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Foreword

Improving crop plants for enhanced quality of produce through conventional and
modern plant breeding approaches is apt at this moment. Most of the conventional
breeding experiments indicated that yield and quality traits are negatively corre-
lated. However, with the advent of genomic resources and next-generation sequenc-
ing technologies, research can be directed towards precise understanding of the
target genes responsible for controlling important quality traits. Systematic research
and deployment of modern technologies including molecular breeding, genetic
engineering, and genome editing will lead to development of high-yielding crop
varieties with quality improvement. This informative book provides state-of-the-art
information on improving nutritional quality in field crops such as maize, rice,
wheat, pearl millet, soybeans, legumes, potatoes, and oilseed crops. With contribu-
tions from leading authorities in the field, this book will bring you up to date on the
uses of conventional plant breeding and modern biotechnologies for improving the
quality of important food, feed, and fibre products.



vi Foreword

This book is a timely reference material and will be of great importance for a
large number of scientists, students, and policymakers, who will find a common
reference to discuss ways that plant breeding can be beneficial to all. I appreciate the
untiring efforts made by Dr Asif Mohammad Igbal Qureshi and his co-editors for
bringing out this outstanding book on Quality Breeding in Field Crops for the
reputed Springer Publishers. The authors deserve commendation and congratula-
tions for their efforts. I am sure that the contents covered in this book will serve to
satisfy the needs of scientists and scholars engaged in upgrading the quality of agri-
cultural produce.

Nazeer Ahmed

Vice Chancellor

Sher-e-Kashmir University of Agricultural
Sciences & Technology of Kashmir
Srinagar, Jammu and Kashmir, India



Preface

The long-term objective of plant breeding remains at increasing productivity to
meet the food requirements of people; however, with today’s world of nutraceuti-
cals, an essential component of economic yield lies in its quality. The breeding for
improved nutritional quality has played a pivotal role in solving the problem of
malnutrition especially for the community, including animals. However, with the
advent of modern plant biotechnological tools, high precision has been achieved
with higher-quality standards particularly since last decade; numerous accomplish-
ments have been made in developing crop varieties with improved nutritional qual-
ity, which are summarized in this book. Thirteen chapters are written by globally
reputed researchers and academicians in the field of crop improvement research
(specific crop).

Chapter 1 is an overview of general nutritional aspects and genomic interven-
tions for biofortification of field crops. The concept of markers and various com-
monly used molecular markers in cooking and eating quality of rice is discussed in
detail in Chap. 2, while genetic modification for improving nutritional value of
potatoes is presented in Chap. 3. Chapter 4 addresses conventional and molecular
perspectives, highlighting bio-fortification of pearl millet, while Chap. 5 is focussed
on common bean nutritional quality using genetic approaches. The beta-carotene-
rich maize hybrids pursued by breeders using MAS are detailed in Chap. 6. The
historical perspectives, highlighting the contributions by researchers for improving
the fatty acid profile of soybean oil, are presented in Chap. 7. Chapter 8 is devoted
to issues pertaining to breeding for cooking and canning quality traits in dry beans.
Chapter 9 provides insight on genomic approaches in wheat for improved iron and
zinc content, and the discussion includes the dependence of plant breeding on heri-
table variation. Improved grain and nutritional qualities are discussed in Chap. 10,
whereas Chap. 11 is devoted to discussing the development of high tryptophan
maize, and end-use quality in wheat is presented in Chap. 12. Lastly, quality value
of oilseed Brassicas using molecular tools is discussed and detailed in Chap. 13.

Through this multi-authored book, an effort has been made to assimilate the most
topical results about quality improvement in crop plants, which will be prodigious as
reference material for researchers, teachers, and graduate students involved in quality

vii



viii Preface

breeding in crop plants using conventional and modern biotechnological tools by
unfolding principles of lately developed technologies and their application in
improvement of crop plants. We express sincere thanks and gratefulness to our
revered authors; without their untiring efforts this book would not have been possi-
ble. We are also thankful to Springer Nature for providing such opportunity to com-
plete this book project.

Srinagar, Jammu and Kashmir, India Asif M. Igbal Qureshi
Zahoor Ahmad Dar
Shabir Hussain Wani
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Chapter 1
Genomic Interventions for Biofortification
of Food Crops

Check for
updates

Abhishek Bohra, Uday Chand Jha, Rintu Jha, S. J. Satheesh Naik,
Alok Kumar Maurya, and Prakash G. Patil

1.1 Introduction

Global food security covers not only the quantity of food but also the quality of food
that is consumed. Nutrition is a cause of concern to confer good health to new world
generation. Although a 27% decrease has been witnessed in the level of world hun-
ger over the last seventeen years, millions of people still experience chronic hunger;
this may be attributed to occurrence of famine due to changing climatic factors and
geopolitical conflicts (http://www.globalhungerindex.org/). The situation where the
food, deficient in vitamins and minerals, remains insufficient to meet the nutritional
needs of the people is referred to as hidden-hunger or malnutrition. The prevalence
of the malnutrition reflects from the fact that more than 30% of women of reproduc-
tive age worldwide suffer from anaemia, which also renders the children venerable
from nutrition and health (WHO 2017). Equally importantly, world is still home for
154.8 million stunted and 52 million wasting children under five years of age group.
Rural and semi-urban areas are more vulnerable to hidden-hunger. The intermittent
crop failures and lack of other remunerative means to buy the increasing cost of
healthy foods are the prime cause for increase in hunger and hidden-hunger.
Deficiencies of iron (Fe), zinc (Zn) and/or other micronutrient are reported to plague
more than two billion people worldwide (De Valenga et al. 2017). Of the total deaths
occurring among 6—60 months aged children in developing countries, a staggeringly
high proportion (41%) is attributed to malnutrition (Schroeder and Brown 1994).
The cereal-based food makes the dominant portion of the diets of the people suffer-
ing from micronutrient deficiency, especially in developing world.

A. Bohra (><) - U. C.Jha - R. Jha - S.J. S. Naik - A. K. Maurya
ICAR-Indian Institute of Pulses Research (IIPR), Kanpur, Uttar Pradesh, India

P. G. Patil
ICAR-National Research Centre on Pomegranate, Solapur, Maharashtra, India
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The growing problem of nutrient deficiency worldwide calls for implementing
timely interventions at the community level. In the context, potential ways sug-
gested to alleviate nutrient deficiencies include (1) Direct or nutrition-specific
interventions that involve altering the consumption behaviour (dietary diversifica-
tion, micronutrient supplementation, etc.) and (2) Indirect or nutritional-sensitive
interventions or biofortification. Biofortification remains the most sustainable
means for increasing the nutrient density of crop plants during plant growth through
genetic or agronomic practices (De Valenca et al. 2017; Bouis and Saltzman 2017).
Biofortification offers a way to reach larger target population whereas supplementa-
tion and conventional fortification activities might be difficult to implement and/or
limited. The genetic interventions facilitating biofortification include plant breed-
ing protocols and transgenic techniques or genetic engineering. In this chapter,
we cover crop biofortification using breeding techniques, a process that involves
assessment of genetic variation for mineral nutrients in crop’s gene pool, under-
standing the genetic architecture of the nutrient trait, and eventually the introgres-
sion of the genes responsible for greater nutrient density to deliver nutrient-rich
crop cultivars. The immense potential of the large-scale elemental profiling tech-
niques or ionomics and modern breeding methods like genomic selection (GS) is
also discussed in relation to biofortification breeding of food crops. Comprehensive
reviews on nutritional enhancement of crops have been published in recent years
(Dwivedi et al. 2012; Graham et al. 2001; Hirschi 2009; White and Broadley 2009).
Therefore, we will be focusing on the latest findings on crop biofortification that
have been reported over the last 5 years. More recently, Bouis and Saltzman (2017)
reviewed the progress of biofortification witnessed during 2003-2016 with a focus
on HarvestPlus programme.

1.2 Genetic Variation for Various Micronutrients in Crop
Plants

Crop genetic resources particularly landraces and wild relatives serve as reservoir of
natural variation for improving breeding traits including mineral concentration.
Genetic variability for mineral content has been evident in various crop species
from various studies. Examples include grain Zn showing variation up to 11.6-fold
among various cereal crops (Binziger and Long 2000; Gregorio et al. 2000) and
6.6-fold in grain legumes (Raboy et al. 1984). Adequate genetic variation for grain
Zn was recorded in rice following survey of 1763 accessions under multiple water
regimes (Pinson et al. 2015). The variation ranged from 15.72 to 65.01 mg/g under
flooded condition, whereas the range under non-flooded regime was noted to be
19.34-63.13 mg/g. Additionally, concerning grain Fe content, sufficient genetic
variability was noted in this large panel of rice accessions, with variation ranging
from 1.55 to 16.58 mg/g (under flooded condition), and 0.09 to 25.89 mg/g (under
non-flooded condition). Importantly, various rice genotypes such as Nagina 22,
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Honduras, Jeerigesanna, Kalabath, Pusa Basmati (Mahender et al. 2016) were iden-
tified as potential sources for increasing grain Zn content. In case of basmati rice,
Zn content was found to be varying between 25 and 165 pg/g, whereas Fe content
varied from 32 to 218 pg/g (Renuka et al. 2016). Additionally, the authors also
examined the aromatic rice lines for grain -carotene, revealing significant variation
in p-carotene ranging from 1.23 to 9.9 pg/g in brown rice, and 0.08-1.99 pg/g in
milled rice. Trijatmiko et al. (2016) reported up to 16 pg/g grain Zn content in high
yielding elite polished rice. Moreover, to mitigate the challenge of Zn deficiency in
human population worldwide, “Harvest Plus” breeding programmes have set the
target of increasing Zn up to 28 pg/gin biofortified rice (Trijatmiko et al. 2016).

In wheat, Zhao et al. (2009) reported up to 2.6-fold variation for grain Zn con-
tent, ranging from 13.5 to 34.5 mg/kg. Apart from cultivated hexaploid wheat, wild
emmer, einkorn, and landraces (Cakmak et al. 2000; Ortiz-Monasterio et al. 2007)
and T. dicoccoides, Ae. tauschii, T. monococcum (Cakmak et al. 2000) act as natural
storehouse for improving grain Zn content in wheat. Similarly, substantial amount
of genetic variability was reported in spring and winter wheat ranging from 20 to
39 mg/kg and spring wheat possesses higher grain Zn than the winter wheat
(Morgounov et al. 2007). Additionally, the authors also examined the genetic varia-
tion for grain Fe content that ranged from 25 to 56 mg/kg. With high concentration
of Zn (up to 70 kg/mg) and Fe (up to 70 kg/mg) in grain, spelt wheat was identified
as potential source for improving mineral traits in the crop (Gomez-Becerra et al.
2011). Another study in wheat uncovered substantial genetic variability for grain Zn
concentration (7.4-59.4 mg/kg) from a larger set of diverse genotypes (Pandey et al.
2016). More recently, Manickavelu et al. (2017) surveyed variation of grain Zn con-
tent among 269 Afghan wheat landraces, and the authors found grain Zn varying
from 15.56 to 87.29 ppm.

In maize, significant amount of genetic variation for grain Zn concentration
(5.41-30.85 mg/kg) was recorded in 50 genotypes grown across various agro-
climatic zones in India (Mallikarjuna et al. 2015). Similarly, in sorghum,
Jambunathan (1980) observed considerable range of grain Zn (1.10-5.02 mg/100 g)
and grain Fe content (3—11.30 mg/100 g). Badigannavar et al. (2016) also observed
wide variation in grain Zn content (1.12-7.58 mg/100 g) in sorghum. More recently,
after testing 336 individuals derived from the cross 296B x PVK801 under multi-
location trials, the range of genotypic variation for grain Zn content was found to be
10.2-58.7 mg/kg in sorghum (Phuke et al. 2017).

Millet crops remain instrumental in offering essential micronutrients to human
foods basket. Pearl millet, an important member of millet crop family, demonstrates
significant genetic variation ranging from 25 to 65 mg/kg (Velu et al. 2007).
Additionally, A wide range for grain Zn was noted from 319 diverse genotypes
ranging from 10 to 86 pg/g and the two genotypes GEC164 and GEC543 showed
higher accumulation of grain Zn (Yamunarani et al. 2016).

Several potential donors viz., Annada, ASD 16, CH 45, HKR 126, Nagina 22 and
wild relatives such as Oryza nivara and O. rufipogon (see Anuradha et al. 2012)
have been reported in rice for improving grain Fe content. Significant genetic
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variation (from 0.25 to 34.8 pg/g) was also found for grain Fe content in rice land-
races, with Swetonunia showing the highest Fe content of 34.8 pg/g (Roy and
Sharma 2014). Zhao et al. (2009) recorded a 1.8-fold genetic variation for grain Fe
content in wheat. Wild emmer wheat showed high variability for grain Fe content
(Gomez-Becerra et al. 2010) followed by durum wheat (Velu et al. 2011).
Importantly, spring wheat possesses higher concentration of grain Fe than winter
wheat (Liu et al. 2014). Examination of a large set of Indian and Turkish genotypes
revealed wide variation in grain Fe content from 9.2 to 49.7 mg/kg. Significant
amount of genetic variability varying from 55.14 to 122.2 ppm has been registered
in a large set of 269 Afghan wheat landraces (Kondou et al. 2016; Manickavelu
et al. 2017).

Higher grain Fe content extending up to 9.54 mg/100 g has been suggested in
sorghum (Badigannavar et al. 2016). In addition, grain protein content varying from
3.50% to 12.60% became evident from 112 landraces and varieties assessed from
this study. In sorghum, Phuke et al. (2017) reported significant genetic variability
for grain Fe content ranging from 10.8 to 76.4 mg/kg conducting trails in various
locations and different years. Likewise, large variation for grain Fe content varying
from 18.88 to 47.65 mg/kg reflected from analysis of 50 diverse maize genotypes
grown across various locations in India (Mallikarjuna et al. 2015).

Selenium is an important micronutrient for combating various diseases in human
(Adams et al. 2002). A daily uptake of 55-200 pg of Se is beneficial for human
health (Monsen 2000). Wheat also serves an important source of Se for combating
Se deficiency in human (Guerrero et al. 2014; Eiche et al. 2015). Poblaciones et al.
(2014) suggested that the accumulation of Se in wheat grain is up to 5.53 mg/kg.
High variability of grain Se content reaching up to 7.2-fold (33-238 mg/kg) has
been reported in wheat (Zhao et al. 2009). Among grain legume crops, lentil is an
important source of Se content ranging from 166 to 858 pg/kg apart from carrying
high protein (Ates et al. 2016). Earlier, Rahman et al. (2013) also demonstrated
wide variation in seed Se content of lentil, ranging from 74 to 965 pg/kg.

Grain protein content in rice remains low (8.5%) in comparison to wheat (12.3%),
barley (12.8%) and millets (13.4%) (Mahender et al. 2016). On the basis of dry
weight, Mohanty et al. (2011) reported 16.41% crude protein in ARC 10063 rice
genotype and 15.27% crude protein in ARC 10075 rice genotype. In case of wheat
existence of significant genetic variability for grain protein has been assessed (Peleg
et al. 2008; Amiri et al. 2015). Grain protein ranging from 10.1% to 17.1% has been
assessed in diverse wheat genotypes collected from India and Turkey (Pandey et al.
2016). Likewise, substantial amount of genetic variability for grain protein ranging
from 10.9% to 13.6% was predominantly higher in bicolor-guinea race (Rhodes
et al. 2017).

Significant genetic variation for grain Mn content was found under both flooded
(14.35-46.51 mg/g) and unflooded (15.37-76.00 mg/g) conditions in rice (Pinson
etal. 2015). In wheat also, ample genetic variability for grain Mn was recorded that
ranged from 5.82 to 66.5 mg/kg (Khokhar et al. 2018).
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[B-carotene precursor of pro-vitamin A remains an important micronutrient for
human health for ameliorating vitamin A deficiency in world human population
(Giuliano 2017). Among cereals, rice, wheat and maize harbour a certain amount of
genetic variability for grain carotene content (Zhai et al. 2016). In case of wheat,
variability for B-carotenes at endosperm level has been investigated by different
research groups (Qin et al. 2012; Qin et al. 2016). Similarly, preponderance of
[-carotene in maize has been examined by various researchers (Harjes et al. 2008;
Yanetal. 2010). Considerable zeaxanthin (1.2—-13.2 pg/g dry weight), f-cryptoxanthin
(1.3-8.8 pg/g DW) and p-carotene (1.3-8.0 pg/g DW) in maize has been suggested
(Muzhingi et al. 2017). In chickpea, the total carotenoid content ranged from
22 ngl/g (yellow cotyledon kabuli type) to 44 pg/g (green cotyledon desi type) at
post-anthesis stage (Rezaei et al. 2016).

1.3 The Genetic Structure of Mineral/Nutrient Content
in Crop Plants

1.3.1 Discovery of QTL Controlling Micronutrient Content
in Crops

Understanding the genetic nature of grain micronutrient has been met with limited
success, and this may be attributed to complex quantitative inheritance of this trait
coupled with substantial influence of genotype x environment (G x E) interactions
upon elemental concentration (Mahender et al. 2016). Low to moderate estimates of
heritability underlying nutrient (in particular, minor elements) content in plants
adds to poor understanding of its genetic nature (Manickavelu et al. 2017). Given
this, finding genomic regions or QTL that explain substantial phenotypic variation
is key to elucidate the genetic basis of various traits controlled by several gene(s)
including grain micronutrient content. Several studies in different crops, particu-
larly in cereals and grain legumes, have reported QTL for micronutrient content
viz., for grain Zn (Zhou et al. 2010; Qin et al. 2012), Fe (Lung’aho et al. 2011), Mn
(Zhou et al. 2010; Zhang et al. 2014), protein (Blanco et al. 2006), B-carotene
(Kandianis et al. 2013; Jittham et al. 2017) contents and so forth.

In rice, several QTLs controlling grain Zn have been reported (Garcia-Oliveira
et al. 2009; Zhang et al. 2014; Swamy et al. 2016). Readers are referred to recent
literature for greater details (Bohra et al. 2015, 2016). Ishikawa et al. (2017) identi-
fied a total of 4 QTLs controlling grain Zn on LGs 2, 9 and 10 from a back-cross
recombinant inbred population (O. sativa ‘Nipponbare’ x O. meridionalis W1627)
(see Table 1.1). A more recent study on fine mapping of ¢GZn9 QTL revealed two
tightly linked loci (¢GZn9a and qGZn9b) and the study led to pinpointing a candi-
date gene 0s09g0384900. Similarly, in wheat, various genomic regions associated
with grain Zn and Fe content were detected on various chromosomes through QTL
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mapping experiments (Krishnappa et al. 2017; Srinivasa et al. 2014; Velu et al.
20164, b). Crespo-Herrera et al. (2016) discovered recently a QTL QGZn.cimmyt-
7B_1P2 governing 32.7% of the phenotypic variation (PV) for grain Zn on chromo-
some 7B in wheat. Another QTL (QGFe.cimmyt-4A_P2) in wheat on chromosome
4A explained more than 20% PV for grain Fe content (Crespo-Herrera et al. 2017).
Additionally, two major QTLs associated with grain Zn content could be located on
chromosomes 1B and 6B from two recombinant inbred populations (Velu et al.
2016a). Importantly, one QTL on chromosome 2B controlling grain Fe content
coincided with the genomic region harbouring QTL for grain Zn content. In a recent
study in wheat, four QTLs (QGFe.iari-2A, QGFe.iari-5A, QGPFe.iari-7A and
OGFe.iari-7B) for grain Fe content with PV up to 20% PV and five QTLs for grain
Zn accounting for 32% PV were reported by Krishnappa et al. (2017).

Several QTLs have been mapped on rice chromosomes 3, 7 and 8 for grain Mn
concentration. Liu et al. (2017) found a major QTL, gGMN?7.1 explaining up to 23%
PV for Mn concentration on LG 7 with a RIL population derived from 93-11 and
PA64s. Further fine mapping of this QTL region uncovered a set of five genes LOC_
0s07g15350, LOC_0s07g15360, LOC_0s07g15390, LOC_Os07g15400 and
LOC_0s07g15370 within the target region of 49.3 kb. Subsequently, LOC_
0s07g15370 (OsNRAMPS) could be declared as the likely gene causing higher
grain Mn accumulation (Liu et al. 2017). The authors also validated the findings
using CSSL in the background of 93-11 containing gGMN7. 1 from PA64s. In wheat,
a total of 16 QTLs contributing Se content at various stages viz., seedling, shoot and
grain were discovered by Wang et al. (2017). Earlier, Pu et al. (2014) also reported
five QTLs governing Se content in wheat.

Like cereal crops, grain legumes also remain important from the food security
point due to higher content of protein and essential minerals. Analyses of mapping
populations have provided a number of QTLs controlling mineral content in grain
legumes (see Bohra et al. 2015). Ates et al. (2016) analysed the Se content in a RIL
population developed from PI 320937 and Eston in lentil. The authors reported four
QTLs, one on LG 2 and three on LG 5, with 16.9% being the highest PV explained
by these QTLs. A non-exhaustive list of the QTLs available from latest studies is
presented in Table 1.1.

1.3.2 Association Genetics to Discern Genomic Regions
Linked with Mineral Traits

The ability of genome-wide association study (GWAS) to genetically dissect the
trait-of-interest in a diverse panel (non-requirement of an artificially created popula-
tion) with enhanced resolution makes this technique promising for associating
nutrient content variation with genetic variants in crop plants (Diapari et al. 2014;
Huang et al. 2015; Nawaz et al. 2015; Suwarno et al. 2015). A recent GWAS con-
ducted on 378 brown rice accessions led authors to associate 20 QTLs with the
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variation in concentrations of five mineral elements, i.e. Fe, Zn, Se, Cd and Pb
(Huang et al. 2015). More importantly, QTL colocalizations observed on chromo-
somes 5, 7 and 11 hold great potential in relation to biofortification breeding in rice.

In a similar manner, genetic basis of eight essential grain mineral contents was
examined in USDA minicore collection of brown rice with GWAS, which enabled
identification of 37 genomic regions controlling accumulation of minerals like Zn,
Fe, Mn, Mg, K, etc. (Nawaz et al. 2015). In wheat, marker-trait association analy-
sis (MTA) in 47 synthetic lines facilitated discovery of six QTLs, three each for
grain Zn and Fe (Gorafi et al. 2016). Recently, a GWAS in a collection of 336
spring barley line for content of various minerals led identification of 11 QTLs for
grain Fe content, 3 QTLs for grain Zn and 3 QTLs for grain Mn (Gyawali et al.
2017). In chickpea, association mapping in a set of 94 diverse genotypes suggested
significant association of 8§ markers with variation in contents of Zn and Fe, and
the MTAs were detected on LGs 1, 4, 6 and 7. Concerning protein content, a total
of 19 MTAs explaining variation for seed protein content were detected in chick-
pea on different five chromosomes following an association study involving 187
accessions (Jadhav et al. 2015). Upadhyaya et al. (2016b) performed GWAS in
336 chickpea genotypes using 16,376 SNP markers and reported seven significant
MTAs for seed protein content explaining up to 41% PV. The authors also vali-
dated five genes in the parental lines and the derived RILs.

In sorghum, significant MTAs were detected for grain protein content on chro-
mosome 2 and 4 based on a genome-wide scan of a global set of 265 lines (Rhodes
et al. 2017). In a previous study, Owens et al. (2014) deciphered the role of carot-
enoid biosynthesis candidate gene in maize through GWAS. Similarly, in maize,
screening of a large panel of 380 lines for genome-wide associations led authors to
discover seven significant MTAs for B-carotene (#C) on LGs 1, 2, 8 and 10, with PV
up to 16% (Suwarno et al. 2015). Additionally, significant MTAs were obtained for
B-cryptoxanthin (BCX: 13 MTAs) and zeaxanthin (ZEA: 14 MTAs). A more recent
association analysis in 233 tetraploid wheat accessions using a high-density SNP
array delineated a set of 24 candidate genes, which could be related to carotenoid
synthesis (Colasuonno et al. 2017).

1.4 Functional Genomics and Grain Micronutrients
Accumulation in Crops

Unprecedented progress in plant functional genomics has shed new light on the
candidate gene(s) and biosynthetic pathways associated with various complex traits
including essential micronutrients of human importance. Several candidate gene(s)
underlying grain Fe and Grain Zn content such as OsYSLI, OsMTP1, OsNASI,
OsNAS3, OsNRAMP1, heavy metal ion transporter, OsAPRT has been pinpointed in
rice (Anuradha et al. 2012; Neelamraju et al. 2012). Based on association mapping
and expression profiling, 16 genes involved in grain Fe and grain Zn accumulation
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were found in chickpea (Upadhyaya et al. 2016a). Concerning seed protein content,
six candidate genes encoding ATP-dependent RNA helicase DEAD-box,
cystathionine-beta synthase, CMP and dCMP deaminases, G10 and zinc finger pro-
tein were reported in chickpea (Upadhyaya et al. 2016b). Following cloning of two
carotenoid cleavage dioxygenase (CCD) genes viz. CCDI and CCD4, differential
expression profiles of metabolic gene and homoelogs including PSYI, LCYe,
HYD1/2 and CCD1/4 established in wheat offered important insights into 3-carotene
enrichment in the endosperm of wheat grains (Qin et al. 2016). Rezaei et al. (2016a)
reported a total of 32 candidate genes in chickpea participating in carotenoid syn-
thesis pathways and examined their expression pattern at various seed developmen-
tal stages in five chickpea genotypes.

In recent years, increasing attention is being paid towards discovery of non-
coding (nc) RNAs engaged in regulating important traits such as grain micronutri-
ent content in plants. Among the different classes of ncRNAs discovered in plants,
micro RNAs (miRNAs) are endogenous small non-coding riboregulators with their
lengths varying from 20 to 24 nucleotides (see Mishra and Bohra 2018). Paul et al.
(2016) discovered participation of some known as well novel miRNAs in Fe trans-
location through analysing the small RNA sequencing libraries constructed from
the roots of soyFER1-overexpressing transgenic rice. Importantly, NRAMP4, cod-
ing for a metal transporter, was predicted as a target gene for the novel miRNAs
(miR11, miR26, miR30 and miR31). The authors proposed activation of NRAMP4
as a result of the reduced expression of the above four novel miRNAs. The role of
two genes GRMZM2G366919 and GRMZM2G178190 (members of NRAMP gene
family) in grain Zn and Fe accumulation in maize was established through meta
QTL analysis (Jin et al. 2015).

1.5 Transgenic Interventions for Enriching Grain
Nutrient Content

Transgenic/genetic engineering (GE) is an alternative to conventional breeding
enabling transfer of gene(s) across the species regardless of the sexual reproduction
process. Improvement of grain micronutrient density through conventional breeding
is greatly constrained by the limited variability for grain micronutrient available in
the cultivated/crossable gene pool. In view of this, GE has been successfully
employed for increasing micronutrients (Table 1.2), especially Zn, Fe, pro-vitamin
A, etc. in grains of in staple crops (Aluru et al. 2008; Abid et al. 2017; Boonyaves
et al. 2017; Masuda et al. 2012). Transgenic approach has yielded notable results in
different crops; for instance several fold increment in Fe content in rice endosperm
(Bashir et al. 2013; Zhang et al. 2012; Ogo et al. 2011). Similarly, fourfold increase
in grain Fe content and two-fold increase in transgenic rice overexpressing nicoti-
anamine synthase (OsNAS) genes is noteworthy (Johnson et al. 2011; Wirth et al.
2009). Likewise, a transgenic rice event overexpressing OsNAS2 and soybean
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Table 1.2 List of transgenes contributing to higher micronutrients in various crop plants

Crop Micronutrient | Source Gene Reference
Rice Fe Rice and barley | OsYSL2, Masuda et al.
HvNAS1 (2012)
Rice (Pusa-sugandhi II) | Fe Rice Ferritin Paul et al. (2012)
Rice Fe Arabidopsis AtIRTI1, AtNAS1, | Boonyaves et al.
(2017)
PvFER
Rice (IR64) Fe Soybean OsNAS2 Trijatmiko et al.
(2016)
SferH-1
Rice Fe, Zn Arabidopsis AtIRTI Boonyaves et al.
(2016)
Rice (IR64) Fe and Zn Rice OsNAS Moreno-Moyano
et al. (2016)
Rice (Nipponbare) Vitamin A Arabidopsis, AtNASI Singh et al.
(2017b)
Maize, PvFERRITIN
Common bean
Bacteria CRTI
ZmPSY
Rice (Tsukinohikari Fe and Zn Soybean FER 1 Paul et al. (2016)
and Tachisugata)
Rice Fe Yeast refrel/372and Masuda et al.
OsIRO2 (2017)
Maize Vitamin A Bacterial crtB, crtl Aluru et al.
(2008)
Wheat Fe and Zn Aspergillus phyA Abid et al. (2017)
Jjaponicus

ferritin (SferH-1) genes showed dramatic increase in contents of grain Fe (up to
15 pg/g) and Zn (45.7 pg/g) in the field trials conducted in two countries (Trijatmiko
etal. 2016). The study offered further evidences confirming the endosperm enriched
with Fe and Zn, and the bioavailability of the Fe. Enhanced concentration of grain
Fe was demonstrated both in polished and unpolished rice through transgene expres-
sion of AtIRTI, AtNASI and PvFER genes (Boonyaves et al. 2017). A previous
study by the same group showed up to 9.6 pg/g DW increase in grain Fe in the
polished rice grains consequent upon the expression of Af/IRT gene in association
with AtNASI and PvFERRITIN genes (Boonyaves et al. 2016). Recently, Abid et al.
(2017) attempted to overcome the limitation posed by phytate, a chelating agent
reducing the bioavailability of micronutrient viz., Fe, Zn in various crops. Transgenic
expression of Aspergillus japonicus phytase gene (phyA) in wheat endosperm
allowed higher bioavailability of grain Fe and Zn in wheat through enhancing the
activity of phytase enzyme.
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1.6 High-Throughput Ionome Profiling and Biofortification
Breeding

With tremendously improving genotyping/sequencing platforms, large-scale and
accurate phenotyping assumes greater significance with respect to improving micro-
nutrient content in different crops. In this context, ionomics has been emerging as
high-throughput “elemental profiling” approach that surveys the mineral nutrient of
a living organism (Huang and Salt 2016; Baxter 2009). Precise and accurate mea-
surement of existing grain micronutrients accelerates the progress of identification
of genetic lines carrying high micronutrient content (Swamy et al. 2016). Several
non-destructive high-throughput elemental analytical techniques viz., Atomic
Absorption Spectrometry (AAS), inductively coupled plasma mass-spectrometry
(ICP-MS), inductively coupled plasma-optical emission spectrometry (ICP-OES),
synchrotron X-ray fluorescence microscopy (XFM), energy dispersive X-ray fluo-
rescence spectrometry (Trijatmiko et al. 2016; Manickavelu et al. 2017; Khokhar
et al. 2018) have been employed to measure nutrient density in plants. To this end,
some community-oriented platforms have also been established rendering the
ionomic data freely available to public. Examples include ionomic HUB or iHUB
(http://www.ionomicshub.org/home/PiiMS) that allows researchers to access
ionomic resources pertaining to Arabidopsis, rice, yeast and soybean (see Baxter
et al. 2007). This international collaborative workspace supports tools enabling data
annotation, data collection and workflow, and data sharing.

1.7 Whole-Genome Predictions for Improving Elemental
Concentrations of Crops

Though the cost of genotyping is being reduced dramatically, the phenotyping bot-
tlenecks still pose a big hurdle to crop breeding progress (see Bohra 2013). In such
a scenario, new breeding methods like genomic selection (GS) holds great promise
as GS accelerates selection cycles as well as selection gains per unit of time (http://
genomics.cimmyt.org/). GS has been extensively used in livestock industry includ-
ing sheep, dairy cattle, pig breeding, poultry (Meuwissen et al. 2016) and allowed
selection of traits that are “hard-to-measure” and allowed increasing rate of genetic
improvement in animal breeding programmes (van der Werf 2013).

In GS, prediction models are trained using a reference population or training set
that is scored both genotypically and phenotypically (Meuwissen et al. 2016).
Genomic estimated breeding values (GEBVs) are then calculated and based on
these GEBVs selection is practiced in breeding population that is scored only at
genotypic level, thus circumventing the need for costly and time-consuming pheno-
typic recordings. Lorenz et al. (2011) have described several methods that have
been proposed to calculate genomic predictions such as random regression best
linear unbiased prediction (RR-BLUP), least absolute shrinkage and selection
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operator (LASSO), reproducing kernel Hilbert spaces (RKHS) and support vector
machine (SMV) regression, partial least squares (PLS) regression and principal
component (PC) regression. Readers are encouraged to refer to other specialized
reviews for greater details (Cabrera-Bosquet et al. 2012; Crossa et al. 2017,
Meuwissen et al. 2001; Nakaya and Isobe 2012).

To date, limited studies have been performed in crops that assess the potential of
GS vis a vis elemental content in crops. In wheat, Velu et al. (2016b) estimated
genome-wide predictions for gain Zn and Fe contents in a panel of 330 diverse lines.
Although the degree of accuracy varied between locations, moderate to high predic-
tion accuracies (up to 0.69 for Zn and 0.73 for Fe) underlined the greater relevance of
GS in improving Zn and Fe concentrations in wheat. Similarly, moderate to high
prediction abilities were obtained for content of major (Mg, K and P) and minor (Mn,
Fe and Zn) elements in wheat (Manickavelu et al. 2017). However, the authors
reported higher prediction accuracies for major elements than that of minor elements,
which could be explained on the basis of degree of heritability of the trait (element
content) in the crop. Earlier, in maize Owens et al. (2014) reported prediction accura-
cies up to 0.71 with an average of 0.43 while analysing grain carotenoid traits.

As advocated by Manickavelu et al. (2017), tremendous opportunities exist to
combine “Speed breeding” with GS, which brightens the scope of “Remote breed-
ing” for improving nutrient density in crops based on the whole-genome
predictions.

1.8 Conclusion and Perspectives

Advances in crop genomics have greatly assisted breeding of crop cultivars with
enhanced nutrient density. The genetic nature of the mineral composition is increas-
ingly resolved to empower researchers for subsequent trait manipulation. However,
the low heritability of mineral content (especially minor elements) as reported by
various researchers limits the prospects of conventional MAS for improving nutri-
ent density in crop plants (Manickavelu et al. 2017). Given this, GWAS and GS are
genome-scale methods to elucidate genetics of mineral accumulation, which is
reported to be under the control of several gene(s)/QTLs exerting smaller effects on
the phenotype (Owens et al. 2014). Both methods permit maximum benefits of radi-
cally decreasing cost and growing throughput of genotyping assays, in conjunction
with considerably decreasing the count of plant phenotyping attempts. In parallel,
transgenic systems allow researchers to exploit the variation lying outside crop’s
gene pool and provide a means to overcome crossability barriers. Evidences from
latest studies involving cutting-edge omics techniques help better elucidate the phe-
nomenon of nutrient metabolism in plants. Embracing these tools and technologies
in biofortification breeding could improve the efficiency of breeding crops with
improved levels of essential nutrients. We anticipate that the enhanced ability of
biofortification breeding to efficiently produce nutrient-rich crop genotypes will be
instrumental in addressing the burgeoning problem of hidden-hunger.
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Chapter 2
Marker-Assisted Breeding for Improving
the Cooking and Eating Quality of Rice
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and Joshua N. Cobb

2.1 Introduction

Rice is the most important food crop in the world. It is a major source of calories for
over a half of the world’s population. Unlike other cereals, rice is mainly eaten as
whole grain, thus, cooking and eating quality is extremely important. The cooking
and eating quality is measured by the easiness of cooking, texture, springiness,
stickiness and chewiness of cooked rice (Champagne et al. 2010). These attributes
are controlled by starch physicochemical properties, comprising of apparent amy-
lose content (AAC), gelatinization temperature (GT), gel consistency (GC) as well
as paste viscosity properties, which are popularly called RVA paste viscosity param-
eters because they are mainly measured using Rapid Visco Analyzer (Bao 2014).
These physicochemical properties of starch are measured using tedious and
expensive biochemical methods. Assessment of these attributes is further compli-
cated by the lack of discrete phenotypic classes in segregating populations, envi-
ronmental effects and the triploid nature of the rice plant (He et al. 1999). It can
therefore be challenging to breed for these traits in a timely manner. DNA markers
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could be very useful in selecting for rice genotypes, with the desired cooking
and eating qualities. Rice is the first crop plant to have its genome fully sequenced
(Yu et al. 2002; Matsumoto et al. 2005). The sequencing of the japonica and indica
genomes has helped rice Geneticist, Breeders and Cereal Chemists to identify
useful molecular markers for marker-assisted selection for cooking and eating
quality traits.

In this chapter, we discussed the various cooking and eating quality characteris-
tics in rice comprising of apparent amylose content (AAC), gelatinization tempera-
ture (GT), gel consistency (GC), RVA pasting parameters (RVA), aroma and the use
of molecular markers to facilitate identifying these traits for their selection in breed-
ing programmes. Some successful examples in the use of DNA markers in breeding
for cooking and eating quality in rice have been highlighted. Even though the scope
and target of this chapter is MAS for single genes that enable breeders to manipulate
key grain quality traits in rice, genomic selection and other more quantitative
approaches are mentioned.

2.2 Cooking and Eating Properties of Rice

2.2.1 Apparent Amylose Content

The rice grain is composed of 80-90% starch. Starch consists of two glucose poly-
mers—amylose and amylopectin. Amylose is largely a linear molecule with a
degree of polymerization (DP) of 1000-5000 glucose units, whilst amylopectin is
highly branched and contains relatively larger polymer units (Juliano 2003).
Amylose content is typically referred to as apparent amylose content (AAC) because
the iodine-based assay used for quantifying it often detects long chain amylopectin
in addition to the true amylose (Takeda et al. 1987).

AAC is the most important determinant of the texture of cooked rice. Recently,
long chain amylopectin rather than amylose content has been suggested as the
major factor affecting the texture of cooked rice (Umemoto 2018). Thus, AAC
which affects amylose content plus long chain amylopectin may be a better deter-
minant of cooked rice texture compared to true amylose composition. AAC for
rice ranges from 0% for waxy rice to approximately 30% for non-waxy types.
Originally, rice varieties were classified as follows: waxy (0-5%), very low
(5-12%), low (12-20%), intermediate (20-25%) or high (25-33%) AAC (Juliano
and Villareal 1993).

As characterization of the Wx genetic locus has become better understood (dis-
cussed below), rice is now typically classified as waxy rice (0-2% AAC), very low
AAC (3-9%), low AAC (10-18%), intermediate AAC (19-23%) and high AAC
(>23%) (Bergman et al. 2004; Chen et al. 2008a, b). Cooked rice with high amylose
content is flaky, dry, hard, and separates, while rice with low amylose content is
sticky, moist, tender and glossy (Juliano 1979).
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2.2.2 Genetics of Apparent Amylose Content

AAC is principally controlled by the waxy gene (Wx) on chromosome 6, which
encodes the granule-bound starch synthase (GBSS) (Wang et al. 1995; Smith et al.
1997; He et al. 1999). The waxy gene has three alleles, Wx, Wx* and Wx?, which are
found in waxy (sticky) rice, indica and japonica sub-species respectively (Sano
1984). The indica sub-species that harbours the Wx* allele accumulates more GBSS
protein in the endosperm than japonica sub-types that possess the Wx? allele. Thus,
Jjaponica rice generally has a lower content of AAC than indica and thus is more
sticky. Truly sticky rice is made up of approximately 100% amylopectin thus, has
little or no AAC. The level of AAC is largely determined by the splicing pattern of
the first intron in the waxy gene (Wang et al. 1995). When this intron is un-spliced
it produces grains with no AAC. Partial and complete splicing in the intron leads to
intermediate and high AAC, respectively.

Additional minor QTLs for AAC have been mapped at various positions within
the rice genome (Tan et al. 1999; Lanceras et al. 2000; Aluko et al. 2004; Fan et al.
2005; Shi-yong et al. 2006; Wang et al. 2007; Zheng et al. 2008). The waxy gene is
reported to act additively with five additional minor genes, namely: AGPlar, PUL,
SS1, SSII-3, and SSIII-2, to affect AAC (Tian et al. 2009).

2.2.3 Gelatinization Temperature

Gelatinization temperature (GT) is the temperature at which 90% of starch granules
swell irreversibly in hot water resulting in forfeiture of crystallinity and birefrin-
gence (Deja and Khush 2000). GT controls the cooking time of rice, and it ranges
from 55 to 85 °C (Fitzgerald et al. 2009). Rice with high GT elongates less and will
be generally undercooked when standard cooking methods are applied. GT is typi-
cally classified as low (55-69 °C), intermediate (70-74 °C) or high (75-79 °C)
(Khush et al. 1979). GT has a strong negative correlation with alkaline spreading
value (ASV), which measures the disintegration of rice grains in KOH. ASV is
comparatively cheaper and faster to measure compared to the direct measurement of
GT with instruments. Thus, ASV is normally used as a proxy to estimate GT. ASV
scores of 2 (low), 3-5 (intermediate) and 6—7 (high) correspond to high (>74 °C),
intermediate (70-74 °C) and low (<70 °C) GT, respectively (Bergman et al. 2004).

2.2.4 Genetics of Gelatinization Temperature

Gelatinization temperature is mainly controlled by the alkaline degeneration gene
(Alk gene) on chromosome 6 of the rice genome, and it has been mapped at the same
locus as starch synthase Il (SSIla), which encodes soluble starch synthase Ila
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protein (Umemoto et al. 2002; He et al. 2006) and is driven by two variants (GC/TT
and G/A) of four nonsynonymous SNPs in the coding region of the Alk gene (Bao
et al. 2006; Gao et al. 2011). The GC/TT polymorphism differentiates rice varieties
with high or intermediate GT (possessing the GC allele) from those with low GT
(possessing the TT allele) in 90% of a diverse set of 509 rice genotypes (Bao et al.
2006). Allelic variation at these two variants causes a substitution of leucine for
phenylalanine, respectively (Waters et al. 2006).

