inter-
cropping grain yield advantage and resource use improvement. This is clearly seen under P-
deficient soil where intercropped maize (compared to sole-cropped maize) increased maize
NNI nutrition (Figure 6) [10]. Enhancing the maize NNI appears to be in agreement with the
increased total N uptake under P-deficient soil, but to a more extent in P-sufficient soil where
higher maize root biomass would have greatly competed for soil N uptake [15].

6. Advantage of intercropping on grain yield and nutrients uptake

In terms of grain yield, intercropping had a positive and significant effect on the total grain
yield as attested by the higher LER (yield advantage) over that found in sole cropping. This
observation under field experiments indicates an increased crop performance and resource
use efficiency of limiting resources (Table 2) [10], but to a larger extent in the P-deficient soil
where LER of grain yield and total P and N were significantly higher compared to P-sufficient
soil [10, 14].
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Season Exper. sites  LER (yield) LER (TDW) LER (N) LER (P)

201 St 245+02%  202+009%°  206+01°  21+012
52 1.67+01°  1.91+01% 2.67+007% 176 + 0.009%P

2012 51 2714018 23+01° 202+0.04>  1.93+02%
52 185+02°  1.67+0.03P 279+ 0.09%  1.55+0.05°

p Values

Exper. site <0.001 0.002 <0.001 0.005

Season 0.13 0.82 0.6 0.09

Site x season 0.37 0.018 0.4 0.9

Table 2. Land equivalent ratio (LER) for grain yield, total biomass (TDW), nitrogen (N) and phosphorus (P) uptake
under S1 (P deficient) and S2 (P sufficient) conditions.

The complementarily of N and P use between cereals and N,-fixing legumes, where the two
species compete for the same soil’s pool of N and P, the legume, through symbiotic N, fixation,
can essentially access to the additional pool of atmospheric N, [10].

Facilitation occurs some species increases either growth or N-P nutrition of another species
[25]. Recently, some research studies reported that advantage of both intercropping maize-
common bean and maize-cowpea was confirmed for N and P acquisition by either chickpea
or durum wheat [10].
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Figure 7. Grain yields (Mg ha™) of cowpea (a) and maize (b) in different cropping systems.

This intercropping advantage recorded more than 24% N uptake compared to sole crop.
Similarly, under Mediterranean conditions with P-deficient soils, it was confirmed that maize
grain yield in a maize-cowpea (Figure 7) [7] and common bean-cowpea intercropping under
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P-low soil substantially increased (25%) compared to sole-cropped maize [7, 10]. Likewise,
grain yield of either maize [26] or durum wheat [14] was increased when intercropped with
cowpea and faba bean; respectively. In another study, above- and belowground interactions in
a wheat-soybean intercropping differentially contributed (30% and 23%, respectively) in yield
increase [27].

7. Conclusion

The main aim of this revision of the literature was to explain the effect of intercropping chickpea
and durum wheat on N and P acquisition, especially under Mediterranean conditions.

Intercropping of cereal and legume can improve P and N use efficiency for crop growth and
grain yield compared to sole crops. Enhanced soil P and N acquisition by root activity of either
intercropped legume or cereal has been proposed as a mechanism of facilitation. It has also
been reported that facilitation was more pounced by interspecific competition when P and N
are more limiting for crop growth. Biomass, grain yield and consequently the taken up amount
of N and P of intercropped cereals were significantly increased compared to those observed
as sole crop. Presumably, pH change, increase in EURS and root respiration in legumes
rhizosphere were the root-induced processes implied in the enhanced N and P availability for
intercropped cereals. Indeed, in low P calcareous soils, the increased P availability can
significantly improved aboveground of biomass in intercropping, though it mainly enhanced
grain yield for intercropped cereals.

As conclusion, research findings reported in this present revision suggest that intercrops
promote an advantage in grain yield and N-P nutrition for both cereal and legume. This
legumes facilitation would have been related to root-induced changes modifying N and P
bioavailability in the rhizosphere, as a result of enhancing in EURS in low P soils conditions.
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Abstract

Grain legume consumption has been linked in meta-analysis studies to decreased risk
of metabolic syndrome, obesity, and cardiovascular diseases; however, the evidence for
a chemo-protective effect of grain legume consumption against colorectal tumorigenesis
has been considered inconclusive. We conducted a meta-analysis of human and animal
studies to evaluate the effect of grain legume consumption on colorectal cancer (CRC)
and its precursors. Twelve case-control studies (42,473 controls and 12,408 cases) and
11 prospective cohorts (1,533,527 participants including 12,274 cases) were included in
the meta-analysis; the pooled risk ratio (95% confidence interval) for the highest versus
the lowest legume intake group based on a random effects model was 0.72 (0.60-0.89)
for incident adenoma, 0.91 (0.84-0.99) for prevalent adenoma, and 0.82 (0.74-0.91) for
CRC. Fourteen animal studies (355 animals on grain legume diets and 253 animals on
control diets) were included in the meta-analysis and showed in all but one study a
chemo-preventive effect against colorectal tumorigenesis. Grain legumes contain
various compounds (e.g., resistant starch, soluble fiber, insoluble fiber, phytosterols,
saponins, phytates, flavonoids, proanthocyanidins, and phenolic acids) that have been
shown to inhibit colorectal tumorigenesis in animal studies at concentrations that are
relevant for human diets. Grain legume consumption alters several molecular pathways
(e.g., p53, mTOR, NF-kB, Akt, and AMPK) that are critical for tumor induction,
promotion, and progression. Based on our meta-analysis, daily grain legume consump-
tion confers chemo-preventive effects against CRC.

Keywords: grain legumes, colorectal cancer, meta-analyses, bioactive compounds,
molecular mechanisms
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1. Introduction

Grain legumes (i.e., pulses) are defined as plants belonging botanically to the family
Leguminosae, which are harvested as dry seeds for food consumption [1-3]. Grain legumes
are behind cereal grains the most common food crop worldwide; the primarily grown grain
legumes are in the order as follows: dry beans (e.g., pinto, navy, red kidney, lima, butter,
white, and black beans; Phaseolus and Vigna ssp.), chick peas (i.e., garbanzo beans; Cicer
arietinum), dry peas (e.g., garden peas; Pisum sativum), dry cow peas (Vigna unguiculata), lentils
(Lens culinaris), and dry broad beans (e.g., horse beans; Vicia faba) [3-5]. Beans are oval or
kidney shaped, peas are round, and lentils are flat. Grain legumes have served as staple foods
in many cultures around the globe, as they can be grown relatively inexpensively in various
climate zones and have a health-promoting nutrient profile, that is, they are a good dietary
source of protein, rich in fiber and folate, and very low in saturated fatty acids, cholesterol,
and sodium [6-8].

Grain legume consumption dramatically decreased in westernizing countries [9] and is in
the U.S., similar to other Western countries [10, 11], on average low (12.9 g/d) and infrequent
(only 8 and 14% consumed grain legumes daily or every other day) [6, 12]. Given the health-
promoting properties and nutrient profile of grain legumes and the growing interest in
ethnic, gluten-free, and vegetarian cuisine in Western countries, increasing grain legume
consumption represents an important public health opportunity for chronic disease
prevention.

A research focus is the use of legumes for cancer prevention, specifically colorectal cancer
(CRC) [4]. Globally, CRC is the third most common cancer in men and the second most
common in women [13]. Two recent A meta-analysis study reported a protective effect of
legume consumption for colorectal adenomas (CRAs) in case-control and cohort studies
(combined odds ratio (OR) = 0.83; 95% confidence interval (CI): 0.75-0.93) and CRC in cohort
studies (OR = 0.91; 95% CI: 0.84-0.98) [14, 15]. Both meta-analysis studies, however, included
studies in which participants consumed legumes primarily as soy products (i.e., studies
conducted in China, Japan, Malaysia, and South Korea), as opposed to grain legumes (i.e.,
studies conducted in Africa, North and South America, and Europe). Moreover, the meta-
analysis of CRC showed a protective effect for soybeans (OR = 0.85; 95% CI: 0.73-0.99) but
not for other beans (OR = 1.00; 95% CI: 0.89-1.13) [15]. A third meta-analysis study published
in 2010 reported no statistically significant association between legume fiber consumption
and CRC in four prospective U.S. and European studies combined (OR = 0.89; 95% CI: 0.78-
1.02) [16].

The objective of this chapter is to evaluate the evidence of a chemo-preventive role of grain
legume consumption in colorectal tumorigenesis in human (ecological, case-control, and
cohort studies) and animal studies by conducting a literature review and meta-analyses. The
goal is to suggest areas of future research and provide up-to-date scientific evidence for dietary
recommendation of legume consumption.
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2. Colorectal cancer: incidence, mortality, and risk factors

Worldwide, annually 1.361 million new CRC cases and 0.694 million deaths due to CRC accrue,
according to GLOBOCAN in 2012 [13, 17]. In the U.S,, the lifetime risk of being diagnosed with
CRC is 5% and the treatment costs were estimated to be over $14 billion [18, 19], highlighting
CRC prevention as a public health priority. CRC development is a multistep process over many
years, often decades, involving usually random genetic mutations in colorectal epithelial cells
causing the activation of tumor-promoting genes and the loss of tumor suppressor gene
function [20, 21]. Starting often as aberrant crypt foci (ACF), most CRC arise from benign,
adenomatous polyps (i.e., adenomas) that grow from glandular cells of the colorectal epithelial
lining into advanced adenomas and then adenocarcinomas [22-24]. Over 50% of the Western
population will develop colorectal adenomas (CRAs) by the age of 70 [23]. Less than 10% of
adenomas, however, progress to become invasive and spread to adjacent blood or lymph
vessels [25]. Success of CRC treatment depends on early detection. If CRC has not spread
beyond the colorectal wall (i.e., localized stage), 5-year survival rates are 90.3%; however,
survival rates decline when CRC has spread to lymph nodes and/or nearby tissue (i.e., regional
disease; a 5-year survival of 70.4%) and are low when CRC has spread to other organs (i.e.,
distant disease; a 5-year survival of 12.5%) [26]. Currently, only 40% of CRC patients are
diagnosed with localized stage, highlighting that importance of early detection and treatment
of CRC and its precursors [27].