The second variant (G/A) in exon 8 of the Alk gene classifies a diverse set of 70
genotypes into classes of high GT or low GT without distinguishing the intermedi-
ate phenotype (Waters et al. 2006) due to the substitution of methionine in the place
of valine in the gene product. Rice genotypes with high GT have a combination of
valine and leucine while those with low GT had a combination of either methionine
and leucine or valine and phenylalanine at the same amino acid residues (Waters
et al. 2006).

GT is also affected by additional minor QTLs, which can modify the effects of
the major genes (Lanceras et al. 2000; Bao et al. 2002; Aluko et al. 2004; Fan et al.
2005; Shi-yong et al. 2006; Wang et al. 2007). Three genes, SBE3, ISA and SSIV-2
as well as the waxy gene are reported to have minor effects on GT, and they act
additively with the Alk gene to affect GT (Tian et al. 2009).

2.2.5 Gel Consistency

Gel consistency (GC) is a measure of how firm rice grain is after cooking. It helps
to classify rice varieties of the same AAC, particularly in the high AAC class as
hard, medium or soft texture (Paula and Fitzgerald 2012). GC is commonly deter-
mined by measuring the length of a cooled gel made from rice flour that has been
cooked in 0.2 M KOH (Cagampang et al. 1973). GC is inversely related to length of
the gel, and is classified as hard (Iength of gel <40 mm), medium (length of gel
41-60 mm) and soft (Iength of gel >61 mm) (Cagampang et al. 1973).

Sticky and low amylose rice are reported to have low GC (Paula and Fitzgerald
2012). However, rice with intermediate to high AAC could have high, intermediate
or soft classifications. The correlation between AAC and GC in IRRI tropical indica
material was found to be low (Paula and Fitzgerald 2012), implying that the traits
are physiologically independent in the context of high or intermediate AAC.

2.2.6 Genetics of Gel Consistency

Due to the strong association of low AAC with low GC the waxy locus is reported
to be the major determinant of GC (Tan et al. 1999; Lanceras et al. 2000; Tian et al.
2009). This was confirmed by the cloning of a major QTL for GC at the waxy locus
(Su et al. 2011) where a SNP in exon 10 of the waxy gene was found to be highly
associated with GC (Tran et al. 2011). Many minor QTLs for GC have been mapped
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(He et al. 1999; Bao et al. 2002; Fan et al. 2005; Tian et al. 2005; Shi-yong et al.
2006; Wang et al. 2007) and include three additional genes in the starch biosynthe-
sis pathway—AGPiso, SBE3 and ISA (Tian et al. 2009).

2.2.7 Paste Viscosity Parameters

Rapid Visco Analyzer (RVA) is the preferred equipment for measuring paste viscosity
parameters due to its low cost and high throughput. RVA profile mimics the cooking
process of rice. The profile is generated by subjecting rice flour to a heat-hold-cool-
hold temperature cycle (Juliano 1996). The primary RVA parameters include peak
viscosity, PV (first peak viscosity after gelatinization), trough or hot paste viscosity,
HPV (paste viscosity at the end of the 95 °C holding period) and final or cool paste
viscosity, CPV (paste viscosity at the end of the test). These primary parameters are
used to calculate secondary ones, including breakdown, BD (BD = PV — HPV), set-
back, SB (SB = CPV — PV) and consistency, CS (CS = CPV — HPV). Other RVA
parameters include peak time and pasting temperature.

2.2.8 Genetics of Paste Viscosity Parameters

Most RVA parameters are reported to be highly associated with AAC and thus, mainly
controlled by the waxy locus (Bao et al. 2000; Larkin et al. 2003) and as such many
major QTLs for the various RVA parameters have been identified by many authors at
that locus (Bao et al. 2000; Larkin et al. 2003; Wang et al. 2007; Zheng et al. 2012;
Yao et al. 2017). QTLs for RVA parameters that influence eating quality including
HPYV, CPV, BD, SB and CS were found to co-locate the waxy locus, whilst those for
RVA parameters that characterize the cooking process such as peak time and pasting
temperature were found in the vicinity of the Alk gene (Wang et al. 2007).

Many minor QTLs on almost all the 12 chromosomes of rice have been identified
(Bao et al. 2000; Wang et al. 2007; Zheng et al. 2012; Yao et al. 2017) for RVA
parameters and in one experiment, as many as 106 QTLs for RVA parameters were
detected across both indica and japonica sub-species of rice (Yao et al. 2017). For
sticky rice, 10 out of 17 starch synthesis-related genes were reported to affect RVA
parameters with PUL playing a dominant role (Yan et al. 2011).

2.2.9 Aroma

Aromatic rice also known as fragrant or perfumed rice is highly prized all over the
world. The two most popular aromatic rice types are the Basmati cultivars from
India and Pakistan and the Jasmines from Thailand. Other classical examples of
fragrant rice are ‘Dulhabhog’ of Bangladesh, ‘Azucena’ and ‘Milfor’ of the
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Philippines and ‘Rojolele’ of Indonesia (Khush et al. 1979). About 114 different
volatile compounds have been linked to rice fragrance (Yajima et al. 1979). However,
2-acetyl-1-pyrroline or 2AP was reported as the main compound that differentiates
fragrant rice from non-fragrant varieties (Buttery et al. 1983).

2.2.10 Inheritance of Aroma

Even though di-genic and multi-genic control of aroma have been reported by some
authors (Pinson 1994; Lorieux et al. 1996), many studies appear to favour a mono-
genic recessive inheritance (Sood and Siddiq 1978; Berner and Hoff 1986; Ahn
etal. 1992; Dong et al. 2001).

An aroma gene for rice was first mapped to chromosome 8, where it was linked
with the RFLP marker, RG28 (Ahn et al. 1992). This gene, BADH?2, was later cloned
and reported to encode betaine aldehyde dehydrogenase 2 (Bradbury et al. 2005a).
The BADH?2 gene codes for the biosynthesis of 2-acetyl-1-pyrroline (2AP) (Buttery
et al. 1983). The accumulation of 2AP is reported to result from the absence of
BADH2 activity, leading to increased levels of 4-aminobutyraldehyde/A!-pyrroline,
the immediate precursor of 2AP (Bradbury et al. 2008; Chen et al. 2008¢).

An eight-base-pair deletion (8-bp) combined with three SNPs in exon 7 of the
BADH? gene were found to be the cause of fragrance in both Basmati- and Jasmine-
styled rice types where the non-fragrant rice varieties had a full copy of the gene.
The 8-bp deletion in the BADH?2 gene was used to develop an allele-specific perfect
marker for determining fragrance in rice (Bradbury et al. 2005b).

However, some rice types with fragrant phenotypes were found not to have the
8-bp deletion in exon 7 of the BADH?2 gene (Fitzgerald et al. 2008; Kovach et al.
2009). Rather, a 7-bp deletion in exon 2 of the BADH2 gene was found to be the
cause of fragrance in those varieties (Shi et al. 2008). Also, eight new alleles were
discovered at the BADH?2 locus that conferred fragrance in 24 accessions that did
not carry any of the previously identified alleles (Kovach et al. 2009). A new allele
caused by an 803 bp deletion between exons 4 and 5 of the BADH?2 gene in rice
variety ‘Zaimiaoxiangnuo’ was found, and a marker FMbadh2-E4-5 was developed
for its detection (Sho et al. 2011). In another study, three genes located on chromo-
somes 3, 4 and 8 were reported to be the cause of fragrance in a rice variety called
‘Pusa 1121° (Amarawathi et al. 2008). The QTL on chromosome 8 was mapped to
the BADH?2 region, while that on chromosome 4 co-located with a BADHI gene.
Fragrant Japanese rice landraces were grouped into two groups based on different
SNP mutations in the BADH2 gene (Ootsuka et al. 2014). The mutations were a
known SNP located at exon 13 and a novel SNP at the exon 1-intron 1 junction.

Recently, a new allele of the badh2 gene has been found in a fragrant indica rice
accession called ‘Velchi’ (Khandagale et al. 2017). This new allele resulted from a
253-bp deletion in the promoter region of ‘Velchi” as compared to non-fragrant rice
accessions. Additionally, ‘Velchi’ had a 5-bp duplication that was used to design a
new marker (velbadh2-p-UTR) to distinguish it from non-fragrant rice accessions.
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These indicate the presence of allelic/genic diversity for fragrance in rice germ-
plasm from various regions of world. These variations can be exploited by breeders
to develop new varieties with increased levels of fragrance in rice.

2.3 DNA Markers Used for Predicting Cooking and Eating
Quality in Rice

Molecular markers are useful when they are tightly linked to or within the gene of
interest. In rice, genes for AAC, RVA, GT, GC and aroma have been cloned and
functional markers have been developed to facilitate the selection for these traits.

2.3.1 Molecular Markers for AAC, RVA and GC

AAC and RVA are highly associated with three SNPs in the waxy gene, namely
intron 1 (G — T), exon 6 (A — C) and exon 10 (C — T) substitutions (Larkin
et al. 2003; Chen et al. 2008a, b). AAC is associated with two of the three
SNPs—intronl (G — T) and exon 6 (A — C) (Chen et al. 2008a, 2010; Asante
et al. 2013). The third substitution in the waxy gene, exon 10 (C — T), differen-
tiates high AAC rice with strong paste viscosity from those with weak paste
viscosities (Chen et al. 2008a). Three allele-specific PCR markers targeting the
three functional SNPs in the waxy gene were developed for genotyping in single
PCR amplification (Chen et al. 2010). This marker is very efficient for predict-
ing the AAC and RVA parameters of rice germplasm from various parts of the
world (Chen et al. 2010; Asante et al. 2013). Using the three SNPs together, a
collection of world germplasm had four waxy SNP haplotypes (Chen et al.
2008a, 2010; Asante et al. 2013). These waxy SNP haplotypes include TAC,
GCC, GAC and GAT for low, intermediate, high and high AAC plus high RVA,
respectively (Chen et al. 2008a, 2010; Asante et al. 2013). Recently, two new
haplotypes of the SNPs within the waxy gene were identified in seven acces-
sions of the USDA mini-core rice germplasm (Li et al. 2017).

A perfect marker for predicting intermediate amylose based on the A — C SNP
in exon 6 has recently been developed and validated in a Chinese mini core germ-
plasm collection (Zhou et al. 2018). Also, an SSR marker in intron 1 of the waxy
gene (RM 190) was found to explain a large portion of the variation in AAC and
most RVA parameters, and it is used for marker-assisted selection for cooking qual-
ity in rice (Bergman et al. 2001; Chen et al. 2008b; Li et al. 2017). A 23 bp sequence
duplication (InDel) of exon 2 has also been found to be highly associated with AAC
(Li et al. 2017). Combining all the SNPs in the waxy gene as haplotype has been
found to be more predictive for AAC and RVA compared to the individual SNP
markers (Chen et al. 2008a, 2010; Asante et al. 2013).
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Markers developed specifically for GC are not common. However, a major
QTL for GC located at the waxy locus (Su et al. 2011), and a SNP in exon 10 of
the waxy gene, were found to be highly associated with GC (Tran et al. 2011).
Accordingly, the markers developed to select for AAC can also be used to select
for GC.

2.3.2 DNA Markers for GT

Molecular markers have been developed to predict GT using the two functional
SNPs in exon 8 of the ALK gene—GC/TT and G/A (Umemoto and Aoki 2005; Bao
et al. 2006; Gao et al. 2011). The GC and TT alleles are associated with intermedi-
ate/high and low GT, respectively. The G/A SNP differentiates genotypes with high
GT from those with low GT. High and low GT are associated with the G and A
alleles, respectively (Waters et al. 2006).

2.3.3 DNA Markers for Aroma in Rice

Many functional markers have been developed for predicting fragrance in rice.
A perfect marker based on the 8-bp deletion in exon 7 of the BADH2 gene on chromo-
some 8 was developed (Bradbury et al. 2005b). This mutation is reported to be the
cause of fragrance in a majority of rice genotypes (Kovach et al. 2009). This marker
has thus been used extensively to predict the fragrance status of rice breeding lines
(Asante et al. 2010; Jin et al. 2010; Bett-garber et al. 2015).

An indel marker targeting the 8-bp deletion and reported to be easier to use com-
pared to the perfect marker (Bradbury et al. 2005b) was developed (Sakthivel et al.
2009). Another indel marker based on 8-bp deletion in the BADH2 gene called
Aromarker has also been developed and successfully used for marker-assisted back-
crossing (Yi et al. 2009; Jantaboon et al. 2011).

A fragrance allele caused by a deletion of 803 bp between exons 4 and 5 of the
BADH2 gene in rice variety ‘Zaimiaoxiangnuo’ was also found, and a marker,
FMbadh2-E4-5, was developed for its detection (Sho et al. 2011).

Another fragrance allele was due to a 7-bp deletion in exon 2 of the BADH2
gene. Functional markers, which can differentiate fragrance caused by the 8-bp
deletion on exon 7 from that caused by the 7-bp deletion on exon 2 of chromosome
8, and non-fragrant from fragrant rice have been developed (Shi et al. 2008). Besides
the 8-bp deletion, nine other mutations in the BADH2 gene, which resulted in
fragrance in various subpopulations of rice have been identified, and DNA markers
that are associated with these mutations developed (Kovach et al. 2009).
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2.4 Application of Molecular Markers for Rice Breeding
in the Last Two Decades

SSR markers have been widely used for diversity studies, QTL mapping and marker-
assisted selection for plant breeding in the last two decades. Molecular markers are
especially useful in situations where they are closely linked or in linkage disequilib-
rium with a gene of interest (Dekkers 2004). Gene-based or functional markers have
also been developed to facilitate selection for various traits in rice (Bradbury et al.
2005b; Mackill 2007; Masouleh et al. 2009; Sakthivel et al. 2009; Chen et al. 2010).
The use of DNA markers in rice breeding has been occurring mostly for pyramiding
disease resistance and grain quality genes using marker-assisted backcrossing (MAB)
(Francia et al. 2005; Jena and Mackill 2008). The use of MAB has three components:
use of a tightly linked marker or genic marker (also called a ‘perfect’ marker) for fore-
ground selection, use of flanking markers for recombinant selection, and the use of
background markers for selection against the donor genome at unlinked loci (Collard
and Mackill 2008). One drawback to the above approach is the intensive amount of
genotyping that must be done, primarily in the case of background selection.

Large backcross populations, usually on the order of 500 plants or more, must be
produced to ensure that there are sufficient plants to carry out background selection
after the foreground and recombinant selection have been performed. With flanking
markers defining an interval of 3-5 cM, the foreground/recombinant selection will
limit the population to less than 5% of the total backcross progeny. This process can
get to be very expensive (Mackill 2007) and while SNPs are rapidly replacing SSRs
and are relatively cheaper (McCouch et al. 2010), in many cases, it is worth consid-
ering the urgency associated with developing the stacked conversion. If time per-
mits, making a BC3- or BC4-derived conversion can often take care of any
meaningful residual background effects without the need for expensive fingerprint-
ing of large backcross populations.

2.4.1 Examples of Marker-Assisted Breeding for Cooking
and Eating Quality in Rice

1. In China, an elite restorer line, R8166, which is susceptible to blast and has poor
grain quality (cooked rice retrogrades and becomes hard after cooling due to high
AC and hard GC originating from its Wx“ genotype), was improved for the two traits
by incorporating two R genes for blast and the Wx® gene for AAC through marker-
assisted backcrossing (MAB) (Wu-ming et al. 2017). During the MAB process, two
lines, R163 and R167, with the lowest and highest percentage of the background of
the recurrent parent were selected to generate hybrids with improved blast resis-
tance and grain quality. R163, R167 and their resultant hybrids had significantly
lower AAC, softer GC and lower grain chalkiness (Wu-ming et al. 2017).
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In Thailand, scientists used MAS to develop new rice varieties for submergence
tolerance and Jasmine-styled cooking quality for the rainfed and irrigated lowland
ecosystems in the Mekong region of Southeast Asia (Jantaboon et al. 2011). The
scientists made a cross between two rice varieties, IR57514 (widely adapted to the
rainfed lowlands of the Mekong region, high yielding and submergence-tolerant
with Subl gene) and Kao Dawk Mali 105, popularly called KDML105 (fragrant,
traditional Thai variety that has good cooking qualities). They developed a large
population of recombinant inbred lines (RILs) using single seed descent (SSD).
Preferred alleles of Subl, Wx, badh2 and SSIla loci were selected using markers;
R10783Indel, Waxy, Aromarker and GT11, respectively. MAS was done in a step-
wise manner; Wx and Aromarker were used for genotyping of 2037 F7 RILs. RILS
(341 lines) with the preferred Wx and Aromarker were selected and genotyped
with the marker for submergence tolerance, R107831Indel, after which 97 RILs
were kept. These 97 lines were genotyped with the GT11 marker, and two groups
of ideal genotypes were selected for evaluation. These were 66 RILs with positive
alleles for all of the four loci designated as ID1, whereas the remaining 31 RILs
carrying a negative allele at G711 and positive alleles for the other three loci
grouped as ID2. The DNA markers helped to develop ideal genotypes that have
submergence tolerance, Jasmine-styled grain quality as well as superior yields
compared to their parents (Jantaboon et al. 2011).

. A group in India developed a Basmati quality rice variety that has resistance to

bacterial blight through marker-assisted backcross-pedigree breeding strategy
(Gopalakrishnan et al. 2008). They crossed a popular Basmati rice cultivar, ‘Pusa
Basmati 1’ (PB 1) with a non-Basmati variety (IRBB55) which had two bacterial
blight resistance genes, xa/3 and Xa2l, and did their selection from a BC1F5
population.

Markers linked to the bacteria blight resistance genes, xa/3 and Xa2l from
IRBBS5S5, and the recurrent parent PB 1 allele for the waxy locus giving interme-
diate amylose content and a maintainer allele at fertility restorer locus were used
for foreground selection. Background selection was done using microsatellite
markers. An elite line that combines resistance to bacteria blight disease and
Basmati-styled grain quality was commercially released as ‘Improved Pusa
Basmati 1’ (Gopalakrishnan et al. 2008).

. In China, another group developed rice lines that combine resistance to bacterial

blight with high amylose content through marker-assisted selection (Ramalingam
et al. 2002). They selected for Xa-21 bacterial blight resistance and high amylose
content (Wx? allele) (Ramalingam et al. 2002). Selection was done from four F2
populations involving indica x indica, indica x intermediate and japonica x indica
crosses. Eighty-six F2 lines with the Xa-21 gene were selected from all four F2
generations using a PCR marker which is linked to the gene. Subsequently, lines
that were both homozygous and heterozygous for the Wx? allele were selected as
a waxy gene microsatellite marker. Finally, 20 true breeding lines that combine
homozygous for the Wx’ allele high amylose and having the Xa-21 gene were
selected for field trials.
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5. The most cultivated rice variety in Myanmar, ‘Manawthukha’ was improved for
its fragrance and amylose content (AAC) using marker-assisted backcrossing
procedure (Yi et al. 2009). ‘Manawthukha’ is non-fragrant and has high AAC,
intermediate GT and GC. It was crossed to Basmati 370 to introgress the Basmati
grain qualities—fragrance and intermediate AAC. The preferred alleles of the
BADH?2 and Wx genes were introgressed from Basmati 370 into ‘Manawthukha’
by making four backcrosses and allowing the BC4F1 to self to obtain a BC4F2
population. Twelve BC4F2 lines that carried a large percentage of the back-
ground of ‘Manawthukha’ and the homozygous Basmati-styled grain quality
alleles were selected and planted in multi-location trials (four in Myanmar, and
one in Thailand). The agronomic performances of the lines were similar to that
of ‘Manawthukha’, and they had the intermediate amylose and fragrance of the
donor Basmati 370 parent (Yi et al. 2009).

6. In China, a key maintainer line, II-32B, used for breeding hybrid rice has poor
grain quality because it is non-fragrant and has high AAC and GT (Jin et al.
2010). The grain quality of II-32B was improved using marker-assisted selec-
tion. Functional markers for Wx, SSIla and BADH?2 genes for AAC, GT and
fragrance, respectively, were used. II-32B was crossed to ‘Yixiang B’, a fragrant
maintainer line that has low AAC and low GT. The Fls were allowed to self to
obtain an F2 population. A total of 300 F2 lines were genotyped with the func-
tional markers for Wx, SSIla and BADH?2 genes. F2 lines homozygous for the
grain quality alleles of the donor parent Yixiang B (Wx-(CT)17 microsatellite,
SSI1a-TT SNP and 8-bp deletion allele in the BADH?2 gene) were selected and
backcrossed to I1-32B as a recurrent parent. The BC1F1 generation was advanced
to BC2F2 population using MAS. BC2F2 lines homozygous for Wx-(CT)17,
SS11a-TT and 8-bp BADH?2 deletion alleles were selected and allowed to self to
BC2F4 generation. Agronomic evaluation was done on 5-10 plants selected ran-
domly from each BC2F4 line. Eventually, 17 lines which were homozygous for
Wx-(CT)17, SSIla-TT and fgr gene markers were selected. Improved 11-32B
lines with fragrance and lower AAC and GT were obtained (Jin et al. 2010).

7. In Ghana, genotyping-by-sequencing markers (GBS) were used to facilitate
selection of lines that combine good grain quality with resistance to blast and
rice yellow mottle virus (RYMV) diseases (Asante 2012). A rice cultivar,
‘Digang’, resistant to RYMV and blast but with poor grain quality, non-fragrant
and with high AAC was crossed to fragrant Jasmine 85, which is susceptible to
the two diseases but has low AAC. The grain quality loci of Jasmine 85 and the
background of ‘Digang’ were selected simultaneously using the GBS data.
Fragrant lines with low AAC are being evaluated for their reaction to blast and
RYMV as well as yield.

Diverse rice germplasm from Africa and other parts of the world have been
genotyped using functional markers for fragrance, GT, AAC and RVA paste
viscosity to identify alleles of interest to facilitate the selection of parents for
breeding for cooking and eating quality in Ghana and elsewhere (Asante et al.
2010, 2013).
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2.4.2 Modern Markers Technologies for Breeding for Rice
Grain Quality and Other Traits

Rice is the first crop plant to have its genome fully sequenced. The ever-declining
cost for sequencing, facilitating the partial and complete re-sequencing of genomes
of various accessions, has led to the identification of arrays of high-density SNPs.
Popular SNPs technologies include LGC, Illumina, Axiom (Affymetrix) and
Douglas Scientific. A review of the various SNP genotyping platforms has recently
been done (Barabaschi et al. 2016).

The rice community has taken advantage of these SNP technologies to create
platforms capable of genotyping thousands of SNPs. Medium and high-resolution
SNP arrays deployed for genotyping rice include a 44 K SNP chip (Zhao et al.
2011), 50 K SNP chips (Chen et al. 2014; Singh et al. 2015), 600 K high-density
rice array (Thomson et al. 2017) and the 700 K high-density rice array (McCouch
et al. 2016).

In addition to the fixed SNP arrays, Next Generation Sequencing (NGS) meth-
ods, such as genotyping-by-sequencing (GBS), provides high-density SNPs. GBS is
based on high-throughput, next generation sequencing of genomic fragments gener-
ated by restriction enzymes (REs), and the cost per sample is relatively low (Elshire
etal. 2011; Poland and Rife 2012). It enables the discovery of SNPs whilst genotyp-
ing (Elshire et al. 2011).

The availability of millions of genome-wide SNPs from both fixed arrays and
NGS allows breeders to do genomics-assisted breeding—MAS and genomic
selection (GS). The high density of SNPs across all chromosomes in the genome
allows diversity analysis, genome-wide association studies, gene cloning, QTL
mapping and DNA fingerprinting to be done more effectively with higher reliability
of results.

The deployment of SNP-based genomics-assisted breeding and in combination
with appropriate breeding schemes, is drastically improving the way rice breeding
is being done around the world. Many rice breeding programmes have shifted from
pedigree selection to single seed descent, otherwise known as rapid regeneration
advance method (RGA). RGA is orders of magnitude cheaper than pedigree selec-
tion and helps to generate promising lines within a shorter periods and is particu-
larly suited for rice because the plants can grow in small containers and forced to
flower early. The combination of breeding methods such as RGA, automated phe-
notyping and availability of high-throughput SNP platforms for rice will improve
selection for grain quality, yield and stress-related traits.

The on-going genomic revolution is expected to immensely benefit breeders,
especially those who work with model crops such as rice. Genomic selection using
NGS markers is likely to take over rice breeding in the near future, and it will help
to accelerate the rate of genetic gain within rice breeding programmes.
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2.5 Conclusions

Cooking and eating quality of rice is determined by fragrance and starch physico-
chemical properties, comprising of AAC, GT, GC and paste viscosity. Phenotyping
for these traits is tedious, time-consuming and expensive. In addition, phenotyping
for the starch properties of individuals in a population can only be done on the grain
after harvesting, which extends the time required to collect the relevant data and
thus negatively affect genetic gain. Breeding for cooking and eating quality in rice
is thus a major candidate for marker-assisted breeding along with breeding for dis-
ease resistance. Major genes for fragrance, AAC and GT have been cloned, and the
mutations in these genes are used to develop functional markers for selection. These
markers have been successfully applied to improve the cooking and eating qualities
of both inbred and hybrid rice in various countries. The advent of high-throughput
SNP genotyping arrays and NGS techniques has made genomics-assisted breeding
for yield, biotic and abiotic stresses, and grain quality the most efficient ways of
developing improved rice varieties.
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Chapter 3

Improving the Nutritional Value

of Potatoes by Conventional Breeding
and Genetic Modification

John E. Bradshaw

3.1 Introduction

The potato (Solanum tuberosum) is the world’s fourth most important food crop
after maize, rice and wheat with 382 million tonnes fresh-weight (FW) of tubers
produced in 2014 from 19.1 million hectares of land, in 164 countries, giving a
global average yield of 20.0 t ha=! (http://faostat.fao.org). About 60% of production
(231 million tonnes) was in Asia (187), Africa (26) and Latin America (18) as a
result of steady increases in recent years, particularly in China and India. Indeed,
China (96 million tonnes) is now the number one potato producer in the world and
India (46) is second, with the Russian Federation (32) third, Ukraine (24) fourth and
the USA (20) fifth. As a staple food and vegetable, the potato is a major supplier of
carbohydrate (starch) in the human diet, and is even being considered for human life
support in space (Wheeler 2009). The potato tuber also provides significant amounts
of protein, with a good amino acid balance, minerals, vitamins, micronutrients and
phytonutrients which include antioxidants. It is high in dietary fibre, especially
when eaten unpeeled with its skin. Fresh potatoes are virtually free of fat and cho-
lesterol and have a water content of about 80%. Details of chemical composition
can be found in the book Advances in Potato Chemistry and Technology second
Edition (Singh and Kaur 2016), along with analytical techniques.

As a major food crop, the potato has an important role to play in the United
Nations “2030 Agenda for Sustainable Development” which started on 1 January
2016 (http://faostat.fao.org). The agenda includes 17 goals, the second of which is
to end hunger, achieve food security and improved nutrition, and promote sustain-
able agriculture. The background to the agenda is as follows. In 2015, out of a world
population of 7.3 billion, around 800 million people suffered from hunger and more
than two billion from one or more micronutrient deficiencies, known as “hidden
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hunger”, especially in women, infants and children. Ironically about 1.9 billion
people were overweight, of whom 600 million were obese. Furthermore, the world
population is expected to reach 8.5 billion by 2030 and 9.7 billion in 2050. By 2030
the aim of the agenda is to “ensure access by all people, in particular the poor and
people in vulnerable situations, including infants, to safe, nutritious and sufficient
food all year round”. For potatoes, the need is to increase production and improve
nutritional value.

In 2014 (http://faostat.fao.org) there was still a large difference in average yields
between Africa (13.65 t ha™!) and North America (43.68), whereas the average dif-
ference between Asia (18.82 t ha™!) and Europe (22.17) was not so great. Bradshaw
(2009) reviewed prospects for increasing yield per hectare, particularly in Asia,
Africa and Latin America where increases in food production are required to match
population growth, but new land is not readily available.

In this chapter, we are going to explore improving the nutritional value and
health properties of potatoes by conventional breeding and genetic modification.
Prerequisites are genetic variation and rapid and reliable screens for the target traits,
as well as evidence that alteration of the chosen traits will improve nutritional value
and human health. Potatoes need to be cooked because of the indigestibility of their
ungelatinized starch (Burton 1989). Cooking is frequently by baking, boiling,
steaming, roasting, deep-oil frying or microwave cooking, although in their native
Andes a broad diversity of additional preparation methods is employed (Bradshaw
and Bonierbale 2010). Cooking results in physical, chemical and enzymic changes
in the potato tuber and these affect its nutritional value to different degrees (Tian
et al. 2016). Furthermore, following food digestion, the nutrients must be taken up
by the human body (i.e. bioavailable) in order to be utilized. Similar considerations
apply to processing which increases the commercial value of potatoes. Since the
1950s processing has grown into a global industry which is still expanding. In North
America and some European countries between 50% and 60% of the crop is pro-
cessed (Li et al. 2006; Kirkman 2007), and processors are building factories in
countries where the potato is primarily grown as a staple food, a trend that is likely
to continue. The major processed products are potato crisps (chips), French fries
and other frozen products, followed by dehydrated products, chilled-peeled pota-
toes and canned potatoes. The uses of potatoes as a source of starch and for molecu-
lar farming are beyond the scope of this chapter.

We are not going to consider more general aspects of cooking and processing
quality such as improved flavour and texture, dry-matter (DM) and starch content,
freedom from after-cooking blackening and enzymic browning, light-coloured fry-
products post-harvest and post-storage, and novel starches for countries with a
starch industry. However, it is important to remember that improving nutritional
value and health properties needs to be done in the context of wider breeding objec-
tives including those for “Sustainable Development”. The relative priority to be
given to nutritional value is a difficult question with no easy answer.

It will prove useful to start with a brief overview of the evolution of modern
potatoes and methods available for their improvement by conventional breeding and
genetic modification.
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3.2 Evolution of Modern Potatoes and Breeding Methods

3.2.1 Domestication in South America

Wild tuber-bearing Solanum species are distributed from the southwestern USA
(38°N), through the Andes, to central Argentina and adjacent Chile (41°S), and
cover a great ecogeographical range (Spooner and Hijmans 2001). Their taxonomy
is complicated and has undergone major revision. Hawkes (1990) recognized 219
wild tuber-bearing species and arranged them into 19 series of subsection Potatoe
of section Petota of subgenus Potatoe of genus Solanum. Spooner et al. (2014)
reduced this number of species to 107, now all classified as Solanum section Petota
(tuber-bearing species) and partitioned into three nuclear clades rather than 19
series. Spooner (2016) explained how these changes came about. Wild relatives of
cultivated potatoes are held in a number of genebanks around the world and are a
valuable resource for potato breeding (Huaman et al. 2000a), but have not been used
to any appreciable extent for improving the nutritional value of cultivated potatoes.
Utilization of wild species has been reviewed by Jansky (2009) and Bradshaw and
Bonierbale (2010).

The journey from gathering wild tubers to cultivation and domestication started
early in the human colonization of the Americas, as wild potato remains have been
found in a late Pleistocene settlement in south central Chile dated to around
12,500 years before present (Ugent et al. 1987; Moseley 2001). Interestingly,
Louderback and Pavlik (2017) have just reported the earliest evidence of wild potato
use in North America, at 10,900-10,100 years before present, in the form of well-
preserved starch granules extracted from ground stone tools at North Creek Shelter,
southern Utah. The granules were identified as those of S. jamesii, which is known
to be highly nutritious, having twice the protein, zinc and manganese content of
cultivated S. tuberosum and three times the calcium and iron content. Thus, a
summer-active and highly productive herbaceous perennial would have provided a
reliable, yearlong source of carbohydrate and minerals that significantly improved
dietary quality.

Spooner et al. (2005) provided molecular taxonomic evidence for a single
domestication in the highlands of southern Peru from the northern group of mem-
bers of the S. brevicaule complex of diploid species typified by S. bukasovii (now S.
candolleanum: Spooner et al. 2014). The result of domestication over 7000 years
ago (Simmonds 1995) was a diploid cultigen S. fuberosum Stenotomum Group
(Dodds 1962) from which all other cultivated potatoes were derived (Fig. 3.1).
Dodds (1962) classified cultivated potatoes into five informal groups within one
species (S. tuberosum) in which Andigena (tetraploid), Chaucha (triploid), Phureja
(diploid) and Tuberosum (tetraploid) groups were derived from Stenotomum (dip-
loid). Phureja was selected from Stenotomum by Andean farmers for lack of tuber
dormancy and faster tuber development so that they could grow up to three crops a
year in the lower, warmer, eastern valleys of the Andes. Phureja potatoes were there-
fore able to spread into northern Ecuador, Colombia and Venezuela and are the
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Dodds 1962:
S. brevicaule complex of diploid species e.g.
S. bukasovii (2x)
(wild) | (domestication in southern Peru)

S. acaule (4x) x §. tuberosum Stenotomum Gp (2x) X S. megistacrolobum (2x)

(wild) | (cultivated) | | 1 (wild)
S. juzepczukii (3x) | LS. ajanhuiri (2x)
l | Phureja Gp (mostly 2x)

unreduced gamete(s)
X Andigena Gp (4x) x  Stenotomum Gp (2x)
| Wild species? —| l
S. curtilobum (5x) Tuberosum Gp (4x) Chaucha Gp (3x)

Spooner et al. 2007:
S. tuberosum Andigenum Gp (Andigena, Chaucha, Phureja, Stenotomum)
S. tuberosum Chilotanum Gp (Chilean Tuberosum)

Fig. 3.1 Origin of cultivated groups (Gp = Group) of S. tuberosum (Dodds 1962; Spooner et al.
2007) and cultivated species with bitter taste and frost tolerance (S. ajanhuiri, S. juzepczukii and S.
curtilobum) (2, 3, 4 and 5x = diploid, triploid, tetraploid and pentaploid)

second most widely cultivated type in South America after Andigena. The latter is
grown throughout the upland Andes of South America, presumably because farmers
found the tetraploid superior to the diploids for yield and other traits. Tuberosum
potatoes were selected from Andigena types for tuber production in long days in
coastal Chile and are referred to as Chilean Tuberosum. They are a genetically dis-
tinct group of potatoes with a different cytoplasm to Andigena potatoes (Raker and
Spooner 2002; Hosaka 2004).

Spooner et al. (2007) also regard Andigena, Chaucha, Phureja, Stenotomum and
Tuberosum as a single species S. tuberosum, but now divided into just two Cultivar
Groups. These are the Andigenum Group of upland Andean landraces containing
diploids, triploids and tetraploids, and the Chilotanum Group of lowland tetraploid
Chilean landraces. Three frost tolerant species are also cultivated in the Andes: S.
ajanhuiri (diploid), S. juzepczukii (triploid) and S. curtilobum (pentaploid) (Fig. 3.1).
In practice, tetraploid S. fuberosum can be regarded as the autotetraploid of diploid
Stenotomum. The gametophytic self-incompatibility of the diploid does not operate
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in the autotetraploid so that natural pollination results in a mixture of self- and
cross-pollination (Brown 1993). Goniocalyx (diploid) has been recognized as a
northern subspecies/subgroup of Stenotomum, noted for tubers with a bright yellow
flesh (Hawkes 1990).

The cultivated potatoes of South America are a valuable resource for breeding,
including improvement of nutritional value. They are also a testament to the achieve-
ments of farmers as selectors and maintainers of vegetatively propagated landraces
which arose through naturally occurring sexual reproduction. Following its creation
in Lima, Peru in 1970, The International Potato Centre (CIP) (http://www.cipotato.
org) assembled a collection of potato cultivars (landraces) native to nine countries
in Latin America. Following elimination of duplicate accessions, the collection
comprised 3527 landraces of which 552 were diploids, 128 triploids, 2836 tetra-
ploids (2644 Andigena, 144 Chilean Tuberosum and 48 hybrids) and 11 pentaploids
(Huaman et al. 1997). A core set of 306 Andigena accessions was established to aid
utilization (Huaman et al. 2000b, c¢). They were chosen to represent the widest mor-
phological diversity and to maximize geographical representation, and hence should
be valuable for future breeding both in South America and worldwide.

3.2.2 South America to the World

Potatoes (tetraploid S. fuberosum) were introduced into Europe in the 1570s but
initially remained a botanic curiosity, being grown and studied in physic gardens for
interest and medicinal purposes. Their potential as a food crop was first seen in
Ireland at the end of the seventeenth century; but it was food shortages that proved
the stimulus to potato cultivation throughout Europe during the eighteenth century,
because military and economic strength depended upon adequately fed manpower
(Burton 1989; Reader 2008). Thus the eighteenth century saw potatoes accepted as
a food throughout Europe and the nineteenth century saw their ascendancy as a
major food crop (Burton 1989). It is likely that the early introductions of potatoes to
Europe came from both the Andes and coastal Chile. Analysis of DNA from 49
herbarium specimens has confirmed the presence in Europe of Andean potatoes
from around 1700 and Chilean potatoes from 1811 (Ames and Spooner 2008).
Rough Purple Chili was an important Chilean Tuberosum introduction into the USA
in 1851 (Goodrich 1863) because its descendants were widely used as female par-
ents in crosses with European Tuberosum at the end of the nineteenth century (Ortiz
2001). This is one reason why Chilean Tuberosum cytoplasm predominates in mod-
ern cultivars.

During the seventeenth and eighteenth centuries many European countries devel-
oped widespread political and commercial interests in the rest of the world, and
their colonists and missionaries took with them their common crops including pota-
toes (Burton 1989). Potato production expanded worldwide during the nineteenth
century, but it was the expansion in China and India during the second half of the
twentieth century that led to these countries becoming the two most important
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producers in the world. Today the potato is grown as a summer crop in the tropical
highlands of Central and South America and in the lowland temperate regions of the
world, as a winter crop in the lowland subtropics, and as a spring and an autumn
crop in the Mediterranean. It can be grown all year round in some parts of the world
such as the equatorial highlands of South America and East Africa, and parts of
China and Brazil.

Named potato cultivars appeared in Europe and North America from the 1730s
(Reader 2008). They were distinct clones which had been selected, multiplied and
marketed from seedlings raised from seeds in the berries from natural open-
pollination. The use of artificial hybridization was advocated as early as 1807
(Knight 1807), but selection of clones from natural open-pollination remained a
common practice into the early twentieth century. Since then more scientific breed-
ing methods have been developed (Bradshaw and Bonierbale 2010). The extent of
progress since 1807 in potato breeding worldwide can be judged from the World
Catalogue of Potato Varieties 2009/10 (Pieterse and Hils 2009), which lists more
than 4500 cultivars from 102 countries covering all potato growing regions in the
world. This is a remarkable achievement for a crop which was unknown outside of
South America until almost 500 years ago, and which was derived from a narrow
genetic base. It represents adaptation of the potato to the wide range of daylengths,
environments and end uses already mentioned. Modern cultivars are also the build-
ing blocks for breeding new cultivars with improved characteristics.

Most potato cultivars are clonally (vegetatively) propagated through seed (daugh-
ter) tubers and are genetically uniform. However, in the torrid zones of the lowland
tropics and subtropics, cultivars based on current methods of true potato seed (TPS)
propagation are an attractive proposition despite being genetically variable
(Bradshaw and Bonierbale 2010). In future, uniform diploid F1 hybrids for TPS
propagation should be possible. Lindhout et al. (2011) have demonstrated the feasi-
bility of F1 hybrid breeding through the introduction of a gene (Sli) that inhibits
gametophytic self-incompatibility. Such hybrids will probably replace the geneti-
cally heterogeneous tetraploid cultivars currently available from 4x x 4x, 4x x 2x
and 2x x 2x crosses in which the 2x parents produce unreduced 2n gametes
(Bradshaw and Bonierbale 2010).

3.2.3 Conventional Breeding Methods

The germplasm available for improving the nutritional value of potatoes is modern
cultivars, the cultivated landraces of South America and the wild relatives of pota-
toes. Breeding methods and techniques have been reviewed by Bradshaw and
Bonierbale (2010). A brief summary of key features is as follows.

Worldwide, breeding cultivars at the tetraploid level for clonal propagation has
traditionally involved making hybridizations between pairs of parents with comple-
mentary phenotypic features, followed by multi-stage, multi-trait selection over a
number of clonal generations. Since the 1990s, a number of ways have become
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available to improve the efficiency and effectiveness of this conventional breeding,
such as progeny testing, family selection, marker-assisted selection and genomic
selection (Bradshaw 2017). The parents used will be modern cultivars or similar
elite germplasm. Increasingly they will have genes for new traits introgressed from
landraces and wild relatives, particularly genes for disease and pest resistance.
Introgression is essentially backcrossing, as explained and reviewed by Bradshaw
and Bonierbale (2010). It also often involves ploidy manipulation including the
production of haploids (also called dihaploids) of tetraploid S. tuberosum from 1958
onwards (Hougas et al. 1958). Parents can also come from population improvement
schemes aimed at providing tetraploid or diploid parents suitable for crossing with
adapted tetraploid parents (often cultivars) in the breeding of finished cultivars. The
starting populations usually comprise cultivated landraces alone or together with
wild relatives. Some of the schemes involved selection for tuber production in long
days, again as explained and reviewed by Bradshaw and Bonierbale (2010). One
example will be relevant later in this chapter. Carroll (1982), in Scotland, produced
a population of diploid Phureja/Stenotomum adapted to long-day conditions in
Europe. Direct hybridization of the improved diploid population with tetraploid
potato cultivars via unreduced pollen grains (4x x 2x crosses) resulted in tetraploid
hybrids, some of which were superior to standard tetraploid cultivars in both total
and marketable yield (Carroll and De Maine 1989). Furthermore, diploid cultivars,
such as Inca Dawn, Inca Sun and Mayan Gold, were produced from the population,
but have been targeted at niche markets because their yield is only two-thirds that of
Tuberosum potatoes.

3.2.4 Genetic Modification Methods

Major improvements to already successful potato cultivars can be made by various
types of Agrobacterium-mediated genetic transformation; namely cisgenesis, intra-
genesis, gene silencing by RNA interference and transgenesis, as discussed with
potato examples by Bradshaw (2016, 2017). We shall see the importance of under-
standing the biochemistry of the trait of interest, and the control of gene expression
for the genes that encode the key enzymes for delivering the required biochemistry.
Although the CaMV 35S promoter has frequently been used for constitutive expres-
sion, we shall also see that tuber-specific expression is often important to avoid
adverse effects on plant growth and tuber yield. Indeed, selecting the best geneti-
cally modified (GM) potatoes for commercialization requires a lot of work; namely
seeking the best constructs and promoters and eliminating any undesirable transfor-
mants and somaclonal variants that arise from the transformation per se and in vitro
regeneration, respectively (Davies 2002). Combinations of traits can be achieved by
stacking genes through co-transformation with separate constructs, transformation
with a multi-gene cassette (4—6 is current limit) or re-transformation with further
genes. In future, the use of site-directed transformation (rather than random inser-
tion) should be possible, the potato genome sequence having been published in
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Nature on 14 July 2011 (Potato Genome Sequencing Consortium 2011). Sites of
gene insertion can be chosen that are conducive to high levels of gene expression
and multiple transgenes stacked at the same site, making it easy to move them into
other germplasm by crossing (Mahfouz et al. 2016). Gene editing is also possible by
site-directed DNA sequence modifications. Despite the potential of genetic trans-
formation, the period 1995-2013 saw a reluctance to accept the first GM potatoes in
Europe and North America, and the same may be true of the new GM potatoes now
available for human consumption in the USA (Bradshaw 2016).

3.3 Problems Ancient and Modern

3.3.1 Domestication and Glycoalkaloids

Potato tubers contain small quantities of steroidal glycoalkaloids which are usually
regarded as undesirable toxic compounds, despite having some anticarcinogenic
properties (Friedman and McDonald 1997; Friedman and Levin 2016). Other plant
parts have higher concentrations and it is generally thought that glycoalkaloids con-
fer some protection against various pathogens. Tuber concentrations above
15 mg 100 g=! FW confer bitterness and above 20 mg are considered unsafe for
human consumption, resulting in symptoms typically associated with food poison-
ing. Factors which can affect tuber concentrations are cultivar, climate, storage envi-
ronment, maturity, damage, temperature and exposure to light (Sinden et al. 1984;
Dale and Mackay 1994). Hence most causes of excessive glycoalkaloid levels are
under the control of the breeder, the grower or those involved in processing and
marketing. Potato cultivars vary in content, but commercial potatoes rarely exceed
20 mg 100 g~! FW. However, some wild species used in breeding have higher
contents.

The domestication of the potato is assumed to have involved selection for less
bitter and hence less toxic tubers. However, Johns and Alonso (1990) found that
some genebank accessions of S. bukasovii (now S. candolleanum: Spooner et al.
2014) had tuber glycoalkaloid levels which were consistently close to the levels
found in many clones of S. tuberosum Stenotomum Group. They concluded that
exploitation and domestication of this species would have required little or no selec-
tion for lower glycolkaloid content, unlike their samples of other candidates for
domestication, namely S. canasense, S. leptophyes and S. sparsipilum. Nevertheless,
it seems fair to credit Andean farmers with making the potato an edible crop.

Van Gelder et al. (1988) determined the compositions of glycosidic-bound ste-
roidal alkaloids of Solanum species used in potato breeding by capillary gas chro-
matography using simultaneous nitrogen-specific (NPD) and flame ionization
detection (FID). Total glycoalkaloid contents varied from 12.3 to 734.8 mg 100 g~!
FW. Similar small-sized tubers of cultivars grown under the same conditions showed
lower contents of 12.6-72.1 mg 100 g=! FW, with values of 4-36 mg for normal-sized
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field grown tubers. The highest contents were found in S. vernei, a source of resis-
tance to potato cyst nematodes.

Today there is concern that introgression breeding from wild species may inad-
vertently result in unacceptably high concentrations of tuber glycoalkaloids, and
hence new cultivars are commonly tested to ensure that their contents are below the
accepted safe limit of 20 mg 100 g~' FW. American cultivar Lenape was removed
from commerce in 1970 due to its high glycoalkaloid levels which averaged
29 mg 100 g~' FW over 39 locations and rose to 65 mg in stressed conditions. It is
thought that the high levels were due to S. chacoense in its immediate ancestry
(Zitnak and Johnston 1970; Sinden et al. 1984). Nevertheless, glycoalkaloid con-
tents are highly heritable and the breeder can control the levels in new cultivars by
appropriate selection of wild species and parental cultivars and by testing selected
hybrids and potential cultivars (Sinden et al. 1984). It may also be necessary to
check wild species for unusual forms of glycoalkaloids when used for the first time.

Genetic modification can also be used to control glycoalkaloid concentrations.
About 95% of total content is accounted for by a-solanine and a-chaconine, which
are differently glycosylated forms (galactose and glucose, respectively) of the agly-
cone, solanidine. Although not all of the steps in their biosynthesis are known, sev-
eral intermediates have been identified (Itkin et al. 2013; Kaminski et al. 2016), and
virtual elimination of tuber glycoalkaloids by gene silencing is feasible (Fig. 3.2).
Cholesterol is synthesized from acetyl-CoA, converted to solanidine, and then by
two separate pathways to a-solanine and a-chaconine. Altered glycoalkaloid con-
tent has been associated with a number of candidate genes. Kaminski et al. (2016)
used next generation sequencing, bulk segregant analysis to identify a genomic
region (chromosome 1) with candidate genes responsible for differential glycoalka-
loid content in a diploid mapping population of S. tuberosum crossed with S. spar-
sipilum and backcrossed to S. tuberosum. The differences in total glycoalkaloid
levels came equally from a-solanine and a-chaconine. Genes were found encoding
critical enzymes in the synthesis of cholesterol: sterol 24-C-methyltransferase
(SMT1), sterol desaturase (SD) and C-4 sterol methyl oxidase (SMO). Sawai et al.
(2014) used RNA interference to silence the SSR-2 gene encoding sterol side chain
reductase 2 which reduces cycloartenol to cycloartanol. The resulting tubers had
significantly lower levels of cholesterol and glycoalkaloids (about 10% of controls)
without affecting plant growth.

Umemoto et al. (2016) focused on the biosynthetic steps from cholesterol to
solanidine. They identified two cytochrome P450 monooxygenase genes, PGAI
(chromosome 6) and PGA2 (chromosome 7), that encode enzymes mediating two
oxidation steps. Silencing PGAI or PGA2 by RNA interference resulted in a large
reduction in glycoalkaloid content and the creation of novel phenotypes, including
the suppression of flower development and tuber sprouting. In other respects, the
transgenic plants grew normally in the vegetative stages and produced tuber yields
in the greenhouse similar to control plants. It was inferred from the metabolites that
accumulated in the transgenic plants, and were produced by in vitro enzyme assays,
that PGAI and PGA2, respectively, encoded enzymes that catalysed the 26- and
22-hydroxylation steps in the biosynthetic pathway. Itkin et al. (2013) also
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investigated a gene (GAME4) encoding an enzyme involved in the conversion of
cholesterol to glycoalkaloids by oxidation of a furostanol-intermediate to its
26-aldehyde. Again, silencing the gene by RNA interference showed a large reduc-
tion to very low levels (< 0.5 mg 100 g7!) of a-solanine and a-chaconine without
adverse effects.

Finally, Shepherd et al. (2015) focused on the genes that encode the enzymes for
the biosynthesis of y-solanine from UDP-galactose and solanidine (SGTI),
y-chaconine from UDP-glucose and solanidine (SG72), and both a-solanine and
a-chaconine from UDP-rhamnose and f-solanine and f-chaconine, respectively
(SGT3). They used antisense fragments of cDNA to down-regulate SGT1, SGT2 or
SGT3 in cultivar Desiree. Down-regulation of SGT reduced the concentration of
a-solanine, but had no effect on a-chaconine (previous work had found an increase
in a-chaconine); down-regulation of SGT2 reduced the concentration of a-chaconine,
but increased the concentration of a-solanine; and down-regulation of SG73 reduced
the concentrations of both. By using metabolite profiling, the researchers not only
revealed expected changes in specific glycoalkaloid levels, but also significant
changes in several other metabolites, some of which could be explained in terms of
known pathways.
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3.3.2 Frying and Acrylamide

Today, processors are under pressure to reduce acrylamide formation in crisps
(chips) and French fries because of concerns about its effects on human health
(Amrein et al. 2003; Pedreschi 2009; Pinhero et al. 2009). Acrylamide is classified
as a Group 2A (probably carcinogenic to humans) carcinogen. Mandatory mitiga-
tion measures for reducing acrylamide in food are expected to come into force in the
European Union by spring 2018 with benchmark levels for potato crisps and French
fries of 750 and 500 pg kg~!, respectively (European Commission).

Acrylamide is formed during high-temperature cooking (frying, baking and
roasting) and food processing by Maillard browning reactions between reducing
sugars and free asparagine. Lower levels of these compounds are obvious targets for
conventional breeding and genetic engineering. Muttucumaru et al. (2017) analysed
the acrylamide-forming potential of twenty potato cultivars grown at two sites
(Doncaster and Woburn) in the United Kingdom (UK). They modelled the relation-
ship between the ratio of free asparagine to reducing sugars and the levels of acryl-
amide. They identified a value of 2.26 as the tipping point in the ratio below which
free asparagine concentration could affect acrylamide formation. This is an impor-
tant result as reducing sugars have been the main determinant of acrylamide-forming
potential in most datasets, but with free asparagine sometimes contributing to the
variation. In contrast, acrylamide formation in heated wheat and rye flour is deter-
mined by the free asparagine concentration unless the flour is derived from sulphur-
deprived wheat (Muttucumaru et al. 2017).

The J R Simplot Company in the USA is taking the genetic transformation route
to improving processing cultivars being grown in North America, but it is not yet
clear if they will be acceptable to companies such as McDonald’s. Simplot’s first
Innate™ potatoes (www.innatepotatoes.com) were deregulated by the US Department
of Agriculture (USDA) on 7 November 2014, and then voluntarily reviewed by the
US Food and Drug Administration (FDA) who concluded on 20 March 2015 that
they were as safe and nutritious as their conventional counterparts.

Chawla et al. (2012), of Simplot Plant Sciences, have shown that tuber-specific
silencing of asparagine synthetase 1 (by RNA interference) reduces the acrylamide-
forming potential of potatoes grown in the field without affecting tuber shape and
yield. Initially, Rommens et al. (2008) found that simultaneous silencing of aspara-
gine synthetase-1 and -2 (Ast] and Ast2) limited the formation of asparagine and
reduced the acrylamide-forming potential of tubers. However, although the pheno-
type of silenced lines appeared normal in the greenhouse, unexpectedly, field-grown
tubers were small and cracked. This prompted a more thorough analysis of the role
of the two asparagine genes in potato. Chawla et al. (2012) showed that tuber-specific
silencing of Astl reduced asparagine levels by 60-80% in processing cultivars
Russet Ranger and Russet Burbank. This was sufficient to reduce acrylamide levels
by up to 70% compared with the controls and hence is one possible solution to the
acrylamide problem. Simplot have also been able to reduce the tuber formation of
reducing sugars (glucose and fructose) from starch by lowering transcript levels for
genes PhL (amyloplast-targeted phosphorylase-L) and R/ (water dikinase)
(Rommens et al. 2006).
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Acrylamide producing potential can also be lowered by conventional breeding.
Shepherd et al. (2010) examined the genetic variation released by hybridization of
a processing clone (12601ab1) and a table cultivar (Stirling), both from the breeding
programme at the Scottish Crop Research Institute (now the James Hutton Institute).
The processing clone was known to be resistant to cold-temperature sweetening
(Bradshaw et al. 2008), a desirable trait for cold-storage without using a sprout sup-
pressant. A subset of 43 offspring clones from a replicated yield trial in 2007 were
stored at 4 °C for 4 months. Fry colour and acrylamide content of their crisps were
determined after frying at 180 °C, as well as the concentrations of reducing sugars
and asparagine in their tubers. Most of the variation (>88%) between the 43 clones
and 5 controls was genetical. Multiple regression analysis revealed that fry colour
was determined by reducing sugar content (71.4% of variation), whereas acryl-
amide content was determined by both reducing sugars and asparagine (53.4% of
variation). There was no correlation between reducing sugars and asparagine. The
clone with the lowest acrylamide content was third lowest for reducing sugars and
fourth lowest for asparagine, and was also second best for fry colour (light colour).
The researchers concluded that both reducing sugars and asparagine should be tar-
geted in conventional breeding.

Novy et al. (2017) reported the release in the USA in 2015 of cultivar Payette
Russet, which was notable for its cold-sweetening resistance and associated low
acrylamide formation, making it ideally suited for processing into French fries and
other potato products. Low asparagine and reducing sugar concentrations contrib-
uted to an 81% reduction in acrylamide content in French fries relative to cultivars
Ranger Russet and Russet Burbank following 8 months storage at 9 °C.

Finally, it is important to consider the best agronomic practice to keep acryl-
amide concentrations as low as possible, particularly the effect of fertilizer-
application on the acrylamide-forming potential of the harvested tubers. In the UK
up to 240 kg N ha~! of nitrogen (N) fertilizer is applied, whereas potatoes are usu-
ally grown without sulphur (S) fertilization. Muttucumaru et al. (2013) applied dif-
ferent combinations of N and S to 13 cultivars (French fry, chipping and boiling
types), grown in a field trial in the UK (Woburn) in 2010. The N levels were 0, 100
or 200 kg ha™! and the S ones were 0, 15 or 40 kg ha~!. Potatoes were analysed
immediately after harvest for free asparagine, other free amino acids, sugars, and
acrylamide-forming potential at 177 °C. The research gave complicated results but
showed that N can affect acrylamide-forming potential but that the effect is type-
and cultivar-dependent, with most cultivars showing an increase in acrylamide for-
mation in response to increased N, but two showing a decrease. S application
reduced glucose concentrations and mitigated the effect of high N application on the
acrylamide-forming potential of some of the French fry type of potatoes.
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3.4 Resistant Starch and Glycaemic Index

The form of energy storage in potato tubers is almost entirely starch, which is made
up of two polymers: amylose (20-30%), which is a linear molecule, and amylopec-
tin (70-80%), which is branched. In considering the nutritional value of potatoes we
need to consider their glycaemic index (GI) (Monro and Mishra 2009). This is a
ranking system that allows carbohydrate foods to be classified on a scale of 0—100
as either low (<55), medium (56-69) or high (>70), where glucose is used as the
reference food and assigned a score of 100. GI measures the food’s effects on post-
prandial blood glucose levels over two hours. High GI foods result in a rapid
increase and corresponding insulin responses. They can therefore contribute to obe-
sity, glucose intolerance, type-2 diabetes and cardiovascular disease, but could be
considered beneficial to sports persons after exercise because they produce a rapid
supply of muscular glycogen. Interestingly, when Borch et al. (2016) did a system-
atic review of published observational studies, they did not find convincing evi-
dence to suggest an association between intake of potatoes and risks of obesity,
type-2 diabetes and cardiovascular disease. Furthermore, Akilen et al. (2016) found
that the physiological functions of carbohydrate foods (potato, rice and pasta) con-
sumed ad libitum at meal time on food intake, appetite, blood glucose, insulin and
gut hormone responses in children, are not predicted by their GI. In other words,
advice based on the GI of a fixed amount (50 g) of available carbohydrate may not
be representative of post-prandial satiety and glycaemia when carbohydrates are
consumed freely in a mixed meal. With these reservations in mind, we will now
look at the GI of potatoes.

GI values reported for potatoes by Foster-Powell et al. (2002) range from 23 to
111, where the glucose control is 100. In Great Britain (GB), Henry et al. (2005)
reported GI values from 56 to 94 for eight potato cultivars. Potatoes with waxy tex-
tures produced medium GI values whilst floury potatoes had high GI values. There
is also some evidence that coloured potatoes have a lower GI than white ones (78.7
vs. 93.0), and that this is possibly due to an inhibitory effect of anthocyanins (poly-
phenols) on intestinal a-glucosidase (Ramdath et al. 2014). Despite the wide range
of values, potatoes are usually considered a high GI food and this has raised con-
cerns about their nutritional value and led to the search for low-GI potatoes (Pinhero
et al. 2016). However, it must be remembered that Gl is affected by cooking method
and potatoes are usually eaten in mixed meals. Compared to boiling or mashing, for
example, some cooking methods (e.g., frying, microwaving and baking) reduce the
postprandial glycaemic response significantly, and a cooling step or co-digestion
with protein, lipid and vinegar are effective ways to decrease the GI of potato (Tian
et al. 2016). More detailed information on the effect of cooking methods on the
glycaemic index of potatoes can be found in the reviews by Nayak et al. (2014) and
Tian et al. (2016). Here, however, we are concerned with genetic variation in GI of
potato.
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Clinical evaluation of GI is expensive. Hence effective, quick and low-cost alter-
natives have been sought and validated, such as in vitro starch digestibility as deter-
mined by the rate and extent of glucose release from enzymatic digestion under
controlled conditions. Working with seven potato cultivars (GI 53-103), Ek et al.
(2014a) found a strong positive correlation (r = 0.91) between in vivo and in vitro
GI methods, particularly in vitro starch hydrolysis of cooked potatoes at 120 min. In
contrast, amylose, dietary fibre and total starch content were not correlated with
either in vitro starch digestibility or GI. The researchers concluded that low-GI
potato cultivars can be identified by screening using a high-throughput in vitro
digestion procedure. They classified cultivar Carisma™ (a waxy type with GI = 53)
as low-GI, cultivar Nicola (GI = 69) as medium-GI, and the other five cultivars as
high-GI. They explained the low GI of cultivar Carisma in terms of the physical and
chemical properties of its starch (Ek et al. 2014b). Cultivar Carisma™ was launched
as a low-GI potato in Australia in 2010 and is now marketed and grown in North
America. Another new conventionally bred cultivar (currently unnamed) developed
by Agriculture and Agri-Food Canada (www.agr.gc.ca/potato-cultivars) is being tri-
alled as a low-GI potato. It is reported to have a moderate index of 65 when served
hot and a very low one of 34 when served cold.

Total starch can be classified by its digestibility into nutritionally important frac-
tions: rapidly digestible starch (RDS), slowly digestible starch (SDS) and resistant
starch (RS) (Pinhero et al. 2016). Rapidly digestible starch is the amount of starch
hydrolysed in the first 20 min of in vitro incubation with a-amylase, SDS is the
amount hydrolysed between 20 and 120 min, and RS is the starch left after 120 min,
calculated by subtracting RDS and SDS from the total. Resistant starch reaches the
large intestine essentially intact and has similar physiological effects and health
benefits as fibre (Birt et al. 2013; Lockyer and Nugent 2017). Hence RS is generally
included in total dietary fibre along with soluble and insoluble fibre. Interestingly,
baked white potatoes in their skin compare favourably with other vegetables by hav-
ing 2.2 g dietary fibre 100 g=' (1.5 without skin) (Storey and Anderson 2014). As
amylose is digested more slowly than amylopectin, RS is generally positively asso-
ciated with the amount of amylose present in starch; but other factors are involved
(Lockyer and Nugent 2017). The amount of RS also depends on preparation meth-
ods; for example, Englyst et al. (1992) found an increase from 7% to 13% on cool-
ing after cooking.

Pinhero et al. (2016) evaluated 14 early potato cultivars grown in Canada for
dietary fibre, total starch, RDS, SDS and RS, as well as for estimated GI (eGI). They
found a strong positive correlation (r > 0.96) between eGI and RDS and a strong
negative one (r < —0.96) between eGI and RS, irrespective of whether the potatoes
were uncooked, cooked or retrograded (boiled and cooled for 48 h at 4 °C). Hence
RDS and RS were major factors contributing to eGI. Monro et al. (2009) also found
genetic variation for starch digestibility among 37 New Zealand potato breeding
lines. Slowly digestible starch ranged from 7% to 37% of total starch and RS from
12% to 27% after a post-cooking cooling treatment that increased SDS and RS. The
researchers concluded that there was sufficient genetic variation for selection in
conventional breeding, and that the glycaemic impact of some potatoes may be
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substantially reduced by cool-storing after cooking. Raatz et al. (2016) found that
RS content varied with cooking method and serving temperature but not between
three North American cultivars, Yukon Gold, Dark Red Norland and Russet Burbank.
Baked potatoes had higher RS contents than boiled ones, and chilled potatoes (4 °C)
had more RS than either hot (65 °C) or reheated ones (4 °C for 6 days, reheated to
65 °C).

The overall conclusion from the studies reported in this section is that low-GI
potato clones can be identified in a conventional breeding programme by screening
using a high-throughput in vitro digestion procedure.

Finally, it is worth mentioning that the introduction of inulin to potato is another
way to improve its nutritional value by reducing its energy density through increased
dietary fibre. Hellwege et al. (2000) have developed transgenic potato tubers that
synthesize the full range of inulin molecules naturally occurring in globe artichoke
(Cynara scolymus).

3.5 Protein Content and Amino Acid Balance

Potatoes are commonly perceived as a source of carbohydrate, but on a dry-weight
(DW) basis they contain about 10% protein (2% on FW basis), equal to that of most
cereals such as rice or wheat. They are a good source of lysine, but low contents of
sulphur amino acids (methionine and cysteine) limit their nutritive value (Friedman
1996). This was confirmed by Bartova et al. (2015) in glasshouse produced tubers
of four Andigenum accessions and one Tuberosum cultivar (Desiree): protein con-
tent was 5.2-8.0% DW, patatin (the major storage protein) content was 17.1-41.7%
of protein and methionine and cysteine were the amino acids with the lowest con-
centrations in all five genotypes.

Where potatoes are an important dietary constituent, breeding for increased pro-
tein quantity and quality can be justified, but it is difficult to find good examples in
the scientific literature. In contrast, differences between cultivars have often been
reported. Peksa et al. (2013), for example, found differences between 13 cultivars in
protein content and quality, and in concentrations of amino acids, that were not
related to flesh colour (seven purple-fleshed, four red-fleshed and two yellow-
fleshed). Galdén et al. (2010) also found differences in protein content and quality,
and in concentrations of amino acids, between ten traditional cultivars from Tenerife.

Protein quantity and quality can also be improved by genetic modification.
Chakraborty et al. (2010) developed transgenic potatoes with enhanced nutritive
value by tuber-specific expression of a seed protein, Amaranth Albumin 1 (AmAl),
from Amaranthus hypochondriacus, in seven Indian cultivars suitable for cultiva-
tion in different agro-climatic regions. A construct having a full-length AmA 1 gene,
under the control of a tuber-specific promoter (GBSS: granule-bound starch syn-
thase), was used for large-scale Agrobacterium tumefaciens-mediated transformation.
Analyses of the transgenic tubers revealed up to 60% increase in total protein con-
tent and a significant increase in lysine, tyrosine and sulphur amino acids. The trans-
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genics also exhibited enhanced photosynthetic activity with a concomitant increase
in total biomass and a moderate increase in tuber yield. The data on field perfor-
mance and safety evaluation indicated that the transgenic potatoes are suitable for
commercial cultivation. Furthermore, in vitro and in vivo studies on experimental
animals demonstrated that the transgenic tubers are also safe for human consump-
tion. As AmAL is a nonallergenic protein that originated from an edible crop, trans-
genic potato crops expressing AmA 1 should receive public acceptability.

3.6 Mineral Biofortification

In their review of relationships between yield and mineral concentrations in potato
tubers, White et al. (2009) covered the mineral elements required by humans, the
mineral composition of potatoes and the effects of fertilizer application and genetic
variation on tuber mineral concentrations. The review identified considerable
genetic variation between modern cultivars for N, P, K, S, Ca, Mg, Cu, Fe, Mn and
Zn, and also between Andean landraces for Ca, Fe and Zn and between wild species
for Ca. The researchers were quietly optimistic that it should be possible to increase
tuber mineral concentrations (biofortification) by combining genotypes that have
naturally higher tuber mineral concentrations (genetic biofortification) with appro-
priate fertilization strategies (agronomic biofortification) to deliver greater quanti-
ties of essential minerals to the diet without compromising yield. Furthermore, the
bioavailability of mineral elements in potatoes is generally high. For example,
Macdonald-Clarke et al. (2016) found that the bioavailability of potassium (K) is as
high from potatoes as from potassium gluconate supplements.

We are now going to look at a few recent examples of variation in mineral con-
tent among potato cultivars and in germplasm collections before considering iron
(Fe) and zinc (Zn) in more detail, as well as the significance of calcium (Ca).

3.6.1 Variation in Mineral Content Among Potato Cultivars
and in Germplasm Collections

Brown et al. (2010, 2011, 2012b, 2013, 2014) looked at the mineral content of
potential (tetraploid) cultivars being trialled in the North West of the USA. They
concluded that genetic variation for tuber Fe content exists and that breeding for
enhanced Fe content would be feasible. In contrast, their genepool was not a good
source of Zn for biofortification through conventional breeding. They found genetic
variation for Ca and Mg but pointed out that potato is not a rich source of the former.
They also found genetic variation for K and P in their red/specialty market class and
thought that an increase in K content was a worthwhile objective. Finally, if required,
genetic improvements could be made in Cu and S content.
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Nassar et al. (2012) used inductively coupled plasma-optical emission spectros-
copy to determine the mineral content of 16 cultivars, grown at five locations, on a
per serving basis for per cent recommended daily intake (% RDI). Discriminant
analysis showed that both genotype and growing location were important. They
found differences between sites and between cultivars, with Freedom, Yukon Gold
and Russet Burbank contributing most to % RDI. They concluded that one serving
per day of these cultivars makes a significant contribution to the % RDI for the
macro-minerals K, Mg and P and the trace minerals Cu, Fe, Se and Zn, for which
global deficiencies are common.

Haynes et al. (2012) looked at the Cu, Fe, Mn and Zn contents of cultivar Atlantic
and 17 hybrids between tetraploid Tuberosum and diploid hybrids of Phureja-
Stenotomum, grown for 2 years at three locations in the East of the USA. Genetic
variation was large for all four micronutrients, suggesting that contents could be
improved through breeding.

Subramanian et al. (2017) evaluated the variation in tuber mineral concentrations
among 49 accessions of wild and cultivated tuber-bearing Solanum species in the
Commonwealth Potato Collection (CPC). Selected CPC accessions, representing
the eco-geographical distribution of wild potatoes, were grown to maturity in peat-
based compost under controlled greenhouse conditions. Tubers from five plants of
each accession were harvested, bulked and their mineral composition determined on
acid-digested material using inductively coupled plasma mass spectrometry
(ICP-MS). Among the germplasm investigated, there was a greater range in concen-
trations of Ca, Cu, Fe, Mn and Zn (6.7-fold, 4.0-fold, 3.6-fold, 3.0-fold and 4.5-fold,
respectively) than in concentrations of K, Mg, P and S (all less than 3.0-fold).
Breeding for high tuber concentrations of Ca, Fe and Zn were thought worthwhile.

3.6.2 Genetic Biofortification of Iron and Zinc

Kromann et al. (2017) summarized the need for Fe and Zn biofortification as fol-
lows. It has been estimated that more than 60% of the world’s population is dietary
deficient in Fe and more than 30% in Zn. Iron deficiency leads to anaemia, reduces
physical growth and cognitive development in young children, and is estimated to
be responsible for a large proportion of the world’s maternal deaths. Symptoms of
Zn deficiency include stunting, diarrhoea and pneumonia in children, and Zn defi-
ciency contributes significantly to recurrent infections and infant mortality. In con-
trast to Fe, Zn is not significantly stored in the human body and must be ingested
daily.

In 2004, CIP chose Fe and Zn as potato targets in the HarvestPlus Biofortification
Challenge Program (Paget et al. 2014). Although the concentration of Fe (and Zn)
in potato is low compared with cereals and legumes, its bioavailability is greater due
to the presence of high levels of ascorbic acid (promoter of Fe absorption) and low
levels of phytic acid (inhibitor of Fe absorption) (Fairweather-Tait 1983). Andre
et al. (2015) estimated the bioaccessibility (potential bioavailability) and bioavail-
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ability of Fe from 12 Andean potato clones using an in vitro gastrointestinal diges-
tion procedure. They found that between 64% and 79% of the Fe is released from
the tuber matrix during in vitro gastrointestinal digestion and is therefore available
at the intestinal level. Furthermore, on average, 32% and 24.5% of the ascorbic acid
and chlorogenic acid (the principal phenolic acid), respectively, were also bioacces-
sible from boiled tubers. There were negative relationships between bioavailable Fe
values and phenolic concentrations, whereas ascorbic acid concentrations were
positively associated with the ferritin values. However, intestinal absorption of
intrinsic Fe from potato tubers could not be detected by the method used, so further
work is required to conclusively determine the bioavailability of intrinsic Fe from
potato tubers. More information on bioaccessibility and bioavailability can be found
in the review by Andre et al. (2014).

Burgos et al. (2007) determined the Fe and Zn concentrations in 37 native Andean
potato accessions grown in two highland locations and found significant genotypic
variation, as well as significant variation due to environments and genotype x envi-
ronment interaction. Concentrations in raw, peeled tubers ranged from 9 to 37 mg
Fe kg=! DW and from 8 to 20 mg Zn kg=! DW, with diploid Phureja accession
703274 and diploid Stenotomum accession 701165 showing the highest levels of Fe
and Zn, respectively, in both locations. Fe and Zn concentrations were positively
correlated on a FW basis in each site and no losses occurred on boiling. The only
significant differences in Fe content of peeled compared with unpeeled potatoes
could be attributed to contamination with soil iron, as confirmed by elevated levels
of aluminium in the samples. The variation found was ample for breeding to increase
Fe and Zn levels. Furthermore, a large genetic diversity was confirmed from screen-
ing 579 native Andean landraces and improved potato cultivars held at CIP (https://
research.cip.cgiar.org/).

Paget et al. (2014) made a genetic evaluation of Fe and Zn (and also Ca) in dip-
loid potatoes, produced from a base population of Stenotomum, Goniocalyx and
Phureja accessions from the study of Burgos et al. (2007). All analyses were con-
ducted on peeled tubers. Mineral content was determined by inductively coupled
plasma—optical emission spectrophotometry (ICP). The first generation (G1) com-
prised 17 full-sib families (16 different female parents) in four half-sib groups (four
male parents), with family sizes of 23-36 genotypes. It was grown at Huanuco,
Peru, at an altitude of 3800 m. In total, there were 487 analyses for mineral and DM
content. Forty individuals (genotypes) with high Fe and Zn contents and desirable
agronomic characteristics were selected as potential parents of the next generation
(G2). In practice, 32 full-sib families were produced from two sets of four female
and four male parents crossed in a factorial design. Seedlings were transplanted into
the field in Huancayo to produce tuber families for assessment of clones in three-
plant plots at Ayacucho, Peru, at an altitude of 2761 m. In total, 1329 clones were
analysed for mineral and DM content, with family size ranging from 19 to 74 geno-
types. The maximum mineral contents in G2 were 42.5 mg Fe kg~! DW, 38.9 mg
Zn kg™' DW and 689.7 mg Ca kg~! DW. Additive, but not non-additive, genetic
variance was detected for Fe, Zn and Ca content of tubers and narrow-sense herita-
bility estimates for individual plants on a DW basis were moderate (0.41 and 0.43
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for Fe in G1 and G2, 0.38 and 0.36 for Zn in G1 and G2, and 0.42 and 0.57 for Ca
in G1 and G2). Genetic correlations between minerals were all positive when anal-
ysed on a DW basis (0.04-0.72), and also small and positive (0.05-0.18) between
tuber DM and minerals on a FW basis but negative (—0.14 to —0.38) on a DW basis.
The researchers concluded that recurrent individual plant selection should be effec-
tive in raising Fe and Zn contents. Furthermore, the level of within-family variation
was such that superior individuals should be identified from within a number of
families. The researchers also concluded that the improved material should provide
a useful source of dietary Fe and Zn. They estimated that in Peru, the best G1 mate-
rial would provide 56% of the estimated average requirement (EAR) of Fe for chil-
dren aged 4-8 years and 28% for female adults aged 19-30. Similarly, consumption
would provide 37% of the EAR of Zn for children aged 4-8 years and 22% for
female adults aged 19-30.

3.6.3 Agronomic Biofortification of Zinc

Genetic biofortification of Zn, but not Fe, can be complemented with agronomic
biofortification (Kromann et al. 2017). Although the details are beyond the scope of
this chapter, it deserves a brief mention. White et al. (2012, 2017) studied the effect
of foliar fertilization of Zn on a number of cultivars in the UK where the Zn concen-
tration in the flesh of maincrop potatoes, currently grown without foliar Zn fertiliza-
tion, is on average 14.2 mg kg=! DW. In the first field study, on cultivar Maris Piper,
a maximum tuber concentration of 30 mg Zn kg=' DW was achieved at a foliar Zn
application rate of 5.4 g per plot (1.08 g per plant). Tuber yields were unaffected by
foliar applications of up to 3.6 g Zn per plot, at which level tuber concentrations
were about 25-30 mg Zn kg~! DW. In the second field study, foliar Zn fertilizers
increased tuber Zn concentrations of cultivar Saxon from 17.0 to 49.5 mg kg~! DW,
but excessive applications reduced tuber yield. With zinc oxide, a 10% loss of yield
occurred with a tuber Zn concentration of about 20 mg kg~' DW, which was lower
than in the first study. The researchers concluded that Zn-biofortified Saxon pota-
toes could increase the bioavailable Zn in a meal by about 11.4%.

Kromann et al. (2017) conducted greenhouse and field experiments in the
Ecuadorian Andes, to investigate the potential to increase tuber Fe and Zn concen-
trations with various rates of Fe and Zn applied as foliar and soil fertilizers. Samples
were analysed for Fe and Zn by inductively coupled plasma optical emission spec-
trometry (ICPOES). The germplasm comprised diploid, triploid and tetraploid cul-
tivars. They found that enhanced Zn supply to potato plants can increase tuber Zn
concentrations without an adverse effect (toxicity) on yield, and that the increase
was similar across cultivars. High rates of foliar Zn application gave a 2.51-fold
increase in tuber Zn and high rates of soil Zn application a 1.91-fold increase. In
contrast, the experiments showed no positive correlation between Fe fertilization
and Fe concentration in tubers. The highest tuber concentrations of both Fe and Zn
were found in the diploid cultivars Chaucha amarilla and Chaucha roja. The rank-
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ings of cultivars by tuber concentrations of the two minerals were identical, indicat-
ing a positive correlation between the genotypic concentrations of the two minerals.
Finally, Kromann et al. (2017) reported that CIP has more than 50 genetically bio-
fortified potato clones with the capacity to absorb and contain more than 35 mg Fe
and 35 mg Zn kg~! tuber flesh DW.

3.6.4 Significance of Calcium

The potato is not a rich source of Ca, but high tuber Ca content from Ca fertilization
is associated with reduced incidences of disease (common scab) and physiological
disorders (hollow heart) and hence is of interest to breeders (Zorrilla et al. 2014;
Chung et al. 2016).

Zorrilla et al. (2014) wanted to combine the high yield and specific gravity of
chipping (crisping) cultivar Atlantic with the internal tuber quality and moderate
resistance to pitted (common) scab of cultivar Superior, which also has a high tuber
Ca content compared with Atlantic. After hybridization of these cultivars, they were
able to identify eight promising offspring clones that had similar chipping quality to
Atlantic, but higher tuber Ca content and lower incidences of hollow heart and pit-
ted scab.

In contrast, Chung et al. (2016) studied the genetics of tuber Ca concentration in
wild Solanum species. They crossed high-Ca-accumulating S. microdontum (clone
M15) and low-Ca-accumulating S. kurtzianum (clone K12) and then intercrossed 12
F, individuals to create a segregating F, population (123 clones) with significant
variation in tuber Ca content and tuber size. Plants were grown in a greenhouse
under controlled conditions to ensure tuber formation. Calcium content was deter-
mined using an atomic absorption spectrophotometer. Large tuber size was associ-
ated with low tuber Ca concentration. Twelve out of 42 SSR markers were associated
with tuber Ca content, including one (SSR4743) on chromosome 7 which was
linked to a cation exchanger-like (CAX3-like) gene known to be involved with Ca
uptake in plants. The allele corresponding to high tuber Ca in the F, population
matched that of the S. microdontum grandparent (high Ca). The researchers thought
that SSR4743 could be used to develop a molecular marker to identify tubers with
high Ca levels. Hybrids between S. microdontum and cultivated potatoes would be
expected to produce tubers in the field in long days and hence could be assessed for
yield and Ca content.

Finally, it will be recalled that Paget et al. (2014) found genetic variation for
calcium content in their diploid population derived from Stenotomum, Goniocalyx
and Phureja accessions studied by Burgos et al. (2007). However, they did not con-
sider Ca a high priority compared with Fe and Zn.
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3.7 Vitamin Biofortification

3.7.1 Vitamins B9 (Folate) and B1 (Thiamin)

Folates (vitamin B9: tetrahydrofolate and its derivatives) are essential micronutri-
ents in the human diet whose deficiency is associated with increased risk of neural
tube defects, cardiovascular diseases, anaemia and some cancers (Goyer and
Navarre 2007; Robinson et al. 2015). Current folate intake is suboptimal in most of
the world’s populations, even in developed countries. Although folic acid supple-
ments and food fortification have proved efficient, they are expensive and hard to
implement in developing countries. However, in the USA, for example, a small por-
tion of russet baked potato contains about 6% of the Recommended Daily Allowance
(RDA) of 400 pg day~ for an adult. Hence increasing the folate concentration in
potatoes by breeding should have a positive benefit (Goyer and Navarre 2007;
Robinson et al. 2015). Similar arguments apply to thiamin (vitamin B1) (Goyer and
Sweek 2011; Navarre et al. 2016).

Folate concentration varies among potato germplasm. Goyer and Navarre (2007)
analysed 67 genotypes including white-, purple-, red-, blue- and yellow-fleshed
potatoes and several wild species. Folate concentrations varied from 521 to
1373 ng g~! DW, with white-fleshed cultivar Ranger Russet at 1037 ng g~! DW. The
five genotypes with the highest folate levels were colour-fleshed, of which four
were yellow. Skin contained about 30% higher folate concentrations than flesh.
Cold-storage of tubers for 7 months generally increased folate contents, but results
on the effect of cooking were inconsistent. Goyer and Navarre (2009) subsequently
found that folate concentrations were 2.6- to 3.4-fold higher in young tubers (baby
new potatoes) than in mature ones at harvest.

Goyer and Sweek (2011) examined a wider range of germplasm for both folate
and thiamin concentrations, namely 54 field-grown clones from 33 accessions of
primitive Andigenum cultivars and three modern potato cultivars in 2009 and 2010,
together with 64 glasshouse-grown accessions of 25 wild potato species in 2010.
Thiamin concentrations ranged from 490 to 2325 ng g=' FW (2908-16,401 ng g!
DW in 2010) and folate concentrations from 15 to 416 ng g=! FW (388-2098 ng g™!
DW in 2010). The majority of clones in both years had thiamin concentrations of
1200-1600 ng g=! FW and folate concentrations of 100-200 ng g=' FW. The
researchers identified Andigenum accession PI 320377 (a Phureja from Colombia)
as promising material to integrate in breeding programmes for thiamin enhance-
ment, and likewise clone RN 104.02 (from accession PI 473260) for folate enhance-
ment. Among the wild species, S. vernei subsp. vernei and S. acaule subsp. aemulans
had the highest thiamin concentrations (>8633 ng g=' DW) and S. boliviense acces-
sion 597736 had the highest folate concentration (3031 ng g=! DW), but the other S.
boliviense accession had a much lower amount, suggesting variability within spe-
cies. S. vernei subsp. vernei also had relatively high folate concentrations.

Robinson et al. (2015) continued the search for high folate potato germplasm for
breeding purposes. They screened 250 individual plants from 77 accessions and 10
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Solanum species (S. stipuloideum, S. chacoense subsp. chacoense, S. candollea-
num, S. acaule, S. demissum, S. microdontum, S. okadae, S. tuberosum Andigenum
Group, S. boliviense, S. vernei) and found a 10.5-fold range of folate concentrations
(221-2336 ng g' DW). Some individuals from S. boliviense (PI 597736), S.
tuberosum Andigenum Group (PI 225710 and PI 320377, both Phureja from
Colombia) and S. vernei (P1 558149 and PI 230468) had double the folate concen-
trations of commercial cultivars such as Russet Burbank (1040 ng g=' DW).

Currently screening germplasm for folate (and thiamin) is a time consuming and
tedious analytical process that involves a tri-enzyme extraction and microbial assay.
Furthermore, wild species may produce small or even no tubers in the field so that
they need to be grown in winter in greenhouses or crossed with adapted cultivated
potatoes. Hence Robinson et al. (2015) are seeking single nucleotide polymor-
phisms (SNPs) linked to folate in a segregating population from a cross between the
high folate individual from diploid S. boliviense (P1 597736) and a diploid S.
tuberosum clone. They will then be able to practise marker-assisted selection for
high folate on a large number of individuals in subsequent breeding work. The same
could be done with the high folate individuals from S. vernei. Robinson et al. (2015)
have also secured for field evaluation, hybrids from a cross between the high folate
individual from Phureja accession PI 225710 and a diploid S. tuberosum clone. If
the hybrids produce 2n gametes by first division restitution (FDR), the genes for
high folate can be efficiently transferred to the tetraploid cultivar genepool through
4x (cultivar) x 2x (hybrid) crosses, as explained by Jansky (2009). The other possi-
bility is to use colchicine for mitotic chromosome doubling of the diploids so that
crossing can be done at the tetraploid level. Similar approaches could be used in
breeding for higher thiamine contents.

Robinson et al. (2015) thought that doubling the folate content of modern culti-
vars was a realistic target. Based on the current per capita consumption of 137 g day~!
in the United States, such a potato would provide around 11% of the recommended
daily need of 400 pg, assuming 20% DM and 80% retention during cooking. They
also pointed out that further increases could be achieved by optimizing the time of
harvest and storage conditions, as young tubers contain up to two-fold the amount
found in mature tubers and folates accumulate up to two-fold in tubers stored at cold
temperature.