Genetics is an important CRC risk factor. About 20% of CRC patients have a family history of
CRC (10-15% lifetime risk for patients with one first-degree relative; 20% lifetime risk for
patients with at least two first-degree relatives or one first-degree relative diagnosed with CRC
before age 45) and 2-4% have a well-defined genetic syndrome (i.e., Lynch syndrome and
familial polyposis; 80-90% lifetime risk) [19]. Chronic inflammation, specifically inflammatory
bowel disease (IBD), is another important CRC risk factor with a 10-20% lifetime risk, which
is increased among patients with a longer IBD history [19, 28]. Other important medical CRC
risk factors are obesity, insulin resistance, and diabetes mellitus; CRC risk increases linearly
with duration and severity of those morbidities [19, 29-33]. Modifiable CRC risk factors include
smoking, heavy alcohol consumption, and sedentary behavior, each with a 6% lifetime risk
[19], whereas medications such as aspirin and nonsteroidal anti-inflammatory drugs (NSAIDs)
and hormone-replacement therapy in postmenopausal women can decrease CRC risk [19].

Food and nutrition play an important part in the etiology and prevention of CRC and may
account for 70-90% of all cases [34-36]. A panel of experts, primarily epidemiologists organized
by the World Cancer Research Fund (WCRF) and the American Institute for Cancer Research
(AICR), evaluated the scientific evidence on food, nutrition, and physical activity on cancer
risk [34]. Human studies were ordered according to the quality of the study design as follows:
(1) ecological studies (lowest quality; most susceptible to confounders; i.e., factors that are
associated with both disease status and the evaluated food); (2) case-control studies (very
susceptible to recall bias; i.e., selective reporting of the diet after disease diagnosis); (3)
Prospective cohort studies; and (4) clinical trials (gold standard and least susceptible to bias).
In the case of substantial amount of evidence available, the panel focused on studies using

143



144 Grain Legumes

high-quality designs. Evidence from animal and cell culture studies was taken into account to
demonstrate plausible mechanism for diet and cancer association. Based on the evidence, an
individual food, food group, or individual nutrient was classified for each cancer site as

“convincing”, “probable”, “limited-suggestive”, or “limited-no conclusion” decreases the risk
or increases the risk [34].

In 2007, the panel classified red and processed meat consumption as convincingly increases
CRC risk, whereas calcium and foods containing fiber were classified as probably decreases
CRC risk, and selenium and foods containing folate were classified as limited-suggestive
evidence for decreasing CRC risk [34]. No conclusion was made for legumes and CRC risk
because of the limited data available in 2007 [34]. As in the last 8 years more data have been
collected, we reevaluate in this chapter the evidence on the relation between grain legume
consumption and CRC risk. We hypothesized a protective effect of grain legume consumption
on CRC risk because grain legumes are an excellent dietary source of fiber (5.7-9.0 g/100 g of
cooked legumes) and folate (83-174 ug/100 g of cooked legumes) [7], both of which were
classified as decreasing CRC risk in 2007 [34].

3. Grain legumes and colorectal neoplasia in human studies

Ecological studies examine the association between diet and disease on the population level;
five studies evaluated the relation between legume intake and risk of CRC incidence or
mortality on the population level and observed inconsistent relations [9, 37—40]. Correa
reported that countries with higher bean consumption in 1964-1966 had lower colon cancer
mortality rates 7-9 years later (r = —0.68) [40]. Similarly, Bejar et al. stated that the decrease in
legume consumption between 1960 and 1990 coincided with an increase in CRC incidence and
mortality rates 10 years later in Spain [37, 39]. In follow-up studies, Bejar ef al. extended the
analysis to 15 European and 13 non-European countries [9, 38]. Whereas the strong inverse
relation between legume intake and CRC incidence rates held true for some countries (i.e.,
Norway, Spain, Germany, and France), other countries (i.e., Australia, Italy, and Colombia) had
positive relations, as a result of a slight increase in legume consumption between 1965 and
2005. Thus, changes in legume consumption alone cannot explain the temporal changes in CRC
incidence rates; rather, changes toward a Western diet were associated with an increased CRC
risk (depending on country of origin, adoption of a westernized diet either increased or
decreased grain legume consumption). In support, Monroe et al. reported in a migrant study
that an increase of CRC incidence rates (men: 85%; women: 95%) coincided with a 46% decrease
in dry bean or pea consumption (57.0-26.6 g/d) from first- to second-generation Mexico-born
U.S. Americans in the Multiethnic Cohort Study [41], and Haentzel et al. showed a detrimental
effect of grain legume consumption on CRC incidence in Japan-born Hawaiian [42].

In case-control studies, participants with (cases) or without (controls) a disease recall their diet.
Besides recalling a diet from past years, participants try to make sense of their disease outcome
based on their lifestyle choices. Thus, foods and food groups that have been known to be
associated with disease outcomes by the public are often erroneously associated with the
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disease outcome (i.e., selective reporting bias). Nineteen peer-reviewed publications (46,769
controls and 14,567 cases; two studies had each two publications [43, 44] and [45, 46]) evaluated
in 17 case-control studies the relation between legume consumption and colorectal neoplasia;
six studies reported prevalent adenomas as endpoint [47-52] and 11 studies reported carcino-
mas as endpoint [42—46, 53-60] (Table 1). Most case-control studies were from the U.S. (1 = 8),
five were from Europe, two were from South America, and one each from Australia and Jordan.
Risk estimates specific to the intake of legumes (including soybeans and their products), grain
legumes, and grain legume fiber were reported in six, 11, and two case-control studies,
respectively. Gender-specific risk estimates were reported in five case-control studies, and
cancer-site-specific risk estimates were reported for colon and rectum in seven and four case-
control studies, respectively. Half of the studies showed a protective legume effect on CRA
(Table 1), one of which was statistically significant [50]. A distinct clustering was observed for
CRC. Seven of 11 case-control studies had significant risk estimates of 0.5 or lower [45, 46, 50,
53, 55, 56, 59, 60]; three of the six low-risk estimates were from women and, for the remaining
three, no gender-specific risk estimates were reported. In contrast, the risk estimates of the
other studies were around 0.9 (Table 1).

Reference, region Study  Study design,no.  Sex, age Diet assessment Grain legume, quantity for hing/adj for d
(country) period  controls/cases risk estimates (95% CI)

Prevalent colorectal adenoma

Sandleretal, 1993 [47] 1988-  Colonoscopy Both, Phone interview: FFQ with  Grain legume fiber No matching specified

North Carolina (U.S.) 1990 Cases: 236 >30 years,no  >100 food items for Men: Adjusted for age, alcohol intake, BMI,

Controls: 409 CRC, IBD previous yr >3.14 vs. <0.97 g/d OR = 0.99 (0.43-2.29) and total energy intake
history Women:
2217 vs. <0.61 g/d OR = 1.26 (0.63-2.51)
Witte et al., 1996 [48] 1991- Sigmoidoscopy Both Personal interview: FFQ Legumes (beans, lentils, peas, lima beans, ~ Matched by age, sex, day of
California (U.S.) 1993 Cases: 488 50-74 years;no  with 126 food items for tofu, soybeans, peanut butter) sigmoidoscopy, Kaiser center
Controls: 488 CRA, IBD previous yr Mean 8.5 vs. 0.5 servings/wk OR: 0.85 Adjusted by race, BMI, physical
history (0.56-1.28) activity, smoking, and intake of total
energy and saturated fat
Smith-Warner 1991-  Colonoscopy Both, 3074  Self-administered FFQ Legumes (alfalfa sprouts, beans, peas) Matched by age, sex, and residence
etal., 2002 [49] 1994 and population years, no CRA,  precolonoscopy with>153  Men: Mean 5.0 vs. 1.0 servings/wk Adijusted for age, total energy and fat
Minnesota Cancer Cases: 564 IBD history ~ food items for previous yr  Colonoscopy: OR =0.96 (0.62-1.49) intake, BMI, smoking, alcohol,
Prevention Research Controls: 682 Population: OR =1.15 (0.77-1.72) NSAID use, multivitamin use, and
Unit Study (U.S.) colonoscopy, Women: Mean 5.5 vs. 1.1 servings/wk hormone replacement therapy
535 population Colonoscopy: OR = 1.08 (0.68-1.74)
Population: OR =0.96 (0.58-1.59)
Agurs-Collins 2001-  Colonoscopy Both, FFQ with 39 food items Grain legumes (dry beans, split peas, No matching specified
et al., 2006 [50] 2003 Cases: 53 29-81 years (Rate Your Diet Quiz) lentils) Adjusted for age, smoking, alcohol,
African-American Controls: 133 23x vs. <1x/wk OR = 0.19 (0.04-0.91) sex, weight, aspirin use, alcohol,
(Us) family CRC history, and exercise
Millen et al., 2007 [51] ~ 1993- Sigmoidoscopy Both, 55— Self-administered FFQ pre-, Legumes Matching not specified
Prostate, Lung, 2001 Cases: 3057 74 years; no on, or post-sigmoidoscopy  (beans, peas, Adjusted for age, sex, race,
Colorectal, and Ovarian Controls: 29,413 CRA, IBD with 137 food items for tofu, and soybeans) education, family CRC history,
Cancer Screening Trial history previous yr Median 0.4 vs. 0.05 energy-adjusted smoking, alcohol use, aspirin use,
(PLCO) servings/wk OR = 0.92 (0.81-1.03) replacement hormone use, physical
Sex and age adjusted: OR = 0.85 (0.75-0.96) ~activity, BMI
Wau et al., 2009 2003— Colonoscopy Both, 40— FFQ with >108 food items ~ Grain legumes (green beans and peas, dry ~ No matching specified
[52] Tennessee 2005 Cases: 764 75years,no  for previous yr and canned beans) Adjusted for age, sex, race, study
Colorectal Controls: 1517 CRA, IBD Tertile T3 vs. T2 Quantity N/A location, BMI, smoking, alcohol
Polyp Study (U.S.) history OR = 0.95 (0.74-124) consumption, NSAID use, physical

activity, education level, family
income, family CRC history, and

intake or total energy and red meat
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Reference, region Study Study design, no. Sex, age Diet assessment Grain legume, quantity for p hi for d
(country) period  controls/cases risk estimates (95% CI)
Colon Cancer
Iscovich et al., 1992 [56] 1985- Population Both, 35— Personal Grain legumes (beans, lentils, peas, and Matched by age and gender
LaPlata (Argentina) 1987 Cases: 110 Controls: 80 years interview FFQ with 140 chick peas) Adjustment not specified
220 food items for previous 5 Quartile 4 vs. 1 OR = 0.52 (0.24-1.12)
yrs Quartile 3 vs. 1 OR = 0.32 (0.14-0.73)
Quantity N/A
Steinmetz etal, 1993 1979~  Population Both, Self-administered FFQ with Legumes (green, dry and broad beans, Matched by age and gender
[60] 1980 Cases: 220 Controls: 3074 years 141 food items a yr ago lentils, dry and chick peas, and soybeans)  Adjusted for protein intake,
Adelaide (Australia) 438 Men: >1 vs. 0 servings/wk OR = 0.74 (0.38-  occupation, Quetelet’s index, alcohol
1.45); Women: >0.6 vs. 0 servings/wk OR = consumption, and age at first live
0.43 (0.20-0.93) birth (only women)
Kampman etal, 1995 1989  Population Both, Personal Legumes Matched by age, gender, and degree
[57] 1993 Cases: 232 Controls: <75 years, no interview: FFQ with 289 Quartile 4 vs. 1 (infrequent legume of urbanization
(Netherlands) 259 history of CR  food items for previous yr  consumption) OR =1.08 (0.67-1.76) Adjustment not specified
tumors
Colorectal Cancer
Haenszel et al., 1973 1966— Hospital Both Personal Grain legumes (green and red beans, peas, Matched by sex and birth place
[42] 1970 Cases: 179 Controls: Age N/A interview: four legumes, and Chinese peas) Adjustment not specified
Hawaiian born in Japan 357 soybeans excluded >21x vs. <8x/mo legumes RR = 3.5 95% CI
(Us) N/A
La Vecchia etal., 1988 1985~ Hospital Both, Personal Grain legumes Matching not specified
[58] 1987 Cases: 339 <75 years interview: 29 food items Tertile 3 vs. 1 Quantity N/A Adjusted for social class, age, sex,
Milan colon, 236 rectal prior to disease diagnosis  Colon: RR = 1.04; Rectum: RR = 0.94 and area of residence
(Northern Italy) Controls: 778 95% CIN/A
Benito etal, 1991[53] 1984~  Population and Both, Personal Grain legume fiber Matched by age and gender
Majorca (Spain) 1988 Hospital <80 years interview: FFQ with 99 Quartile 4 vs. 1 Quantity N/A Adjusted for age, sex, body weight,
Cases: 286 Controls: food items for previous yr  RR=0.40 95% CI N/A and total energy intake
203 hospital
286 population
Bidoli etal., 1992 [54]  1986- Hospital Both Personal Grain legumes Matched by hospital
Pordenone (North 1990 Cases: Age not interview: FFQ (number of ~ Tertile 3 vs. 1 Quantity N/A Adjusted for age, gender, and social
Eastern Italy) 123 colon, 125 rectal  specified food items N/A before Colon: RR = 1.2 Rectum: RR = 0.8 status
Controls: 699 disease) onset 95% CIN/A
Le Marchand et al., 1987- Population Both Personal Legumes (including soy products) Matched by age, sex, and race
1997 [59] 1991 Cases: 1192 <85 years, no interview: FFQ with 282 Men: >46 vs. <11 g/d OR = 0.8 (0.5-1.2) Adjusted for age, family CRC history,
Hawaii Multiethnic Controls: 1192 history of food items 3 yrs before Women: >44 vs. <9 g/d OR = 0.5 (0.3-0.9) alcohol consumption, smoking,
(Us) colorectal disease onset physical activity, Quetelet index, and
tumors intake of total calories, eggs, and
calcium
Franceschi et al., 1998 1991- Hospital Both Personal Grain legumes (beans and peas) Matching not specified
[55] 199 Cases: Age not interview: FFQ with 98 >3 vs. <0.5 servings/wk Adjusted for age, sex, center, year of
(Italy) 1225 colon 728 rectal  specified food items 2 yrs before Colon: OR = 0.5 (0.4-0.7) interview, education, physical
Controls: 5155 disease diagnosis Rectum: OR = 0.7 (0.5-0.9) activity, alcohol consumption, and
total energy intake
Deneo-Pellegrini et al., 1996 Hospital Both Personal Grain legumes Matched on age, sex, residence, and
2002 [46] 2002 Cases: 484 Controls: ~ 30-89 years interview: FFQ with 64 (kidney beans and lentils) urban/rural status
Montevideo (Uruguay) 1452 food items a yr before Quartile 4 vs. 1 Quantity N/A Adjusted for age, sex, rural/urban
disease diagnosis Overall: OR = 0.7 (0.5-0.9) status, education, first-degree family
Men: OR = 0.8 (0.5-1.2) CRC history, BMI, and intake of total
Women: OR = 0.5 (0.3-0.9) energy and red meat
Colon: OR = 0.9 (0.9-1.1)
Rectum: OR = 0.8 (0.7-0.9)
Aune et al., 2009 [45] 1996~ Hospital Both Personal Grain legumes (kidney beans and lentils) ~ Matching not specified
Montevideo (Uruguay) 2004 Cases: 3539 26-89 years interview: FFQ with 64 Legume: Median 14.38 vs. 1.35 g/d OR = Adjusted for age, sex, residence, BMI,

Controls: 2032

food items a yr before

disease diagnosis

043 (0.32-0.59)
Beans: Median 9.44 vs. 0 g/d OR = 0.44
(0.31-0.61)

Lentils: Median 11.68 vs. 0 g/d OR = 0.53
(0.38-0.75)

education, income, interviewer,
smoking status and history, alcohol
consumption, mate drinking status,
and intake of total energy, dairy

products, fatty foods (eggs, cake,
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Reference, region Study Study design, no. Sex, age Diet assessment Grain legume, quantity for comparison, for d
(country) period  controls/cases risk estimates (95% CI)
custard, butter), fruits and
vegetables, and total meat
Abu Mweis etal, 2015 2010-  Hospital Both Self-administered Lentils Matched by age, sex, occupation, and
[43] 2012 Cases: 167 >18 years FFQ with 109 food and >1x vs. <1x/wk OR = 1.49 (0.80-2.79) marital status
(Jordan) Controls: 240 beverage items (DHQ 1) a Adjusted for age, sex, family CRC
yr before disease diagnosis history, physical activity, smoking,
education level, marital status, work,
income, and total energy intake
Tayyem etal,, 2015 [44] 2010-  Hospital Both Self-administered FFQ with Lentils Matched by age, sex, occupation, and
(Jordan) 2012 Cases: 220 >18 years 109 food and beverage 1x/wk vs. <1x/mo OR = 1.3 (0.72-2.4) marital status

Controls: 281

disease diagnosis

items (DHQ 1) a yr before

White beans

Tx/wk vs. <Ix/mo OR = 0.86 (0.37-2.1)
Green beans

1x/wk vs. <1x/mo OR =1.0 (0.57-2.2)
Peas

1x/wk vs. <1x/mo OR = 1.0 (0.44-2.0)

Adjusted for age, sex, family CRC
history, physical activity, smoking,
education level, marital status, work,

income, and total energy intake

‘Statistically significant association of legume consumption and colorectal neoplasia.
CRA: colorectal adenoma; CRC: colorectal cancer; FFQ: food frequency questionnaire; IBD: inflammatory bowel

disease; mo: month; N/A: not available; OR: odds ratio; RR: relative risk; wk: week; 95% CI: 95% confidence interval.
1 serving of legume equals 0.5 cup of cooked legumes (~90 g) [7].

Table 1. Description of retrospective case-control studies of grain legume consumption and colorectal neoplasia.

Prevalent Adenoma

Author, Year (Legume, Sex, Cancer Site and Endpoint)

Estimated Risk Ratio (95% CI)

Sandler1933 (GrLegF men CRA) 099 (043, 229
Sandler1883 (GrLegF women CRA) 1.26 (0.63, 2.51
Witte1996 (Leg both CRA) 0.85 (0.58, 1.28
Smith-Wamer2002 (Leg men CRA) 0.96 (0,62, 1.49
Smith-Wamer2002 (Leg women CRA) 1.08 (0,68, 1.74
Agurs-Collins2006 (GrLeg both CRA¥ 0.19(0.04, 0.91
MilenZ007 (Leg both CRA) 0.92 (0.81,1.03
Wu2008 (Grleg both CRA) 0.95(0.74,1.24
Subtotal (-squared =0.0%, p =0.614) 0.93 (0.84,1.03
Cancer Both
Iscovich1882 {Grleg both CC) 0,52 (0.24,1.12
Kampman1995 (Leg both CC) e 1.08 (0.67, 1 .7e!
Franceschi1888 (GrlLeg both CC) L 0.50 (D.40, 0.70
Franceschi1998 (Grleg both RC) 0.70 (0.50, 0.50
Subtotal (l-squared = 63.1%, p = 0.043) 0.66 (0.48,0.93
. I
Cancer Men 5
Steinmetz1893 (Leg men CC) - 0.74 (0.38, 1.45
Le Marchand 1987 (Leg men CRC) 0.80 (0.50, 1.20
Deneo-Pellegrini2002 (GrLeg men CRC) 0.80 {0.50, 1.20
Subtotal (l-squared =0.0%, p =0.979) 0.79 (0,60, 1.05

|
Cancer Women i
Steinmetz1883 (Leg women CC) | 0.43 (0.20, 0.93
Le Marchand1997 (Leg women CRC) 0.50 {0.30, 0.90
Denec-Pellegrini2002 (Grleg women CRC) : 0.50 (0.30, 0.80
Subtatal (lsquared = 0.0%, p = 0.943) ! 0.48(0.34, 0.60
. \
Overall (Fsquared = 53.3%, p = 0.004) (? 0.77 (0.68, 0.88
NOTE: Waights are from random effects analysis - — :l —_