3.7.2  Vitamins C (Ascorbic Acid), B3 (Niacin), BS
(Pantothenic Acid) and B6 (Pyridoxine)

Vitamins C (L-ascorbic acid), B3 (niacin), B5 (pantothenic acid) and B6 (pyridox-
ine) are essential micronutrients in the human diet with scurvy a well-known symp-
tom of vitamin C deficiency. A summary of their importance can be found in a book
chapter by Navarre et al. (2016). Although potatoes offer a good supply of vitamin
B3, it will not be considered further as very little research has been done on it in
potato.
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Juhaszi et al. (2014) developed a novel method for simultaneous detection of
vitamins C, B5 and B6 by GC-MS (gas chromatograph—mass spectrometer) that
could handle 30-40 samples per day. It is faster than high-performance liquid chro-
matography (HPLC) and insensitive to tuber colour, unlike some spectrophotomet-
ric methods. Juhaszi et al. (2014) found variation for vitamin content of tubers in
two diploid populations. Furthermore, the sink leaves of greenhouse-grown plants
reflected the vitamin content of field-grown tubers. However, the researchers did not
report the heritability of the variation and it is difficult to infer the prospects for
breeding new cultivars with higher concentrations of the vitamins than currently
available.

We are going to concentrate on ascorbic acid as potatoes are an important world-
wide source of this vitamin, contributing, for example, about 20% of the dietary
intake in Europe. As a staple food, the potato can be a more important source of
vitamin C than fruits and vegetables that have higher contents but are only comple-
mentary components of the diet. Love and Pavek (2008) argued that a three-pronged
approach should be taken to increase the ascorbic acid content of potatoes, involv-
ing breeding, improved crop management and modification of cooking processes.
They reported tuber ascorbic acid concentrations as high as 29.8 mg 100 g=! FW
and as low as 11.5 mg 100 g~! FW among parental clones in North American breed-
ing programmes. They concluded that adequate variability exists within adapted,
high-quality potato germplasm for rapid progress in breeding for higher ascorbic
acid concentration of tubers. They also concluded that crop management research
needs to define practices that will slow the natural decline that occurs near the end
of field growth and during storage, a response partially conditioned by plant stress.
Furthermore, research into cooking procedures might help reduce the oxidative and
enzymatic degradation of ascorbic acid that results from exposure to moisture, heat
and air.

Burgos et al. (2009b) identified considerable genetic variation in ascorbic acid
content among 25 Andean potato cultivars grown in three environments, despite
some genotype x environment interaction. Concentrations were evaluated by a
spectrophotometric method based on the ability of ascorbic acid to reduce the dye
2,6-dichloroindophenol. They ranged in freshly harvested, raw, peeled tubers from
22.2t0 121.4 mg 100 g~! DW (6.5-36.9 mg 100 g~! FW), with diploid cultivar (CIP)
704393 (Goniocalyx Group) showing the highest levels in all three locations
(105.1-121.4 mg 100 g~! DW or 33.6-34.0 mg 100 g~! FW). Burgos et al. (2009b)
point out that this value is higher than those reported for Indian, Canadian and
Norwegian potato cultivars but lower than the highest value reported for Korean
cultivars, albeit in the central part of the tuber. Cultivar 704393 also had the highest
level after cooking (54% retention on boiling) and after storage for 26 weeks under
farmers’ conditions (34% retention). The range of percentages for retention after
storage (22.0-61.6%) was similar to those reported for potatoes from Tenerife and
for European and Indian cultivars. Unpeeled tubers retained more ascorbic acid on
boiling than baked or microwaved tubers. In conclusion, 100 g of fresh-harvested
and boiled potatoes of cultivar 704393 could provide adults with 17-20% of their
RDA (100-120 mg day~") of ascorbic acid.
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Cho et al. (2013) identified 10 out of 268 advanced clones in their Korean pro-
gramme as having high ascorbic acid contents of 32.3-38.9 mg 100 g~! FW. Among
them, four double-cropping clones with short dormancy were selected for further
analysis, with cultivars Dejima and Chubaek as controls. Ascorbic acid content was
higher in younger tubers than in mature ones, and its content was highest in the
selected clones 90 days after planting. During storage, ascorbic acid content signifi-
cantly declined in all clones. The decrease was highest in H06035-4 and HO6085-2
compared to cultivars Chubaek and Dejima, so the differences between selected
clones and control cultivars narrowed after 4 months of storage. Nevertheless,
HO06035-4 was selected as a promising high ascorbic acid clone because of its agro-
nomic characteristics and consistency of high ascorbic content.

3.8 Phenolic Acids, Anthocyanins and Carotenoids

Potatoes contain a number of beneficial phytochemicals, including phenolic com-
pounds and carotenoids, many of which are antioxidants (Brown 2005; Ezekiel
et al. 2013). Phenolic compounds present in potatoes include phenolic acids and
anthocyanins. Akyol et al. (2016) reviewed their health-promoting effects, along
with the effects of growing conditions, post-harvest storage and cooking processes
on phenolic compounds. All potatoes contain chlorogenic acid as the principal phe-
nolic acid. The pink, red, blue and purple colours in potato tubers are due to antho-
cyanins whose antioxidant properties have been demonstrated in red- and
purple-fleshed potatoes. Use of oxygen radical absorbance capacity and ferric
reducing ability of plasma, revealed antioxidant levels in red- and purple-fleshed
potatoes that were 2—3 times higher than in white-fleshed potatoes (Brown et al.
2003). Reyes et al. (2005) concluded from high positive correlations that total
anthocyanins and total phenolics in purple- and red-fleshed potatoes are mainly
responsible for their antioxidant capacity.

Yellow and orange flesh are due to carotenoids, which are also antioxidants with
health-promoting properties such as protection against certain cancers (Colditz
et al. 1985), cardiovascular diseases (Gaziano et al. 1995) and particularly macular
eye degeneration (Snodderly 1995). Short-term feeding of foods rich in the retinal
carotenoids lutein and zeaxanthin can substantially increase macula pigment den-
sity in human subjects (Hammond et al. 1997). Lachman et al. (2016) discuss the
health-promoting properties of carotenoids, their concentrations in potatoes with
different flesh colours, and the factors which affect individual and total carotenoid
levels, such as genotype and environment, tuber development, storage, cooking and
heat processing.

Kaspar et al. (2011) confirmed that yellow-fleshed potatoes had higher concen-
trations of phenolic acids and carotenoids than white-fleshed ones and that purple-
fleshed potatoes had higher concentrations of phenolic acids and anthocyanins.
Furthermore, consumption of pigmented potatoes decreased oxidative damage and
inflammatory cytokine concentrations in healthy men. Tierno et al. (2015) found
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that losses of total phenolics, anthocyanins and carotenoids occurred on boiling
peeled tubers of highly pigmented potatoes, with big differences between genotypes
in retention percentages: 45-74% for phenolics, 27-82% for anthocyanins and
32-100% for carotenoids. Hence the enhancement of anthocyanins and carotenoids,
by conventional breeding and genetic modification, provides an opportunity to
improve the nutritional value of potatoes and their processed products. But it will be
important to assess new cultivars for their total and individual phytochemicals after
cooking and processing.

3.8.1 Anthocyanins

The genetics and biochemistry of anthocyanin biosynthesis were reviewed by
Holton and Cornish (1995) for maize (Zea mays), snapdragon (Antirrhinum majus)
and petunia (Petunia hybrida). Colourless dihydroflavonols represent a branch point
in flavonoid biosynthesis as they are the intermediates in the production of both
coloured anthocyanins and colourless flavonols. Lewis et al. (1998a, b) used HPLC
to quantify the anthocyanins, flavonoids and phenolic acids in tetraploid cultivars of
S. tuberosum with coloured tubers, and in wild, tuberous Solanum species, the
tubers of which were mostly white or light purple. When the flesh was also pig-
mented, the same anthocyanins were found as in the skin, but at much lower con-
centrations. The flesh tissues in which anthocyanin pigmentation can be observed
are the vascular bundle, the cortex, the peri-medullary zone and the central pith (van
Eck 2007). Combinations of different pigments and pigment patterns occur. Whereas
red- and purple-skinned potatoes are relatively common, potatoes with varying dis-
tributions of anthocyanins in the flesh (rings, arcs and radiating stars) are rare out-
side the native cultivars of the Andes. Solidly coloured red or purple tuber flesh is
unusual throughout the world, but occurs as rare segregants in certain red- and
purple-skinned breeding populations, as found by Brown et al. (2003). Total antho-
cyanin content ranged from 6.9 to 35 mg 100 g=! FW in the red-fleshed clones and
from 5.5 to 17.1 in the purple-fleshed ones. A few pigmented flesh types are avail-
able commercially as specialty potatoes, for example cultivars Cranberry Red and
All Blue (Brown et al. 2003). Interest now centres on increasing the concentrations
of anthocyanins as a way of improving the levels of antioxidants in potato tubers,
but first it is useful to consider some genetics.

The inheritance of anthocyanin pigmentation in cultivated potatoes (diploid and
tetraploid) was reviewed by van Eck (2007). Key genes/alleles are at locus R (chro-
mosome 2) for the production of red anthocyanins, locus P (chromosome 11) for the
production of purple (and blue) anthocyanins, and locus 7 (chromosome 10) which
determines whether or not R and P are expressed in the tubers (both skin and flesh).
Two alleles are recognized at the I locus: lep giving pigmentation in the epidermis
of the tuber and /co in the outer cortex. Three alleles are recognized at the R locus:
R, R and r, with R? giving pink tubers. De Jong et al. (2003) were able to show
that although the dosage of R in tetraploids contributes to the intensity of skin



66 J. E. Bradshaw

colour, it is not a major factor. White potatoes lack either dominant allele 7 or both
R and P; pink and red potatoes lack P but have / with R”" and R, respectively; and
purple potatoes have P and /. The / locus is in fact part of the B-I-F linkage group
whose alleles determine the tissue-specific regulation of anthocyanin biosynthesis
(van Eck 2007). In tetraploid potatoes, the I locus was originally referred to as D for
developer by Salaman (1910). Candidate genes for the loci were proposed by De
Jong et al. (2004) and subsequently confirmed (Fig. 3.3). The P locus on chromo-
some 11 codes for flavonoid 3’, 5'-hydroxylase (Jung et al. 2005); the R locus (drf)
on chromosome 2 codes for dihydroflavonol 4-reductase (Zhang et al. 2009a); and
the D (1) locus on chromosome 10 encodes an R2R3 MYB transcription factor that
regulates expression of multiple anthocyanin structural genes in tuber skin (Jung
et al. 2009). As purple-skinned potatoes can have genotype R--- or rrrr, both the
‘red’ and ‘not-red’ alleles of drf must code for catalytically active enzymes. The
enzyme encoded by the red allele appears capable of reducing dihydromyricetin as

naringenin
| F3H
— dihydrokaempferol —
I } F3’H | F3’5’H
l dihydroquercetin ~— dihydromyricetin
! F3’5’H
| DFR | DFR | DFR
leucopelargonidin leucocyanidin leucodelphinidin
! ! l
pelargonidin-3-glucoside cyanidin-3-glucoside delphinidin-3-glucoside
(red) (pink) (purple)
! ! l

F3H flavanone 3-hydroxylase
F3’H  flavonoid 3’~hydroxylase
F3’5’H flavonoid 3°, 5’~hydroxylase
DFR dihydroflavonol 4-reductase

Fig. 3.3 Part of anthocyanin biosynthetic pathway, simplified (Holton and Cornish 1995)
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well as dihydrokaempferol (and dihydroquercetin), whereas the non-red allele(s)
appears capable of reducing the former, but not the latter. It is assumed that similar
arguments apply to the pink allele and dihydroquercetin. In contrast, the pppp geno-
type is a loss of function of enzyme activity. The dominant R2ZR3 MYB domain
allele is transcribed in red and purple tubers, but the recessive allele is not tran-
scribed in white ones with genotype iiii (Jung et al. 2009). Zhang et al. (2009b)
detected three QTLs (Quantitative Trait Loci) on chromosomes 5, 8 and 9 that influ-
enced the extent (none to complete) of flesh pigmentation (purple) in the progeny of
a diploid crosssegregating for the trait.

Let us now turn to quantitative variation in the concentrations of anthocyanins.
Proof of the existence of such variation has come from the breeding and release in
North America of specialty potatoes such as AmaRosa (Brown et al. 2012a) and
Purple Pelisse (Vales et al. 2012), which are remarkable for their unusual colours.
Cultivar AmaRosa resulted from a seedling from a cross made in 2000 between a
red-fleshed clone and a bulk of pollen from other red-fleshed clones. The red-
skinned, red-fleshed seedling was multiplied and evaluated over a number of years,
including extensive trials in 2006 and 2007. AmaRosa tubers had higher total antho-
cyanin and hydrophilic oxygen radical absorption capacity (H-ORAC) than the con-
trol cultivar All Blue, while total carotenoids and lipophylic oxygen radical
absorption capacity (L-ORAC) were equivalent. Hence overall antioxidant capacity
was greater. Cultivar Purple Pelisse resulted from a cross made in 2000 between a
red-skinned, red-fleshed clone and a bulk of pollen from red-fleshed potatoes. It was
multiplied from a seedling identified in 2001 as having purple-skinned, purple-
fleshed tubers. It was released as a cultivar in 2009 after extensive trials in 2006 and
2007. Purple Pelisse tubers had higher total anthocyanin and hydrophilic oxygen
radical absorption capacity (H-ORAC) than the control cultivar All Blue, and higher
total antioxidant values than cultivars Russet Burbank and Snowden.

3.8.2 Carotenoids

Structurally, carotenoids are terpenoids, derived by condensation of prenyl pyro-
phosphates (Sandmann 2001), whose conjugated double-bond system determines
their colour and is responsible for their biological actions as antioxidants. The con-
version of geranylgeranyl pyrophosphate to phytoene by phytoene synthase is the
first dedicated step in the formation of carotenoids (Fig. 3.4). We shall see that the
main carotenoids present in cultivated potatoes are lutein, lutein-5,6-epoxide, zea-
xanthin, antheraxanthin, violaxanthin and neoxanthin, and that beta-carotene, the
precursor of vitamin A, is either absent or present in low concentrations. Orozco
et al. (2013) confirmed that carotenoids can be present in potatoes in esterified as
well as free form, and in their profiles of 60 cultivars found a direct correlation
between the carotenoid content and the esterified fraction. They thought that esteri-
fication facilitated accumulation of carotenoids and hence the presence of esters
should be included as a breeding trait. Sulli et al. (2017) confirmed the presence of
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Fig. 3.4 Carotenoid biosynthetic pathway (simplified)

esters in their core set of ten cultivars and commented on their positive contribution
to carotenoid stability, but also their negative effect on bioavailability.

Burgos et al. (2012) found that changes in concentrations of individual carot-
enoids due to boiling varied significantly among accessions of native Andean pota-
toes with diverse intensities of yellow flesh. Accessions (CIP) 705821 (Phureja) and
705172 (Phureja) were light yellow, 704393 (Goniocalix) and 701862 (Goniocalix)
were intermediate yellow, and 702472 (Goniocalix), 705799 (Phureja) and 704218
(Phureja) were deep yellow. Boiling significantly reduced the violaxanthin and
antheraxanthin concentrations of all accessions but lutein and zeaxanthin
concentrations were not affected or were higher than in raw tubers. Burgos et al.
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(2013) then estimated the lutein and zeaxanthin concentrations in boiled, freeze
dried and milled samples of seven yellow-fleshed accessions (including four from
previous study) before and after different steps (gastric, duodenal and micellar
phase) of in vitro digestion. For all accessions, the amounts of lutein and zeaxanthin
in the micelles after micellarization (i.e. the bioaccessible amounts) were signifi-
cantly lower than the original amounts found in the boiled samples. The accession
701862 showed the highest bioaccessible lutein concentration (281 out of 396 pg
100 g~' FW) and the accessions 703566 and 704218 showed the highest bioacces-
sible zeaxanthin concentrations (665 out of 1196 and 608 out of 1106 pg 100 g~
FW, respectively). Considering the mean potato intake in the Andes (500 g day~'),
the accession 701862 would provide 14% of the lutein intake suggested for health
benefits and the accessions 703566 and 704218 would provide 50% more than the
suggested zeaxanthin intake. Hence higher levels of lutein and zeaxanthin are sen-
sible targets when breeding new cultivars with higher levels of beneficial carot-
enoids, given their role in protection against macular eye degeneration (Snodderly
1995). Furthermore, there are relatively few dietary sources of zeaxanthin (Morris
et al. 2004).

Bonierbale et al. (2009) confirmed that diploid Phureja is a good source of
yellow-fleshed potatoes with high levels of lutein or zeaxanthin. They developed,
validated and applied near-infrared reflectance spectroscopy (NIRS) to the charac-
terization of 152 Phureja accessions (colour range: cream, light yellow and deep
yellow) for total and individual carotenoid contents of raw tubers. NIRS estimated
total carotenoids (103-2135 pg 100 g=! FW) and zeaxanthin concentrations (trace
to 1290 pg 100 g=! FW) with high accuracy and could differentiate accessions with
low, medium and high concentrations of violaxanthin (trace to 278 pg 100 g~ FW),
antheraxanthin (3-354 pg 100 g=! FW), lutein (55-189 pg 100 g=! FW) and
f-carotene (trace to 18 pg 100 g=! FW). NIRS can therefore be used to assess large
numbers of genotypes (clones) in a breeding programme, in preference to costlier
and more time consuming HPLC. Bonierbale et al. (2009) found that cluster analy-
sis partitioned the 152 accessions into six groups. Groups 1 and 2 showed the high-
est mean total carotenoid, antheraxanthin and zeaxanthin concentrations and the
lowest mean f-carotene concentration; groups 3 and 4 showed medium mean total
carotenoid, antheraxanthin, zeaxanthin and p-carotene concentrations; and groups 5
and 6 showed the lowest mean total carotenoid, antheraxanthin and zeaxanthin con-
centrations and the highest mean p-carotene concentration. Accessions 701025 and
703566 (Group 1) showed the highest estimated zeaxanthin concentrations (above
1000 pg 100 g=! FW). Forty-three accessions showed relatively high concentrations
of p-carotene (above 10 pg 100 g=! FW) with 703552, 706782, 701570, 706787,
706759, 706767, 706763, 706829, 704213, 704227 and 703581 showing the high-
est values. Burgos et al. (2009a) took a more detailed look at total and individual
carotenoid concentrations in 23 of the 152 accessions, using spectrophotometry and
HPLC. They confirmed the three main sets of groups formed by cluster analysis and
that total carotenoid concentration was positively correlated with antheraxanthin
and zeaxanthin concentrations, but negatively correlated with p-carotene
concentration. Burgos et al. (2009a) also pointed out that the concentrations of
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carotenoids in the diploids they studied were much higher than those reported for
tetraploid cultivars. Breithaupt and Bamedi (2002), for example, reported total
carotenoid contents of 58—175 pg 100 g=' FW in four yellow-fleshed cultivars and
38-62 pg 100 g=! FW in four white-fleshed ones.

High heritabilities for flesh colour intensity have been reported for tetraploid
breeding clones (0.93 on clonal mean basis) (Haynes et al. 1996) and for long-day-
adapted, diploid breeding families (0.99 for half-sib families) (Haynes 2000), as
well as a negative correlation with tuber size, as measured by weight (Haynes et al.
1994). Hence, in a practical breeding programme, selection for intense yellow flesh
in similar sized tubers should result in higher contents of total carotenoids without
areduction in tuber weight. If necessary, the different degrees of yellowness can be
quantified by spectrophotometry (Burgos et al. 2012). However, the breeder may
also be interested in the concentrations of individual carotenoids, so let us look at
some more results.

Individual carotenoids can be separated and quantified by HPLC with photodi-
ode array (PDA) detection, the eluting compounds being identified by their absor-
bance spectra and co-elution with commercially available authentic standards (Lu
et al. 2001; Wolters et al. 2010). Eleven clones from the Phureja/Stenotomum (dip-
loid) breeding population of Haynes (2000) were analysed by Lu et al. (2001) along
with two tetraploid controls. They detected six major carotenoids in all of the mate-
rial: neoxanthin, violaxanthin, lutein-5,6-epoxide, lutein, zeaxanthin and an
unknown carotenoid. Total carotenoid content in the diploid clones ranged from 136
(white flesh) to 1435 pg 100 g~' FW (intense yellow flesh), and the main carot-
enoids were lutein-5,6-epoxide (34%), violaxanthin (33%) and lutein (26%). In
contrast, tetraploid cultivars Superior (white flesh) and Yukon Gold (yellow flesh)
contained 64 and 111 pg 100 g=! FW of total carotenoids, and the main components
were violaxanthin (40%) and lutein (22%). Both total and individual carotenoid
contents were positively correlated with intensity of yellow. Again, this suggests
that selecting for more intense yellow flesh will result in higher levels of carot-
enoids. The clones analysed by Lu et al. (2001) were chosen because they produced
at least 5% of 2n pollen, and hence could be used to improve the nutritional value of
tetraploid potatoes through 4x by 2x hybridizations, as done with cultivar Yukon
Gold. It was this Canadian cultivar that opened the way to acceptance of yellow-
fleshed potatoes by American consumers.

Haynes et al. (2011) investigated the inheritance of carotenoid content in 4x by
2x hybridizations. They crossed three diploid clones, that produced 2n pollen and
had high (dark yellow flesh), medium (moderate yellow flesh) and low (white/cream
flesh) carotenoid levels, to a light yellow-fleshed tetraploid breeding clone. In both
of the yellow-fleshed diploids, the proportion of zeaxanthin was low at 3.1% or less
of the total carotenoid content. After harvest, in each of two years, carotenoids were
extracted and quantified by HPLC in 13 or 14 randomly selected clones from each
family, as well as cultivar Yukon Gold as control. A continuous distribution of carot-
enoid concentration with high- and low-segregants was observed in all three fami-
lies. There were significant differences among clones and high broad-sense
heritabilities for zeaxanthin, total LCY-b pathway carotenoids (zeaxanthin + anthe-
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raxanthin + violaxanthin + neoxanthin), lutein and total carotenoids (LCY-b + lutein),
despite clone x year interactions. Average contents in the clones ranged from 57 to
280 pg zeaxanthin 100 g~' FW (Yukon Gold 103), 177-548 pg LCY-b 100 g~' FW
(Yukon Gold 262) and 62-169 pg lutein 100 g~! FW (Yukon Gold 81). Based on
flesh colour segregation, the tetraploid parent was duplex (Chy2Chy2chy2chy?2) for
the Chy2 allele 3 governing yellow-flesh, the white-fleshed diploid was homozy-
gous recessive (chy2chy?2), and the two yellow-fleshed diploid parents were hetero-
zygous (Chy2chy2) and produced 2n gametes by a second division restitution
mechanism. The researchers concluded that tetraploid clones can be bred with
higher levels of individual and total carotenoids than Yukon Gold.

Brown et al. (1993) studied orange-fleshed potatoes from the diploid breeding
population of Haynes (2000) and showed that this colour was associated with large
amounts of zeaxanthin. When averaged over a number of backcrosses, zeaxanthin
levels were much higher in orange than white segregants (1426 compared with
304 pg 100 g=' FW), whereas lutein levels were identical (146 pg 100 g=! FW).
Zeaxanthin also accounted for slightly more than half (51%) of the carotenoid con-
tent of a deep yellow, long-day-adapted Phureja cultivar, Inca Dawn (DB375/1),
bred at the Scottish Crop Research Institute (Morris et al. 2004) (Fig. 3.5).
Antheraxanthin (25%), violaxanthin (11%), an unidentified carotenoid (8%) and
lutein (3%) were the other major carotenoids present. About 15% of the carotenoids
were esterified. During tuber storage at 4 °C for 9 months in the dark, esterified
carotenoids increased by 73%, zeaxanthin and antheraxanthin levels decreased by
11% and 7%, respectively, and the levels of lutein and an unidentified carotenoid
both increased by 6%. Morris et al. (2004) compared cultivar Inca Dawn with two
tetraploid cultivars, Desiree (cream/yellow flesh) and Pentland Javelin (white flesh).
Total carotenoid contents were 36.3 (Inca Dawn), 4.91 (Desiree) and 1.63 pg g
DW (Pentland Javelin) in peeled, mature, whole tuber samples from glasshouse
grown plants. The major carotenoids in cultivar Desiree were violaxanthin (51%),
lutein (20%), neoxanthin (11%) and antheraxanthin (8%) with 23% present in the
esterified form. Morris et al. (2004) found that there was an inverse trend between
the level of zeaxanthin epoxidase transcript level and tuber carotenoid content in a
range of potato germplasm, with implications for the regulation of carotenogenesis
in potato tubers.

Romer et al. (2002) inhibited zeaxanthin conversion to violaxanthin in cultivars
Baltica and Freya by tuber-specific down-regulation of the zeaxanthin epoxidase
gene, using transformation with both sense and antisense constructs encoding the
gene. As a consequence, zeaxanthin content was elevated 4- to 130-fold, reaching
values up to 40 pg g=' DW, while the amount of violaxanthin was dramatically
reduced. In some transformants the monoepoxy intermediate antheraxanthin accu-
mulated. Surprisingly, total carotenoid levels increased by up to 5.7-fold compared
with controls. The transformed potatoes had dark yellow to orange flesh. Wolters
et al. (2010) subsequently demonstrated that only genotypes combining the pres-
ence of dominant f-carotene hydroxylase 2 (Chy2) allele 3 with homozygosity for
recessive zeaxanthin epoxidase (zep) allele 1 (locus on chromosome 2) produced
orange-fleshed tubers that accumulated large amounts of zeaxanthin (>250 pg 100 g™
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Fig. 3.5 Long-day-
adapted Phureja Group
potatoes from the
population of Carroll
(1982). Source: SCRI and
Fig. 1.3 in Handbook of
Plant Breeding 7,

Springer (with permission)

FW). They performed association analysis between SNP haplotypes and flesh
colour phenotypes in a wide range of diploid (including orange) and tetraploid
(none were orange) potato genotypes. Just one out of eleven Chy2 alleles (3)
changed white into yellow flesh (in diploids and tetraploids), whereas none of the
lycopene epsilon cyclase (Lcye) alleles (locus on chromosome 12) had a large effect
on flesh colour. The Lcye gene product is required for the synthesis of a-carotene,
the precursor of lutein. The Chy?2 allele is the most likely candidate for the yellow
flesh allele (Y) at the locus on chromosome 3 (Bonierbale et al. 1988; Brown et al.
2006). Genes other than Chy2 and Lcye determine the intensity of the yellow flesh
colour. The zep allele contained a non-LTR retrotransposon sequence in intron 1 and
had a lower expression level (lower steady state mRNA level). Only 5 out of 230
tetraploid cultivars contained zep allele 1, all in simplex (single copy), thus confirm-
ing that this allele is rare in the tetraploid potato gene pool. More recently, Sulli
et al. (2017) were able to divide a collection of five tetraploid (S. fuberosum) and
five diploid (four Phureja and one S. chacoense) genotypes into three groups based
on Chy?2 allele 3 and zep allele 1. The first group comprised four tetraploids and
Phureja cultivar Mayan Gold, heterozygous Chy2---- and Chy2chy?2, respectively,
with yellow flesh and high levels of xanthophylls (antheraxanthin, violaxanthin,
neoxanthin and lutein) and xanthophyll esters (23—41% of xanthophylls). The sec-
ond group comprised one tetraploid and S. chacoense, homozygous recessive chy-
2chy2chy2chy2 and chy2chy2, respectively, with white-flesh and low levels of
carotenoids. Finally, the third group comprised three Phureja, heterozygous
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Chy2chy2 and homozygous recessive zepzep, with orange flesh and high levels of
non-esterified zeaxanthin.

It might be concluded from the previous paragraph that conventional breeding
for high zeaxanthin levels and orange flesh would prove difficult. Nevertheless, in
Japan, Sakamoto et al. (2017) have reported breeding a new tetraploid potato culti-
var Nagasaki Kogane with good eating quality, high carotenoid content (yellowish/
orange flesh) and resistance to pests (cyst nematodes) and diseases (bacterial wilt
and potato virus Y (PVY)). It was selected from a cross between cultivars Saikai 35
(Phureja cytoplasm) and Saikai 33, where the former was a cross between
chromosome-doubled (tuber-disc method) cultivar Inca-no-mezame and cultivar
Sakurafubuki. Diploid cultivar Inca-no-mezame was derived from crosses involving
a Phureja clone and has a high carotenoid content. Cultivar Nagasaki Kogane con-
tained lutein and zeaxanthin, but at lower concentrations than cultivar Inca-no-
mezame (43.8 compared with 79.7 pg lutein 100 g=' FW and 801.5 compared with
1131.7 pg zeaxanthin 100 g=! FW). By way of comparison, the popular double-
cropping tetraploid cultivar Dejima contained 48.1 pg lutein 100 g=' FW and no
zeaxanthin. Finally, diploid cultivar Inca-no-hitomi was selected from the open-
pollinated progeny of cultivar Inca-no-mezame for its yellowish-orange flesh colour
and other desirable agronomic characteristics (Kobayashi et al. 2008). They had
similar total carotenoid contents which were four times higher than yellow-fleshed
tetraploid cultivar Kita-akari, which in turn was ten times higher than white-fleshed
tetraploid cultivar Irish Cobbler.

3.8.3 Genetic Engineering of Carotenoids

Vitamin A deficiency remains a major health problem in some parts of the world
where it is the major cause of blindness in children. Beta-carotene (provitamin A),
the precursor of vitamin A, is therefore a target for genetic engineering of carot-
enoids in potatoes as it is either absent or present only in low concentrations in S.
tuberosum and closely related Solanum species.

Ducreux et al. (2005) produced greenhouse grown transgenic plants of tetraploid
Tuberosum cultivar Desiree (light yellow flesh) and diploid Phureja cultivar Mayan
Gold (deep yellow flesh) which expressed an Erwinia uredovora CrtB gene encod-
ing phytoene synthase specifically in the tubers. In some transgenic lines of Desiree,
total carotenoid levels of developing tubers had increased from 5.6 to 35.5 pg g
DW, B-carotene from negligible to 10.30 pg g=' DW, lutein from 0.73 to 11.01 pg g™
DW and violaxanthin from 2.18 to 8.52 pg g=! DW. Likewise, in Mayan Gold, total
carotenoid levels had increased from 24.4 to 78.1 pg g~! DW, B-carotene from neg-
ligible to 6.51 pg g~! DW, lutein from 2.36 to 18.48 pg g~! DW, antheraxanthin from
4.23 to 12.50 pg g~' DW and violaxanthin from 11.71 to 29.16 pg g~! DW.

Diretto et al. (2007a) went further and transformed potato cultivar Desirée with
a mini-pathway of key genes (enzymes) for the synthesis of B-carotene from gera-
nylgeranyl diphosphate. Expression of three bacterial genes from Erwinia herbicola
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encoding phytoene synthase (CrtB), phytoene desaturase (Crtl) and lycopene beta-
cyclase (CrtY), under tuber-specific (patatin) promoter control, resulted in tubers
with deep yellow flesh without any adverse leaf phenotypes. Carotenoid levels in
one transformant had increased from 5.8 to 114.4 pg g=! DW and p-carotene from
0.013 to 47.4 pg ¢! DW (and a-carotene 0-6.2, lutein 1.0-23.1, violaxanthin 0.7—
5.6), compared with “Golden Rice 2” at 31 pg g=! DW. Assuming a p-carotene to
retinol conversion of 6: 1, this is sufficient to provide 50% of the RDA of vitamin A
from 250 g FW of “Golden Potatoes” (GP) (Diretto et al. 2007a). More recently,
Chitchumroonchokchai et al. (2017) provided data on bioavailability from trans-
genic lines GP17 and GP30. Beta-carotene (>36 pg g=' DW) and a-carotene
(>31 pg g7' DW) were the most abundant carotenoids in GP17 and GP30 with total
concentrations of these provitamin A carotenoids (68 and 91 pg g~! DW in GP17
and GP30, respectively) being more than 100-fold greater than that in cultivar
Desiree. Golden Potatoes also contained 2-3 times more lutein (>19 pg g=' DW).
Furthermore, a-tocopherol, an isomer of vitamin E, was unexpectedly detected in
high concentrations in GP17 and GP30 (>78 pg g~! DW), which were 15 times
greater than in cultivar Desiree. Retention of all of these compounds on boiling was
greater than 82%. Boiled potatoes were subjected to in vitro digestion (simulated
oral, gastric and small intestinal phases of digestion) to determine the extent of
transfer of carotenoids and a-tocopherol from the food matrix to micelles (i.e. their
bioaccessibility). The average figures for GP17 and GP30 were 14% for the provi-
tamin A carotenoids, 31% for lutein and 24% for a-tocopherol. The micelles were
then added to monolayers of Caco-2 human intestinal epithelial cells to investigate
apical uptake (i.e., bioavailability). Apical uptake during incubation for 4 h was
around 15% for provitamin A carotenoids, 20% for lutein and 53% for a-tocopherol.
The researchers concluded that for children and women of reproductive age, a 150-g
serving of boiled Golden Potatoes has the potential to contribute 42% and 23%,
respectively, of their daily requirement for provitamin A (measured as retinol activ-
ity equivalents), as well as 34% and 17%, respectively, of their daily vitamin E
requirement.

Diretto et al. (2007b) also produced more modest increases in total carotenoid
and p-carotene levels by the tuber-specific (patatin promoter) silencing of the genes
encoding f-carotene hydroxylases CHY1 and CHY2 in cultivar Desiree. Beta-
carotene levels increased from 0.00225 up to 0.085 pg g=! DW and total carotenoids
from 4.9 up to 14.3 pg g=! DW. These changes were accompanied by a decrease in
the immediate product of B-carotene hydroxylation, zeaxanthin, but not of down-
stream violaxanthin and neoxanthin.

Finally, Diretto et al. (2006) found that tuber-specific (patatin promoter) silenc-
ing in cultivar Desiree of the gene encoding the enzyme for the first dedicated step
in lutein biosynthesis, lycopene epsilon cyclase (LCY-e), also resulted in modest
increases of p-carotene from 0.00317 up to 0.044 pg ¢=' DW and of total carot-
enoids from 4.68 up to 9.98 pg g~! DW. These changes were not accompanied by a
decrease in lutein, suggesting that the enzyme lycopene epsilon-cyclase is not rate-
limiting for lutein accumulation.
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There is also interest in engineering potatoes to accumulate ketocarotenoids.
Astaxanthin, for example, has been associated with a range of health benefits and is
used extensively as a feed additive in aquaculture (Morris et al. 2006). In nature, the
main sources of astaxanthin are marine bacteria and microalgae. The conversion of
[-carotene to astaxanthin requires the action of a hydroxylase as well as a ketolase.
Morris et al. (2006) described the levels and types of carotenoid that accumulate in
both tetraploid Tuberosum cultivar Desiree and diploid Phureja cultivar Mayan
Gold on transformation with an algal f-carotene oxygenase gene (bktl encoding a
B-ketolase from Haematococcus pluvialis). A patatin promoter was used for tuber-
specific expression. Two major ketocarotenoids, ketolutein and astaxanthin, absent
in untransformed controls, were detected and gave tubers a reddish colour. The level
of unesterified astaxanthin reached 13.9 pg g=! DW and ketolutein reached 9.8 pg g~!
DW in some bktI expressing Phureja lines but were much lower (0.6 and 0.5 pg g™
DW, respectively) in the Tuberosum background. As astaxanthin biosynthesis
requires the concerted action of both a carotene 4,4’ oxygenase (ketolase) and a 3,3’
hydroxylase, the researchers concluded that high activity of the 3,3’ hydroxylase
occurred naturally in potato tubers. Subsequently, Campbell et al. (2015) investi-
gated approaches to optimizing tuber astaxanthin content. They achieved a nutri-
tionally significant concentration of 77 pg g=' DW, which has the potential to
provide the recommended 5 mg daily intake of astaxanthin from 55 g DW of potato
(ca. 220 g FW). They selected a clone (01H15.57) from diploid Phureja cross 01H15
[Inca Sun (DB378(1), deep yellow) x Yema de Huevo (deep yellow)] with a high
zeaxanthin content of 41.6 pg g=' DW (total carotenoid content 53.9). They then
managed to increase its astaxanthin content from 0 to 77.1 pg g=' DW (total
carotenoid content 93.5) by co-expressing the cauliflower Or transgene (tuber-spe-
cific GBSS promoter) and the Brevundimonas crtZ (hydroxylase) and crtW (keto-
lase) transgenes in tandem (crZW) (constitutive 35S CaMV promoter). The crtW
gene came from the marine bacterium Brevundimonas sp., strain SD212 and encodes
an enzyme (ketolase) which accepts both p-carotene and zeaxanthin as substrates.
Co-expression with the CrtZ enzyme from the same species results in efficient con-
version of B-carotene to astaxanthin. The cauliflower Or (orange) gain of function
gene mutation encodes a Dnal cysteine-rich domain-containing protein whose
transgene had been shown to increase total carotenoid levels in cultivar Desiree,
from about 4 to 24 pg g=! DW, and to produce B-carotene as a major carotenoid (Lu
et al. 2006). The crtZW transgene alone increased astaxanthin content from O to
44.1 pg g~ DW (total carotenoid content 57.4), whereas Or alone increased zeaxan-
thin content to 66.7 pg g=! DW (total carotenoid content 88.3), but did not produce
any astaxanthin. Astaxanthin levels were higher in summer than winter grown plants
and could be associated with transcriptome and metabolome restructuring. Campbell
et al. (2014) also made a genome-wide QTL and bulked transcriptomic analysis of
population 01H15 and found a novel major QTL on chromosome 9 for increased
carotenoid content.
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Chapter 4
Conventional and Molecular Breeding

Approaches for Biofortification of Pearl
Millet

M. Govindaraj, O. P. Yadav, R. K. Srivastava, and S. K. Gupta

4.1 Introduction

Pearl millet [Pennisetum glaucum (L.) R. Br.] is an essential diet of more than 90
million people in the semi-arid tropics of the world where droughts and low fertility
of soils cause frequent failures of other crops. It is an important nutri-rich grain
cereal in the drier regions of the world grown on 26 mha by millions of farmers
(IFAD 1999; Yadav and Rai 2013). This makes pearl millet the sixth most important
crop in the world and fourth most important food crop of the India, next to rice,
wheat, and maize with annual cultivation over an area of ~8 mha. Pearl millet is also
primary food crop in sub-Saharan Africa and is grown on 15 mha (Yadav and Rai
2013). The significant increase in productivity of pearl millet in India is attributed
to development and adoption of hybrids of early to medium duration maturity. More
than 120 diverse hybrids/varieties have been released till date for various production
environments. The heterosis breeding and improved crop management technologies
increased productivity substantially achieving higher increased production of
9.80 mt in 2016-2017 from 2.60 mt in 1950-1951 in spite of declined of area under
the crop by 20-30% over last two decades (Yadav et al. 2012).

Over 50% pearl millet grain production in Asia is utilized for food purpose and
the 20% is used for feed, while 100% grain is used as food in west and central
Africa. The per capita consumption of pearl millet in India is highest among rural
population in the western Rajasthan and Gujarat, contributing to more than 50% of
cereal consumption in these regions (Parthasarathy Rao et al. 2006). Pearl millet
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grain is also consumed in other parts of Maharashtra and Haryana (Basavaraj et al.
2010). Likewise, the domestic consumption of pearl millet is rising steadily in
Africa (Ajetomobi 2008).

Pearl millet is a rich source of energy (361 Kcal 100 g=!) comparable with other
cereals such as wheat (346 Kcal 100 g™'), rice (345 Kcal 100 g='), maize
(342 Kcal 100 g71), and sorghum (349 Kcal 100 g=!) (NIN 2003). The carbohydrates
in pearl millet (67.5 g 100 g™') are lower than in wheat, rice, and sorghum, but
higher than in maize, while germ portion of pearl millet is larger than sorghum (NIN
2003). These differences explain pearl millet having lower starch and higher protein
content. Pearl millet has high fiber content (1.2 g 100 g™"), lowest glycemic index
(55) among cereals (Mani et al. 1993), and has relatively higher methionine and
phytochemicals and micronutrients (Mal et al. 2010; Singh et al. 2012). Pear]l millet
is also rich in calcium, potassium, magnesium, iron, zinc, manganese, riboflavin,
thiamine, niacin, lysine, and tryptophan.

Shrinking of food basket to a few fine cereals like wheat and rice largely due to
subsidized government price and distribution policies for these two cereals has con-
tributed to inadequate intake of essential micronutrients such as iron (Fe) and Zinc
(Zn). Fe deficiency affects more than 30% of the population globally, and highest
prevalence of anemia is reported among preschool-age children (47%) and pregnant
women (42%) (WHO 2008). An estimated 20% of the global population is at risk of
inadequate Zn intake (Wessells and Brown 2012). Thus, deficiency of Fe and Zn is
most prevalent worldwide. Although government-supported program in India
showed marginal reduction in malnutrition over the decades, the progress is very
slow as National Family Health Survey revealed unacceptably high prevalence of
anemia (>55%), under-weight (35%), and stunting (38%) among children under
5 years (NFHS 2016). The intake of Fe and Zn appears to be below the recom-
mended dietary allowance for an average Indian adult particularly in the low-income
rural households including the pearl millet-consuming regions (ICMR 2002;
Parthasarathy Rao et al. 2006). Interestingly, pearl millet serves as a significant
source of dietary energy and contributes to 19-63% of the Fe and 16-56% of the Zn
intake from all food sources to a vast population in parts of the major pearl millet
growing states of India (Parthasarathy Rao et al. 2006).

Addressing the micronutrient malnutrition through supplementations and food
fortification has been initiated but has not been found as a sustainable approach in
developing countries due to poor purchasing power of the consumers and unsatis-
factory delivery infrastructure, especially in the rural areas. Therefore, diversified
food uses and biofortified crops provide cost-effective and sustainable options to
reduce micronutrient malnutrition in such areas. Dietary diversity is a qualitative
measure of food consumption that reflects household access to a variety of foods.
However, getting people to eat more nutrient-rich fewer staples is very challenging,
and affordability is constrained. Biofortification is the process of increasing the con-
tent and bioavailability of essential vitamins and minerals in staple crops, through
plant breeding to improve nutritional status. This approach contributes to improving
the diet quality of populations, and can be viewed as integral part of dietary diver-
sity. Biofortification program has initiated the development and dissemination of
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improved crop cultivars with elevated levels of many micronutrients in several crops
including pearl millet (Yadava et al. 2017). Genetic enhancement in pearl millet for
increased micronutrients has focused grain Fe and Zn using conventional and
molecular breeding approaches and the progress achieved is reviewed here.