2 4 681152 3

Highest vs. Lowest Legume Intake Group

Figure 1. Forest plot of legume consumption (highest vs. lowest category) and colorectal neoplasia risk in retrospective
studies stratified by type of neoplastic lesion and gender (only for cancer studies). The dot in each study indicates the
estimated risk ratio, vertical bars represent 95% CI, and the size of gray square box reflects the study’s weight in the
random effects meta-analysis. The straight line indicates no association and the dashed line indicates the summary risk
estimate across all studies. The open diamond on the bottom indicates the pooled risk estimate and the right vertices of
the diamond reflect the 95% CI. CC: colon cancer; RC: rectal cancer; CRC: colorectal cancer; CRA: colorectal adenoma;
GrLeg: grain legume; GrLegF: grain legume fiber; Leg: legume; LegF: legume fiber.
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Meta-analysis using a random effects model of natural log odds ratios (OR) in STATA was
possible for 12 case-control studies [46-52, 55-57, 59, 60] that included 12,408 cases and 42,473
controls. We had to exclude the four oldest case-control studies [42, 53, 54, 58] because the 95%
CIs were not reported and two case-control studies [43, 44] provided only estimates of
individual grain legumes. We checked for heterogeneity of estimates, influential risk estimates,
and publication bias using funnel plots and Egger’s method. When comparing the highest
versus the lowest legume intake group, we observed a protective effect of legume consumption
on CRA (relative risk (RR) =0.93; 95% CI: 0.84-1.03; P =0.15) and CRC (RR = 0.65; 95% CI: 0.54—
0.77; P <0.001). There was moderate heterogeneity (30.2%) among studies for CRC risk (P =
0.17), but<0.01% for CRA risk. The range of risk estimates was 0.56-0.65 for CRC after removing
one study at a time. No significant publication bias was observed (P =0.11). The heterogeneity
among CRC risk estimates could be explained by gender-specific differential dietary recalls
(Figure 1); the protective effect of legume consumption on CRA was in men, RR = 0.79 (95%
CI: 0.84-1.03; P =0.10; <0.01 heterogeneity), in women, RR = 0.49 (95% CI: 0.34-0.69; P <0.0001;
<0.01% heterogeneity), and intermediate RR = 0.67 (95% CI: 0.48-0.93; P = 0.02; 63.1% hetero-
geneity) in studies that did not provide gender-specific estimates.

In prospective cohort studies, dietary information of cohorts or groups of healthy individuals
at the time of study recruitment is linked to subsequent disease outcomes. We evaluated the
relation between legume consumption and colorectal neoplasia in 15 peer-reviewed publica-
tions from 11 prospective cohorts (1,621,519 participants with 13,546 cases), 11 reported cancer
as endpoint [61-71] and the remaining four studies reported incident and/or prevalent
adenomas as endpoint [72-75] (Table 2). All, except for two European cohorts, were U.S.
cohorts. Risk estimates were reported for men in six and for women in eight prospective
cohorts. Risk estimates specific to colon and rectum were reported in two and one cohorts,
respectively. Risk estimates specific to the intake of legumes, legume fiber, grain legumes, and
grain legume fiber were reported in three, three, three, and two cohorts, respectively. Two
cohorts (Adventist Health Study and Polyp Prevention Trial) showed significant protective
effects of grain legume consumption [69, 72, 75]. Four cohorts (Breast Cancer Detection
Demonstration Project, Women'’s Health Study, Multiethnic Cohort Study, and NIH-AARP
Study) showed a protective effect on CRC risk, the effect was statistically significant in some
statistical models in the latter three cohorts [63, 64, 66-68]. Two cohorts (Nurses” Health Study
and Health Professionals’ Follow-up Study) showed a protective effect of legume consumption
for CRA only [65, 73, 74]. Only three of the 11 cohorts (lowa Women'’s Health Study and two
European cohorts) showed no effects of legume consumption on CRC risk [61, 62, 70, 71].

Reference, Follow-up Study Sex, age Diet Grain legume, Adjustment for
cohort, country  period size, case assessment quantity for confounders
no. comparison, risk

estimates (95% CI)

Incident colorectal adenoma

Lanza et al., 2006 1991-1994; 1905, Both, Four annual Grain legumes (dry Adjusted for age,
[72] 4-yr trial; 629 >35 years self- beans and lentils) NSAIDs, sex,
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Reference, Follow-up Study Sex, age Diet Grain legume, Adjustment for
cohort, country  period size, case assessment quantity for confounders
no. comparison, risk
estimates (95% CI)
U.S., Polyp incident ~ No CRC, administered ~ Mean:45.1vs.3.1  intervention group,
Prevention Trial ~CRA <3 IBD FFQ with 27 g/d and sex by
(PPT) yrs old history food items and Any: OR =0.78 intervention group
one grain (0.58-1.04)
legume Men: OR = 0.69
question for (0.48-0.99)
previous yr Advanced: OR =
0.30 (0.15-0.60)
Michels et al., Diet: 1980— 9735, Women Self- Legumes (beans,  Adjusted for age,
2006 [73] 1994, 633 30-55 years administered lentils, peas, lima  family CRC history,
U.S., Nurses’ incident No CRA, in 1976 FFQ with 61 beans, tofu, height, BMI, regular
Health Study CRA>2 IBD food items for  soybeans) vigorous exercise,
(NHS) yrs old history previous yr >5vs.<1 regular aspirin use,
serving/wk pack-years of
New Incidence smoking, current
only: OR =0.67 multivitamin
(0.51-0.90) Trend:  supplement use,
OR=0.92 (0.87- alcohol consumption,
0.98) menopausal status,
postmenopausal
hormone use, and
intake of total energy,
red meat, and
calcium
Tantamango Diet: 1976— 2818, Both, All Self- Grain legumes Adjusted for age, sex,
etal., 2011 [75] 1977, 441 underwent administered (beans, lentils, split education, BMI, and
U.S., Adventist ~ Endpoint: No CRC, colonoscopy, FFQ with 55 peas) red meat intake
Health Study 2002-2004 1BD no age food and 23x/wk vs. <1x/mo
(AHS) incident  history  exclusion beverage items OR =0.67 (0.44—
CRA <20 1.01)
yrs old Trend: P=0.02
Prevalent colorectal adenoma
Platz etal.,, 1997 1986-1994 16,448,  Men Self- Legume fiber Adjusted for age,
[74] 690 40-75years  administered  (beans, lentils, family CRC history,
U.S., Health and No CRA, All FFQwith 127  peas, lima beans,  prior endoscopy,
Professionals’ IBD underwent  food items for  tofu, soybeans) BMI, smoking,
Follow-up Study history  colonoscopy previous yr Median 2.6 vs. 0.5 multivitamin use,

(HPFS)

g/d

physical activity,
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Reference, Follow-up Study Sex, age Diet Grain legume, Adjustment for
cohort, country size, case assessment quantity for confounders
no. comparison, risk
estimates (95% CI)
RR =0.82 (0.60- regular aspirin use,
1.11) Trend: P = and intake of energy,
0.06 alcohol, red meat,
folate, and
methionine
Michels et al., Diet: 1980~ 34,467, = Women Self- Legumes (beans,  Adjusted for age,
2006 [73] 1720 30-55 years in administered lentils, peas, lima  family CRC history,
U.S., Nurses’ No CRC 1976 FFQ with 61 beans, tofu, height, BMI, regular
Health Study 1980-1998 and IBD food items for  soybeans) vigorous exercise,
(NHS) history previous yr >5vs. <1 regular aspirin use,
serving/wk pack-years of
OR=0.89 (0.75- smoking, current
1.05) multivitamin
Trend: OR=0.96  supplement use,
(0.93-1.00) alcohol consumption,

Colon cancer

Steinmetz et al.,
1994 [70]

U.S., Iowa
Women’s Health
Study (IWHS)

1986-1990 41,837,

Women, 55—
212 69 years at
baseline, no

CRC history

Singh and Fraser, 1976-1982 32,051 Both

1998 [69] U.S.,
Adventist Health
Study (AHS)

157 >25 years
Non-
hispanic

white

Self-
administered
FFQ with 127
food items for

previous yr

Self-
administered
FFQ with 55

food items

Legumes (beans,
lentils, peas, lima
beans, tofu,
soybeans)
21.0vs. 0
servings/wk

RR =0.95 (0.66—
1.36)

Grain legumes
(beans, lentils, split
peas)

>2x vs. <1x/wk

RR =0.53 (0.33-
0.86)

menopausal status,
postmenopausal
hormone use, and
intake of total energy,
red meat, and

calcium

Adjust for age and

total energy intake

Adjusted for age, sex,
BMLI, physical
activity, parental
CRC history,
smoking, alcohol
consumption, and

aspirin use
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Reference, Follow-up Study Sex, age Diet Grain legume, Adjustment for
cohort, country  period size, case assessment quantity for confounders
no. comparison, risk
estimates (95% CI)
Colorectal cancer
Michels et al., 1980-1996 88,764,  Women Self- Legumes (beans,  Adjusted for age,
2000 [65] 724 30-55years  administered lentils, peas, lima  family CRC history,
U.S., Nurses’ FFQ with 127  beans, tofu, sigmoidoscopy,
Health food items for  soybeans) height, BMI, pack-
Study (NHS) previous yr >4 vs. <1 years of smoking,
serving/wk alcohol consumption,
RR=1.2695% CI  physical activity,
N/A intake of total energy
RR =1.49 (1.04- and red meat, and
2.12) per additional use of menopausal
serving/wk hormones, aspirin,
and vitamin
supplements
Michels et al., 1986-1996 47,325, Men Self- Legumes (beans,  Adjusted for age,
2000 [65] 457 40-75years  administered lentils, peas, lima  family CRC history,
U.S., Health and FFQ with 127  beans, tofu, sigmoidoscopy,
Professionals’ food items for  soybeans) height, BMI, pack-
Follow-up Study previous yr >4 vs. <1 years of smoking,
(HPES) serving/wk alcohol consumption,
RR=0.9795% CI  physical activity,
N/A intake of total energy
RR =0.90 (0.57— and red meat, and
1.42) per additional use of menopausal
serving/wk hormones, aspirin,
and vitamin
supplements
Voorrips etal.,,  1986-1992 Male: Both, Self- Grain legumes Adjusted for age,
2000 [71] 58,279,  55-69years  administered  (green and lima alcohol consumption,
Netherlands 514 FFQ with 155  beans) and family CRC
Cohort Study on Women: food items for ~ Male: Median 62 history
Diet and Cancer 62,573, previous yr vs. 11 g/d
(NCSDC) 396 Colon RR=1.13
(0.77, 1.64)
Rectum: RR =0.92
(0.58-1.47)