4.2 Genetic Enhancement of Grain Quality Traits

The aim of core breeding has long been to increase yield potential of cultivars and
has largely been accomplished by increasing grain yield through heterosis and
building of resistance genes for various diseases and pests in cross-pollinated crops.
Recent addition of improving grain nutritional traits is assumed to be newer area for
breeders. Conventional breeding methods in combination with advanced phenotyp-
ing and biotechnological approaches enable desirable changes to improve the
micronutrient content of new cultivars. The available natural genetic variation for
essential nutrient content should permit breeding programs to improve the levels of
minerals and vitamins in crops (Cakmak 2008; Monasterio and Graham 2000). In
pear]l millet, a major initiative toward the development of high-iron pearl millet
cultivars has been taken involving the International Crops Research Institute for the
Semi-Arid Tropics (ICRISAT) and National Agricultural Research System (NARS)
partners from the public and private sector. Such efforts can only be successful and
sustainable when biofortified cultivars maintain high yield productivity along with
higher nutrient contents offering a benefit to both grower and consumer. Interestingly,
the micronutrient traits in pearl millet (like in other cereals) are relatively more
stable than grain yield and its components (Satyavathi et al. 2015; Kanatti et al.
2014a).

The extent of genetic variation for grain Fe and Zn contents in germplasm collec-
tion, identification of seed-mineral dense germplasm, nature of genotype x environ-
ment interaction, relationships between grain minerals and agronomic traits and
genetic control of micronutrients would determine breeding efficiency for develop-
ing grain mineral dense cultivars. Therefore, a detailed insight is provided here to
assess the progress made so far in these areas.

4.2.1 Targeted Micronutrients and Extent of Genetic Variation

Although pearl millet grain is rich in minerals and proteins, the severity of Fe and
Zn deficiency and its associated health consequences show greater importance of
these two micronutrients than others. The natural variation for grain Fe and Zn con-
tents has been extensively studied in pearl millet (Table 4.1). In general, the spread
of variation for grain Fe content was larger than the grain Zn content in various
types of genetic materials that includes breeding progenies, populations, and culti-
vars. For example, too ambitious variation was observed in some studies: the grain
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Table 4.1 Iron (Fe) and Zinc (Zn) content in high-Fe seed parents progenies (data are mean of 6
seasons at Patancheru)

XRF Zn

XRF Fe content | content

(mg kg™ (mgkg™)
Advanced breeding line Mean | Range | Mean | Range
(EEBC S1-407-1-B-B-B-B-B-1-B-1-B-10-1 x B-bulk 82 57-101 |51 35-67
(3981-3989 G))-2-4-1
(EEBC S1-407-1-B-B-B-B-B-1-B-1-B-13-1 x B-bulk 81 68-104 |50 29-65
(3981-3989/S06 G1))-1-2-3
(EEBC S1-407-1-B-B-B-B-B-1-B-1-B-5-1 x B-bulk 88 61-113 |55 31-81
(3981-3989/S06 G1))-2-1-3
(ICMB 04888 x ICMB 02333)-1-1-3-2 77 68-88 |49 33-64
(ICMB 95111 x EEBC 90 76-104 |57 40-72
S1-407-1-B-B)-17-3-1-B-B-B-B-4-B x 3981-4011 G2}-1-4-2
(ICMB 99555 x ICMB 99111)-2-1-1-B-B-B-1 81 55-101 |46 33-57
(NC D2 BC7F4-34-3-1-2-B-2-B x EEBC 407)-12-1-2 86 54-97 |56 36-75
(NC D2 BC7F4-34-3-1-2-B-2-B x EEBC 407)-4-2-2-2 86 62-102 |52 35-66
{[(843B x ICTP 8202-161-5)-20-3-B-B-3 x B-bulk]- 86 80-92 |46 34-53

2-B-9 x [(ICMB 96555 x LaGrap C2 S1-32-1)-10 x IP
14758-2-1]-8-2}-1-1-1-2

{[(BESCBPT/91-40 x SPF3/S91-3)-1-2-2-3 x B-bulk]-8-1-1- | 104 | 79-123 |57  |38-82
3-B-B-B-B-3-1 x B-bulk (3981-4011/S06G1)}-1-3-2

AIMP 92901 S1-15-1-2-3-B-3-B-9-2-1 92 71-119 |53 30-78
AIMP 92901 S1-296-2-1-1-4-2-B-7-3-1 102 |90-118 |57 42-72
HHVBC Tall S1-51-1-P1-3-B 100 | 77-129 |53 38-62
ICMR 312 S1-59-1 97 83-118 |60 46-77
ICMV 221 S1-366 86 80-92 |58 42-73
ICMV 96490-S1-15-1-2-2-1-2 115 1 95-138 |62 41-77
ICTP 8203 S1-386 98 84-124 |61 41-83

Fe and Zn contents ranged from 40 to 580 mg kg=! and from 10 to 66 mg kg~!,
respectively (Jambunathan and Subramanian 1988). But looking at the size of
experimental materials (test entries) that were studied in these studies, varied and
only few studies had adequate number of test entries to investigate the variation for
grain Fe and Zn contents.

Velu et al. (2007) reported large variability for grain Fe content (30.1—
75.7 mg kg™") and Zn content (24.5-64.8 mg kg™!) in pearl millet breeding lines. Rai
et al. (2012) also reported large variation for both Fe and Zn contents: Fe ranging
from 18 to 97 mg kg~! and Zn varying from 22 to 69 mg kg~ in the advance breed-
ing lines; and Fe ranging from 52 to 135 mg kg=! and Zn ranging from 40 to
92 mg kg~! in the population progenies. Similarly, two to threefold variation among
germplasm collections was reported for both Fe (51-121 mg kg=') and Zn (46—
87 mg kg~!) contents (Rai et al. 2014). Interestingly, most of the high Fe and Zn
accessions were from Togo and Ghana that had Fe content of 95-121 mg kg~'and
Zn content of 59-87 mg kg~! indicating iniadi germplasm as a valuable germplasm
resource for genetic improvement of Fe and Zn contents in pearl millet.
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The magnitude of variation for these micronutrients among the released and
commercial cultivars (18 OPVs and 122 hybrids) in India was studied (Rai et al.
2016). OPVs had a Fe range of 42-67 mg kg™!, and Zn range of 37-52 mg kg™' with
ICTP 8203 having the highest Fe content (67 mg kg™') followed by ICMV 221
(61 mg kg™") and AIMP 92901 (56 mg kg=!). ICTP 8203 had highest level of Zn
content (52 mg kg!), followed by ICMV 221 and AIMP 92901 (45-46 mg kg™'),
whereas Fe content in hybrids varied from 46 to 56 mg kg™! and Zn content from 37
to 44 mg kg~!. Four high Fe and Zn hybrids were identified as Ajeet 38, Proagro XL
51, PAC 903, and 86M86 with 55-56 mg kg~' Fe content and with 39-41 mg kg™!
Zn content. These high Fe and Zn cultivars can be readily utilized for expanded
cultivation and can also be proposed to be included in development programs.

4.2.2 Micronutrient Phenotyping Protocols

Since pearl millet is a highly cross-pollinated crop, three types of seed samples
(selfed, sibbed, and open-pollinated seeds) can be used for the micronutrient analy-
sis. However, open-pollinated seed sampling is the best choice in terms of cost-
effectiveness and reliable estimation, provided Al contents of samples are monitored
for possible dust contamination (Rai et al. 2015a). The availability of low cost and
quick throughput analytical methods for micronutrient screening is a prerequisite
for successful biofortification breeding. Although variety of instrumental techniques
have been used for plant mineral determination so far, breeders presently rely heav-
ily on Atomic Absorption Spectrometry (AAS) and Inductively Coupled Plasma
Optical Emission Spectrometry (ICP). Almost all the analytical laboratories of the
National Agricultural Research System (NARS) in India are using AAS and very
few use ICP. When a large number of samples are to be screened for a given micro-
nutrient, a simple, rapid, and cost-efficient method can surely save the time and
resources, and can increase the breeding efficiency to enhance genetic gain for that
trait. Recently, Energy-Dispersive X-ray Fluorescence (XRF) has been used for
plant sample analysis. XRF is a relatively non-destructive method for grain Fe and
Zn contents estimation and has now been validated for pearl millet (Paltridge et al.
2012). Setting up this table-top machine requires little recurring expenditure and
provides non-destructive analysis of 300 samples per day at the cost of <USD 2.0
per sample compared to the ICP method (>18 USD/sample) which takes a month
time (Rai et al. 2012). High-throughput XRF facility was established in 2010 at
ICRISAT, Patancheru, which enables handling a large number of breeding lines at
ICRISAT and its partners’ center (15,000-20,000 grain samples per year). Efficiency
of XRF over ICP for high-throughput Fe and Zn estimation in pearl millet grain was
demonstrated with large samples from several trials (Govindaraj et al. 2016a, b).
This study showed that highly significant and positive correlations between ICP and
XRF (r =>0.80%*; p < 0.01) for both micronutrients provide the reliable screening
technique and breeders can rapidly discard low Fe/Zn genotypes while generation
advancement.
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4.2.3 Genetics of Grain Iron and Zinc Contents

Understanding the nature of gene action and inheritance patterns of grain micronu-
trient is crucial for breeders to develop effective biofortification breeding strategies.
Several studies in pearl millet using different mating designs showed that the inheri-
tance of grain Fe and Zn contents is largely attributed to additive genetic variance
with higher magnitude of heritability, explaining the simple inheritance pattern and
simple selection for these micronutrients to be effective (Velu 2006; Arulselvi et al.
2007; Gupta et al. 2009; Govindaraj et al. 2016a, b). In general, variability among
the hybrids attributable to general combining ability (62 GCA) was 3—4 times greater
than the variability attributable to specific combining ability (62SCA) for Fe and Zn
contents. This proposition of 6?GCA over 6>SCA, in turn, contributes to greater
predictability ratio which was always closer to unity for both micronutrients. This
indicated that the GCA effect for both Fe and Zn contents were predominantly
under additive genetic control in pearl millet (Velu et al. 2011; Rai et al. 2012;
Govindaraj et al. 2013; Kanatti et al. 2014a). Highly significant and positive correla-
tions between hybrid performance per se and mid-parental values provided further
support for these micronutrients being largely under additive genetic control. In
contrary, another study reported predominance of non-additive genetic variance for
these micronutrients (Arulselvi et al. 2006).

Differences in reciprocal crosses is a widely used method for estimating mater-
nal effects in trait inheritance. The differences between the direct crosses and recip-
rocal crosses were non-significant both for the Fe and Zn contents both in genotypes
with high- and low-content genetic backgrounds (Kanatti et al. 2018). This indi-
cated that genetics of both the micronutrients are controlled by nuclear determinants
of male and female parents which showed the relatively greater importance of both
nuclear than cytoplasmic contribution. Further, genetic studies revealed the high
grain Fe and Zn parents had positive and significant GCA effects, while parents
with low grain Fe and Zn had significant negative GCA effects (Govindaraj et al.
2013; Kanatti et al. 2014a). This pattern of genetic control suggested that the selec-
tion for higher grain micronutrients should be commenced in earlier generation
while agronomic superiority can be selected in later generations. Interestingly,
unlike yield traits, inbreeding has no adverse effect on micronutrient content in
pearl millet (Rai et al. 2017).

4.2.4 Conventional Breeding
4.2.4.1 Source of Higher Fe and Zn Contents
Evaluations have been undertaken to identify germplasm sources for high Fe and Zn

grain contents. Seed parent and restorer lines of hybrids and advanced breeding
lines developed from a diverse range of germplasm have been screened to identify
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existing sources for high Fe/Zn in elite agronomic backgrounds. Consequently,
large variability was observed for both micronutrients among seed parents progenies
and ten lines have been identified having very high Fe and Zn contents (Table 4.1).
Except for two progenies that involved a NCD2 (Nigerian Composite Dwarf) prog-
eny as one of the parents in the cross, all other progenies were derived from crosses
that had both parents developed from iniadi germplasm, with a progeny from Extra-
early B-composite (EEBC) involved in most of the crosses. These identified prog-
enies with such high levels of Fe and Zn contents would serve as ready-to-use donor
source for B x B crosses to develop counterpart A-line. Similarly, selected sources
from restorer progenies for high-Fe and Zn are given in Table 4.2. Previous evalua-
tion studies in pearl millet have also shown that breeding lines, hybrid parents, and
improved populations having high Fe and Zn contents were often based largely on
iniadi germplasm (Velu et al. 2011; Govindaraj et al. 2013; Kanatti et al. 2014a;
Rai et al. 2015b). Iniadi refers to an early-maturing and large-seeded landrace
found in the adjoining parts of Togo, Ghana, Benin, and Burkina Faso and such
source also known by various local names such as nara, nata, ignati, ignate, ignie,
misse, and likoun (Andrews and Kumar 1996).

The positive and significant correlation between per se performance of the par-
ents for micronutrients and their GCA effects indicates that per se performance of
the parents, in general, is a good indicator of hybrid performance (Rai et al. 2012).

Table 4.2 Iron (Fe) and Zinc (Zn) content in high-Fe restorer parents progenies (data are mean of
4-8 seasons at Patancheru)

XRF Fe content XRF Zn content

(mg kg™) (mg kg™)
Advanced breeding line Mean Range Mean Range
AIMP 92901 S1-15-1-2-3-B-3-B-9-2-1 92 71-119 |53 30-78
AIMP 92901 S1-296-2-1-1-4-2-B-7-3-1 102 90-118 |57 42-72
HHVBC Tall S1-51-1-P1-3-B 100 77-129 |53 38-62
ICMR 312 S1-59-1 97 83-118 |60 46-77
ICMV 221 S1-366 86 80-92 58 42-73
ICMV 96490-S1-15-1-2-2-1-2 115 95-138 |62 41-77
ICTP 8203 S1-386 98 84-124 |61 41-83
LaGrap C2-S1-14-4-1-3-4-4 89 72-112 |57 43-70
MRC HS-130-2-2-1-B-B-3-B-B-B-1-3-1 110 93-128 | 64 42-76
SDMV 90031-S1-11-1-1-3-3-B-4-B-2-1-B 87 64-107 |57 38-79
(EERC-HS-8)-B-2-1-2-1 100 85-119 |48 28-78
(MC 94 C2-S1-3-1-3-3-1-2-1 x ICMR 92 87-96 51 36-69
312 S1-3-2-3-2-1-1-B-B)-B-46-P1-1
(MC 94 C2-S1-3-1-3-3-1-2-1 x SDMV 76 65-87 62 44-74
90031 S1-3-3-2-2-2-2-2)-B-8-2-1
(MC 94 C2-S1-3-2-2-2-1-3-B-B x AIMP 79 66-105 |54 41-67
92901 S1-488-2-1-1-4-B-B)-B-30-1-3
[(IPC 1617 x SDMV 90031-S1-84-1-1-1-1) x AIMP | 90 69-121 59 36-79
92901 S1-296-2-1-1-3-B-1]-4-4-2-1
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Using both of these parameters, 863B, ICMB 98222, ICMB 99222, ICMB 02333,
ICMB 04999, IPC 1650, IPC 843, IPC 774, IPC 1178, IPC 689, and IPC 735 were
identified as moderate-to-high Fe lines and the best general combiners for use in
hybrid breeding. The above results suggest that population progenies with higher
levels (>70 mg kg™!) are available as donor sources for further genetic enhance-
ment of these micronutrients, and lines with high Fe and Zn can be identified in
breeding material with elite genetic backgrounds for their direct use in hybrid par-
ents development.

4.2.4.2 Genotype by Environment Interaction

Interaction between genetic and environmental factors (G x E interactions) affects
expression of any quantitative trait. Early breeding efforts in biofortification were
hindered by gaps regarding appropriate methods for micronutrient traits assessment
and the effects of variable environmental factors on biofortified traits. This was
primarily due to perception that biofortified traits are qualitative rather than quanti-
tative in nature. There are now evidences that there are significant G X E interactions
in expression of biofortified traits (Reynolds et al. 2005; Govindaraj et al. 2013;
Kanatti et al. 2014a). Recent studies have shown significant role of environment
and genotype x environment (G x E) interaction in determining the levels of grain
Fe and Zn contents in pearl millet (Rai et al. 2016). While G x E interactions for Fe
and Zn appear to play an important role, the genetic variance contribution was
twice than that due to G x E for these micronutrients (Govindaraj et al. 2016b).
Most studies in pearl millet showed that G x E interactions accounted for 10-30%
of the variation for Fe and Zn contents and it is possible to identify the genotypes
with high and stable mineral content across environments.

Complexity of soil micronutrient status may partly contribute to environmental
interaction for expression of these traits. Analyzing soil and grain samples from the
target environments explains the underlying factors of G x E interactions and the
magnitude of micronutrient trait expression. A large number of multi-location eval-
uations under biofortification program at ICRISAT indicated that all the locations
had sufficient levels of Fe and Zn and other important minerals and did not establish
relationship of micronutrient content in the grain with the soil available micronutri-
ent status (Govindaraj et al. 2013; Kanatti et al. 2014a). Differences in soil Fe and
Zn contents between contrast environment (rainy and summer) were also not
reflected in the grain Fe and Zn contents (Gupta et al. 2009) indicating that soil
micronutrient status above critical limits has no influence on grain mineral contents.
In spite of G x E challenges, there is a growing evidence that breeding for increased
levels of micronutrient across environment is feasible with high yield in pearl millet
because of positive correlation between Fe and Zn contents and reported higher
heritability of these micronutrients than grain yield (Govindaraj 2011; Govindaraj
et al. 2016b).
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4.2.4.3 Trait Association

Biofortification aims to address nutrient deficiencies as an integral part of core
breeding program, but there is need to understand the potential impact of higher
micronutrient contents on other important traits. For instance, selection for increased
micronutrient content may be expected to negatively affect yield or other important
agronomic and end-use characters. This happens if genes that increase micronutri-
ent content are linked with genes that have a deleterious effect on other desired
traits, or it could occur as a consequence of negative trait associations. Association
between grain Fe and Zn has largely been studied in pearl millet and other crops and
highly positive and significant correlations between Fe and Zn have been revealed
(Gregorio et al. 2000; Ozkan et al. 2007; Velu et al. 2011). The correlations between
Fe and Zn contents in pear]l millet varied from 0.43 to 0.97 (Velu et al. 2011; Rai
et al. 2012; Govindaraj et al. 2013 and Kanatti et al. 2014b). Such high positive cor-
relations among micronutrients indicate that improvement in Fe content may simul-
taneously improve the Zn content owing to similar transport and chelation process
affecting the accumulation of both Fe and Zn contents in pear] millet seeds. Studies
also reported significant positive association of Fe and Zn contents with grain
weight in pearl millet (Velu et al. 2007, 2008a, b; Kanatti et al. 2014b), while other
studies in pearl millet observed non-significant association grain Fe and Zn contents
with 1000-grain weight (Gupta et al. 2009 and Rai et al. 2012; Yadav et al. 2016).
Thus, the genetic enhancement of these micronutrients is possible without compro-
mising on grain size.

The Fe and Zn contents had negative and mostly non-significant correlation
with grain yield in pearl millet (Rai et al. 2016; Kanatti et al. 2014b; Yadav et al.
2016). In those studies where correlation was negative, it was weak enough in the
magnitude, indicating that if these were the results of adverse genetic associations,
high-yielding hybrids with high Fe and Zn contents can be bred by making selec-
tion for these traits in larger segregating populations and progenies as compared to
those used for breeding for grain yield alone. These weak negative relationships
resulted from dilution effects when dealing with selfed seeds where grain yield was
reduced and micronutrients were overestimated (Govindaraj et al. 2012). On the
other side, this trend could be of unidirectional selections as most correlations so
far reported are in those lines/cultivars that were bred exclusively for yield (as
target trait). Hence, further research involving random sets of lines derived from
random-mated populations constituted from crosses between high-Fe/Zn and low-
Fe/Zn lines but high yielding is required to examine the magnitude and direction of
association of these micronutrients with grain yield. Commercial hybrids (86 M86,
XL51, and Ajeet 38) bred for higher yield and widely cultivated in India have
higher yield and higher Fe content (>50 mg kg~! Fe) among released cultivars
shows the possibility of combining grain yield and micronutrient in cultivars
(Rai et al. 2016).
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4.2.4.4 Population Improvement

Pearl millet is a highly cross-pollinated crop with 70-80% outcrossing and devel-
opment of open-pollinated varieties (OPVs) as commercial cultivar is an option.
Both Fe and Zn contents being largely under additive genetic control, inter and
intra-population improvement is highly effective. Although individual plant selec-
tion is not very effective for grain yield, S, progenies selection is an effective popu-
lation improvement method for grain yield in pearl millet. A study confirmed the
efficiency of single plant selection for Fe and Zn contents in four diverse OPVs
(ICTP 8203, IBV 3, AIMP 92901, and ICMR 312) (Govindaraj et al. 2012). Selfed
grains produced from S, plants and S; progenies were assessed for Fe and Zn con-
tent and correlation between the S, plants and the mean of S; progenies across
environments was positive and highly significant in all four populations, both for
Fe (r = 0.58-0.75) and Zn content (r = 0.61-0.73). Therefore, individual plant
progeny selection is effective for both Fe and Zn contents for intra-population
improvement as followed for grain yield improvement. For inter- and intra-popula-
tion improvement, a study revealed that one cycle of selective random matting had
improved grain Fe and Zn in C, over C, bulks with an increase of 8% (Fe and Zn))
in AIMP 92901 and ICMR 312 (Govindaraj 2011). Interestingly, such selection for
high Fe and Zn significantly increased 1000-grain mass by 5-14% in these two
populations and had no adverse effect on grain yield. Similarly, ICTP8203-10-2, a
population developed by recombining 11S3 progenies, had 71 mg kg~ Fe content
(9% higher than original) and 2.2 t ha™' grain yield (11% higher than original).
Based on national testing, this population was released as ‘Dhanashakti’ and is the
first biofortified crop cultivar for Fe in public domain in India and few other high-
Fe OPVs are under development at ICRISAT with much higher Fe and Zn contents
(Rai et al. 2014).

4.2.4.5 Hybrid Breeding

The higher level of outcrossing and heterosis supported with availability of com-
mercially viable cytoplasmic-nuclear male sterility system, hybrids breeding has
been very effective in increasing pearl millet productivity in India. Heterosis,
defined as the superiority in performance of hybrids over its parents (mostly higher
parent), is largely explained either due to dominance or over-dominance effects.
There is no better-parent heterosis for Fe and Zn reported so far in pearl millet
since predominance of additive gene action in the genetic control of these traits,
which indicates that there would be little opportunity to exploit better-parent het-
erosis for improving these micronutrients. However, development of hybrids with
high Fe and Zn contents highly require incorporation of high Fe and Zn genes into
both parental lines of hybrids where the mid-parent heterosis of a hybrid is gradu-
ally increased. Therefore, to breed high iron/zinc hybrids, all potential parental
lines should be characterized for these micronutrients and only selected lines
should be hybridized.
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Unlike grain yield, performance per se of lines is significantly and positively
correlated with general combining ability for Fe and Zn in pearl millet, implying
the lines selected for high Fe and Zn will also be high general combiners for these
micronutrients (Velu et al. 2011; Govindaraj et al. 2013; Kanatti et al. 2014a,
2016). Development of inbred lines with high Fe and Zn depends on the level of
and variability for these micronutrients in the base population (whether F,s or
OPVs or composites), and on the magnitude, direction, and pattern of inbreeding
effects. It has been observed that inbreeding had either no significant effect or had
marginally increased both micronutrients (Rai et al. 2017). In contrast to the low
heritability and inbreeding depression of grain yield, micronutrient contents are
highly heritable and hybrids can be readily improved through hybrid parents breed-
ing. So far, the best source of high Fe and Zn contents in pearl millet is found to be
iniadi germplasm (Velu et al. 2011; Rai et al. 2012; Govindaraj et al. 2013).
Considering the additive gene action and one source of germplasm genes intro-
gressed in both parental lines, it is expected to reduce genetic diversity between
male and female groups for other important traits. This will also lead to reduced
heterosis for yield traits, which are predominantly under non-additive gene control.
Thus, genomics approaches for selective introgression of genes for Fe and Zn con-
tents in the parental lines without disrupting the diversity for other traits can play a
major role in future biofortification breeding. New sources, other than iniadi, of Fe
and Zn contents in the germplasm collections are also being explored at ICRISAT
for genetic diversification for high Fe and Zn. ICRISAT and NARS have developed
several biofortified seed and restorer parents with elite agronomic backgrounds in
diverse cytoplasmic systems. The Fe content in these seed parents is 69-110 and
42-55 mg kg™ Zn content while restorer had 74—-110 mg kg~! Fe and 41-62 mg kg™!
Zn (Table 4.3).

So for biofortification breeding at ICRISAT and NARS is intensively supported
by HarvestPlus Challenge Program of the CGIAR which set Fe targets for pearl
millet as 77 mg kg™' with increment of 30 mg kg~! over first pearl millet variety
(WC-CT75). However, a recent study reported baseline for Fe content is 42 mg kg™
among hybrids and thus target would be 72 mg kg~! (Rai et al. 2016). Besides using
parental lines with high Fe, hybrids being developed with these targets are being
tested at national level. A special hybrid trial at national level is being conducted to
encourage mainstreaming of this trait in public and private sector breeding pro-
grams. In addition, many more hybrids have been identified (Rai et al. 2016) and are
in pipeline for testing. It is important to note that higher adoption of biofortified
pearl millet hybrids/varieties in a long run largely depend on higher Fe/Zn contents
coupled with high yield, downy mildew resistance and drought tolerance.

4.2.4.6 Improved Cultivars
Identification of appropriate germplasm and populations with highest Fe and Zn

contents is very important for demonstrating the biofortification breeding. Use of
such materials would continue until parental lines with higher Fe and Zn contents
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Table 4.3 High-iron seed and restorer parents developed at ICRISAT (data are mean of four
seasons)

50% flowering | XRF Fe content | XRF Zn content | 1000-grain
Line (days) (mg kg™") (mg kg™") weight (g) |CMS
Seed parents
ICMA/B 1501 39 76 42 13.2 A4
ICMA/B 1502 43 92 50 13.6 Al
ICMA/B 1503 43 69 43 15.0 A4
ICMA/B 1504 47 97 55 15.5 Al
ICMA/B 1505 41 110 55 15.5 Al
(15222)
ICMA/B 1506 45 96 53 9.9 A4
(15444)
ICMA/B 1507 43 92 50 10.1 A4
ICMA/B 1508 53 73 44 15.0 Al
Restorer parents
ICMR 1201 48 79 41 10.5 Al
ICMR 1202 50 89 47 14.2 Al
ICMR 1203 52 101 58 7.9 A4
ICMR 1301 55 91 52 12.7 Al
ICMR 1501 55 86 42 9.9 Al
ICMR 1502 51 110 62 12.4 Al
ICMR 1503 51 99 47 13.7 A4
ICMR 1504 57 96 51 8.8 Al
ICMR 1505 55 74 41 6.9 A4

are developed through targeted breeding for these micronutrients in high-yielding
backgrounds. With partnership with NARS, improved version of ICTP8203 was
released as Dhanashakti for all India level in 2014 (Rai et al. 2014), and has now
been adopted by 60,000 ha. Dhanashakti has been accepted by farmers not only for
Fe and Zn content, but also for higher grain yield, earliness and bold seed
(Table 4.4). ICMV 221, another popular cultivar, has now been further improved
for Fe content and is under testing. The improved version of ICMV 221 has
70 mg kg~! Fe content (11% higher than ICMV 221), 58 mg kg~! Zn content (9%
higher than ICMV 221), and grain yield 4.2 t ha=! (5% higher than ICMV 221)
(Govindaraj and Rai 2016).

Several A/B pairs with high Fe content (range 65-77 mg kg~!) have been identi-
fied with ICMA 98222 and ICMA 99222 as the best general combiner for high-Fe
hybrid breeding. By exploiting these lines with advanced high-Fe breeding lines as
potential restorers, several high-Fe hybrids have been developed with good yield
potential. Based on multi-location and multi-year testing, two hybrids, viz., ICMH
1201 and ICMH 1301 have been identified for commercialization. ICMH 1201 had
75 mg kg~! Fe content and 3.6 t ha™! grain yields. I[CMH 1201 flowered only 3 days
later than ICTP 8203, so it fits in the early-maturity group and production system.
Performance of ICMH 1301 showed 72 mg kg~! Fe content and 3.6 t ha™! grain yield.
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Table 4.4 Performance of biofortified pearl millet cultivars for Fe and Zn content, grain yield, and
time to 50% flower across environments

XRF Fe content | XRF Zn content 50% flowering

(mg kg™") (mg kg™") Grain yield (t ha™') | (days)
Cultivar Mean |Range |Mean |Range |Mean |Range Mean Range
Dhanashakti | 71 40-106 |40 18-71 |2.20 0.65-5.65 |45 40-55
ICTP 8203* |65 31-94 40 19-71 1.97 0.63-4.30 |45 38-56
ICMV 221 Fe | 70 62-85 |58 53-63  |4.24 3.38-5.40 |43 40-47
11-2
ICMV 221* |63 59-69 |53 51-58  |3.98 3.12-4.81 |39 38-41
ICMH 1201 |75 47-102 |39 18-69 |3.58 1.49-6.20 |48 41-56
86M86* 56 39-71 |37 18-61 |4.37 2.60-6.47 |54 47-64
ICTP 8203* |71 50-102 |43 19-77  |2.58 1.33-5.06 |45 38-55
ICMH 1301 |77 31-107 |42 24-64 |3.26 1.32-7.03 |52 42-62
86M86* 58 39-85 37 18-56  |4.10 2.60-6.95 |54 44-64
ICTP 8203* |75 40-117 |44 19-77 |2.46 1.28-6.36 |45 36-53

3Check entry

These hybrids are cultivated by >30,000 farmers using truthfully labeled seed (TLS),
mostly in Maharashtra and Rajasthan. Much greater progress in breeding high-Fe
hybrids with high-grain yield is expected in the near future by utilizing A- and R-lines
that are being developed through targeted breeding for high-Fe content.

4.2.5 Molecular Breeding
4.2.5.1 Availability of Molecular Markers

Pearl millet had been a crop of limited genomic resources in the past. However,
since last decade, substantial progress has been made in generation of molecular
markers. Like in other crops, PCR-based simple sequence repeats (SSR) markers
are the extensively used markers for various genetic and mapping studies of pearl
millet due to their abundance in the genome, highly polymorphic nature and easy
assay. Transcriptome projects have brought enormous information on expressed
sequence tags (ESTs), which were used as targets for the identification of SSR
markers known as EST-SSR markers through the computational approach thereby
making the SSR marker development rapid, easy, and inexpensive. These markers
were subsequently used for various genetic studies in pearl millet. PCR-based
screening of a bacterial artificial chromosome (BAC) library constructed using
nuclear DNA from pearl millet using five sequence-tagged site (STS), led to the
identification of 6 microsatellite markers (Allouis et al. 2001). Twenty-five SSRs
were isolated from bacterial artificial clones (BA Clone) of pearl millet without any
sub-cloning using 3" anchored SSR primers and isolation of flanking sequences by
suppression PCR (Qi et al. 2001), while screening of a small-insert partial genomic
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library with a (CT)15 oligonucleotide probe resulted in the development of 18 SSR
markers (Budak et al. 2003). Similarly, 44 markers were developed from a (CA)
n-enriched small-insert genomic library (Qi et al. 2004). Yadav et al. (2007) devel-
oped 32 SSR markers for pearl millet and assessed them for polymorphism in
parental lines of 4-6 mapping populations (Yadav et al. 2008). A set of 58 SSR mark-
ers was developed in pearl millet and ESTs made available (Senthilvel et al. 2008).
SNPs accounted for about two-thirds of the variation while InDels accounted for
one-third of the variation. This demonstrated the use of syntenic information to
develop SSCP-SNP markers (Bertin et al. 2005). Subsequently, Rajaram et al. (2013)
developed 99 EST-SSR markers from transcriptomics work.

4.2.5.2 Linkage Maps

A genetic/linkage map depicts the arrangement of molecular markers. Linkage map
is the basic framework in different linkage groups based on the recombination fre-
quency among the markers, which are essential for the mapping of QTL. The first
RFLP linkage map in pearl millet was published by Liu et al. (1994). A linkage map
consisting of seven linkage groups and a total of 181 loci was made using an inter-
varietal F2 population, with an average inter-marker distance of about 2 cM. Qi
et al. (2004) developed an integrated consensus linkage map from the genetic maps
constructed for four different crosses using 353 RFLP and 65 SSR markers. The
mapping of 21 polymorphic SSR markers mapped using existing mapping popu-
lations (ICMB 841-P3 x 863B-P2 and 81B-P8 x IPC 804) revealed that most
EST-SSR markers map to distal regions of linkage groups to cover the previous
gaps (Senthilvel et al. 2008).

A linkage map was constructed using 258 DArT and 63 SSR marker data using
a RIL population from cross H 77/833-2 and PRLT 2/89-33 (Supriya et al. 2011).
With an objective of developing a linkage map with more evenly distributed mark-
ers and greater marker coverage of the gaps in earlier maps, Pedraza-Garcia et al.
(2010) constructed a map using 196 PCR-based DNA markers (66 SRAPs, 63
RAPDs, 27 ISSRs, 31 pearl millet, six sorghum, and three maize SSRs) of nine
linkage groups with an average genetic distance of 9.2 cM between markers.
Rajaram et al. (2013) also constructed Linkage maps using 99 newly developed
EST-SSR markers and previously mapped 17 EST-SSR, 53 genomic SSR, and two
STS markers.

A consensus map of 174 loci (899 cM) was developed by integrating the indi-
vidual linkage maps using MergeMap, which showed a well-conserved locus order
for nearly all linkage groups. The linkage maps constructed using codominant SSRs
and dominant DArTs span 1748.7 cM (ICMB 841 x 863B map consisting of 305
markers) (Kumar et al. 2016). Longest SSR-based skeleton linkage map for
F,-derived F; progenies with a length of 1018.7 cM accommodating only 44 well-
distributed markers has been reported. Large map using SSRs with map length of
748 cM for an F, population was reported by Gulia (2004). Liu et al. (1994) reported
by the shortest F,-based map (287.7 cM) reported so far had 181 RFLP markers.
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Yadav et al. (2004) incorporated 91 marker loci in a population of F, individuals,
with a map length of 617.4 cM using (ICMB 841 x 863B) population. Senthilvel
et al. (2008) have used the same F, population to obtain a map length of 677 cM
with 112 loci. Vengadessan et al. (2013) constructed a linkage map, primarily based
on SSCP-SNP markers, using 188 F,; mapping population progenies produced
from a cross between pearl millet inbred lines having diverse parentage.

The skeleton linkage map covered 1019 cM and it comprised of 44 markers dis-
tributed across the seven linkage groups. Average adjacent-marker intervals ranged
from 14 ¢cM on LGI to 38 ¢cM on LG6, with an overall mean of 23 cM. Rajaram
et al. (2013) developed 99 new EST-SSR markers (IPES series) and constructed
linkage maps of four F7 recombinant inbred populations (RIP) based on four crosses
along with previously mapped EST-SSR (17), genomic SSR (53), and STS (2)
markers. A total of 176 loci detected by 171 primer pairs were mapped among the
four crosses. A consensus map of 174 loci (899 cM) detected by 169 primer pairs
was constructed using Merge Map to integrate the individual linkage maps.

4.2.5.3 Quantitative Trait Loci (QTL)

Development of a mapping population is the most critical factor in the construction
of a molecular map. Decisions on selection of parents and mating design for the
development of mapping population and the type of markers used depend upon the
objectives of experiments, availability of markers, and the molecular map. An
appropriate mapping population, with suitable marker system and the data analyz-
ing software are the key rations for molecular mapping and breeding. Genetic map
construction requires: appropriate mapping population; pairwise recombination
frequencies calculation on population; establishment of linkage groups; estimation
of map distances; and determine map order. Size of mapping population is also
essential factor in mapping as limited population sizes used in many QTL detection
experiments may have led to underestimation of QTL number, overestimation of
QTL effects, and failure to quantify QTL interactions (Beavis 1998; Melchinger
et al. 1998; Utz et al. 2000). The size of the population may be determined by the
gene effect to be detected as well as the type of population. While the analysis of
large population would enable the detection of small-effect QTLs, the basic pur-
pose of mapping would be served if one can detect the major QTL with large effect
and this would require, in general, a mapping population of a size 200-300
individuals.

Mapping software packages, such as Mapmaker (Lander and Botstein 1989;
Lander et al. 1987), Mapmanager (Manly and Elliott 1991), and Joinmap (Stam
1993) have been developed to analyze the genetic data for map construction. These
software packages use genetic data of segregating mapping populations to estimate
recombination frequency followed by determination of linear arrangement of
genetic markers. Different types of mapping populations that are often used in
linkage mapping are: F2 population; F2-derived F3 (F2:F3) populations;
Backcrosses; Doubled haploids (DHs); Recombinant Inbred Lines (RILs); and
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Near-isogenic Lines (NILs). The F2 mapping population can be developed with
possible combinations of parental alleles (Lander et al. 1987). A recombinant
inbred line (RIL) can be obtained from an F2 generation by successive self-polli-
nations using the single seed descent method (SSD) (Burr et al. 1988). The result-
ing inbred lines are highly homozygous and the segregation ratio for each locus
tends to be 1:1 (AA:aa) representing an ‘immortal’ or permanent mapping family
and can thus be used in experiments with replications in several environments
allowing for more accurate estimates of genetic components and identification of
QTL vs. environment interactions. Disadvantages of recombinant inbred lines are
that at least six generations are required to obtain the line and the inability to esti-
mate dominance effects of mapped quantitative trait loci (QTL) due to the absence
of heterozygous genotypes.

In pearl millet, several F2:3 and F2:4 mapping population have been developed
from diverse inbred lines of Asian, American, and African origin (Hash et al. 2002).
Liu et al. (1994) developed the first F2 population of 133 individuals for the study
of downy mildew. It was used by Devos et al. (2000) for comparative mapping of
pearl millet with foxtail millet and rice. Further to understand the genetic control of
domestication trait, Poncet et al. (2000) developed a population of 250 F2 individu-
als from cultivated and wild F1 hybrid (P. glaucum spp. monodii). Poncet et al.
(2002) developed another F2 population having 168 individuals. Yadav et al. (2002,
2004) developed two mapping population by crosses of H77/833-2 x PRLT 2/89-33
(early maturing inbred line, 150 F2 individuals) and ICMB 841 x 863B agronomi-
cally elite inbred seed parent, 106 F6 individuals (Kumar et al. 2016).

The QTL analysis is based on association between trait value and marker
allele. Number of studies have been reported for detecting QTLs with traits like
downy mildew (Jones et al. 1995, 2002; Gulia 2004), rust and blast (Morgan et al.
1998), drought tolerance (Yadav et al. 2002, 2003, 2004; Bhattacharjee et al.
2002; Bidinger et al. 2007; Kholova et al. 2012), flowering time (Kumar et al.
2017; Saidou et al. 2009), panicle length (Poncet et al. 2000; Kumar et al. 2017),
and 1000-grain mass (Yadav et al. 2002; Bidinger et al. 2007; Kumar et al. 2017).
Research on identifying QTLs and candidate genes for elevated levels of Fe and
Zn in pearl millet is limited at this time (Manwaring et al. 2016). A recent study
has identified the QTLs for higher Fe and Zn contents in ICMB 841 x 863B cross
on LG3 (Kumar et al. 2016).

4.2.5.4 Marker-Assisted Selection (MAS)

Despite the fact conventional breeding approaches will continue to make valuable
aids to the genetic improvement of important traits in pearl millet, the efficiency of
such concerted efforts can be increased extensively through the supplementation of
MAS approaches. A number of QTL and associated markers have been identified
for downy mildew resistance (Hash and Witcombe 2001; Jones et al. 2002; Hash
and Witcombe 2002). NILs of H 77/833-2 introgressed with various putative QTL
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regions from PRLT 2/89-33 were used for validation of major drought tolerance
QTL in the LG2 target region (Serraj et al. 2005).

The validated QTL on LG3 for higher grain Fe and Zn contents (Kumar et al.
2016) has been the target for marker-assisted breeding (MAB). Using the linked
flanking markers, this QTL along with downy mildew resistance QTLs has been
moved into genetic background of pollen parent of hybrid HHB 67 Improved. These
double QTL introgression lines were crossed with the seed parent of HHB 67
Improved to generate HHB 67 Improved like hybrids. These QTL introgression
lines along with the improved test-cross hybrids are being tested in the national test-
ing system in India.

4.3 Future Prospects

Considering pear]l millet adaptation traits and productivity gains in the drylands
over the decades, it would continue to be an important food crop for India and sub-
Saharan Africa. It is an ideal native food crop to expand the Indian and global food
basket to meet healthy food and nutritional demand of the growing population.
National policy measures such as inclusion of pearl millet under public distribution
system are essential, besides promotion of pearl millet in poultry/animal feed and
breweries to increase incentives to growers for higher production. Creating public
awareness about the nutritional values of pearl millet is urgently needed otherwise
consumers are likely to prefer non-native crops for daily energy and nutritional
requirements. Major area of future focus in biofortification of pearl millet should
include:

* The enhanced nutrient contents of new cultivars have to be achieved without any
trade off with higher productivity. This would translate into adding one addi-
tional trait in breeding program. Micronutrient traits screening is highly expen-
sive while dealing with larger germplasm. Thus breeding for such additional
traits may delay progress for productivity traits when resources are limited to
breeders. Micronutrient traits are apparently not affected by genetic erosion and
involve little maintenance breeding after the genes are incorporated into elite
backgrounds. With availability of XRF tool, cost of biofortification breeding will
decrease over time, and micronutrient content built into the gene pool will not
affect future breeding for productivity traits. In order to achieve it, a higher
investment in breeding would be required on a long-term basis.