Female: Median 58
vs. 11 g/d
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Reference, Follow-up Study Sex, age Diet Grain legume, Adjustment for
cohort, country  period size, case assessment quantity for confounders
no. comparison, risk
estimates (95% CI)
Colon RR =0.79
(0.52, 1.20)
Rectum: RR =1.01
(0.53-1.94)
Mai et al., 2003 1987-1998 45,491, Women Self- Grain legume fiber Unadjusted
[64] U.S., Breast 487 Age range administered ~ >1.38 vs. <0.20 g/
Cancer Detection N/A FFQ with 62 1000 keal/d
Demonstration food items for RR =0.84 (0.63-
Project (BCDDP) previous yr 1.10)
Bingham et al,, 1992-2002 519,978, Both, 35-70 Country- Legume fiber Adjusted for age,
2003 [61] 1065 years specific FFQ Mean: 1.73 vs. 0.45 weight, height, sex,
10 EU countries, with 300-350 g/d intake of nonfat and
EPIC food items HR =1.04 (0.84- fat energy, and
1.30) stratified by center
Bingham etal.,,  1992-2004 519,978, Both,35-70  Country- Legume fiber Adjusted for age,
2005 [62] 1721 years specific FFQ Mean: 1.9/1.0 vs. 0 weight, height, sex,
10 EU countries, with 300-350 g/d intake of nonfat and
EPIC food items HR =0.94 (0.79- fat energy, and
1.14) stratified by center
Lin et al., 2005 1993-2003 39,876, = Women Self- Legumes (dry Adjusted for age,
[63] 223 >45 years administered  beans, lentils, peas, randomized
U.S., Women'’s FFQ with 131 lima and green treatment
Health Study food items for  beans, tofu, assignment, BMI,
(WHS) previous yr soybeans) first-degree CRC
Median 0.9 vs. 0.1  family history, colon
serving/d polyp history,
RR =0.83 (0.54- physical activity,
1.28) smoking status,
Legume fiber baseline use of
Median 1.8 vs. 0.4  aspirin, hormone
g/d replacements,
RR =0.60 (0.40- menopausal status,
0.91) alcohol consumption,
and intake of total
energy and red meat
Nomura et al., 1993-2001 191,011, Both, Self- Legume fiber Adjusted by age,
2007 [66] 2110 45-75 years  administered ethnicity, time since

U.S., Multiethnic
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Reference, Follow-up Study Sex, age Diet Grain legume, Adjustment for
cohort, country  period size, case assessment quantity for confounders
no. comparison, risk

estimates (95% CI)
Cohort Study FFQwith 180 ~ Men: Median7.6  cohort entry, and age
(MEC) food items vs. 0.3 g/1000 at cohort

keal/d

CRC:RR=0.81

(0.65-1.01)

Piena=0.04

Women: Median

5.8 vs. 0.2 g/1000

kcal/d

CRC:RR =1.02

(0.82-1.27)
Park et al., 2007  1995-2000 488,043, Both, Self- Grain legumes Adjusted for
[67] 2972 50-71 years at administered  (dried beans, green education, physical
U.S.,, NIH-AARP baseline FFQ with 124 beans, and peas)  activity, smoking,
Diet and Health food items for  Men: Median 0.69  alcohol consumption,
Study previous yr vs. 0.08 servings/d  and intake of total

RR=0.95 (0.83- energy, red meat, and

1.09) calcium

Significant for age

adjusted RR = 0.85

(0.74-0.97) Women:

Median 0.81 vs.

0.09 servings/d

RR=1.13

(0.91-1.40)
Schatzkin et al.,, 1995-2000 489,611, Both, Self- Grain legume fiber Adjusted for sex,
2007 [68] 2974 50-71 years at administered ~ Median 2.3 vs.0.2  physical activity,
U.S., NIH-AARP baseline FFQ with 124 g/1000 kcal/d smoking,
Diet and Health food items for  RR=0.93 (0.83- menopausal
Study previous yr 1.04) Significant hormone therapy,

for age-and sex-
adjusted RR =0.89
(0.79-0.99)

and intake of total
energy, red meat,

calcium, and folate

‘Statistically significant association of legume consumption and colorectal neoplasia.
CRC: colorectal cancer; CRA: colorectal adenoma; FFF: food frequency questionnaire; HR: hazard ratio; IBD:

inflammatory bowel disease; N/A: not available; OR: odds ratio; RR: relative risk; 95% CI: 95% confidence interval.
1 serving of legume equals 0.5 cup of cooked legumes (~90 g) [7].

Table 2. Prospective cohort studies of grain legume consumption and colorectal neoplasia.
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For the meta-analysis, we had to exclude the CRC risk estimates of two cohorts because the
risk estimates did not include 95% CI [65], leaving us with 1,533,527 participants including
12,408 cases. When comparing the highest versus the lowest legume intake group, we ob-
served, as shown in Figure 2, a protective effect of grain legume consumption on colorectal
neoplasia (RR=0.89;95% CI:0.59-0.88; P=0.001). The protective effect attenuated from incident
CRA (RR=0.72; 95% CI: 0.60-0.87; P <0.001) over prevalent CRA (RR =0.87; 95% CI: 0.75-1.01;
P=0.07) to CRC (RR=0.93; 95% CI: 0.86-1.01; P = 0.08). There was little heterogeneity (18.3%)
among studies, which was further decreased after stratifying for neoplastic endpoint (Figure
2). No significant publication bias was observed (P = 0.13). We observed a nonlinear relation-
ship between legume consumption and colorectal neoplasia, as the protective effect of legume
consumption for incident CRA (Table 2) was limited to the highest legume intake group, which
corresponds to daily consumption of at least 0.5 servings of legumes (~45 g/d). In comparison,
the 2015 U.S. dietary guidelines recommend three servings/wk (~39 g/d), which is lower than
six servings/wk of the 2005 guidelines [7, 76].

Author, Year (Legume, Sex, Cancer Site and Endpoint) Estimated Risk Ratio (95% Cl)
Incident Adenoma :
Lanza2006 (GrLeg both CRA) —= T 0.78 (0.58, 1.04;
Michels2006 (Leg women CRA) —_— 0.67 (0.51, 0.90;
Tantamango2011 (GrLeg both CRA) — T 0.73 (0.49, 1.08;
Subtotal (I-squared = 0.0%, p =0.764) <:‘>: 0.72 (0.60, 0.87;
- 1
Prevalent Adenoma !
Platz1997 (LegF men CRA) —— 0.82 (0.60, 1.11;
Michels2006 (Leg women CRA) — 0.89 (0.75, 1.05]
Subtotal (I-squared = 0.0%, p = 0.847) <A 0.87 (0.75, 1.01]
. 1
Cancer i
Steinmetz1994 (Leg women CC) = 0.95 (0.66, 1.36]
Singh1998 (GrLeg both CC) —_— 0.53 (0.33, 0.86;
Voorrips2000 (GrLeg men CC) —r— 1.13(0.77, 1.64;
Voorrips2000 (GrLeg women CC) —_— 0.79 (0.52, 1.20;
Voorrips2000 (GrLeg men RC) — 0.92 (0.58, 1.47;
Voorrips2000 (GrLeg women RC) —_— 1.01 (053, 1.94]
Mai2003 (GrLegF women CRC) — 0.84 (0.63, 1.10]
Bingham2005 (LegF both CRC) — 0.94 (0.79, 1.14;
Lin2005 (Leg women CRC) - 0.83 (0.54, 1.28;
Nemura2007 (LegF men CRC) _—,'_::'_ 0.81 (0.65, 1.01;
Nomura2007 (LegF women CRC) -rl-o-j-— 1.02 (0.82, 1.27;
Park2007 (GrLeg men CRC) i 0.95 {0.83, 1.09]
Park2007 (GrLeg women CRC) —— 1.13 (0.91, 1.40}
Subtotal (l-squared = 8.9%, p = 0.356) (& 0.93 (0.86, 1.01]
1
Overall (I-squared = 18.3%, p = 0.235) d} 0.89 (0.83, 0.96]
NOTE: Weights are from random effects analy_sis : : : : I

B 2 4 & B 1 15 2 3
Highest vs. Lowest Legume Intake Group

Figure 2. Forest plot of legume consumption (highest vs. lowest category) and colorectal neoplasia risk in prospective
studies stratified by type of neoplastic lesion. The dot in each study indicates the estimated risk ratio, vertical bars rep-
resent the 95% CI and the size of gray square box reflects the study’s weight in the random effects Meta-analysis stud-
ies. The straight line indicates no association and the dashed line indicates the summary risk estimate across all
studies. The open diamond on the bottom indicates the pooled risk estimate and the right vertices of the diamond
reflect the 95% CI. CC: colon cancer; RC: rectal cancer; CRC: colorectal cancer; CRA: colorectal adenoma; GrLeg: grain
legume; GrLegF: grain legume fiber; Leg: legume; LegF: legume fiber.
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Our risk estimates (Table 3) are similar to those obtained previously from meta-analyses be-
tween legume consumption (including soybeans) and CRA (RR = 0.73; 95% CI: 0.61-0.88)
and CRC (RR = 0.91; 95% CI: 0.84-0.98) [14, 15], as well as legume fiber consumption and
CRC (RR = 0.89; 95% CI: 0.78-1.02) [16]. Thus, we conclude that there is limited evidence
suggesting that daily grain legume consumption decreases CRC risk in humans, all of which
are based on observational studies. This is consistent with what has been previously con-
cluded for the evidence on the relation between stomach or prostate cancer risk and legume
consumption [34].