* Genomic approaches should now be an integral part of breeding program par-
ticularly for nutritional traits to use diagnostic markers given that pearl millet
genome has been sequenced now (Varshney et al. 2017). Genomic markers can
be used to make the biofortification breeding more efficient through marker-
assisted selection in near future. This would also help in improving high-yielding
cultivars with low iron and zinc under wider cultivation through introgression of
micronutrient genes and become essentially derived variety.
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* Seed companies have well established network and dominate the pearl millet
hybrid seed market in India. Since, hybrids occupy approximately 90% of the
area under improved cultivars, first-biofortified variety (OPV) has limited poten-
tial to make a mega impact. To address this, public—private partnership (PPP)
model needs to be strengthened by institutional policy of nutrition commitments
and special price allocation for mineral-dense seeds with subsidized rates in the
markets to promote biofortified cultivars.

* ICRISAT has played a key role in diversifying the hybrid parents and its contri-
bution to achieving higher yield gain at farm level through the PPP model. Seed
companies, those have research and development division, capture more than
80% of the pearl millet hybrid seed market in India. Thus, the sustainability of
biofortified pearl millet will mainly depend on mainstreaming of biofortification
with seed companies, state seed corporations, ICAR institutes, and state agricultural
universities. Hence, cultivar product concept of partners requires considering
micronutrient as a generic trait in their breeding program and this joint effort will
address development of high yielding and micronutrient rich pearl millet
cultivars.

e There are good prospects for large scale on-farm field and food product demon-
strations through state agricultural universities, agricultural departments and
Krishi Vigyan Kendras (KVKs); large-scale production and procurements of bio-
fortified cultivar grains for Anghanwadi (childcare center); and integration of
biofortified grains in mid-day meal scheme. Several governments sponsored pro-
grams such as National Food Security Mission and Integrated Child Development
Program would provide window for PDS system model to address the iron and
zinc deficiency.
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Chapter 5

Genetic Approaches to Improve Common
Bean Nutritional Quality: Current
Knowledge and Future Perspectives
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Eleonora Cominelli, A. Paula Rodiiio, Antonio M. De Ron,
and Francesca Sparvoli

5.1 Introduction

The common bean (Phaseolus vulgaris L.) is the third most important food legume
species worldwide, surpassed only by soybean (Glycine max (L.) Merr.) and peanut
(Arachis hypogea L.), and it is the first one for direct human consumption, both as a
dry food legume, due to the high protein content of the grain, and also as vegetable
as snap bean for the fresh pod (De Ron et al. 2015). Among the main food crops, the
common bean shows the greatest variation in growth habit, seed characteristics
(size, shape, and color) and maturation time. This variability enables its production
in a wide range of cropping systems and environments as diverse as the Americas,
Africa, the Middle East, China, and Europe (Blair et al. 2010a), where this crop is
highly consumed often as the most important source of dietary protein, as well as in
traditional recipes of the Middle East and the European Mediterranean region
(Broughton et al. 2003; Casquero et al. 2006). This legume is a component of
healthy diets of the Mediterranean basin and is also gaining importance in the USA
where dry bean consumption has been increasing due to greater interest in “ethnic”
and healthy foods (Blair and Izquierdo 2012). Recently, the role of bean in human
diet is being focused not only in its protein content but in the functional properties
of some components also and different authors have reported that its consumption
could contribute to reduce risk of diseases such as obesity, diabetes, cardiovascular
problems and colon, prostate and breast cancer (Hangen and Bennink 2003;
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Thompson et al. 2009). These health benefits could be due to the fiber content in the
grain but also to antioxidant compounds as the phenolic ones.

Dry bean provides an economical source of calories and proteins, with an aver-
age protein content of 22% despite being deficient in the sulfur amino acids, as other
legumes (Kelly and Bliss 1975; Escribano et al. 1990). Dry bean is one of the major
constituents in human diet, normally complementing cereals, especially in develop-
ing countries where there is a lack of animal protein in the diet and beans are the
most economic source of protein; moreover, dry and fresh beans are a good source
of vitamins, minerals, and dietary fiber. Additionally, this pulse crop has high mar-
ket value, which mainly depends on the quality of the pod and the grain, thus being
an interesting crop from the point of view of the consumer, farmer, and processor.
For the consumer, bean is important for its adequate nutritive composition and its
variable uses in different culinary forms. For the farmer, the crop contributes nitro-
gen to the soil, dry seed and fresh pod of specific landraces attract a high market
price while the fresh pod crop can also be produced during the coolest season in
glasshouses. For the processor, common bean has many possibilities, such as canned
or frozen grain and pod.

Some temperate countries are in a position to produce more dry and fresh beans,
which can easily be absorbed by local markets or be exported to other areas.
Therefore, breeding on quality in bean germplasm, including different varieties and
cropping systems, is required.

5.2 Culinary Quality and Market Classes

One of the factors influencing bean culinary quality is seed texture, which can be
influenced by many factors such as variation in germplasm (Hosfield and Uebersax
1980), growing and storage conditions (Burr et al. 1968), and finally soaking and
processing conditions. Dry seeds are first soaked and then cooked to render them
palatable, inactivate heat labile antinutrients, and permit digestion and assimilation
of protein and starch (Burr et al. 1968; Quenzer et al. 1978). Another important fac-
tor relating to quality is the nutritional composition of dry seed bean, which includes
both protein content and quality. It has been determined that protein content ranges
between 18% and 31% of total dry matter, depending on the accession and growing
conditions (Mutschler and Bliss 1981). Variability in culinary and nutritional traits
of bean has been previously reported (Hosfield and Uebersax 1980; Hosfield et al.
1984), in addition to significant interactions between genotype and site and environ-
mental effects for these traits.

Water absorption is an important attribute because it is related to culinary quality.
Seed has to uptake water before cooking to become tender and allow for uniform
expansion. Water absorption is related to cooking time and palatability (Quenzer et al.
1978) and to a term defined by Bourne (1967) as hard seed. Hence, water absorption
may be a useful and rapid indirect selection method to screen germplasm for cooking
time, avoiding the ‘hard-to-cook’ problem present in some bean varieties.
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Consumers have progressively shown specific preferences for various combina-
tions of size and shape of bean seeds and pods, and the market reflects this trend by
giving preference to types of good quality rather than high yield. The conservation
by farmers of this germplasm is strongly influenced by the taste, shape, and color of
the pods and grains, which make them easily recognizable; although a large major-
ity of old varieties have been replaced by improved varieties which are economi-
cally more viable. The introduction of an edible podded bean with long, wide, and
tender pods could have a great deal of interest among farmers and may offer some
possibilities for expanded commercial production and consumption.

Bean markets and consumers in different countries show particular preferences
for grain size, shape, color, and cooking time of beans. The polymorphism of com-
mon bean is so great that, in each region, and even in each locality, different variet-
ies with similar characteristics correspond to different names. There are many ethnic
varieties or “heirloom” varieties, which are characteristic of an area or region, and
they can be designated with different names. This germplasm has derived from
ancient types by conscious or unconscious selection by farmers and are currently
adapted to the agroecological conditions under which they have been grown for
centuries. Therefore, a classification often used for common bean is based upon the
commercial types, which is based predominantly on characteristics of grain color
and size, and is related to market preferences. The wide range of seed characteristics
has been formalized in the bean world into distinct commercial or ‘international
market classes’ (Table 5.1) that are recognized according to consumer preferences,
production, and market price. Some authors have described the major worldwide
market classes (Voysest 2000; Santalla et al. 2001) that often include improved
germplasm and thus tend to show a low level of variability.

Breeding for commercial varieties in common bean usually occurs within each
market class in order to retain their preferred seed size, shape, color, and pattern.
However, the range of commercially available bean cultivars and varieties in differ-
ent market classes is constantly changing and new cultivars are being released for
their increased yield potential, disease resistance, and improved grain quality. In
some countries, such as Spain, dry bean production is concentrated in market classes
with added value ‘Alubia de rifién’, ‘Faba Asturiana’ and ‘Faba Galaica’, ‘Pinta de
Leén’, “Tolosana’, ‘Ganxet’, etc. that have acquired considerable importance due to
their good seed quality and these varieties are protected by specific legal regulations
or ‘Geographic Protected Indication’ (De Ron et al. 2016). Additionally, another
type of dry bean should be considered, the “nufia”, probably ancestral, originated in
the Andes. The characteristic that makes it different from other varieties of dry bean
is that by heating its grain for 2—3 min, it is roasted, enlarged, and acquires an edible
texture, so it can be consumed without cooking. Unlike the current products in the
market of snacks, the nuilas have lower fat content and a higher protein content;
hence, they have a higher added value due to their condition of healthy and innovative
food, having multiple possibilities of processing, with different aromas and condi-
ments, with salt, candied, in salads, desserts, etc. (Van Beem et al. 1992).
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Table 5.1 Main international
common bean market classes
(adapted from Santalla et al.
2001)

E. Cominelli et al.

White seed Yellow seed
Small white Small yellow
Navy Garbancillo
Great northern Canario bola
Marrow Azufrado
Large great northern Brown seed
Hook Chumbinho

Canellini Brown marrow
White kidney Brown garbanzo
Favada Brown mottled
White (bi-colored) Manteca

seed

Hen eye Pink seed
Rounded caparron Rosada

Red Caparron Light red kidney
Kindney caparron Red seed
Favada pinto Small red
Cream seed Sangretoro
Carioca Guernikesa
Mulatihno Dark red kidney
Dark garbanzo Red Pinto
Sargaco Large red mottled
Mottled canellini Purple seed
Viscado Morado

Pinto Purple caparron
Ojo de cabra Black seed
Bayo gordo Black turtle
Cranberry Negro brillante
Canela Black canellini

Large cranberry

Black mottled

5.3 Improvement of Protein Quality

Although beans possess several health benefits and a valuable nutritional composi-
tion, they also contain other substances (such as lectins, phytate, digestive enzyme
inhibitors, phenolic compounds) considered as antinutritional, that may cause
adverse negative effect to those who consume them as staple food and/or improp-
erly processed/cooked. Seeds accumulate most of these compounds as a defense
mechanism against the attack of parasites, insects, fungi, and herbivorous animals
mainly, although some of them, i.e. phytate and lectins, serve as reserve to provide
phosphorous and amino acids at seed germination From a nutritional point of view,
these compounds contribute to lowering bean nutritional value reducing protein and
amino acid digestibility (Sarwar Gilani et al. 2012) as well as decreasing mineral
bioavailability (Doria et al. 2012; Petry et al. 2013).
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Bean seeds are mainly consumed as a dietary source of protein and fiber, hence
the type and amount of seed proteins determine a consistent part of their nutritional
value. Storage proteins are the most abundant proteins in bean seeds. They are rep-
resented by the globulins phaseolin (7S fraction, vicilin family) and legumin (11S
fraction), and by albumins belonging to the family of lectin and lectin-related pro-
teins [phytohemagglutinin (PHA), a-amylase inhibitor (aAl), and arcelin (Arl),
APA proteins] coded by the single Mendelian APA locus (Sparvoli et al. 2015).

Generally, in legume seeds globulins and albumins constitute the major protein
fractions accounting for about 35-90% and 10-37% of the seed dry weight, respec-
tively. Differently from all other legumes, in common bean seeds the globulins to
albumins ratio is unbalanced in favor of albumins (35-39% and 27.6-36.6% of seed
dry weight, respectively); furthermore, legumin is less abundant (10% of total seed
proteins) than phaseolin which accounts for up 50% of total seed proteins (Vitale
and Bollini 1995).

The nutritive value of both phaseolin and APA proteins is limited by their low
content in sulfur amino acids (phaseolin is also poor in tryptophan) as well as their
high resistance to enzymatic proteolysis (Marquez and Lajolo 1981; Jivotovskaya
etal. 1996). Heat treatment may significantly improve the hydrolysis of both classes
of proteins, however this is not always sufficient to ensure a good nutritional quality
(Genovese and Lajolo 1996, 1998). Moreover, in the case of APA proteins it should
be taken into account that it is necessary to abolish their biological activity, espe-
cially for the PHA lectins, which, if not properly inactivated by cooking, can exert
toxic effects on the digestive tract causing vomiting, diarrhea, bloating, and nausea
that eventually interfere with nutrient absorption, thus leading to a decrease in the
nutritional power of beans (Vasconcelos and Oliveira 2004).

5.3.1 Modulation of Seed Storage Proteins Content: Sulfur
Amino Acids Increase and Phaseolin Digestibility

Different studies, based on breeding programs or genetic manipulation, have been
undertaken with the aim to improve bean seed protein quality in relation to the
enhancement of limiting sulfur amino acids. Most of them have been focused on
phaseolin, as this is the most abundant protein in bean seeds (Gepts and Bliss 1984;
Aragao et al. 1999; Montoya et al. 2010). However, interesting results have also
been obtained from studies based on the manipulation of protein seed composition
through the elimination of specific seed proteins by breeding approaches (Osborn
and Bliss 1985; Confalonieri et al. 1992; Taylor et al. 2008; Campion et al. 2009a).

Gepts and Bliss (1984) studied the relationship between available methionine
concentration and the levels of phaseolin using genetic materials differing for
their phaseolin content and showed that higher phaseolin levels lead to increased
available methionine concentration. Later, the biotechnological approach of
overexpressing the methionine-rich 2S albumin of Brazil nut allowed an increase
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in methionine of 14% and 23% in two bean transgenic lines (Aragao et al. 1999),
however since this protein is a strong allergen, this material could not be
exploited. Furthermore, results from studies using a similar approach showed
that the expression of foreign proteins is limited by sulfur supply and often
causes a shift of sulfur from endogenous sulfur-rich proteins (Streit et al. 2001;
Tabe and Droux 2002).

Another strategy to increase the content of sulfur amino acids in seeds consists
in modifying protein fractions by decreasing those with low contents of limiting
amino acids. Taking advantage of genetically related common bean lines integrat-
ing a progressive deficiency in major seed storage proteins (Osborn and Bliss 1985;
Delaney and Bliss 1991; Burrow et al. 1993; Osborn et al. 2003), Taylor et al.
(2008) evaluated the impact of seed storage protein (phaseolin, phytohemaggluti-
nin, and/or arcelin) deficiency on protein accumulation and amino acid composi-
tion in mature seeds of common bean, with a particular emphasis on sulfur amino
acids (Fig. 5.1). The lines that were used in this study were in the genetic back-
ground of cv. Sanilac. The SARCI line contains the S-type phaseolin derived from
cv. ‘Sanilac’ and the phytohemagglutinin (PHA) and arcelin (Arl) derived from the
Arcelinl wild parent (G12882). The SARCI line accumulates high amount of Arl,
has lower content of PHA and phaseolin (less than 50%) than the parent ‘Sanilac’,
and does not accumulate oAl a trait derived from the APA locus of the wild parent
(Osborn and Bliss 1985; Romero-Andreas et al. 1986; Marsolais et al. 2010). The
phaseolin null (PN) trait from P. coccineus cv. ‘Mexican Red Runner’ was then
introgressed in the SARCI line and the resulting phaseolin null line was named
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Fig. 5.1 Protein profiles of seed storage protein-deficient lines and commercial parent Sanilac.
The size of the markers is indicated on the left. Bracket indicates the position of the major seed
storage proteins. Arrow indicates the position of a 54 kDa band (corresponding to legumin o sub-
unit) up-regulated in plants deficientin phaseolin, phytohemagglutinin, and arcelin (SMARCIN-PN)
(from Taylor et al. 2008)
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SMARCI1-PN. A third line, named SMARCIN-PN, was obtained introgressing the
PHA-null trait of cv. ‘Great Northern 1140’ in the SMARCI1-PN line and therefore
was devoid of phaseolin, PHA and Arl, but not aAl, as in this case the APA locus
was that of ‘Great Northern 1140’ which expresses oAl (Taylor et al. 2008;
Marsolais et al. 2010).

The absence of major seed storage proteins (SMARCIN-PN line) had little
impact on seed protein content, as this was compensated by increases in other
proteins, while it was observed a progressive increase in soluble protein content,
indicating a change in protein composition. In addition, several changes in free
amino acids content, including a reduction of the non-protein sulfur amino acids
S-methyl-Cys and y-glutamyl-S-methyl-Cys, were observed. Deficiency of pha-
seolin and major lectins (PHA and Arl) resulted in a nearly twofold increase in
sulfur amino acids, particularly cysteine and methione increased by 70% and
10%, respectively. These results indicate that a preferential interconversion of sul-
fur stored as y-glutamyl-S-methyl-Cys to the protein Cys pool occurs in low stor-
age proteins bean lines and suggest that S-methyl-Cys may arise from
S-methylation of Cys during seed maturation (Taylor et al. 2008). Integration of
proteomic and transcriptomic data obtained on developing seeds of SMARCI1N-PN
lines showed that the absence of major storage proteins was compensated by an
increase of sulfur-rich proteins, such as legumin, albumins, and defensin DI,
together with the up-regulation of genes involved in multiple sulfur metabolic
pathways, including enzymes responsible for sulfate assimilation (Marsolais et al.
2010; Yin et al. 2011).

Resistance to proteolysis of phaseolin was the main focus of the work of
Montoya et al. (2008a). Raw phaseolin is poorly digestible both in vitro (10-27%)
and in vivo (28-36%). Of course thermal treatment improves its digestibility, how-
ever an extensive analysis on 43 different phaseolin types showed that the degree
of hydrolysis (DH) ranges between 57% and 96%, depending on the phaseolin
type. Further, the same authors showed that the estimated nutritional value of
heated phaseolin is influenced more by its DH value than by its amino acid com-
position. It was suggested that an improvement of beans nutritional value could be
achieved by breeding and selecting for those phaseolin types with high DH after
heat treatment (Montoya et al. 2008a). In fact, almost 90% of cultivated beans
contain S (Mesoamerican germplasm) or T (Andean germplasm) phaseolins (Singh
etal. 1991), which are among the ten phaseolins with the lowest DH, having there-
fore the lowest nutritional value. It was hypothesized that variations in DH values
could be ascribed to differences in phaseolin subunit composition, subunit precur-
sor origin (o or fB), and trypsin susceptibility between subunits (Montoya et al.
2008b, 2009). In particular, it appeared that higher content of o phaseolin subunits
correlated with higher thermal stability, as the lowest DH value (50%) was
observed for S type phaseolin, which has a higher content of o subunits (xx), com-
pared to T (aff) and I (BP) type of phaseolins (both with DH values of 70%). A
possible explanation might be due to the fact that the o subunit is more glycosyl-
ated than the p one and this could make o phaseolin less accessible to the action of
hydrolytic enzymes.
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5.3.2 Modulation of Seed Storage Proteins Content: Lectin
Removal and Exploitation of a-Amylase Inhibitor

The strategy based on modulation of seed storage proteins was also undertaken to
improve seed nutritional quality with the aim to reduce or eliminate antinutritional
proteins. Besides phaseolin the second most abundant class of storage proteins is
that comprising the APA proteins (PHA, aAl, and Arl), which may represent up to
10% of seed proteins. The APA proteins are bioactive proteins that have evolved
from a common ancestor undergoing to functional specialization (Lioi et al. 2003).
PHA, considered the true bean lectin, is a tetramer with the ability to agglutinate
cells and is highly toxic to monogastric animals (Vitale and Bollini 1995). It con-
sists of two types of polypeptide chains called E and L subunits (PHA-E and PHA-
L, respectively), which possess erythroagglutinating and leukoagglutinating activity,
respectively. a-Amylase inhibitor is a dimeric glycoprotein, which inhibits the
activity of certain mammalians, including humans, and insect a-amylases by com-
pletely blocking access to the active site of the enzyme (Pueyo et al. 1993; Le Berre-
Anton et al. 1997; Barrett and Udani 2011). Arcelins are present only in some wild
Mesoamerican accessions, where they are very abundant, and have been proposed
to play a role in the Mexican bean weevil Zabrotes subfasctiatus and the bean wee-
vil Acanthoscelides obtectus resistance (Osborn et al. 1988; Lioi et al. 2003).

From a nutritional point of view APA proteins are antinutritional factors. Raw
lectins (but also lectins from cooked beans) are resistant to the digestive process
(Bollini et al. 1999; Morari et al. 2008; Galimberti et al. unpublished). Lectins can
reduce the bioavailability of dietary important micronutrients such as Fe and Zn
(Welch and House 1984; Welch and Graham 2004) with negative effects on human
health (The World Health Report 2002). Phytohemagglutinin damages the gut wall,
causes coliform overgrowth in the lumen (Pusztai et al. 1993), and reduces the frac-
tional rate of protein synthesis in skeletal muscle (Palmer et al. 1987; Bardocz et al.
1992). Lectin binding to the gut wall is also associated with a disruption of the brush
border, reduced epithelial cell viability, hyperplasia in the crypts, and increase in the
weight of the tissue (Pusztai 1991). Among the three lectins, PHA is the most dan-
gerous for mammalians health. Heat treatment applied to seeds or flours (i.e. cook-
ing beans for human consumption) denatures large part of seed lectins but not all of
them completely: in beans, a residual activity causing reduced protein digestibility
and toxicity can be detected also after cooking (Bender and Reaidi 1982). Finally,
although the risks of acute toxicity are low, prolonged exposure to lectins, also at
low levels, may be harmful to human health and monogastric animals. Arcelins are
very stable proteins and their resistance to proteolysis has been suggested to be one
of the mechanisms by which they are toxic to the larvae of seed feeding insects
(Zaugg et al. 2013). No data are available on the possible toxicity of arcelins to
humans, and anyway their presence has been reported only in some wild
Mesoamerican accessions (Lioi et al. 2003; Zaugg et al. 2013). aAl, also known as
phaseolamin, is able to inhibit mammalian a-amylases, thus inhibiting starch diges-
tion by blocking access to a basic active site of the a-amylase enzyme (Santimone
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et al. 2004). As oAl prevents the digestion of complex carbohydrates, it is widely
used as basic active ingredient of commercial starch-blocker preparations for the
control of body weight (Barrett and Udani 2011). However, oAl has also been
shown to be effective in reducing post-prandial plasma levels of glucose, insulin,
C-peptide, and gastric inhibitory polypeptide in healthy subjects as well as in indi-
viduals affected by diabetes mellitus (Layer et al. 1985, 1986).

Genetic elimination of lectins has been proposed to improve grain nutritional
quality and positive effects are expected especially in those cases where they cannot
be properly cooked or, less frequently, when bean seeds are provided as raw flour to
feed animals (Bollini et al. 1999). Presence of oAl is undesirable in those cases in
which the raw seeds or flour are used for animal feeding, while in the case beans are
for human consumption, the presence of active aAl might turn to be useful to con-
trol starch assimilation and post-prandial plasma levels of glucose.

Bean lines (BC,Fs) devoid of active PHA were obtained by crossing the cv.
‘Pinto UI111’, carrying an inactive PHA, the so-called ‘pinto lectin’, with the recur-
rent wt parent cv. ‘Taylor’s Horticultural’ (Confalonieri et al. 1992). Most likely,
this PHA-null trait is coded by the same APA locus carried by the *Great Northern
1140, in fact in both cases the locus codes only for a pinto lectin and an active oAl
(Voelker et al. 1986; Pandurangan et al. 2016). The protein quality of this genetic
material was analyzed using an animal system, in which raw and cooked beans were
used for feeding rats (Bollini et al. 1999). Results showed that true protein digest-
ibility and protein digestibility corrected amino acid score were both higher for raw
and cooked lectin-null beans compared to the parent ‘Taylor’s Horticultural’
(Table 5.2).

Although most of the bean genotypes carry a canonical APA locus coding for
PHA-E, PHA-L, and oAl (Hoffman and Donaldson 1985), variability in gene com-
position and organization at the APA locus is quite frequent and genotypes carrying
different combinations might be identified. For example, the APA locus of the BAT
93 genotype carries genes coding for the pinto lectin, aAl, and PHA-E, but not

Table 5.2 Protein quality of raw and cooked lectin-null bean lines (adapted from Bollini et al.
1999)

Raw beans Cooked beans
Protein quality Taylor’s H. | Lectin-null | Taylor’s H. | Lectin-null
Chemical score® 0.92 0.92 0.91 0.91
Limiting aa Sulfur aa Sulfur aa Sulfur aa Sulfur aa
True protein digestibility® 17.55 £2.41°40.13 £2.299 | 66.77 £ 1.49|72.23 + 1.51*

C))

Protein digestibility corrected aa | 0.16 0.37 0.61 0.66
score’

*Lectin-null bean versus recurrent parent: p < 0.02
*According to FAO/WHO (1991)

"Mean + SE

°Adult rat weight: 100 g

dWeaning rat weight: 60 g
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PHA-L (Pandurangan et al. 2016; Joshi et al. 2017), while a wild accession (G6388)
almost devoid of PHA-E, aAl and accumulating low levels of PHA-L was also
identified (Sparvoli et al. 1994). This wild accession was used to develop breeding
lines combining the ‘no lectin’ trait with ‘reduced polyphenols and tannins’, with
the aim to produce starting materials for the development of biofortified beans to
improve human nutrition and animal feeding (Campion et al. 2009a). Indeed, one of
these breeding lines was used to develop an EMS mutagenized population from
which a low phytic acid mutant (Ipal) was isolated (Campion et al. 2009b).

Some of these materials, the cv. ‘Lady Joy’ derived from breeding lines devel-
oped by Confalonieri et al. (1992) and the /pal mutant line were recently used to
produce unprocessed flours for the preparation of biscuits with improved nutritional
properties and to verify the advantage of their use compared to normal beans
(Sparvoli et al. 2016). Results showed that use of unprocessed flour from normal
beans must be avoided, since lectin activity is still present after baking. Furthermore,
it was demonstrated the advantage of using ‘Lady Joy’ since biscuits containing
flour of this cultivar were nutritionally better than the control, having a better amino
acid score, higher fiber amount, lower starch content and predicted glycemic index
(pGI). In fact, baking did not fully inactivate a-Al, further contributing to lowering
the pGI of the biscuits. Replacement of ‘Lady Joy’ bean flour with that of /pa/, hav-
ing a 90% reduction of phytic acid and devoid of a-Al, contributed to about a 50%
reduction of phytic acid content (Sparvoli et al. 2016).

5.4 Bean Biofortification: Breeding for High Iron Beans
(HIB) and Development of low phytic acid (Ipa) Mutants

In common bean seed the majority of iron (Fe), from 75% to 95%, is localized in
cotyledons; the seed coat can contain from 4% to 22% of total Fe; the embryo axis,
although containing a high concentration of Fe, contributes only for 2-3% to total
seed weight (Ariza-Nieto et al. 2007). The average Fe concentration in common
bean seeds is high (55 pg/g; Beebe et al. 2000; Islam et al. 2002). However, different
studies reported low Fe absorption from beans, in the range of 1-3% (Donangelo
et al. 2003; Beiseigel et al. 2007). In many countries, such as for example Burundi,
Kenia and Rwanda, common bean is highly consumed as a relevant source of plant
protein, reaching 180 g per capita and day, and constitutes an important component
of the diet together with cereals. This kind of diet provide non-heme Fe that is
poorly bioavailable, differently from diets where meat, poultry, and fish are present,
that provide heme Fe that is more bioavailable. Consequently, Fe deficiency (ID),
defined as a hemoglobin concentration below the optimum value in an individual, is
the most common and widespread nutritional disorder in the world. Insufficient Fe
intake may cause major pathophysiological complications, such as: stunted growth,
impaired physical and cognitive development, and increased risk of morbidity and
mortality in children (FAO/WHO 2004). Fe biofortification is considered a



5 Genetic Approaches to Improve Common Bean Nutritional Quality... 119

sustainable and long-term cost-effective strategy to combat ID. The term biofortifi-
cation indicates the different strategies aimed to increase the level and/or bioavail-
ability of minerals and vitamins in the edible parts of the plants. Biofortification is
a multidisciplinary strategy that takes advantage of the expertise in different fields:
plant genetics, biochemistry, genomics, breeding, and medical, economic and social
sciences. It can be achieved with different approaches: the application of fertilizer
to soil or leaves; conventional plant breeding; or genetic engineering, which includes
genetic modification and transgenesis (Murgia et al. 2012; Bouis and Saltzman
2017). For Fe the first approach has not yet been applied successfully (Cakmak et al.
2010). Concerning the other two approaches, three different goals may be pursued
to Fe biofortify crops: increasing Fe concentration; reducing the concentration of
the so-called “antinutrients”, such as phytic acid (PA) and PP (PP), known to
decrease absorption of dietary Fe; increasing the concentration of compounds favor-
ing Fe absorption (Murgia et al. 2012, Bouis and Saltzman 2017). HarvestPlus, a
program of the Consultative Group for International Agricultural Research
(CGIAR), chose common bean as one of the target species to be Fe biofortified
(Asare-Marfo et al. 2013). According to HarvestPlus definition, the Biofortification
Priority Index (BPI) is a “composite, crop-specific index accounting for the inten-
sity and level of production and consumption of a specific crop in any given country
and the deficiency levels for the micronutrient(s) with which the specific crop can
be enriched”. Hence, for each crop, countries with high BPI should be considered
for prioritization for biofortification interventions. As shown in Fig. 5.2, the major-
ity of the countries having “top”” BPI for common bean are the main consumers in
Africa, followed by countries in the region of Latin America and the Caribbean
(LAC) and Asia (Prasai and Asare-Marfo 2015)

In the last years, many efforts have been spent in order to achieve common bean
Fe biofortification mainly with two purposes: increase common bean seed Fe con-
centration, inside HarvestPlus Program, and decrease PA content. Here, we sum-
marize the most promising results that contributed to common bean Fe
biofortification. Moreover, we discuss the possible new strategies that may be con-
sidered in the future to improve this goal, also taking into account growing environ-
mental challenges that may constrain biofortification efforts.

5.4.1 Increasing Fe Concentration

The steps necessary to increase Fe concentration in common bean were the same of
any crop improvement program, as summarized in Fig. 5.3, as reviewed by Blair
(2013). The main activities were performed under the frame of the HarvestPlus
Program that started in 2003, with an explorative phase of screening of Fe concen-
tration variability and pre-breeding activities between 1994 and 2002, under the Pan
Africa Research Alliance (PABRA), led by the International Center of Tropical
Agriculture (CIAT, Cali, Colombia) (Mulambu et al. 2017).



120 E. Cominelli et al.

PRIORITY LEVEL

B o B o MEDIUM B ow B umnemo B nopata

Fig. 5.2 Common bean Biofortification Priority Index. Picture courtesy of HarvestPlus (Prasai
and Asare-Marfo 2015; Asare-Marfo et al. 2013)
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Fig. 5.3 Steps followed to develop new varieties with increased Fe concentration. Picture repro-
duced from Blair (2013)
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5.4.1.1 Germplasm Screening

The most complete overview and reliable information on the Fe content in common
bean was provided by two similar studies in which the common bean core collection
of CIAT, containing about 1100 genotypes, was screened. The collection includes
wild and cultivated accessions belonging to both the Andean and the Mesoamerican
gene pools (Beebe et al. 2000; Islam et al. 2002). These studies revealed a high
degree of variability for this trait, ranging from 35 to 92 pg/g of Fe seed concentra-
tion, with an average of 55 pg/g. These studies did not highlight a clear relationship
between Fe content and geographic distribution, although accessions from the
Andean gene pool or inter-gene-pool hybrids tended to have higher Fe content than
those from the Mesoamerican one. Moreover, wild bean accessions had only a nar-
row advantage than cultivated ones in Fe content (Beebe et al. 2000).

In other studies locally available germplasm was screened for Fe concentration
variability: a range of Andean varieties (Blair et al. 2005); a large collection of more
than 350 Rwandan genotypes (Blair et al. 2010a); a collection from ten countries
belonging to the East and Central AFRICAN Bean Research Network (ECABREN)
(Mulambu et al. 2017).

Moreover, screening of related species Phaseolus coccineus and Phaseolus
dumosus was performed in order to identify high grain Fe genotypes to cross them
with common bean-adapted materials. A P. dumosus accession registered a very
high Fe concentration of 127 pg/g (Beebe et al. 2005).

Interestingly, a statistically significant correlation (60-80%) was identified
between the Fe and Zn levels, suggesting that across different genotypes some
genetic factors for different minerals are co-segregating and that selection for Fe
will in fact result in an increase in Zn (Beebe et al. 2000), as later confirmed by QTL
studies, as discussed below (Blair et al. 2009a, 2010b; Guzman-Maldonado et al.
2003).

An important aspect that was evaluated in different studies was the stability of
the high Fe trait, in relationship with the environment. Some studies highlighted a
relevant genotype by environment interaction for this trait (Cichy et al. 2009; de
Aratjo et al. 2003), while other analyses reported it is not so strong (Ribeiro et al.
2008; Blair et al. 2011). However, some highly adaptable and stable genotypes were
identified (Beebe et al. 2000; Martins et al. 2016).

Many of the identified high-Fe lines were of non-commercial seed types, there-
fore, the identification of potential commercial parents, through the screening of
advanced lines for each gene pool, is very important (Blair 2013).

5.4.1.2 Breeding Progress and Variety Release

The main goal of biofortification of common beans has been to produce varieties
with 80% more Fe content, reaching 94 pg/g, starting from the average concentra-
tion in the germplasm of 55 pg/g. A second goal has been to maintain the properties
that farmers and consumers require in a variety, such as adaptation to stresses and
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seed shape or color. Both the Andean and the Mesoamerican gene pools of common
bean, and both bush and climbing beans have been used in different breeding pro-
grams. Different breeding techniques or strategies have been used, such as back-
crossing, recurrent selection, and various permutations of gamete and pedigree
selection (Blair 2013).

During the HarvestPlus Phase I (2003-2008) pre-breeding feasibility and trait
hereditability studies were performed at CIAT. During this phase the first strategy
was applied to the Andean gene pool and the resulting Nutritional Improved Andean
(NUA) lines represent the first result of a breeding program, aimed to improve nutri-
tional quality in common bean (Blair et al. 2010c). The NUA35 (determinate, type
I growth habit, with 81 pg/g Fe content) and NUAS6 (indeterminate, type II growth
habit, with 76 pg/g) lines resulted from the cross of the G14519 high seed Fe acces-
sion from the CIAT (Islam et al. 2002) with a CAL96 commercial cultivar in
Colombia and Uganda. These lines are also improved for Zn concentration, com-
pared to CAL96, and show good adaptation to a range of environments in Latin
America and Carribean (LAC) and African countries (Blair et al. 2010c; Blair
2013).

During the HarvestPlus Phase II (2009-2013) different HIB lines were devel-
oped, including intermediate development stage products and advanced materials
(Mulambu et al. 2017). Then, breeding programs were started in Rwanda and in
Democratic Republic of Congo (DRC) to test the adaptation of HIB lines (locally
developed and from CIAT) under local growing conditions, both at experiment sta-
tions and in farmers’ fields. Between 2010 and 2016 different varieties were released
in Rwanda, DRC, and Uganda. Different trials to evaluate adaptability and resis-
tance/tolerance to pests and diseases were performed. Different bush and climbing
beans, well-adapted to local conditions and that suit farmer and consumer prefer-
ences were officially released in 2016. A list of the HIB varieties released under
HarvestPlus in Rwanda (Rwanda Agriculture Board, RAB), DRC (Institut National
pour I’Etude et la Recherche Agronomique, INERA) and Uganda (National
Agricultural Research Organization, NARO) and their main characteristics are
reported in Table 5.3. In Rwanda, about 100 climbing and bush bean lines are cur-
rently in advanced line validation trials to identify agronomically competitive vari-
eties (Mulambu et al. 2017).

In parallel similar studies and trials were performed in other countries, such as
for example in Guatemala (Pérez et al. 2015) and different varieties were released
also in LAC countries, as shown in Table 5.4.

Moreover, interspecific crosses between P. vulgaris and P. domosus, P. coccineus
or P. acutifolius were also conducted to introgress high Fe trait found in these related
species into common bean-adapted materials (Beebe 2012; (Blair 2013).
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Table 5.3 HIB varieties released under HarvestPlus in Rwanda (RAB), DRC (INERA), and

Uganda (NARO)
Fe Grain | Adaptation;
Year of Growth | Grain content | yeld agronomic
Name release Origin | type color ppm (%) | (kg/ha) | properties
HM21-7 2008 (DR | CIAT |Bush Red 62 (27) | 1000- |Low to mid
Congo) mottled 1500 altitude; R: AB,
AC,BCMV; T:
ALS, drought
MORE 88002 | 2016 CIAT |Bush Yellow |70 (45) | 1000- | Low to mid
(Uganda) 1200 altitude; under
assessment
RWR 2154 2010 RAB Bush Sugar 71 (47) |1200- |Low to mid
(Rwanda) 1700 altitude; R: AB,
2016 AC,BCMV; T:
(Uganda) ALS
RWR 2245 2010 RAB Bush Red 76 (59) | 1000- |Low to mid
(Rwanda) mottled 1500 altitude; R: AB,
2011 (DR AC, BCMV; T:
Congo) ALS, RR
2016
(Uganda)
PVA 1438 2013 (DR | INERA | Bush Red 79 (66) | 1000~ | Mid to high
Congo) kidney 1500 | altitude; R:CBB,
RR; T: BCMV
MAC 44 2010 CIAT | Climber |Red 78 (64) |2500- | Mid to high
(Rwanda) mottled 3000 altitude; R: AC;
2016 T: AB; ALS,
(Uganda) BCMV, RR
RWV 1129 2010 RAB Climber | Salmon |77 (61) |3000 | Mid to high
(Rwanda) altitude; R:AC,
BCMYV, RR; t:
AB, ALS
RWYV 3006 2012 RAB Climber | White |78 (64) |3800 | Mid to high
(Rwanda) altitude; R:AB,
AC, ALS,
BCMV
RWYV 3316 2012 RAB Climber | Red 87 (84) 4000 High altitude; R:
(Rwanda) AC,BCMV; T:
AB, ALS
RWYV 3317 2012 RAB Climber | Sugar 74 (54) |4000 | High altitude; R:
(Rwanda) AC, BCMV; T:
AB, ALS
MAC 42 2012 CIAT | Climber | Sugar 91 (94) |3500- |High altitude; R:
(Rwanda) 4000 AC,BCMV; T:
AB, ALS
RWYV 2887 2012 INERA | Climber | Dark 85(80) |3800 | High altitude; R:
(Rwanda) red AC,BCMV; T:
AB, ALS

(continued)
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Table 5.3 (continued)
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Fe Grain | Adaptation;
Year of Growth | Grain content | yeld agronomic
Name release Origin | type color ppm (%) | (kg/ha) | properties
CAB 2 2010 CIAT | Climber | White |95 (98) |4000- |High altitude; R:
(Rwanda) 4500 | AC,BCMV; T:
AB, ALS
Namulenga 2013 (DR | CIAT | Climber | Zebra 76 (60) |2500- | Mid to high
Congo) 3000 altitude; R: AC,
BCMV, RR; T:
AB, ALS
Cod MLV 059 2012 (DR |INERA | Climber | Red 84 (77) |2000- | Mid to high
Congo) mottled 3000 altitude; R: AC,
CBB, RR; T:
LAS, BCMV
Cuarentino 2013 (DR | INERA | Climber | White | 100 2000- | Mid to high
Congo) (114) 3000 altitude; R: AC,
BCMYV, CBB; T:
RR
Nyiramuhundo | 2016 Rwanda | Climber | Yellow- |67 (39) | 1200- | Mid to high
(Uganda) orange 1700 | altitude; under
assessment

Data from Mulambu et al. (2017). The different abbreviations stand for: R resistance, T tolerance,
AB asochyta blight, AC anthracnose, ALS angular leaf spot, BCMV bean common mosaic virus,
CBB common bacterial blight, RR root rot

Table 5.4 Testing and
release status of common

bean Fe biofortified varieties

developed under the
HarvestPlus program

(December 2016)

Status of varieties Region
Tested in n countries Africa |8
LAC |9
Total |17
Released in n countries Africa |4
LAC |8
Total |12
Number of varieties released | Africa |26
LAC |18
Total |44

5.4.1.3 Inheritance of Fe Seed Accumulation

Another important aspect in a biofortification program is the study of the inheri-
tance and physiology of the trait of interest. Different quantitative trait loci (QTL)
studies have been performed, using intergene pool populations (derived from
crosses between Andean and Mesomerican genotypes) (Blair et al. 2009a), intra-
gene pool populations (crosses among Andean or Mesoamerican genotypes) (Blair
et al. 2010b, 2011; Cichy et al. 2009), and a population deriving from a cross
between a wild and a cultivated genotype (Blair and Izquierdo 2012; Guzman-
Maldonado et al. 2003). Different QTLs for Fe were found, some of them are
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common to the different studies, some others are specific of the studied population.
Interestingly, several QTL for Fe and Zn content colocalized or overlapped, sug-
gesting common mechanisms for mineral uptake and/or loading (Blair 2013). More
recently, an association mapping approach was used to identify molecular markers
associated with Fe, Zn, and protein content in an Indian core collection of common
bean genotype (Mahajan et al. 2017). All the mentioned studies were performed on
the whole seed, including cotyledonary tissues, embryo axis, and seed coat.
Interestingly, it was shown that both the distribution and the inheritance of micronu-
trients are different in the maternally derived seed coat tissue versus the cotyledon-
ary tissues. On the same analyzed materials, the range of Fe concentration in seed
coat was very large, ranging from 20 to 263 pg/g, compared to values between 54.5
and 93 pg/g found in cotyledonary tissue (Blair et al. 2013).

Possible candidate genes included in the identified QTLs are: phaseolin, the
major common bean storage protein; ferritin, a Fe-binding protein in different spe-
cies, although, as discussed below it does not have a major role in common bean; Fe
reductase, a root protein that reduce Fe** to Fe?*, the first step for Fe uptake in strat-
egy I plants (Blair 2013).

5.4.2 Decreasing Antinutritional Compounds Concentration

The major compounds that decrease Fe bioavailability are PA and polyphenols (PP).
Here, we summarized the main efforts done in the last years in order to characterize
the role of these two major classes of antinutrients and to develop common bean
materials with low PA content.