Factor Studies Pooled risk ratio Heterogeneity =~ Eggers  References
(estimates) RR (95%CI) P P(%) P p
Overall 23 (36) 0.84 (0.78-0.90) 0.005  41.9 <0.001  0.02 [46-52, 55-57, 59, 60, 62—64,
66, 67, 69-75]

Endpoint

Incident 3(3) 0.72 (0.60- <0.001 0 0.76 0.90 [72,73,75]

adenoma 0.87)

Prevalent 8 (10) 0.91 (0.84- 0.03 0 0.73 0.60 [47-52, 73, 74]

adenoma 0.99)

Cancer 14 (23) 0.82 (0.74- <0.001 544 0.001 0.02 [46, 55-57, 59, 60, 62-64, 66,
0.91) 67, 69-71]

Study type

Retrospective 12 (18) 0.77 (0.66— <0.001  53.3 0.004 0.11 [46-52, 55-57, 59, 60]
0.89)

Prospective 11 (18) 0.89 (0.83- 0.001 18.3 0.24 0.13 [62-64, 66, 67, 69-75]
0.96)

Gender

Men 10 (11) 0.89 (0.81- 0.009 0 0.80 0.40 [46, 47, 49, 59, 60, 66, 67, 71,
0.97) 72,74)

Women 11 (13) 0.86 (0.75- 0.03 50.7 0.02 0.14 [46, 47, 49, 59, 60, 64, 66, 67,
0.98) 70, 71]

Legume type

Legume 13 (17) 0.88 (0.82- <0.001 4.5 0.40 0.10 [48, 49, 51, 57, 59, 60, 62, 63,
0.94) 66,70, 73, 74]

Grain legume 11 (19) 0.80 (0.71- 0.001 58.1 0.001 0.09 [46, 47, 50, 52, 55, 56, 64, 67,
0.92) 69,71,72,75]

Legume part

Grain 18 (29) 0.82 (0.74- <0.001  49.6 0.001 0.01 [46, 48-52, 55-57, 59, 60, 63,
0.89) 67, 69-73, 75]

Fiber 6(8) 0.92 (0.85- 0.02 0 0.78 0.92 [47, 62, 64, 66, 68, 74]

0.99)
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Factor Studies Pooled risk ratio Heterogeneity = Eggers  References
(estimates) RR (95% CI) P P(%) P P

Cancer site

Colon 8 (10) 0.69 (0.54- 0.003 63.6 0.003 0.94 [45, 55-57, 60, 69-71]
0.88)
Rectum 3(4) 0.70 (0.49- 0.05 63.9 0.04 0.69 [45, 55, 71]
1.00)
Continent/country
Europe 4(8) 0.83 (0.67- 0.09 64.9 0.006 0.77 [55,57, 62, 71]
1.03)
USA 16 (23) 0.88 (0.82— <0.001 245 0.14 0.04 [47-52, 59, 63, 64, 66, 67, 69,
0.94) 70, 72-75]

Pooled risk estimates with 95% confidence intervals in parentheses compare risk of developing colorectal cancer/
adenoma of the highest versus the lowest grain legumes intake group. Study number will not add up to overall
number because for overall study we used most combined risk estimates available. Eggers P-value indicates
probability for publication bias.

Table 3. Higher grain legume consumption decreases risk of colorectal tumorigenesis: meta-analysis of 23 human
studies.

The next step needs to be a long-term intervention study of daily grain legume consumption
in a high CRC risk cohort. Dietary compliance will be a major challenge in Western countries
because <10% of the population consumes grain legumes on a daily basis [6, 10, 11]. Moreover,
it is much easier to take a daily supplement or a medication than consuming a chemo-
preventive diet. At the same time, it is unrealistic to expect a chemo-preventive effect of a food,
supplement, or medication when it is sporadically consumed. We previously identified
markers of dietary compliance for grain legume consumption in human and animal studies
[77], which allows for compliance monitoring. Intention-to-treat analysis, the gold standard
for statistical evaluation of intervention studies, assumes high compliance. Statistical methods
that account for dietary exposure markers and low compliance are needed when evaluating
the evidence from dietary intervention studies.

4. Grain legumes and colorectal neoplasia in animal studies

As shown in Table 4, 14 animal studies evaluated the effect of grain legume consumption on
colorectal tumorigenesis using 253 animals (248 males and five females) on control diets and
355 animals (350 males and five females) on 19 different grain-legume-containing diets [78—
89]. Eight diets contained whole dry beans, seven contained dry bean fractions (three fiber
factions, three ethanol extract, and one ethanol extract residue); two diets each contained lentils
or chickpeas, and one diet each contained black-eyed peas or dry peas. In three studies, the
animals were intragastrically tubed with dry beans and/or dry bean fiber [85, 87], whereas in
the remaining 11 studies grain legumes or their fractions were included in the diet. Ten studies
were conducted with rats and four with mice. All but one study [79] used azoxymethane
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(AOM), which is commonly used in animal models of human CRC to induce DNA mutations
by alkylating DNA primarily at the O°-guanidine residues [90, 91]. After AOM induction, we
promoted tumor formation in two unpublished studies with the colon irritant dextran sodium
sulfate (DSS); this is an established inflammation-associated animal model of human CRC [92].
Bean treatment started before tumor induction in nine studies, after tumor induction in three,
and after tumor induction and promotion in two studies. Study endpoints were ACF in seven
studies, adenomas and adenocarcinomas in five, and tumors in two studies.

Reference Animal Diet, animals/diet Experimental design Tumor endpoints

Colorectal tumors:

Hughes et al., F344 male Control: casein diet, n= 2x AOM (15 mg/kg BW) awk Colon adenomas,
1997 [78] rats 20 apart adenocarcinomas
Treatment: First AOM: 6 wk of age (incidence and
Pinto beans (59% of diet) Diet Start: 1 wk multiplicity)
n=21 after last AOM
Study End: 34 wk
after last AOM
McIntosh etal.,  Sprague-  Control: modified 3x DMH (15 mg/kg BW) awk  Colon adenomas +
1998 [79] Dawley AIN-1976, n =18 apart adenocarcinomas
malerats  Treatment: First DMH: 9 wk of age (incidence and
Chickpeas (45% of diet) ~ Diet start: 4 wk before multiplicity)
n=18 first DMH Study End: 22 wk
after last DMH
Hangen & F344 male Control: modified 2x AOM (15 mg/kg BW) awk  Colon adenomas,
Bennink, 2002 rats AIN-93G, n =28 apart adenocarcinomas
[80] Treatments: First AOM: 7 wk of age (incidence and

Bobe et al., 2008 Ob/Ob

[81] male mice

Black beans (75% of diet)

n=32

Navy beans (75% of diet)

n=28

Control: modified
AIN-93G, n =40

Treatments:

Navy beans (74% of diet)

n=234
Navy bean ethanol

residue (74% of diet) n =

38
Navy bean ethanol

extract (9% of diet) n=39

Diet Start: 4 wk before
first AOM Study End: 31 wk
after last AOM

2x AOM (7 mg/kg BW) a wk
apart

First AOM: 7 wk of age

Diet Start: 1 wk

after last AOM Study End:
27 wk after last AOM

multiplicity)

Colon adenomas,

adenocarcinomas,

tumors (incidence and

multiplicity)
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Reference Animal Diet, animals/diet Experimental design Tumor endpoints
Rondini & F344 male Control: modified 2x AOM (15 mg/kg BW) awk  Colon adenomas +
Bennink, 2012 rats AIN-93G, n =25 apart adenocarcinomas
[82] Treatment: First AOM: 4 wk of age incidence
Black beans (74% of diet) Diet Start: 1 wk
n=25 after last AOM
Study End: 31 wk
after last AOM
Bobe et al. FVB/N Control: AIN-93G, n=32 AOM (10 mg/kg BW) Colorectal tumor
(unpublished) male mice Treatment: 6 wk of age multiplicity
Navy bean ethanol DSS (2% drinking water) 1
extract (10% of diet) n= week starting 1 wk after
33 DSS Diet Start: 10 days after
AOM
Study End: 102 days after
AOM
Bobe et al. FVB/N Control: AIN-93G, n=20 AOM (10 mg/kg BW) Colorectal tumor
(unpublished) male mice Treatment: 6 wk of age multiplicity
Navy bean ethanol DSS (2% drinking water) 1
extract (10% of diet) n= week starting 1 wk after
20 DSS Diet Start: 10 days after
AOM

Study End: 53 days after AOM

Colon aberrant crypt foci (ACF):

Rijken et al., 1999 Sprague-  Control: AIN-93M, n=15 2x AOM Colon aberrant crypt foci
[83] Dawley Treatment: (15 mg/kg BW) 3 d apart (total, multiplicity)
malerats  Dry peas (5.9% of diet) n  First AOM: 10 wk of age
=15 Diet Start: 2 wk before
first AOM Study End: 11 wk
after last AOM
Murillo et al., CF-1 Control: Harland Teklad =~ 2x AOM (10 mg/kg BW) awk  Control: 1.13 ACF/cm?
2004 [84] female 4% Diet 7001, n=5 apart colon 0 >4 foci ACF
mice Treatment: First AOM: 5 wk of age Chickpea: 0.41 ACF/cm?
Chickpea flour Diet Start: 2 wk before colon 2.2 +0.37 >4 foci
(10% of diet) n =5 first AOM Study End: 7 wk ACF
after last AOM