5.4.2.1 Phytic Acid

Ferritin has been suggested as the major iron-storing protein in legume seeds
(Marentes and Grusak 1998). However, different studies, using different approaches,
scaled down this role for ferritin in common bean. On one side, a study on Fe local-
ization in three Phaseolus species at microscopic level revealed that Fe mainly
accumulates in the cytoplasm of the cells surrounding the provascular tissue, and
does not co-localize with ferritin that is mainly accumulated in amyloplasts
(Cvitanich et al. 2010). With a different approach, consisting in an isotope dilution
method to quantify ferritin, Hoppler et al. (2014) found that in common bean seed
only 15-30% of total Fe is present in the form of ferritin-bound, while 70-85% is in
the form of non-ferritin-bound Fe. When Fe concentration increases, a correspon-
dent increase in the non-ferritin bound Fe was observed. Moreover, a positive cor-
relation between non-ferritin bound Fe and phytate was also shown (Hoppler et al.
2014). All these results suggest that the majority of Fe is bound to PA.

PA chemically corresponds to myo-inositol 1,2,3,4,5,6 hexakisphosphate that,
being highly negatively charged, is a strong cation chelator, stored as the main
source of phosphorous (P) in the seed. After germination, P becomes available for
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the developing seedlings, due to the activity of phytases, enzymes that hydrolyze PA
into inorganic P and lower myo-inositol phosphates (InsP,). Phytases are present in
ruminants, but absent in monogastric animals, including humans. For this reason PA
decreases the nutritional value of the seeds by limiting mineral bioavailability for
these animals nutrition. In plant vegetative tissues PA plays important roles in the
regulation of different cell processes together with lower and higher InsP,, such as
hormone activity, abiotic and biotic stress response, calcium and sugar signaling,
phosphorus homeostasis, photomorphogenesis, chromatin modification and remod-
eling, and mRNA nuclear export (Sparvoli and Cominelli 2015).

In common bean, PA is mainly accumulated in the cotyledons (95-98%), only a
small portion is located in the embryo (1-3%) and the seed coat (0.5-4%), reaching
3% of total seed weight (Blair et al. 2012; Petry et al. 2015). PA concentration in
common bean vary in wild or cultivated germplasm as well as in segregating popu-
lations (Guzman-Maldonado et al. 2003; Blair et al. 2009b) and ranges from 4 to
26 mg/g, with a mean content of about 10 mg/g and a PA: iron molar ratio ranging
from 6:1 to 33:1 (Petry et al. 2015). The PA level depends not only on the bean
variety, but also on phosphorous concentration in the soil (Blair et al. 2012). The
majority of common bean genes involved in PA biosynthesis and transport were
initially isolated and sequenced from ‘Taylor’s Horticultural’ and the 905 breeding
line (Mesoamerican gene pool), and mapped on the common bean reference genetic
map of McClean et al. (2008), using an in silico mapping strategy against the soy-
bean genome (Fileppi et al. 2010). PvMRP1 and PvMRP?2 paralog genes, coding for
two PA-ABC family putative transporters, were also identified (Panzeri et al. 2011).
Other putative common bean genes involved in PA biosynthesis and transport were
recently described (Cominelli et al. 2017). Moreover, QTL analysis for PA and P
content, performed on a mapping population, derived from a cross between an
Andean (G19833) and a Mesoamerican (DOR364) parent, showed association
between PA concentration QTL and some of the already described genes.
Interestingly, different studies reported that most of the seed PA- and P-related QTL
were independent on the Fe and Zn seed mineral QTL, suggesting possibilities of
improving common bean seed nutritional quality, both increasing Fe and decreasing
PA concentration (Blair et al. 2012). The availability of the whole common bean
genome from two different genotypes, representing the Andean and Mesoamerican
gene pools (Vlasova et al. 2016; Schmutz et al. 2014), allowed the identification of
a higher number of genes putatively involved in these processes. Available tran-
scriptomic data helped to select the ones most probably responsible for PA accumu-
lation in the seed (Cominelli et al. 2017).

Although one of the strategies proposed to increase the bioavailability of miner-
als from seeds is the development of low phytic acid (Ipa) mutants, different Ipa
mutants were described to be affected by negative pleiotropic effects, such as low
germination rates, reduced seed development and weight, and stunted vegetative
growth, due to the mentioned roles of PA in the regulation of different cellular
processes. Consequently, breeding programs aimed at obtaining /pa crops should
take into account aspects regarding the agronomic potential of these mutants
(Sparvoli and Cominelli 2015). /pa mutations belong to three different classes,
depending on the affected genes: (1) mutations disturbing the first steps of the PA
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biosynthetic pathway; (2) mutations perturbing the last part of the pathway; and (3)
mutations affecting PA transport. Mutants belonging to the first and third classes are
generally characterized by decreased PA levels and a molar equivalent increase in
inorganic P. A specific characteristic of only the second class of mutants is accumu-
lation of lower InsP; (inositol phosphates with up to five phosphate residues)
(Sparvoli and Cominelli 2015).

In common bean the screening of two ethyl methanesulfonate-mutagenized pop-
ulations for high inorganic P phenotype, a typical feature of /pa mutants, allowed
the isolation of two allelic mutants affecting the PvMRPI PA transporter: Ipal
(originally isolated in the 905 breeding line background) and /pal? (isolated in the
BAT 93 genotype) and of other putative mutants whose characterization is still in
progress (Campion et al. 2009b; Panzeri et al. 2011; Cominelli et al. 2018). The
Ipal and Ipal®> mutants are characterized by a 75-90% reduction in PA seed concen-
tration; for Ipal a 25% reduction of raffinosaccharides content, a 30% reduction of
myoinositol and a sevenfold increase of free Fe cations were also shown (Campion
et al. 2009b, 2013; Panzeri et al. 2011). Furthermore, a negative feedback on the
expression of key genes of the PA biosynthetic pathway was observed in the lpal
mutant (Panzeri et al. 2011). The Ipa mutations affecting orthologous PA MRP
transporters in other crops show negative pleiotropic effects, such as reduced germi-
nation, stunted growth, reduced tolerance to stresses, showing a very limited poten-
tial of these genotypes for use in breeding (Sparvoli and Cominelli 2015). Different
agronomic traits, such as seedling emergence, dry seed yield, seed weight, and plant
growth duration, were evaluated in the common bean Ipal, but no significant differ-
ences were observed, compared to the reference genotype (Campion et al. 2009b,
2013). Preliminary data suggest that also the allelic Ipal? mutant behaves in the
same way. PvMRP] is highly expressed in seeds at different developmental stages,
while the expression of its paralog, PvMRP2, is hardly detectable. Conversely, in
different vegetative organs both genes are expressed at similar levels, suggesting
that PvMRP?2 is able to complement PvMRP] function in organs other than the seed
in the lpal and Ipal? mutants. Interestingly, a very refined regulation of the expres-
sion of PvMRP1 and PvMRP2 genes at different transcriptional, post-transcriptional,
and translational levels was suggested by the GUS activity pattern in transgenic
Arabidopsis thaliana and Medicago truncatula lines harboring the putative pro-
moter sequences of the two genes fused upstream of GUS reporter, and by in silico
analysis of the promoter and 5'UTR sequences (Cominelli et al. 2018). It was
recently shown that Ipal plants establish an efficient nitrogen fixing symbiosis with
Rhizobium etli CE3. The nitrogen-fertilized Ipal plants show milder stress symp-
toms in response to water stress and increased biomass after the rehydration recov-
ery period, compared to the wild-type plants. Moreover, the mutant genotype has
higher drought resistance index, under symbiosis conditions, than the wild type.
Transcriptional analysis revealed higher nodule function gene expression under
control conditions and higher stress-related gene expression in nodules and bacte-
roids of Ipal plants, compared to the wild-type plants (Chiozzotto et al. 2018).
These data suggest that PA has an important role also in nodule function, an aspect
that was never previously reported. Moreover, these results open new perspectives
to obtain new varieties nutritionally improved and able to cope with water stress.
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Molecular markers for these two mutations were developed and breeding programs
aimed to introgress these mutations in cultivated varieties are in progress (Sparvoli
et al. unpublished results).

Other 28 putative [pa mutants were isolated from the EMS mutagenized popula-
tion in the BAT 93 background. All are characterized by a modest increase in free
inorganic P concentration (between 51% and 176%, compared to the wild type con-
centration). Three hypotheses were formulated concerning the genes that can be
affected in these mutants: (1) genes involved in the intermediate or late steps of the
biosynthetic pathway; (2) weak mutations in early genes or in PvMRPI; (3) redun-
dant genes of the pathway. A candidate genes approach will be used to identify the
affected genes (Cominelli et al. 2018).

5.4.2.2 Polyphenols

Phenolic compounds represent about 11% of common bean seed weight and are
predominantly located in the seed coat. They are responsible for the seed color, a
trait, together with color pattern, that shows a huge variability in this species.
Extensive genetic analyses have identified specific genes that control these two
traits. Many of these genes exhibit epistatic interactions with other genes, interac-
tions that define the many seed coat patterns and colors observed within the species
(McClean et al. 2002). PP present in common bean belong to different subclasses,
including: anthocyanins, flavanols, flavanones, flavons, flavonols, isoflavonoids,
hydroxybenzoic acids, hydroxycinammic acids and stilbenes, as recently reviewed
(Ganesan and Xu 2017). Many of these compounds, studied also in common bean,
are known for their beneficial effects on human health, such as anti-oxidant, anti-
diabetic, anti-obesity, anti-inflammatory, anti-mutagenic, and anti-cancerogenic
properties. However, they are also considered antinutritional factors, because they
reduce digestion, binding to proteins, and Fe bioavailability (Ganesan and Xu
2017). However, recent research identified specific PP, present in common bean
seed coat, that, at least in an in vitro system, are able to promote Fe uptake, such as
catechin, 3,4-dihydroxybenzoic acid, kaempferol, and kaempferol 3-glucoside.
Nevertheless, the inhibitory compounds have a more potent effect that outweighs
the ability of promoting compounds to increase Fe uptake (Hart et al. 2015, 2017).
To our knowledge no specific breeding program was undertaken to develop materi-
als with a particular PP profile in order to reduce negative effect on Fe bioavailabil-
ity. However, these results should be taken under considerations for breeding bean
lines with improved Fe nutritional qualities.

5.4.3 Bioavailability and Bioefficacy Trials

In the last years, bioavailability trials and, in the case of HIB, also bioefficacy trials,
showed that efforts done in the development of HIB and Ipa mutants have been
important achievements in the biofortification of common bean, as recently reviewed
(Boy et al. 2017). Hence, this crop can be considered a good vehicle for Fe
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biofortification (Petry et al. 2015). Stable isotope absorption studies, mainly in
Rwandese women with low iron status, were conducted to evaluate bioavailability
from HIB developed in the frame of the HarvestPlus program. Fe bioavailability
from HIB, consumed with potatoes or rice, ranges from 3.8% to 7.3% (Petry et al.
2012, 2014, 2016). However, it was calculated that the total amount of Fe absorbed
from HIB (234-431 pg per day) represents up to 30% of the physiologic require-
ment for non-pregnant non-lactating women of reproductive age (FAO/WHO 2004).

From trial studies the role of PA as a very strong inhibitor of Fe bioavailability
resulted clear. PA increases with the increase of Fe concentration in HIB, as the
gained amount of Fe is stored as a non-bioavailable form of Fe bound to PA. When
the PA concentration in HIB was 2 pg/g the additional Fe absorbed from HIB was
80% compared to control beans (Petry et al. 2016), when its concentration was
5.4 pg/g the increase in Fe absorbed was irrelevant (Petry et al. 2012, 2013, 2014).
Trials with partial and completely dephytinized HIB and with the /[pal beans con-
firmed these results (Petry et al. 2013, 2014, 2016). Although in the study from
Petry et al. (2013) a 50-60% increase of Fe bioavailability resulted from the Ipal
mutant seeds compared to the control ones, in a more recent study, Ipal beans
caused gastrointestinal disease in the majority of the participants. It was hypothe-
sized that the problems were caused by the presence of residues of leucoagglutinat-
ing phytohemagglutinin (PHA-L) in these beans (Petry et al. 2016). Sparvoli et al.
(unpublished results) showed that the stability of PHA-L is highly increased, due to
the presence of a high concentration of free cations, because they are not complexed
in the I[pal mutant with only 10% of PA, compared to the reference genotype. The
phenomenon is strongly attenuated in the presence of EDTA and it is possible to
mimic the phenomenon in the wild type, adding calcium in excess. The Ipal mutant
is also characterized by a “hard to cook” phenotype that was already correlated to a
higher concentration of cations in the cell wall-middle lamella area of the paren-
chyma cells that can stabilize some components of the seed coat, resulting in seeds
not softening during cooking, as previously shown for cowpea (Kruger et al. 2015).
This phenomenon is evident only when the /pa/mutation is present in a genetic
background harboring only the PHA-L protein and not when only the PHA-E (ery-
throagglutinating phytohemagglutinin) or both PHA-L and PHA-E are present.
Hence, this aspect should be taken into account in breeding programs aimed to
introgress the Ipal mutation.

Some concerns with the use of /pa crops exist such there is evidence that PA is a
broad-spectrum antineoplastic agent, acting in different steps of cancer develop-
ment and progression. Hence, Ipa crops may be useful in areas where micronutrient
deficiencies are prevalent so as to increase Fe and Zn bioavailability, while high
amounts of phytates may have a health benefit in societies where source of more
bioavailable form of Fe are present in the diet and cancer and obesity are on the rise
(Blair 2013).

In some trials the role of PP as inhibitors of Fe bioavailability was also investi-
gated. Their inhibitory action was more evident in the absence of PA. When a quan-
tity of bean seed coats, containing 50 and 200 mg of PP, was added to a bread meal
(with no PA) there is a decrease in Fe absorption of 14% and 45%, respectively
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(Petry et al. 2010). In another study two different common bean genotypes with
similar PA concentration but differing two times in PP content, were used. Fe
absorption was only 27% lower from the high PP genotype and no difference was
observed in Fe absorption between the two accessions, when rice and potatoes were
added to the meal (Petry et al. 2012). [pal mutants and the corresponding reference
genotypes in two genetic backgrounds, a colored and a white one, were used. The
inhibitory effect of PP on Fe absorption was not evident in this study and the highest
Fe absorption was obtained from colored Ipal beans (Petry et al. 2013).

The inhibitory effect of PA on Fe absorption is clear, while for PP it has not yet
clearly defined, maybe depending on the high heterogeneity of polyphenol com-
pounds that may have different effects on Fe bioavailability.

HIB were used also in two bioefficacy trials on Rwandese women Fe-depleted,
aged 18-27 years, consuming HIB for 18 weeks. In the first one it was assessed that
consumption of HIB increases Fe status (Haas et al. 2016). The second study
showed that HIB diet positively affected cognitive performance in terms of speed of
spatial selective attention, improvement in speed, efficiency, and memory (Murray-
Kolb et al. 2017).

Interestingly, it was shown that HIB consumption in broiler chickens (Gallus
gallus) modified the composition of the gut microbiota. Although no phylogenetic
diversity was observed between the microbiome of chicken fed with HIB or with
control beans, there were differences in the composition of microbiota between the
two groups of chickens. Particularly, the HIB diet decreased the number of taxa
participating in bacterial Fe uptake and increased abundance of bacteria involved in
phenolic catabolism and in the production of butyrate. Importantly, no negative
alteration in the gut microbiota was observed in chicken fed with HIB, a conse-
quence that was observed with other nutritional methods of Fe supplementation
(Reed et al. 2017).

5.5 Future Perspectives

Consumers are becoming better educated about nutrition and more sophisticated in
choosing foods that are wholesome and nutritious. Breeding strategies for process-
ing and consumer acceptance have been suggested (Adams and Bedford 1973) and
breeding for culinary quality has been proposed and carried out (Ghaderi et al.
1984). Breeders can manipulate culinary and nutritional quality if the existing geno-
typic variability is significant with respect to environmental effects and if a useful
screening method is available. Besides genotypic variability, also the complexity of
the trait, which might be under the control of multiple genes, needs to be faced by
the breeders.

Improvement of the common bean means possessing in-depth knowledge of its
genetic diversity, the genome and gene functions, to enable the analysis of pathways
and networks in response to fluctuating environmental conditions. Various genomic
resources for common bean are available and include physical maps, bacterial arti-
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ficial chromosome libraries, anchored physical and genetic maps, expressed
sequence tags, and the recently published complete genome sequence (Schmutz
et al. 2014; Vlasova et al. 2016). However, these approaches require precise pheno-
typic data. Complex interactions between the crop genotype, environmental factors
in combination with plant population dynamics and crop management greatly affect
plant phenotypes in field experiments. Hence, novel techniques should be kept cost-
effective and robust under varying field conditions and should allow for the moni-
toring of various and complex traits.

However, for some nutritional traits (antinutritional factors) good results have
been achieved and since these are relatively simple traits the classical breeding
approaches could produce interesting results. For example, highly nutritious (non-
toxic, low pGI, and biofortified) beans and flours might be obtained combining the
PHA-null trait (pinto lectin and active aAl) with the Ipal mutation.

Concerning Fe biofortification, a promising achievement might derive from
breeding simultaneously for high Fe and low PA. As previously reported, both strat-
egies, used individually, have been shown successful to increase Fe bioavailability
(Petry et al. 2015). Most PA- and P-related QTLs are independent of Fe QTLs (Blair
et al. 2012). Therefore, the possible strategy to combine both traits is supposed to
give also better results (Petry et al. 2014). Moreover, the knowledge of QTLs spe-
cific for Fe accumulation in the seed coat and the finding that some PP may increase
Fe bioavailability, suggest also breeding strategies in order to further increase Fe
accumulation and bioavailability acting also in the seed coat (Sperotto and
Ricachenevsky 2017). Recently obtained data highlighted which are the good com-
binations between the /pa/ mutation and the PHA-E and/or PHA-L proteins in order
to avoid the “hard to cook” phenotype and the induced digestive problems in human
subjects. These will be the combinations that have to be preferred for future breed-
ing programs to introgress the Ipal mutation. Moreover, as already shown for the
Ipal mutant that shows milder stress symptoms in response to drought conditions
(Chiozzotto et al. 2018), some other possible positive pleiotropic effects may be
associated with [pa mutations. The availability of the whole common bean genome
sequence allows the use of reverse genetic approaches, such as Targeting Induced
Local Lesions in Genome (TILLING), also in its high-throughput version of
TILLING by sequencing, or genome editing, in order to isolate new mutants. Some
interesting possible targets may be genes involved in the synthesis or transport of
PA, as recently discussed (Cominelli et al. 2017). Moreover, genes in model species
were described to have a role in seed iron localization, such as Vacuolar Iron
Transporter (VIT), NICOTIANAMINE SYNTHASE (NAS) and genes coding for reg-
ulators of this process, such as bHLH39 and BRUTUS/HRZ-like, as recently reviewed
(Sperotto and Ricachenevsky 2017) may be target of genetic manipulation.
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Chapter 6
Marker-Assisted Breeding for Enrichment
of Provitamin A in Maize

Hari Shanker Gupta, Firoz Hossain, Vignesh Muthusamy,
and Rajkumar Uttamrao Zunjare

6.1 Introduction

Micronutrient malnutrition has emerged as a major public health problem world-
wide in general, and underdeveloped and developing countries in particular (Bouis
and Saltzman 2017). Around two billion people are known to suffer from micronu-
trient deficiency, whereas 815 million people are undernourished (Global Nutrition
Report 2017). Among the 676 million children of less than five years of age, 155
million are stunted, while 52 million are affected due to wasting (UNICEF/WHO/
World Bank 2017). Thirty five per cent of the world’s poor live in South Asia and
they are vulnerable to various health problems (IFPRI 2016). It is estimated that a
country like India loses over $12 billion in GDP annually on account of vitamin and
mineral deficiency alone (www.harvestplus.org). Among various micronutrients,
vitamin A deficiency (VAD) is one of the most common problems among human
populations (Giuliano 2014). Vitamin A is a group of organic compounds required
for proper cell growth, eye vision, immune functions and reproductive system of
human body (Sommer and West 1996). Since vitamin A cannot be synthesised in
human body, it needs to be supplied externally either as supplement or through
consumption of balanced diet. White maize, widely consumed as food in Africa,
lacks provitamin A (proA), precursor of vitamin A. Yellow maize; however, con-
tains very low level of proA. The human body is said to be vitamin A deficient when
retinol reserve is <0.1 pmol/g (Tanumihardjo 2011). VAD affects approximately 4.4
million children and around 20 million women causing eyesight damage that leads
to night blindness. Half of these cases with extreme VAD are reported from India
(www.harvestplus.org). Keratomalacia, an inflammation that causes irreversible
blindness, diarrhoea and respiratory diseases are also the results of VAD (Sommer
and Davidson 2002; Mayer et al. 2008; Bouis and Saltzman 2017). Although
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fortification of food, supplementation and diet diversity have been the major means
to address VAD, they were found non-viable in the long run due to issues like pov-
erty, limited access to fortified foods, and poor infrastructure for regular distribution
on one hand and low level of diversification and purchasing power on the other
(Tanumihardjo 2011). By contrast, the breeding-based approach known as ‘biofor-
tification’ is sustainable and cost-efficient for enhancing the density of micronutri-
ents in edible portions of the crops (Giuliano 2014; Bouis and Saltzman 2017,
Menkir et al. 2017) and ensures safe delivery after consumption. World Health
Organisation (WHO) has recommended mean 250 RE (Retinol Equivalents) and
500 RE for children and adults per day, respectively (Bouis and Welch 2010).

Among cereals, maize (Zea mays L.) belongs to Poaceae family and occupies a
significant place in the world agriculture (Gupta et al. 2015a; Hossain et al. 2016).
It provides around 30% of the food calories to 4.5 billion people of 94 developing
countries together with other cereals (Shiferaw et al. 2011). Global production of
maize has reached about 1060 million tonnes from 187 million hectare area distrib-
uted in as many as 168 countries (FAOSTAT 2017). Livestock industry uses more
than half of this global production, which has helped in rapid growth of economy
(Gupta et al. 2015a). Yellow kernel maize is known to contain carotenoids predomi-
nant in lutein and zeaxanthin, which constitute non-proA fraction of carotenoids. In
contrast, the quantity of proA carotenoids ranges merely from 0.25 to 2.50 pg/g,
which is insufficient to meet the prescribed daily requirement of human being
(Tanumihardjo 2011; Pixley et al. 2013; Zunjare et al. 2018a). Based on the factors
such as bioavailability ratio (of 12:1), retention up to 50% after storage/processing,
level of nutrients in the host, food matrix and food consumed in the meal,
HarvestPlus, a plan of CGIAR (Consultative Group on International Agricultural
Research), has fixed a target of 15 pg/g proA per unit of dry weight of maize kernel
(Bouis et al. 2011; Pixley et al. 2013; Owens et al. 2014). In order to meet this tar-
get, researchers have been pursuing development of proA-rich maize hybrids
through different approaches of genetic enhancement. The present review is a com-
pilation of the global efforts in development, promotion and commercialisation of
proA-rich maize that can help in alleviating VAD in human population.

6.2 Pathway for Carotenoid Biosynthesis

Genetic variation studies among maize genotypes across the countries reveal wide
variations for total carotenoids, dominated by non-proA carotenoids (lutein and zea-
xanthin), while narrow variation is observed for proA carotenoids (f-carotene,
B-cryptoxanthin and a-carotene) (Ortiz-Monasterio et al. 2007; Burt et al. 2011;
Vignesh et al. 2012; Tiwari et al. 2012; Sivaranjani et al. 2013, 2014; Suwarno et al.
2014; Muthusamy et al. 2015a, b, c). Higher influence of genotypes than genotype
x environment interactions has been reported by Vignesh et al. (2012), Suwarno
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et al. (2014), and Muthusamy et al. (2015a, b, 2016). Apart from this, additive gene
action for B-carotene, B-cryptoxanthin, and total carotenoids was reported (Egesel
et al. 2003; Senete et al. 2011; Muthusamy et al. 2016).

Carotenoid metabolic pathway in maize has been well characterised (Fig. 6.1)
(Hirschberg 2001; Aluru et al. 2008; Vallabhaneni and Wurtzel 2009; Yan et al.
2010; Burt et al. 2011) and the genes involved in the pathway are: phytoene syn-
thasel (psyl) coded by yellow endosperml (yI), (Buckner et al. 1996); phytoene
desaturase (PDS) encoded by viviparous5 (vp5) (Li et al. 1996) and {-carotene
desaturase (ZDS) encoded by viviparous9 (vp9) (Matthews et al. 2003); the carot-
enoid isomerase acting between PDS and ZDS (CRTISO) encoded by yellow endo-
sperm9 (v9) (Li et al. 2007); lycopene beta cyclase (IlcyB) encoded by pink
scutelluml (ps1) (Singh et al. 2003); lycopene epsilon cyclase (IcyE) (Harjes et al.
2008) and f-carotene hydroxylasel (crtRBI or hyd3 or BCH2) (Menkir et al. 2008;
Vallabhaneni et al. 2009; Yan et al. 2010).

The carotenoid biosynthesis pathway has two major branches viz., a-branch and
B-branch that occur after the biosynthesis of linear all-trans-lycopene (DellaPenna
and Pogson 2006; Menkir et al. 2008). Thereafter, lycopene may be cyclised either
to form two f rings, as found in f-carotene and its derivatives or form one p ring and
one ¢ ring, as found in a-carotene and its derivatives. The major proA carotenoids
in maize, f-carotene and B-cryptoxanthin are produced in the § branch, whereas
a-carotene is produced in a-branch of the carotenoid biosynthesis pathway (Menkir
et al. 2008; Vallabhaneni and Wurtzel 2009).

6.3 Genes Responsible for Accumulation of proA

From the pathway shown above, three major genes are significant in the proA carot-
enoids accretion in the maize kernel: (1) psy/ gene consisting of six exons spanning
5995 bp on chromosome 6 (bin: 6.01) involved in formation of phytoene from
GGPP and shifting white coloured to yellow coloured maize (Buckler et al. 2006;
Fu et al. 2013). (2) lcyE gene mapped to chromosome 8 (bin 8.05) consists of ten
exons, spanning 3640 bp alters flux down a-carotene versus p-carotene branches of
the carotenoid biosynthesis pathway (Harjes et al. 2008). The selection of favour-
able alleles for high p-carotene content was investigated through mapping strategy,
and four natural IcyE polymorphisms were identified that explain 58% of the phe-
notypic variance and a threefold change in proA compounds. Identified four natural
leyE polymorphisms viz., IcyE 5'TE [Transposable Element; in 5’-untranslated
region (UTR)], IcyE SNP216 (in exon 1), lcyE SNP2238 (in intron 4) and IcyE
3'InDel (in 3’-UTR) divert more lycopene to B-branch of the pathway, thereby
increasing the concentration of proA. Of these, the favourable allele of /cyE 5'TE
causes up to 30% reduction in the ratio of a- to B-branch carotenoids and increase
in proA content (Harjes et al. 2008). Babu et al. (2013) also reported favourable
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hydroxylase, ZEP zeaxanthin epoxidase, ABA abscisic acid (Hirschberg 2001; Aluru et al. 2008;
Vallabhaneni and Wurtzel 2009; Yan et al. 2010; Burt et al. 2011)
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polymorphisms of IcyE that led to reduction 0-30% in the ratio of - to f-branch
carotenoids, and enhance proA concentration. (3) crtRB1 (or Hyd3/BCH2) mapped
on chromosome 10 (bin: 10.05) consists of 5455 bp that encodes f-carotene hydrox-
ylase enzyme with three favourable alleles (Yan et al. 2010). crtRB1 catalyses con-
version of P-carotene into P-cryptoxanthin, B-cryptoxanthin to zeaxanthin and
a-carotene to zenoxanthin. By association mapping, three polymorphisms viz.,
5'TE (in the 5'UTR), InDel4 (in the coding region) and 3'TE (spanning the sixth
exon and 3'UTR) in crtRBI limits the conversion of 3-carotene into further compo-
nents and lead to many fold increase in proA concentration of maize kernel
(Vallabhaneni et al. 2009; Yan et al. 2010). The strong and statistically significant
effect of crtRBI-favourable allele for enhanced p-carotene in maize is now very
well established (Vallabhaneni et al. 2009; Yan et al. 2010; Vignesh et al. 2012;
Zhang et al. 2012; Babu et al. 2013; Azmach et al. 2013; Kandianis et al. 2013;
Muthusamy et al. 2014; Liu et al. 2015; Menkir et al. 2017; Zunjare et al. 2017a,
2018a).

6.3.1 Combined Effects of crtRB1 and IcyE

The accumulation of proA carotenoids regulated by lcyE and crtRB1 genes has been
reported and could be used for the enhancement of proA in the maize grain through
breeding (Zhang et al. 2012; Babu et al. 2013; Kandianis et al. 2013; Muthusamy
etal. 2015c; Zunjare et al. 2017a, 2018a). By developing 26 segregating populations
for crtRBI and lcyE functional polymorphisms, Babu et al. (2013) demonstrated
significant effect of cr#RBI and IcyE interaction for proA accumulation in tropical
maize. The interaction effect between crtRBI and lcyE was in agreement with that
of Azmach et al. (2013) in yellow tropical maize inbreds. In their studies, it has been
shown that the effect of IcyE alone was inconsistent for proA gain; however, it
requires further validation. Recently, Zunjare et al. (2017a), while working on two
digenic populations segregating for cr#RBI and IcyE alleles, showed positive and
favourable interaction of crtRB1 and IcyE for proA, which has been corroborated by
Gebremeskel et al. (2017). Although, positive interaction was observed, the favour-
able alleles of the both genes are rare and occur in low frequency in maize germ-
plasm (Babu et al. 2013; Azmach et al. 2013; Muthusamy et al. 2015¢; Zunjare et al.
2018a). Also, in the association mapping studies conducted by Harjes et al. (2008)
and Yan et al. (2010) reported no genotypes possessing favourable alleles of both,
crtRB1 and IcyE genes. Hence, marker-assisted pyramiding would be useful to com-
bine the favourable alleles in elite inbreds (Muthusamy et al. 2015¢). Concerns have
been raised earlier that reducing the amount of carotenoids may lead to compro-
mised abiotic stress tolerance in crop plants (Tan et al. 1997). The transcript profil-
ing efforts for /cyE by Harjes et al. (2008) and for crtRBI by Yan et al. (2010)
revealed that the differences in expression levels were although very high in endo-
sperm, it was not very different in embryos, and not at all different in leaves, which
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suggest tissue specific regulation of /cyE and crtRBI. The differential expression of
leyE in embryo and endosperm was also validated by Bai et al. (2009). Thus select-
ing for mutant allele of lcyE and/or crtRBI, whose expression is limited to endo-
sperm, is unlikely to cause any undesirable effects in the carotenoid metabolism of
leaves or other vegetative tissues (Babu et al. 2013).

6.3.2 Molecular Markers for crtRB1 and IcyE

DNA-based markers are recognised as important tool for accelerated breeding pro-
grammes (Collard et al. 2005). In contrast to phenotypic and biochemical markers,
DNA markers are practically large in number and environmental- and plant stage-
insensitive factors (Winter and Kahl 1995; Collard and Mackill 2008). In maize bio-
fortification programme, the quantification of proA carotenoid content using HPLC is
expensive as well as time-consuming. Therefore, marker-assisted selection (MAS)
reduces the biochemical assay of large progenies by using gene-based markers (Gupta
et al. 2013). Thus, by selecting for mutant alleles of IcyE and crtRBI genes, proA
concentration can be significantly increased in the maize endosperm. A step forward
in this direction was the development of the co-dominant markers for both /cyE and
crtRBI by Babu et al. (2013) followed by preliminary screening of tropical maize
germplasm using these PCR-based markers by breeders at CIMMYT (Pixley et al.
2013). Thus, individual PCR assays for crtRBI and IcyE given by Harjes et al. (2008)
and Yan et al. (2010), respectively, were used in the marker-assisted introgression
programme by Babu et al. (2013), Muthusamy et al. (2014) and Zunjare et al. (2017b).
A multiplex protocol was developed in our laboratory for simultaneous foreground
selection of crtRBI and [cyE in marker-assisted pyramiding programme, which in turn
further accelerate proA biofortification programme by saving significant time and cost
(Zunjare et al. 2017b). Further, sequencing studies identified SNP4, SNP13, InDel6
and InDel7 in 3'TE region of crtRBI (Vignesh et al. 2013); while four SNPs (SNP1,
SNP2, SNP3 and SNP4) in 5'TE region of lcyE (Zunjare et al. 2018b) clearly differ-
entiated the high and the low proA genotypes. These point mutations can, therefore,
be utilised for development of cleaved amplified polymorphic sequence (CAPS)
marker for their effective utilisation in MAS (Zunjare et al. 2018b).

6.4 Development of proA-Rich Maize Lines/Hybrids

To develop maize cultivars with higher proA concentration, two approaches have
been adopted. The plant breeding approach assisted by MAS has led to incremental
gains in proA. In contrast, genetic engineering approach has resulted in quantum
jump in proA concentration, however, adoption of these lines face obstruction in
release and commercial cultivation of genetically engineered line due to regulatory
process in different countries. Results of both the approaches are presented below:
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6.4.1 Molecular Marker-Assisted Breeding

MAS has greatly enhanced efficiency and effectiveness of breeding by offering
several advantages such as reduction in time, selection at seedling stage, elimination
of large scale phenotyping, combining multiple genes simultaneously, avoiding
linkage drag and feasibility of improving traits of low heritability. To develop proA-
rich hybrids, large scale experiment for elucidating the influence of marker poly-
morphisms in lcyE and crtRBI was carried out at CIMMYT, and the results suggest
that by employing MAS for lcyE and crtRBI, it would be possible to develop tropi-
cal maize hybrids with 15 pg/g proA concentration, the level fixed by HarvestPlus
for alleviating widespread VAD in humans (Babu et al. 2013). At ICAR-Indian
Agricultural Research Institute (IARI), New Delhi, favourable allele of crfRBI gene
(from CIMMYT-HarvestPlus genotypes) was introgressed in four hybrids viz.,
Vivek QPM9 and Vivek Hybrid27, HM4 and HM8 using MAS (Muthusamy et al.
2014). These single cross maize hybrids are popular in various agro-climatic zones
of India. The improved version of Vivek QPMO at harvest showed higher proA
(21.5 pg/g), while the original hybrid contained only 2.1 pg/g (Fig. 6.2) (Muthusamy
et al. 2014).

The proA level, measured after two months of harvest under normal storage con-
ditions, was found to be as much as 8.1 pg/g in comparison to 2.2 pg/g in original
hybrid. The improved hybrids showed grain characters, ear size, shape and yield
similar to that of the original hybrids (Fig. 6.3).

Vivek Hybrid9, which was previously converted to quality protein maize (QPM)
through MAS was released as Vivek QPM9 (Gupta et al. 2013) with high level of
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Fig. 6.2 Comparison of kernel proA concentration among original and improved hybrids
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Vivek Hybrid-9 Vivek QPM-9 Pusa Vivek QPM-9 Improved

Fig. 6.3 Ear and grain characteristics of Vivek Hybrid9, Vivek QPM9 and Pusa Vivek QPM9
Improved

lysine and tryptophan-two essential amino acids that are not synthesised in human
body. Lysine and tryptophan are the building blocks of protein, and are also involved
as precursors for several neuro-transmitters and metabolic regulators (Gupta et al.
2015a). Normal maize is poor in these two essential amino acids in the endosperm but
QPM possesses nearly two folds higher amount of these essential amino acids (Sarika
et al. 2017, 2018; Hossain et al. 2018). The proA version of Vivek QPM9, developed
by incorporating favourable allele of crtRB1, is thus a double biofortified hybrid
(named as ‘Pusa Vivek QPM9 Improved’), that was released in 2017 for commercial
cultivation in India by the Central Sub-Committee on Standard and Notification of
Varieties (CSCSNRV) earlier known as Central Variety Release Committee (Yadava
et al. 2017). Likewise, four more QPM hybrids viz., HQPM1, HQPM4, HQPMS5 and
HQPM7 popular in India were also enriched for proA through MAS by incorporating
both crtRBI and IcyE alleles (Zunjare et al. 2018a) (Table 6.1). These hybrids showed
proA ranging from 9.2 to 12.9 pg/g two months after harvest under normal storage.
Earlier work in China, Mexico and Nigeria led to development of several proA rich
maize lines/varieties; however, the level of proA ranged from 5 to 8 pg/g only.
Whereas, Liu et al. (2015) introgressed favourable allele of crtRB1 in CML161 and
CMLI171 through MAS and achieved proA level of 5.25 pg/g from 1.60 pg/g in
CMLI161; and 8.14 pg/g from 1.80 pg/g in CML171. Apart from this, 11 proA-rich
hybrids/open pollinated varieties (OPVs) developed by CIMMYT, Mexico, were
released in Malawi, Zambia and Zimbabwe while 15 proA-rich OPVs, developed by
International Institute of Tropical Agriculture (IITA), Ibadan, were released in Nigeria,
Ghana and DR Congo (www.harvestplus.org). Of these, three hybrids from Zambia
(GV662A, GV664A and GV665A), two hybrids (Ife maize hyb-3, Ife maize hyb-4)
and two synthetics (Sammaz 38 and Sammaz 39) from Nigeria and one synthetic from
Ghana (CSIR-CRI Honampa) were reported to contain 6—8 pg/g of proA (Table 6.1).
Around 460 tonnes of certified seeds of proA-rich cultivars were produced for their
cultivation by farmers (www.harvestplus.org). Furthermore, until 2016, 64 synthetics
and 74 proA- rich hybrids were under extensive testing in 14 African countries
(Manjeru et al. 2017).


http://www.harvestplus.org
http://www.harvestplus.org
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Table 6.1 List of maize genotypes enriched with proA worldwide

S. No. | Genotype Type ProA (pg/g) | Country |Reference

1. GV662A Hybrid 7.0 Zambia | Simpungwe (2014)

2. GV664A Hybrid 7.0 Zambia | Simpungwe (2014)

3. GV665A Hybrid 8.0 Zambia | Simpungwe (2014)

4. Ife maizehyb-3 Hybrid 8.0 Nigeria | Dhliwayo et al. (2014)

5. Ife maizehyb-4 Hybrid 7.8 Nigeria | Dhliwayo et al. (2014)

6. Sammaz 38 OPV 6.3 Nigeria | Dhliwayo et al. (2014)

7. Sammaz 39 OopPV 6.7 Nigeria | Dhliwayo et al. (2014)

8. CSIR-CRI Honampa | OPV 6.2 Ghana | Dhliwayo et al. (2014)

9. Pusa Vivek QPM9 QPM Hybrid | 17.8-21.5* | India Muthusamy et al.
Improved (2014)

10 HM4-ProA Hybrid 10.5-12.5* | India Muthusamy et al.

(2014)
11. HMS8-ProA Hybrid 19.4-21.7* | India Muthusamy et al.
(2014)

12. Vivek Hybrid 15.8-17.0* | India Muthusamy et al.
Hybrid27-ProA (2014)

13. CMLI161 QPM Inbred |5.2 China Liu et al. (2015)

14. CML171 QPM Inbred |8.1 China Liu et al. (2015)

15. HQPMI1-ProA QPM Hybrid | 9.8-10.1° India Zunjare et al. (2018a)

16. HQPM4-ProA QPM Hybrid | 9.0-11.0° India Zunjare et al. (2018a)

17. HQPMS5-ProA QPM Hybrid | 9.2-10.0° India Zunjare et al. (2018a)

18. HQPM?7-ProA QPM Hybrid | 11.9-12.9* | India Zunjare et al. (2018a)

“Two months after harvest and stored under normal condition
"Immediately after harvest

6.4.2 Genetic Engineering

Genetic engineering or transgenic technology has also been deployed to enrich
carotenoids in maize (Aluru et al. 2008; Zhu et al. 2008; Naqvi et al. 2009).
Overexpression bacterial (Erwinia herbicola) genes viz., crtB and crtl improved
[-carotene content up to 10 pg/g in Hi-II maize line (Aluru et al. 2008). However,
Zhu et al. (2008) and Naqvi et al. (2009) reported development of transgenic maize
genotypes with very high amount of p-carotene (~60 pg/g) by stacking five genes
(psyl, crtl, lycb, bch and crtW). White maize inbred, ‘M37W’ from South Africa
was transformed, and showed higher amount of both proA and non-proA carot-
enoids (Zhu et al. 2008) but commercial use of these genotypes/lines is yet to come.
Although transgenic approach is a rapid method for development of maize possess-
ing high p-carotene, its successful adoption faces the challenges of (1) stringent
regulatory mechanisms and (2) political and socio-economic factors prevailing in
the country of release (Muthusamy et al. 2014).
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6.5 Bioavailability of proA Carotenoids

An amount of 1 pg retinol is referred to, in the FAO/WHO recommendations, as 1
RE, which is equivalent to 12 pg of proA carotenoids. Accordingly, a conversion
ratio, 12:1 was proposed by Institute of Medicine (2001). However, subsequent
report by Howe and Tanumihardjo (2006a, b) proposed conversion ratio of 2.8:1. Li
et al. (2010) estimated that biofortified maize porridge will have a vitamin A equiv-
alence of 6.5:1 in North American women by measuring lipoprotein fraction of
human blood. Subsequently, Muzhingi et al. (2011) measured intrinsically labelled
[-carotene-rich yellow maize porridge and reported bioconversion ratio of 3.2:1 in
Zimbabwean men. Both of these studies provide strong support to reducing VAD if
proA-rich maize is consumed instead of normal maize. Furthermore, Gannon et al.
(2014) in Zambia working on 140 rural Zambian children concluded that consump-
tion of maize biofortified with B-carotene was efficacious and do not pose risk of
hyper vitaminosis-A that was observed with the oral intake of pre-formed vitamin
A from supplementation and food fortification. Bioavailability studies in animal
system and in vitro simulated digestion/Caco-2 cell on biofortified maize also con-
cluded efficient absorption of nutrients from biofortified maize (Howe and
Tanumihardjo 2006b; Thakkar and Failla 2008). Neither study indicated a negative
effect of the high carotenoids concentration of maize on absorption. A feeding
study on Mongolian gerbil further showed that biofortified maize with high
B-cryptoxanthin exhibits more efficient bioconversion (2.4:1) than p-carotene sup-
plement (4.6:1) (Davis et al. 2008). Liu et al. (2012) reported hens fed with
B-cryptoxanthin rich maize laid the eggs possessed higher proA equivalents. ProA
carotenoids from biofortified maize are reported to be bioavailable to human as
well as in poultry and therefore, proA-rich maize can also be effectively used as
feed in the poultry diet (Diaz-Gomez et al. 2017a). The above reports suggest that
conversion ratio can be reduced from 12:1 to at least 6:1 for calculating bioavail-
ability in feeding experiments with proA-rich maize.