Boateng et al., F344 male Control: AIN-93G, n=8  2x AOM (15 mg/kg BW) awk  Control: 183 + 23 ACF
2007 [89] rats Treatments: apart Pinto: 64 + 8 ACF
Pinto beans (20% of diet) ~First AOM: 7 wk of age Peas: 40 + 4 ACF
n=8 Diet Start: 3 wk before
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Reference Animal Diet, animals/diet Experimental design Tumor endpoints
Black-eyed peas (20% of ~ first AOM Study End: 9 wk
diet) n=8 after last AOM
Feregrino-Perez  Sprague-  Control:2018S Harland ~ 2x AOM (15 mg/kg BW) awk  Distal colon zone:
et al., 2008 [85] Dawley Teklad n=10 apart Control: 4.2 + 0.6 ACF
male rats  Treatments: Daily First AOM: 5 wk of age Dry bean: 2.2 + 0.6 ACF
intragastric tubing Diet Start: 1 wk before Fiber fraction: 2.0 + 0.8
Dry bean Negro 8025 (3.2 first AOM Study End: 5 wk ACF
g/kg BW) n=10 after last AOM Using DAPI stain
Dry bean Negro 8025
fiber fraction (1.84 g/kg
BW)n=10
Faris et al,, 2009  F344 male Control: AIN-93G, n=10 2x AOM (15 mg/kg BW) awk  Control: 178 + 24 ACF
[86] rats Treatments: apart 12.0 £ 1.04 >3 foci ACF
Whole lentils (5% of diet) First AOM: 10 wk of age Dry bean: 70 + 8 ACF
n=10 Diet Start: 5 wk before 2.66 +0.09 >3 foci ACF
Split lentils (5% of diet) n  first AOM Study End: 17 wk  Fiber fraction: 94 + 17
=9 after last AOM ACF
5.56 = 1.05 >3 foci ACF
Vergara- Sprague-  Control:2018S Harland 2x AOM (15 mg/kg BW) a wk  Distal colon zone:
Castaneda etal.,, Dawley Teklad n =12 apart Control: 6.6 +0.40 ACF
2010 [87] rats male  Treatments: Daily First AOM: Dry bean: 0.8 + 0.20ACF
intragastric tubing Dry 6 wk of age Fiber fraction: 1.5 +0.72
bean Diet Start: 1 wk before ACF
Bayo Madero (5.7 g/kg first AOM Study End: 7 wk
BW)n=12 after last AOM
Dry bean Bayo Madero
fiber fraction (2.5 g/kg
BW)n=10
Feregrino-Perez  Sprague-  Control:2018S Harland ~ 2x AOM (15 mg/kg BW) awk  Distal colon zone:
et al., 2014 [88] Dawley Teklad n=10 apart Control: 21.0 +3.25 ACF
male rats  Treatments: Daily First AOM: 5 wk of age Fiber fraction: 7.20 + 2.95

intragastric tubing

Dry bean Negro 8025
fiber fraction (1.84 g/kg
BW)n=10

Diet Start: 1 wk before
first AOM Study End: 5 wk
after last AOM

ACF

AOM: azoxymethane; BW: body weight; DMH: dimethylhydrazine; DSS: dextran sodium sulfate. ACF were measured
using methylene blue staining unless otherwise noted.

Table 4. Experimental design and endpoints in animal studies of grain legume intake and colorectal tumorigenesis.
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Table 5 shows individual and pooled risk estimates of the seven studies with tumor endpoints.
For calculating risk estimates of tumor and ACF multiplicity, we calculated standardized mean
differences and variation from reported means and standard errors. Grain legume consump-
tion inhibited colorectal tumorigenesis. The protective effect of dry bean consumption
attenuated with progressive tumor stage from tumor incidence (OR = 0.21; 95% CI: 0.11-0.43)
over combined adenoma and adenocarcinoma incidence (OR = 0.32; 95% CI: 0.17-0.60) to
adenocarcinoma incidence (OR = 0.38; 95% CI: 0.20-0.74). Similarly, the protective effect of
grain legume consumption attenuated from ACF multiplicity (OR = 0.07; 95% CI: 0.03-0.14
with stronger effect on larger ACFs; Table 4) over tumor multiplicity (OR = 0.24; 95% CI: 0.16—
0.36) to combined adenoma and adenocarcinoma multiplicity (OR = 0.52; 95% CI: 0.31-0.89)
and adenocarcinoma multiplicity (OR=0.52; 95% CI: 0.27-0.98; P=0.04). Given that the chemo-
preventive effect of legumes was reported when grain legumes were fed before as well as after
tumor induction and/or tumor promotion, we conclude that grain legumes inhibit colorectal
tumorigenesis at different tumor stages.

Reference, Legume Adenocarcinoma Adenoma + adenocarcinoma  Tumor
Year Incidence Multiplicity Incidence Multiplicity Incidence Multiplicity
Hughes1997 PintoBW  0.38 0.19 0.31 0.20
(0.10-1.45) (0.06-0.60)  (0.08-1.19) (0.06-0.66)
Hangen2002 BlackBW  0.19 0.25
(0.05-0.77) (0.09-0.75)
Bennink2012 BlackBW 0.15
(0.04-0.52)
Hangen2002 NavyBW  0.30 0.22
(0.08-1.11) (0.07-0.68)
Bobe2008 NavyBW  1.55 1.11 0.59 0.90 0.32 0.29
(0.38-6.31) (0.48-2.55)  (0.18-1.98) (0.39-2.07) (0.11-0.95) (0.12-0.68)
Bobe2008 NavyBER  0.24 0.56 0.23 0.61 0.23 0.22
(0.03-2.28) (0.25-1.26)  (0.07-0.71) (0.27-1.36) (0.07-0.71) (0.09-0.51)
Bobe2008 NavyBEE  0.23 0.45 0.09 0.46 0.08 0.17
(0.02-2.16) (0.20-1.01)  (0.01-0.74) (0.21-1.04) (0.02-0.38) (0.07-0.39)
BobeUnpubl NavyBEE 0.20
(0.05-0.74)
BobeUnpubl NavyBEE 0.34
(0.14-0.85)
McIntosh1998 ChickpeaW 2.50
(0.65-9.65)
Pooled odds ratio 0.38 0.52 0.32 0.52 0.21 0.24
(0.20-0.74) (0.27-0.98)  (0.17-0.60) (0.31-0.89) (0.11-0.43) (0.16-0.36)

For multiplicity, odds ratios and their 95% confidence intervals were estimated from reported means and standard
errors by calculating standardized mean differences. B: bean; BEE: bean ethanol extract; BER: bean ethanol residue; W:
whole beans; multiplicity: number of tumor/animal.

The P-values are in this order from left to right: P=0.004; P = 0.04; P<0.001; P = 0.02; P< 0.001; P< 0.001

Table 5. Risk estimates with 95% confidence intervals (in parentheses) for colorectal tumors in animal studies.



Grain Legume Consumption Inhibits Colorectal Tumorigenesis: A Meta-Analysis of Human and Animal Studies
http://dx.doi.org/10.5772/63099

The animal studies have limitations: first, in four of the seven tumor endpoint studies, grain
legumes made up the majority of the diet (45-75%; Table 4) [78-80, 82], concentrations that are
not relevant for human consumption. However, three studies showed a protective effect of the
ethanol extract of navy beans fed at 10% of the diet (Table 4); the 2015 U.S. dietary guidelines
for legume consumption are equivalent to ~2-5% of the diet [76], concentrations that should
be evaluated in future animal studies. Second, none of the reported studies included more than
one grain legume dosage (Table 4), demonstrating a need for dose-response studies in animal
CRC models. Third, only one study examined the chemo-preventive effect of grain legumes
other than dry beans at the tumor stage (Table 4), indicating a need to evaluate the chemo-
preventive effect of other grain legumes at the tumor stage. Fourth, further research is needed
to demonstrate a chemo-preventive response in female animals, as all but one study [84]
examined the response in male animals. Despite these limitations, there is sufficient evidence
to conclude that at least dry bean consumption probably decreases colorectal tumorigenesis
in male animal models of human CRC.

5. Chemo-preventive compounds in grain legumes

To elucidate which fractions of grain legumes have chemo-preventive properties against
colorectal tumorigenesis, we previously fractionated cooked navy beans using 60% ethanol
[81]. Both the ethanol extract and the residue inhibited colorectal tumorigenesis in AOM-
induced mice, indicating that both fractions contain chemo-preventive compounds. Several
studies conducted by Loarca-Pifia’s research group demonstrated that the non-digestible
fraction of dry beans inhibits colon ACF formation in AOM-induced rats [85, 87].

Grain legumes contain three major carbohydrate classes that inhibited colorectal ACF and
tumor formation in animal CRC models: resistant starches (cooked grain legumes contain 0.6—
4.2%), soluble fiber including the flatulence-inducing a-galacto-oligosaccharides stachyose,
verbascose, and raffinose (cooked grain legumes contain 0-3%), and insoluble fiber (cooked
grain legumes contain 15-23%); concentrations of those carbohydrate classes vary considera-
bly based on processing methods [1, 2, 7, 93-97]. Resistant starches can be effective at 5-10%
of the diet [7, 98-102]. Soluble fiber can inhibit ACF and tumor formation at 2.5-15% of the
diet [103, 104], and insoluble fiber can be effective at 5-15% of the diet [104-107].

Grain legumes contain lipid classes that inhibited colorectal ACF and tumor formation in
animal models of CRC. Plant sterols (e.g., 3-sitosterol, campesterol, and stigmasterol; 0.13-
0.24% of grain legume dry weight) attenuate colorectal tumorigenesis in animal studies (gastric
intubation of 10-20 mg (3-sitosterol/kg body weight or 0.2% of diet) [108-111]. Saponins (0.1-
0.5% of grain legume dry weight) are glycolipids, which inhibit ACF formation at concentra-
tions of 0.01-3% of the diets [112-116]; the lower concentrations are relevant for human diets
[117]. Processing can decrease saponin concentrations in grain legumes up to 40% [118].
Besides containing phytosterols and saponins, grain legumes are low in lipids and have a
favorable fatty acid composition for chemo-prevention (i.e., low in saturated fatty acids and a
low Q3: Q6 fatty acid ratio) [3, 119, 120].
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Grain legumes contain protein classes that inhibited colorectal ACF and tumor formation in
animal models of CRC. Trypsin and chymotrypsin protease inhibitors of the Bowman-Birk
family inhibit at dietary concentrations of 0.1-0.5% of the diet or 20 mg/kg of body weight for
colorectal ACF and tumor formation [121-125]. Lectins (i.e., agglutinins; 0.1-3.5% of grain
legume dry weight), which are glycoproteins that bind to epithelial cells, have been shown to
inhibit cancer growth in animal tumor transplant studies and colon cancer cells [126-128].
Grain legumes have significant a-amylase inhibitor activity, which may indirectly decrease
CRC risk by increasing microbial butyrate production and decreasing blood glucose and
insulin after starch consumption [129]. The importance of Bowman-Birk inhibitors, a-amylase
inhibitors, and lectins is debatable because 80-90% is lost and denatured during soaking and
cooking, respectively [7, 96, 117].

The mineral and vitamin content of grain legumes may confer chemo-preventive effects against
colorectal tumorigenesis. Grain legumes contain high concentrations of folate (83-174 ug/100
g of cooked legumes) and potassium (0.29-0.51% of cooked legumes) and low concentrations
of sodium (<0.01% of cooked legumes) [7]. A high ratio of potassium to sodium has been
reported to decrease CRC risk, and folate intake is established as a protective nutrient against
CRC [130, 131]. Chemo-preventive compounds associated with minerals are phytates (0.1-
1.9% of grain legume dry weight), the primary plant storage forms of phosphorus [117].
Processing decreases phytate content up to 50% [97, 132]. Phytates inhibit ACF formation at
dietary concentrations of 0.02-2% [133-136]; the lower concentrations are relevant for human
diets [137].

Grain legumes are a good dietary source of phenolic compounds (1-10 mg gallic acid equiv-
alents/g legume, which is ~0.1-1.0% of grain legume dry weight) [117, 118, 132, 138, 139], many
of which inhibited colorectal ACF and tumor formation in animal models of CRC. The three
major phenolic groups with chemo-preventive properties are flavonoids (0-5 mg catechin
equivalents/g legume), proanthocyanidins (i.e.,, condensed tannins; 0.2-12 mg catechin
equivalents/g legume), and phenolic acids (0.02-0.1% of cooked legume dry weight) [118, 132,
138, 139]. Flavonols (i.e., kaempferol and quercetin), anthocyanidins, and flavan-3-ols are major
flavonoid classes in grain legumes that have been demonstrated by us and others to inhibit
colorectal tumor multiplicity at concentrations of 0.05-0.3% of the diet [140-144]. Proantho-
cyanidins can inhibit ACF formation at concentrations of 0.002-1% of the diet or by gavage
[145-147]. Phenolic acids include ferulic acid (~0.003% of grain legume dry weight) that
inhibited ACF formation at concentrations of 0.25-1% [148-150] and sinapic acid that inhibited
ACF formation at concentrations of 20-80 mg/kg of body weight by gavage [151]. The con-
centrations of the phyto-estrogen group’s isoflavonoids (0.005-0.095 mg/kg grain legume) and
lignans (0.018-0.266 mg/kg grain legume) are relatively low in grain legumes [152] and, thus,
probably contribute little to the chemo-preventive effect of grain legumes. Processing and
cooking of grain legumes result in various losses of phenolic compounds, which decreased not
only their antioxidant activities but also their antiproliferative properties against colon cancer
cells [118, 132, 139]. Thus, food processing plays an important role for the chemo-preventive
role of grain legumes [117, 127].
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There is sufficient evidence that grain legumes contain various compounds that can exert
chemo-preventive effects against colorectal tumorigenesis in animal models of CRC at
concentrations that are relevant for human diets. One has to consider that several of the
aforementioned compounds are developed by plants as defense mechanisms against herbi-
vores and are at sufficiently high concentrations to be toxic. It has to be noted that most of the
aforementioned compounds do not show a consistent chemo-preventive effect in animal
models of CRC; further investigation is necessary to elucidate factors, including food proc-
essing, that affect the response. Further studies are also warranted to examine whether the
effect of the chemo-preventive compounds differs when they are consumed alone or in
combination.

6. Molecular mechanisms by which grain legumes inhibit colorectal
tumorigenesis

Given the complex mixture of chemo-preventive compounds in grain legumes, it comes to no
surprise that grain legumes inhibit hallmarks of cancer [153, 154] at multiple stages of the
colorectal tumorigenesis process. (A) Grain legumes can inhibit tumor induction (i.e., the
transition from normal to initiated colorectal epithelial cells). First, grain legumes can alter the
metabolism of carcinogens (i.e., increased degradation) and pre-carcinogens (i.e., decreased
activation). This is accomplished directly by activating the expression of cytochrome P450 and
UDP-glucuronosyltransferase (UGT) protein-encoding genes in the liver and indirectly by
altering microbiome metabolism of carcinogens (e.g., decreased p3-glucuronidase activity) in
the colon [87, 155]. Second, grain legumes can act as antioxidants and induce genes involved
in the detection and repair of mutated genes [156, 157]. Third, grain legumes may prevent the
exposure of colorectal epithelial cells to carcinogens in food and bile by (a) binding carcinogens
with non-digestible grain legume compounds [87, 158] and by (b) increasing mucin production
of colorectal epithelial cells [159]. Fourth, grain legumes can decrease the colon pH [80] and
promote the growth of probiotic bacteria [160] and thereby inhibit the growth of genotoxic
bacteria [161, 162].

(B) Grain legumes can inhibit tumor promotion and progression (i.e., the transformation from
initiated to neoplastic colorectal epithelial cells). First, grain legumes can increase apoptosis
through the mitochondrial-mediated and death receptor-mediated pathways in neoplastic
colorectal epithelial cells [88, 156] and colon cancer cell lines [163-165]. Second, grain legumes
can inhibit survival of neoplastic colorectal epithelial cells by attenuating the NF-kB pathway
[163-165]. Third, grain legumes can decrease proliferation of neoplastic colorectal epithelial
cells [156, 163] by inducing genes that promote cell cycle arrest in G1/S and G2/M phases
through p53-mediated pathways [82, 156, 165]. Fourth, grain legumes can inhibit survival and
proliferation of neoplastic cells by suppressing the Akt (protein kinase B)/mTOR (mammalian
target of rapamycin) pathway and upregulating the AMPK pathway, as shown for mammary
carcinomas [166, 167]. In addition, upregulation of the AMPK and p53 pathway and suppres-
sion of the Akt/mTOR pathway may limit the nutrient and energy supply for the rapidly
growing cancer cells and thereby inhibit tumor growth and progression [168-170]. Fifth, grain
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legumes can inhibit survival and proliferation of neoplastic colorectal epithelial cells through
increased butyrate production in the colon [80, 163, 171].

(C) Grain legumes can inhibit tumor promotion and progression indirectly by limiting and/or
resolving inflammation. Inflammation creates a tumor microenvironment that encourages
neoplastic transformations and promotes survival and proliferation of neoplastic colorectal
epithelial cells. We previously showed in the Polyp Prevention Trial that the chemo-preventive
effect of grain legumes against CRA recurrence is linked to a decrease in serum interleukin
(IL)-6 [172]. Moreover, we demonstrated in AOM-induced ob/ob mice that navy beans and
their ethanol extract decreased concomitantly colorectal neoplasia and IL-6 in serum and colon
mucosa [173]. In support, others demonstrated that grain legumes can attenuate the DSS-
induced increase in serum cytokine concentrations [139, 159]. Multiple mechanisms are
involved in the anti-inflammatory effect of grain legumes: first, grain legume fractions can act
as antioxidants and inhibit NF-kB pathways and gene expression of COX-2 and tumor necrosis
factor (TNF)-a [165, 174]; second, grain legume consumption can increase mucin gene
expression in the colon and thereby preserve epithelial integrity during inflammation [82,
159]; third, grain legumes can promote microbial butyrate production in the colon, which has
anti-inflammatory and antitumor effects [175]; fourth, grain legumes can promote the growth
of probiotic bacteria [160] and thereby inhibit the growth of inflammation-inducing bacteria
[162, 176].

There is sufficient evidence in human studies, animal models, and colon cancer cell lines for
multiple molecular pathways/mechanisms by which grain legume consumption inhibits early
stages of colorectal tumorigenesis (i.e., tumor induction, promotion, and progression). The
main molecular mechanisms involved are preventing genotoxic hits, DNA repair, inhibiting
survival and proliferation of neoplastic colorectal epithelial cells, preventing, limiting, and/or
resolving inflammation, and limiting nutrient supply for neoplastic colorectal epithelial cells.
Identification of grain legume response biomarkers (i.e., indicators that are linked to both grain
legume consumption and inhibition of colorectal tumorigenesis such as IL-6) will be important
to evaluate the efficacy of grain legumes in future long-term intervention studies in humans.
Grain legume consumption alters the composition and metabolism of colon microbiota, cell
cycle kinetics, and metabolism of colorectal epithelial cells, as well as host immune response
and barrier function of the colon. Future studies are warranted to examine how grain legumes
and their components alter the interplay between microbiota and host. Furthermore, more
research is needed to understand the effect of grain legumes on the later stages of colorectal
carcinogenesis (i.e., metastasis and invasion).

7. Conclusions

The objective of this chapter was to evaluate the evidence of a chemo-preventive role of grain
legume consumption in colorectal tumorigenesis. Based on a literature review and meta-
analyses, we conclude that there is limited evidence from case-control and cohort studies
suggesting that daily grain legume consumption decreases CRC risk in humans. There is
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considerable preclinical evidence in animal models of CRC that supports a chemo-preventive
effect of dry beans in male animal CRC models. There is sufficient evidence that grain legumes
contain various compounds that can exert chemo-preventive effects against colorectal
tumorigenesis in animal models of CRC. This is accomplished at concentrations that are
relevant for human diets through multiple molecular pathways, which are critical for
induction and clonal expansion of neoplastic colorectal epithelial cells. In summary, on the
basis of the current evidence, daily grain legume consumption confers chemo-preventive
effects against CRC. The next step is to conduct a long-term grain legume CRC prevention
intervention study in humans to further elucidate the effects of daily grain legume consump-
tion using grain legume exposure biomarkers to validate compliance and grain legume
response biomarkers to monitor efficacy.
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