6.6 Stability and Retention of proA Carotenoids

The study on retention of maize carotenoids on storage is of critical importance for
defining the availability of pro-A carotenoids in general and p-carotene in particu-
lar. Therefore, sound understanding of biosynthesis vis-a-vis degradation will be
useful for managing to retain high carotenoid levels (Suwarno et al. 2015). ProA
carotenoids are much more sensitive to degradation due to environmental factors
like temperature, light, oxygen and acidic conditions (Gregory 1996; Kimura et al.
2007; De Moura et al. 2015). Several carotenoid cleavage dioxygenases (CCDs) are
known to mediate degradation of carotenoids to apocarotenoids (group of cleavage
products of carotenoids). A number of carotenoid cleavage genes have also been
reported in maize (Vallabhaneni et al. 2010) and of these, ZmCCD] loci located on
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chromosome 9 (bin 9.07) efficiently degrades carotenoids resulting in reduction in
total carotenoid content. Identification, mapping and introduction of favourable
alleles of ZmCCD gene is expected to retain more carotenoids in kernels (Sun et al.
2008; Vallabhaneni et al. 2010). Suwarno et al. (2015) used association mapping
panel of 380 inbred lines and high density genome-wide ~476,000 SNP markers
platform for genome-wide association study for various carotenoids. It led to iden-
tification of genomic regions viz., DXS/, GGPS1 and GGPS2 (along with crtRBI
and [cyE) that play functional role in accumulation of precursor isoprenoids as well
as downstream genes viz., HYD5, CCD1 and ZEPI, which are involved in hydrox-
ylation and degradation of carotenoids. A loci on chromosome 2, independent of
crtRB1 explains ~16% of the phenotypic contribution for p-carotene, and a mutant
of ZmCCDI showed reduction of p-cryptoxanthin degradation (Suwarno et al.
2015). Most of the proA degradation in biofortified hybrids occurs during storage
compared to cooking, while magnitude of this effect varies genotype to genotype
(Mugode et al. 2014). Recently, Taleon et al. (2017) reported significant differ-
ences in retention of total proA after six months of storage under different storage
conditions like aluminium bags, metal silos, multilayer polyethylene bags and
common woven bags. The improved method of storage showed higher retention
capacity for B-cryptoxanthin as compared to p-carotene. The storage studies indi-
cate that with improved storage, the degradation of proA carotenoids can be slowed
down, however, after six months of storage, on an average 50% reduction in
B-carotene was recorded although degradation was faster during the first two
weeks. The authors further reported that carotenoid degradation was similar in ears
as well as shelled grains. Their investigation suggest that stored orange maize con-
tribute 26.5% and 24.3% only for fulfilling estimated average requirement of chil-
dren and women, respectively. By contrast, recent report of Dube et al. (2018)
suggests that 200 g daily consumption of proA-rich maize supplies 52-64% of
estimated average requirement of vitamin A. We observed in our laboratory that
vacuum packaging significantly reduces the process of degradation of proA in
maize grains. Further, Pillay et al. (2011) demonstrated that retention of proA in
maize endosperm is affected by the cooking processes and therefore, it is important
to identify the most efficient cooking method which ensures higher retention of
proA carotenoids.

6.7 Consumer Preference for proA-Rich Maize

Few reports from African countries dealing with acceptability of proA maize are
available (Muzhingi et al. 2008; De Groote et al. 2010; Pillay et al. 2011). Pillay
et al. (2011) concluded that there is significant scope for promoting maize-based
food products enriched with proA in South Africa. If proA-rich maize is cheaper
and available in grocery stores, the people expressed readiness to consume yellow
maize than white maize. Also, imparting education to women on the nutritional
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benefits of eating yellow maize will pay rich dividend (Pillay et al. 2011, 2014).
The alternative would be to include yellow maize food products in pre-school feed-
ing schemes (Pillay et al. 2011, 2014). Awobusuyi et al. (2016) studied accept-
ability of ‘amahewu’ (popular maize-based beverage in South Africa) processed
using proA-rich maize. They showed that about 69% consumers liked proA-rich
maize ‘amahewu’ either moderately or very much compared to white maize. The
higher satisfaction from ‘amahewu’ prepared using proA-rich maize compared to
that of white maize suggests that ‘amahewu’ holds potential to deliver proA nutrient
to vulnerable population. Sensory acceptability evaluation study showed similar
response to complementary food prepared from proA-rich maize and white maize
(Amod et al. 2016). These results suggest that proA-rich maize has the potential to
replace white maize in complementary feeding (Amod et al. 2016). In Zambia, at
the end of year 2013, a sum total of 10,000 farming households had adapted proA-
rich maize. It is estimated that approximately 500,000 farming households will have
access to proA-rich maize by 2018 (Simpungwe 2014). These findings indicate that
there is general acceptance of yellow maize biofortified with proA and there exists
a potential to promote proA-rich maize consumption and its food products
elsewhere.

6.8 Nutritional Impact of proA Maize

The importance of proA maize for health has been established well across the
countries (Bouis and Saltzman 2017). ProA orange maize has been reported to be
as efficacious as a vitamin A supplement (Gannon et al. 2014; Palmer et al. 2016).
According to another study conducted in Zambia, the consumption of proA bio-
fortified maize increased serum xanthophylls and *C-natural abundance of retinol
in children (Sheftel et al. 2017). The consumption of proA-rich maize has conclu-
sively been shown to reduce VAD in human population in several countries of
Africa, however, in order to have better impact, ideal method of storage, milling
and cooking methods needs to be identified that retains higher level of proA
carotenoids.

Carotenoid biofortified maize has also emerged as an alternative to colour addi-
tives in poultry industry (Diaz-Gomez et al. 2017b). The consumption of proA-rich
maize by chickens produced eggs rich in proA concentration (Liu et al. 2012;
Moreno et al. 2016; Sowa et al. 2017). The chickens also possessed higher redness,
yellowness and lower lightness in the meat and skin colour compared to white
maize-fed chickens (Odunitan-wayas et al. 2016). Heying et al. (2014) showed that
eating proA carotenoids daily by sows at the time of gestation and lactation enhanced
liver retinol status in piglets. Hence, direct and indirect consumption of proA-rich
maize would significantly contribute to nutritional security and proA-rich bioforti-
fied maize would be highly cost-effective strategy for reducing malnutrition
(Lividini and Fiedler 2015).
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6.9 Conclusion and Prospects

Malnutrition has turned out to be a major global public health problem especially in
developing and underdeveloped world causing enormous economic loss. Deficiency of
micronutrients in conjunction with low level of availability of better quality protein is
known to be one of the major causes of malnutrition. Biofortified staple food crops
have turned out to be the most effective way in supplying higher quantity and quality
of proteins as well as micronutrients. Research conducted during the last decade has
led to development and release of a large number of biofortified varieties of various
food crops in general and cereals in particular. Maize, commonly used as food as well
as feed, attracted attention of several researchers, who have come out with many bio-
fortified maize hybrids/composites rich in vitamin A and/or better quality of protein.
After the huge success of QPM in sub-Saharan Africa, biofortified yellow kernel maize
rich in vitamin A was adopted by the farmers as well as consumers resulting in accep-
tance of proA-rich maize hybrids/composites/synthetics. Similar efforts in develop-
ment, release and commercial cultivation of maize hybrids/composites in Asia is
expected to help in meeting at least half of the recommended dietary allowance (RDA)
of vitamin A in human population facing with VAD. Additionally, double biofortified
proA-rich QPM will have dual advantage of providing not only vitamin A but better
quality of protein (comparable to casein of milk) too. Vitamin E, measured by
a-tocopherol, is known to be important for cardiovascular and neurological functions.
In our laboratory, parental inbreds of proA-rich QPM hybrids have been enhanced with
a-tocopherol. Iron and zinc are the two other micronutrients required in humans for
basic cellular functions and are integral part of various enzymes (Gupta et al. 2015b).
Widespread deficiency of these two micronutrients is known to be prevalent in the
developing and underdeveloped countries. Low phytic acid mutants capable of
enhancing the bioavailability of iron and zinc are now being introgressed into proA-
rich QPM inbreds at ICAR-IARI, New Delhi. We aim to develop multi-nutrient
maize by combining better quality of protein, high level of all the four essential
micronutrients viz., vitamin A, vitamin E, iron and zinc. This multi-nutrient maize is
expected to help in addressing the problem of malnutrition in a holistic manner.

References

Aluru M, Xu'Y, Guo R et al (2008) Generation of transgenic maize with enhanced provitamin A
content. J Exp Bot 59:3551-3562. https://doi.org/10.1093/jxb/ern212

Amod R, Pillay K, Siwela M et al (2016) Acceptance of a complementary food based on provita-
min a- biofortified maize and chicken stew. ] Hum Ecol 55:152-159

Awobusuyi TD, Siwela M, Kolanisi U et al (2016) Provitamin A retention and sensory acceptabil-
ity of amahewu, a non-alcoholic cereal-based beverage made with provitamin A-biofortified
maize. J Sci Food Agric 96:1356-1361

Azmach G, Gedil M, Menkir A et al (2013) Marker-trait association analysis of functional gene
markers for provitamin A levels across diverse tropical yellow maize inbred lines. BMC Plant
Biol 13:227. https://doi.org/10.1186/1471-2229-13-227


https://doi.org/10.1093/jxb/ern212
https://doi.org/10.1186/1471-2229-13-227

152 H. S. Gupta et al.

Babu R, Rojas NP, Gao S et al (2013) Validation of the effects of molecular marker polymorphisms
in LcyE and CrtRBI on provitamin A concentrations for 26 tropical maize populations. Theor
Appl Genet 126:389-399. https://doi.org/10.1007/s00122-012-1987-3

Bai L, Kim EH, Dellapenna D et al (2009) Novel lycopene epsilon cyclase activities in maize
revealed through perturbation of carotenoid biosynthesis. Plant J 59:588-599. https://doi.
org/10.1111/j.1365-313X.2009.03899.x

Bouis HE, Saltzman A (2017) Improving nutrition through biofortification: a review of evidence
from HarvestPlus, 2003 through 2016. Glob Food Sec 12:49-58. https://doi.org/10.1016/].
¢fs.2017.01.009

Bouis HE, Welch RM (2010) Biofortification—a sustainable agricultural strategy for reducing
micronutrient malnutrition in the global south. Crop Sci 50:S20-S32. https://doi.org/10.2135/
cropsci2009.09.0531

Bouis HE, Christine H, Bonnie M et al (2011) Biofortification: a new tool to reduce micronutrient
malnutrition. Food Nutr Bull 32:202-215

Buckler ES, Gaut BA, McMullen MD (2006) Molecular and functional diversity of maize. Curr
Opin Plant Biol 9:172-176

Buckner B, Miguel PS, Buckner DJ et al (1996) The y/ gene of maize codes for phytoene synthase.
Genetics 143:479-488

Burt AJ, Grainger CM, Smid MP et al (2011) Allele mining of exotic maize germplasm to enhance
macular carotenoids. Crop Sci 51:991-1004. https://doi.org/10.2135/cropsci2010.06.0335

Collard BCY, Mackill DJ (2008) Marker-assisted selection: an approach for precision plant breed-
ing in the twenty-first century. Philos Trans R Soc B 363:557-572. https://doi.org/10.1098/
rstb.2007.2170

Collard BCY, Jahufer MZZ, Brouwer JB et al (2005) An introduction to markers, quantitative trait
loci (QTL) mapping and marker-assisted selection for crop improvement: The basic concepts.
Euphytica 142:169-196. https://doi.org/10.1007/s10681-005-1681-5

Davis C, Jing H, Howe JA et al (2008) p-Cryptoxanthin from supplements or carotenoid-
enhanced maize maintains liver vitamin A in Mongolian gerbils (Meriones unguiculatus) bet-
ter than or equal to p-carotene supplements. Br J Nutr 100:786—793. https://doi.org/10.1017/
S0007114508944123

De Groote H, Tomlins K, Haleegoah J et al (2010) Assessing rural consumers’ WTP for orange,
biofortified maize in Ghana with experimental auctions and a simulated radio message. African
Association of Agricultural Economists 48th Agricultural Economics Association of South
Africa conference 25

De Moura FF, Miloft A, Boy E (2015) Retention of provitamin a carotenoids in staple crops tar-
geted for biofortification in Africa: cassava, maize and sweet potato. Crit Rev Food Sci Nutr
55:1246-1269. https://doi.org/10.1080/10408398.2012.724477

DellaPenna D, Pogson BJ (2006) Vitamin synthesis in plants: tocopherols and carotenoids. Annu
Rev Plant Biol 57:711-738. https://doi.org/10.1146/annurev.arplant.56.032604.144301

Dhliwayo T, Palacios-Rojas N, Babu R et al (2014) Vitamin A maize. Biofortification progress
brief 5. International Food Policy Research Institute (IFPRI), Washington, DC

Diaz-Gomez J, Moreno JA, Angulo E et al (2017a) Provitamin A carotenoids from an engineered
high carotenoid maize are bioavailable and zeaxanthin does not compromise f-carotene
absorption in poultry. Transgenic Res 26:591-601. https://doi.org/10.1007/s11248-017-0029-y

Diaz-Gomez J, Moreno JA, Angulo E et al (2017b) High-carotenoid biofortified maize is an alter-
native to color additives in poultry feed. Anim Feed Sci Technol. https://doi.org/10.1016/].
anifeedsci.2017.06.007

Dube N, Mashurabad PC, Hossain F et al (2018) p-carotene bio-accessibility from biofortified 1
maize (Zea mays L.) is related to its density and is negatively influenced by lutein and zeaxan-
thin. Food Funct 9:379-388. https://doi.org/10.1039/c7fo01034f

Egesel CO, Wong JC, Lambert RJ et al (2003) Gene dosage effects on carotenoid concentration in
maize grain. Maydica 48:183-190

FAOSTAT (2017). http://www.fao.org/faostat/en/#data/QC


https://doi.org/10.1007/s00122-012-1987-3
https://doi.org/10.1111/j.1365-313X.2009.03899.x
https://doi.org/10.1111/j.1365-313X.2009.03899.x
https://doi.org/10.1016/j.gfs.2017.01.009
https://doi.org/10.1016/j.gfs.2017.01.009
https://doi.org/10.2135/cropsci2009.09.0531
https://doi.org/10.2135/cropsci2009.09.0531
https://doi.org/10.2135/cropsci2010.06.0335
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1098/rstb.2007.2170
https://doi.org/10.1007/s10681-005-1681-5
https://doi.org/10.1017/S0007114508944123
https://doi.org/10.1017/S0007114508944123
https://doi.org/10.1080/10408398.2012.724477
https://doi.org/10.1146/annurev.arplant.56.032604.144301
https://doi.org/10.1007/s11248-017-0029-y
https://doi.org/10.1016/j.anifeedsci.2017.06.007
https://doi.org/10.1016/j.anifeedsci.2017.06.007
https://doi.org/10.1039/c7fo01034f
http://www.fao.org/faostat/en/#data/QC

6 Marker-Assisted Breeding for Enrichment of Provitamin A in Maize 153

Fu Z, Chai Y, Zhou Y et al (2013) Natural variation in the sequence of PSY/ and frequency of
favorable polymorphisms among tropical and temperate maize germplasm. Theor Appl Genet
126:923-935. https://doi.org/10.1007/s00122-012-2026-0

Gannon B, Kaliwile C, Arscott SA et al (2014) Biofortified orange maize is as efficacious as a vita-
min A supplement in Zambian children even in the presence of high liver reserves of vitamin
A: a community-based, randomized placebo-controlled trial. Am J Clin Nutr 100:1541-1550.
https://doi.org/10.3945/ajcn.114.087379

Gebremeskel S, Garcia-oliveira AL, Menkir A et al (2017) Effectiveness of predictive markers for
marker assisted selection of provitamin A carotenoids in medium-late maturing maize (Zea
mays L.) inbred lines. J Cereal Sci 79:27-34. https://doi.org/10.1016/j.jcs.2017.09.001

Giuliano G (2014) Plant carotenoids: genomics meets multi-gene engineering. Curr Opin Plant
Biol 19:111-117. https://doi.org/10.1016/j.pbi.2014.05.006

Global Nutrition Report (2017) https://www.globalnutritionreport.org

Gregory JF (1996) Vitamins. In: Fennema OR (ed) Food chemistry, 3rd edn. Marcel Dekker,
New York, pp 545-546

Gupta HS, Babu R, Agrawal PK et al (2013) Accelerated development of quality protein maize
hybrid through marker-assisted introgression of opaque-2 allele. Plant Breed 132:77-82.
https://doi.org/10.1111/pbr.12009

Gupta HS, Hossain F, Muthusamy V (2015a) Biofortification of maize: an Indian perspective.
Indian J Genet Plant Breed 75:1-22. https://doi.org/10.5958/0975-6906.2015.00001

Gupta HS, Hossain F, Nepolean T et al (2015b) Understanding genetic and molecular Bases of
Fe and Zn accumulation towards development of micronutrient-enriched maize. In: Rakshit A
et al (eds) Nutrient use efficiency: from basics to advances. Springer, New Delhi. https://doi.
0rg/10.1007/978-81-322-2169-2_17

Harjes CE, Rocheford TR, Bai L et al (2008) Natural genetic variation in Lycopene Epsilon
Cyclase tapped for maize biofortification. Science 319:330-333. https://doi.org/10.1126/
science.1150255

Heying EK, Tanumihardjo JP, Vasic V et al (2014) Biofortified orange maize enhances
b-cryptoxanthin concentrations in egg yolks of laying hens better than tangerine peel fortifi-
cant. J Agric Food Chem 62:11892—11900. https://doi.org/10.1021/j£5037195

Hirschberg J (2001) Carotenoid biosynthesis in flowering plants. Curr Opin Plant Biol 4:210-218

Hossain F, Muthusamy V, Bhat JS et al (2016) Maize. In: Singh M, Kumar S (eds)
Broadening the genetic base of grain cereals. Springer, New York, NY. https://doi.
org/10.1007/978-81-322-3613-9_1

Hossain F, Muthusamy V, Pandey N et al (2018) Marker-assisted introgression of opaque? allele
for rapid conversion of elite hybrids into quality protein maize. J Genet. https://doi.org/10.1007/
$12041-018-0914-z

Howe JA, Tanumihardjo SA (2006a) Evaluation of analytical methods for carotenoid extrac-
tion from biofortified maize (Zea mays sp.). J Agric Food Chem 54:7992-7997. https://doi.
org/10.1021/jf062256f

Howe JA, Tanumihardjo SA (2006b) Carotenoid-biofortified maize maintains adequate vitamin a
status in Mongolian gerbils. J Nutr 136:2562-2567

IFPRI (2016) Global food policy report. International Food Policy Research Institute,
Washington, DC

Institute of Medicine (2001) Dietary reference intakes for vitamin A, vitamin K, arsenic, boron,
chromium, copper, iodine, iron, manganese, molybdenum, nickel, silicon, vanadium, and zinc.
Washington, DC, Panel on Micronutrients. National Academies Press

Kandianis CB, Stevens R, Liu W et al (2013) Genetic architecture controlling variation in grain
carotenoid composition and concentrations in two maize populations. Theor Appl Genet
126:2879-2895. https://doi.org/10.1007/s00122-013-2179-5

Kimura M, Kobori CN, Rodriguez-Amaya DB et al (2007) Screening and HPLC methods for
carotenoids in sweetpotato, cassava and maize for plant breeding trials. Food Chem 100:1734—
1746. https://doi.org/10.1016/j.foodchem.2005.10.020


https://doi.org/10.1007/s00122-012-2026-0
https://doi.org/10.3945/ajcn.114.087379
https://doi.org/10.1016/j.jcs.2017.09.001
https://doi.org/10.1016/j.pbi.2014.05.006
https://www.globalnutritionreport.org
https://doi.org/10.1111/pbr.12009
https://doi.org/10.5958/0975-6906.2015.00001
https://doi.org/10.1007/978-81-322-2169-2_17
https://doi.org/10.1007/978-81-322-2169-2_17
https://doi.org/10.1126/science.1150255
https://doi.org/10.1126/science.1150255
https://doi.org/10.1021/jf5037195
https://doi.org/10.1007/978-81-322-3613-9_1
https://doi.org/10.1007/978-81-322-3613-9_1
https://doi.org/10.1007/s12041-018-0914-z
https://doi.org/10.1007/s12041-018-0914-z
https://doi.org/10.1021/jf062256f
https://doi.org/10.1021/jf062256f
https://doi.org/10.1007/s00122-013-2179-5
https://doi.org/10.1016/j.foodchem.2005.10.020

154 H. S. Gupta et al.

Li ZH, Matthews PD, Burr B et al (1996) Cloning and characterization of a maize cDNA encod-
ing phytoene desaturase, an enzyme of the carotenoid biosynthetic pathway. Plant Mol Biol
30:269-279. https://doi.org/10.1007/BF00020113

Li F, Murillo C, Wurtzel ET (2007) Maize Y9 encodes a product essential for 5-cis-carotene isom-
erization. Plant Physiol 144:1181-1189

Li S, Nugroho A, Rocheford T, White WS (2010) Vitamin A equivalence of the f-carotene in
f-carotene- biofortified maize porridge consumed by women. Am J Clin Nutr 92:1105-1112.
https://doi.org/10.3945/ajcn.2010.29802

Liu YQ, Davis CR, Schmaelzle ST et al (2012) B-Cryptoxanthin biofortified maize (Zea mays)
increases f3-cryptoxanthin concentration and enhances the color of chicken egg yolk. Poult Sci
91:432-438. https://doi.org/10.3382/ps.2011-01719

Liu L, Jeffers D, Zhang Y et al (2015) Introgression of the crtRB1 gene into quality protein maize
inbred lines using molecular markers. Mol Breed. https://doi.org/10.1007/s11032-015-0349-7

Lividini K, Fiedler JL (2015) Assessing the promise of biofortification: a case study of
high provitamin A maize in Zambia. Food Policy 54:65-77. https://doi.org/10.1016/j.
foodpol.2015.04.007

Manjeru P, Biljon AV, Labuschagne M (2017) The development and release of maize fortified with
provitamin A carotenoids in developing countries. Crit Rev Food Sci Nutr. https://doi.org/10.1
080/10408398.2017.1402751

Matthews PD, Luo RB, Wurtzel ET (2003) Maize phytoene desaturase and {-carotene desaturase
catalyse a poly-Z desaturation pathway: implications for genetic engineering of carotenoid
content among cereal crops. J Exp Bot 54:2215-2230. https://doi.org/10.1093/jxb/erg235

Mayer JE, Pfeiffer WH, Beyer P (2008) Biofortified crops to alleviate micronutrient malnutrition.
Curr Opin Plant Biol 11:166—-170. https://doi.org/10.1016/j.pbi.2008.01.007

Menkir A, White WS, Maziya-Dixon B et al (2008) Carotenoid diversity in tropical adapted yellow
maize inbred lines. Food Chem 109:521-529

Menkir A, Maziya-Dixon B, Mengesha W et al (2017) Accruing genetic gain in provitamin A
enrichment from harnessing diverse maize germplasm. Euphytica 213:1-12. https://doi.
org/10.1007/s10681-017-1890-8

Moreno JA, Diaz-Gomez J, Nogareda C et al (2016) The distribution of carotenoids in hens fed on
biofortified maize is influenced by feed composition, absorption, resource allocation and stor-
age. Sci Rep 6:35346. https://doi.org/10.1038/srep35346

Mugode L, Ha B, Kaunda A et al (2014) Carotenoid retention of biofortified provitamin a maize
(Zea mays L.) after Zambian traditional methods of milling, cooking and storage. J Agric Food
Chem 62:6317-6325. https://doi.org/10.1021/jf501233f

Muthusamy V, Hossain F, Thirunavukkarasu N et al (2014) Development of f-carotene rich maize
hybrids through marker-assisted introgression of f-carotene hydroxylase allele. PLoS One
9:1-22. https://doi.org/10.1371/journal.pone.0113583

Muthusamy V, Hossain F, Thirunavukkarasu N et al (2015a) Genetic variability and inter-
relationship of kernel carotenoids among indigenous and exotic maize (Zea mays L.) inbreds.
Cereal Res Commun 43:567-578. https://doi.org/10.1556/0806.43.2015.012

Muthusamy V, Hossain F, Thirunavukkarasu N et al (2015b) Molecular characterization of exotic
and indigenous maize inbreds for biofortification with kernel carotenoids. Food Biotechnol
29:276-295. https://doi.org/10.1080/08905436.2015.1059768

Muthusamy V, Hossain F, Thirunavukkarasu N et al (2015¢) Allelic variations for lycopene-e-
cyclase and f-carotene hydroxylase genes in maize inbreds and their utilization in p-carotene
enrichment programme. Cogent Food Agric 1:1033141-1033141. https://doi.org/10.1080/233
11932.2015.1033141

Muthusamy V, Hossain F, Thirunavukkarasu N et al (2016) Genetic analyses of kernel carotenoids
in novel maize genotypes possessing rare allele of f-carotene hydroxylase gene. Cereal Res
Commun 44:669-680

Muzhingi T, Langyintuo AS, Malaba LC et al (2008) Consumer acceptability of yellow maize prod-
ucts in Zimbabwe. Food Policy 33:352-361. https://doi.org/10.1016/j.foodpol.2007.09.003


https://doi.org/10.1007/BF00020113
https://doi.org/10.3945/ajcn.2010.29802
https://doi.org/10.3382/ps.2011-01719
https://doi.org/10.1007/s11032-015-0349-7
https://doi.org/10.1016/j.foodpol.2015.04.007
https://doi.org/10.1016/j.foodpol.2015.04.007
https://doi.org/10.1080/10408398.2017.1402751
https://doi.org/10.1080/10408398.2017.1402751
https://doi.org/10.1093/jxb/erg235
https://doi.org/10.1016/j.pbi.2008.01.007
https://doi.org/10.1007/s10681-017-1890-8
https://doi.org/10.1007/s10681-017-1890-8
https://doi.org/10.1038/srep35346
https://doi.org/10.1021/jf501233f
https://doi.org/10.1371/journal.pone.0113583
https://doi.org/10.1556/0806.43.2015.012
https://doi.org/10.1080/08905436.2015.1059768
https://doi.org/10.1080/23311932.2015.1033141
https://doi.org/10.1080/23311932.2015.1033141
https://doi.org/10.1016/j.foodpol.2007.09.003

6 Marker-Assisted Breeding for Enrichment of Provitamin A in Maize 155

Muzhingi T, Gadaga TH, Siwela AH et al (2011) Yellow maize with high p-carotene is an effec-
tive source of vitamin A in healthy Zimbabwean men. Am J Clin Nutr 94:510-519. https://doi.
org/10.3945/ajcn.110.006486

Naqvi S, Zhu C, Farre G et al (2009) Transgenic multivitamin corn through biofortification of
endosperm with three vitamins representing three distinct metabolic pathways. Proc Natl Acad
Sci U S A 106:7762-7767. https://doi.org/10.1073/pnas.0901412106

Odunitan-Wayas FA, Kolanisi U, Chimonyo M et al (2016) Effect of provitamin A biofortified
maize inclusion on quality of meat from indigenous chickens. J Appl Poult Res 25:581-590

Ortiz-Monasterio JI, Palacios-Rojas N, Meng E et al (2007) Enhancing the mineral and vitamin
content of wheat and maize through plant breeding. J Cereal Sci 46:293-307. https://doi.
0rg/10.1016/j.jcs.2007.06.005

Owens BF, Gore MA, Magallanes-Lundback M et al (2014) A foundation for provitamin a bio-
fortification of maize: genome-wide association and genomic prediction models of carotenoid
levels. Genetics 198:1699—1716. https://doi.org/10.1534/genetics.114.169979

Palmer AC, Chileshe J, Hall AG et al (2016) Short term daily consumption of provitamin A carot-
enoid biofortified maize has limited impact on breast milk retinol concentration in Zambian
women enrolled in a randomized controlled feeding trial. J Nutr. https://doi.org/10.3945/
jn.116.233

Pillay K, Derera J, Siwela M et al (2011) Consumer acceptance of yellow, provitamin A-biofortified
maize in KwaZulu-Natal. S Afr J Clin Nutr 24:186-191

Pillay K, Siwela M, Derera J et al (2014) Provitamin A carotenoids in biofortified maize and their
retention during processing and preparation of South African maize foods. J Food Sci Technol
51:634-644. https://doi.org/10.1007/s13197-011-0559-x

Pixley K, Palacios-Rojas N, Raman B et al (2013) In: Tanumihardjo S (ed) Carotenoids and human
health, chapter: biofortification of maize with provitamin a carotenoids. Springer, New York,
NY, pp 271-292. https://doi.org/10.1007/978-1-62703-203-2_17

Sarika K, Hossain F, Muthusamy V et al (2017) Exploration of novel opaqguel6 mutation as a
source for high-lysine and -tryptophan in maize endosperm. Indian J Genet 77:59-64. https://
doi.org/10.5958/0975-6906.2017.00008.6

Sarika K, Hossain F, Muthusamy V et al (2018) opaquel6, a high lysine and tryptophan mutant,
does not influence the key physico-biochemical characteristics in maize kernel. PLoS One
13(1):e0190945. https://doi.org/10.1371/journal

Senete CT, Guimaraes PED, Paes MCD et al (2011) Diallel analysis of maize inbred lines for
carotenoids and grain yield. Euphytica 182:395-404

Sheftel J, Gannon BM, Davis CR (2017) Provitamin A-biofortified maize consumption increases
seru xanthophylls and '*C-natural abundance of retinol in Zambian children. Exp Biol Med
242(15):1508-1514. https://doi.org/10.1177/1535370217728500

Shiferaw B, Prasanna BM, Hellin J et al (2011) Crops that feed the world 6. Past successes and
future challenges to the role played by maize in global food security. Food Secur 3:307-327.
https://doi.org/10.1007/s12571-011-0140-5

Simpungwe E (2014) Delivery of vitamin A maize in Zambia. Biofortification progress brief 37.
International Food Policy Research Institute (IFPRI), Washington, DC

Singh M, Lewis PE, Hardeman K et al (2003) Activator mutagenesis of the pink
scutelluml/viviparous7 locus of maize. Plant Cell 15:874-884. https://doi.org/10.1105/
tpc.010249

Sivaranjani R, Prasanna BM, Hossain F et al (2013) Genetic variability for total carotenoid con-
centration in selected maize inbred lines. Indian J Agric Sci 83:431-436

Sivaranjani R, Santha IM, Pandey N et al (2014) Microsatellite-based genetic diversity in selected
exotic and indigenous maize (Zea mays L.) inbred lines differing in total kernel carotenoids.
Indian J Genet 74:34—41

Sommer A, Davidson FR (2002) Assessment and control of vitamin A deficiency: the Annecy
Accords. J Nutr 132:52845-S2850

Sommer A, West KP (1996) Vitamin A deficiency: health survival and vision. Oxford University
Press, New York


https://doi.org/10.3945/ajcn.110.006486
https://doi.org/10.3945/ajcn.110.006486
https://doi.org/10.1073/pnas.0901412106
https://doi.org/10.1016/j.jcs.2007.06.005
https://doi.org/10.1016/j.jcs.2007.06.005
https://doi.org/10.1534/genetics.114.169979
https://doi.org/10.3945/jn.116.233
https://doi.org/10.3945/jn.116.233
https://doi.org/10.1007/s13197-011-0559-x
https://doi.org/10.1007/978-1-62703-203-2_17
https://doi.org/10.5958/0975-6906.2017.00008.6
https://doi.org/10.5958/0975-6906.2017.00008.6
https://doi.org/10.1371/journal
https://doi.org/10.1177/1535370217728500
https://doi.org/10.1007/s12571-011-0140-5
https://doi.org/10.1105/tpc.010249
https://doi.org/10.1105/tpc.010249

156 H. S. Gupta et al.

Sowa M, Yu J, Palacios-Rojas N et al (2017) Retention of carotenoids in biofortified maize flour
and b-cryptoxanthin-enhanced eggs after household cooking. ACS Omega 2:7320-7328.
https://doi.org/10.1021/acsomega.7b01202

Sun Z, Hans J, Walter MH et al (2008) Cloning and characterisation of a maize carotenoid cleavage
dioxygenase (ZmCCD]I) and its involvement in the biosynthesis of apocarotenoids with vari-
ous roles in mutualistic and parasitic interactions. Planta 228:789-801. https://doi.org/10.1007/
s00425-008-0781-6

Suwarno WB, Pixley KV, Palacios-Rojas N et al (2014) Formation of heterotic groups and under-
standing genetic effects in a provitamin A biofortified maize breeding program. Crop Sci
54:14-24

Suwarno WB, Pixley KV, Palacios-Rojas N et al (2015) Genome-wide association analysis reveals
new targets for carotenoid biofortification in maize. Theor Appl Genet 128:851-864. https://
doi.org/10.1007/s00122-015-2475-3

Taleon V, Mugode L, Cabrera-Soto L et al (2017) Carotenoid retention in biofortified maize using
different post-harvest storage and packaging methods. Food Chem 232:60-66. https://doi.
org/10.1016/j.foodchem.2017.03.158

Tan BC, Schwartz SH, Zeevaart JA et al (1997) Genetic control of abscisic acid biosynthesis in
maize. Proc Natl Acad Sci U S A 94:12235-12240

Tanumihardjo SA (2011) Vitamin A: biomarkers of nutrition for development. Am J Clin Nutr
94:658-665. https://doi.org/10.3945/ajcn.110.005777

Thakkar SK, Failla ML (2008) Micellarization of B-carotene during in vitro digestion of maize and
uptake by Caco-2 intestinal cells is minimally affected by xanthophylls. FASEB J 22:1105-1106

Tiwari A, Prasanna BM, Hossain F et al (2012) Analysis of genetic variability for kernel carotenoid
concentration in selected maize inbred lines. Indian J Genet 72:1-6

UNICEF/WHO/World Bank Group Joint Child Malnutrition Estimates (2017) Levels and trends in
child malnutrition. UNICEF, Washington, DC

Vallabhaneni R, Wurtzel ET (2009) Timing and biosynthetic potential for carotenoid accumu-
lation in genetically diverse germplasm of maize. Plant Physiol 150:562-572. https://doi.
org/10.1104/pp.109.137042

Vallabhaneni R, Gallagher CE, Licciardello N et al (2009) Metabolite Sorting of a germplasm col-
lection reveals the hydroxylase3 locus as a new target for maize provitamin a biofortification.
Plant Physiol 151:1635-1645. https://doi.org/10.1104/pp.109.145177

Vallabhaneni R, Bradbury LMT, Wurtzel ET et al (2010) The carotenoid dioxygenase gene family
in maize, sorghum and rice. Arch Biochem Biophys 504:104—111

Vignesh M, Hossain F, Nepolean T et al (2012) Genetic variability for kernel beta -carotene and
utilization of crtRBI 3'TE gene for biofortification in maize (Zea mays L.). Indian J Genet
Plant Breed 72:189-194

Vignesh M, Nepolean T, Hossain F et al (2013) Sequence variation in 3'UTR region of crtRBI
gene and its effect on p-carotene accumulation in maize kernel. J Plant Biochem Biotechnol
22:401-408. https://doi.org/10.1007/s13562-012-0168-4

Winter P, Kahl G (1995) Molecular marker technologies for plant improvement. World J Microbiol
Biotechnol 11:438-448. https://doi.org/10.1007/BF00364619

Yadava DK, Choudhury PR, Hossain F et al (2017) Biofortified varieties: sustainable way to allevi-
ate malnutrition. Indian Council of Agricultural Research, New Delhi, pp 1-32

Yan J, Kandianis CB, Harjes CE et al (2010) Rare genetic variation at Zea mays crtRB1 increases
p-carotene in maize grain. Nat Genet 42:322-327. https://doi.org/10.1038/ng.551

Zhang X, Pfei WH, Babu NPR et al (2012) Probability of success of breeding strategies for improv-
ing provitamin A content in maize. Theor Appl Genet 125:235-246. https://doi.org/10.1007/
s00122-012-1828-4

Zhu C, Naqvi S, Breitenbach J et al (2008) Combinatorial genetic transformation generates a
library of metabolic phenotypes for the carotenoid pathway in maize. Proc Natl Acad Sci U S
A 105:18232-18237

Zunjare RU, Chhabra R, Hossain F et al (2017a) Development and validation of multiplex-PCR
assay for simultaneous detection of rare alleles of ¢rtRBI and IcyE governing higher


https://doi.org/10.1021/acsomega.7b01202
https://doi.org/10.1007/s00425-008-0781-6
https://doi.org/10.1007/s00425-008-0781-6
https://doi.org/10.1007/s00122-015-2475-3
https://doi.org/10.1007/s00122-015-2475-3
https://doi.org/10.1016/j.foodchem.2017.03.158
https://doi.org/10.1016/j.foodchem.2017.03.158
https://doi.org/10.3945/ajcn.110.005777
https://doi.org/10.1104/pp.109.137042
https://doi.org/10.1104/pp.109.137042
https://doi.org/10.1104/pp.109.145177
https://doi.org/10.1007/s13562-012-0168-4
https://doi.org/10.1007/BF00364619
https://doi.org/10.1038/ng.551
https://doi.org/10.1007/s00122-012-1828-4
https://doi.org/10.1007/s00122-012-1828-4

6 Marker-Assisted Breeding for Enrichment of Provitamin A in Maize 157

accumulation of provitamin A in maize kernel. J Plant Biochem Biotechnol 27:1-7. https://doi.
org/10.1007/s13562-017-0432-8

Zunjare RU, Hossain F, Muthusamy V et al (2017b) Influence of rare alleles of B-carotene hydroxy-
lase and lycopene epsilon cyclase genes on accumulation of provitamin A carotenoids in maize
kernels. Plant Breed 136:872-880. https://doi.org/10.1111/pbr.12548

Zunjare RU, Hossain F, Muthusamy V et al (2018a) Development of biofortified maize hybrids
through marker-assisted stacking of p-carotene hydroxylase, lycopene-¢ cyclase and opaque2
genes. Front Plant Sci 9:178. https://doi.org/10.3389/fpls.2018.00178

Zunjare RU, Chhabra R, Hossain F et al (2018b) Molecular characterization of 5" UTR of the
lycopene epsilon cyclase (IcyE) gene among exotic and indigenous inbreds for its utilization in
maize biofortification. 3 Biotech 8:75. https://doi.org/10.1007/s13205-018-1100-y


https://doi.org/10.1007/s13562-017-0432-8
https://doi.org/10.1007/s13562-017-0432-8
https://doi.org/10.1111/pbr.12548
https://doi.org/10.3389/fpls.2018.00178
https://doi.org/10.1007/s13205-018-1100-y

Chapter 7

Recent Advances in Breeding for Modified
Fatty Acid Profile in Soybean Oil

Check for
updates

Akshay Talukdar, M. Shivakumar, and Subhash Chandra

7.1 Introduction

Oils and fats are important sources of energy for the human diet. It also adds much
to the sensory characteristics of food. About 80% of edible oils are derived from
plant sources, of which about 60% are contributed by annual oilseeds viz., soybean,
rapeseed and mustard, sunflower, and groundnut. Soybean oil occupies the lions
share accounting for over half of the world vegetable oil production. However, soy-
bean oil is highly unsaturated and oxidatively unstable. Therefore, majority of soy-
bean oil undergoes partial chemical hydrogenation, which produces trans-fats as an
unavoidable result. Dietary intake of trans-fats and most saturated fats are not advis-
able as it has negative impacts on cholesterol levels and cardiovascular health.
Therefore, improving the functional and nutritional qualities of soybean oils has
garnered much attention over the last 15 years or so (Edgar et al. 2009). The ideal
oil should have about 7% saturates (palmitic + stearic acids), >55% oleic acid, and
<3% linolenic acid (Jeong et al. 2007). Genetic modification of the fatty acid com-
position of soybean oil has been successful in better meeting the needs of end users
than is possible with conventional oil (Fehr 2007). Reduced linolenic acid (18:3)
content (say 1%) eliminates the need for chemical hydrogenation enhancing the
stability and shelf life of the oil. Similarly, increased oleic acid (18:1) content (say
25 to >80%) also increases its stability and shelf life. Oil with palmitic acid (16:0)
reduced from 11 to <4%, reduces saturated fatty acids, which is desirable for cardio-
vascular health.
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7.2 Breeding Approaches to Fatty Acid Modification

Great efforts are underway to manipulate soybean genetically to achieve oil with
desired composition of saturated and unsaturated fatty acids. Successful results have
been achieved by both conventional breeding and genetic engineering approaches.
Enhancing oleic acid by exploiting natural variation among various sources of soy-
bean germplasm has been made with great success (Takagi and Rahman 1996;
Rahman et al. 2001; Alt et al. 2005a, b). Genotype with ‘mid-oleic’ phenotype gen-
erated through conventional approaches contains oleic acid in the range of 30-70%.
However, this approach of developing the mid-oleic phenotype has some draw-
backs. At the first place, pyramiding of multiple loci is a complex and difficult step
(Alt et al. 2005a, b). Secondly, being polygenic in nature, the ‘mid-oleic’ phenotype
gets affected by the growing environment; typically, it needs warmer climates for
stability and maintenance of the elevated oleic acid trait. The temperature affects the
desaturase activity and expression (Heppard et al. 1996; Tang et al. 2005). Besides
relative amounts of polyunsaturated fatty acids, the content and composition of
tocopherols in soybean oil also contribute to oil stability. Finally, the ‘mid-oleic’
trait from the germplasm comes with yield drag (Primomo et al. 2002). This may be
due to the allelic variants selected for altered fatty acid profile during both vegeta-
tive and embryogenesis development, thereby increasing the chance of a negative
agronomic effect associated with the mutant allele governing the novel oil pheno-
type (Tom and Edgar 2009). Further, the fatty acid profile of membranes in vegeta-
tive tissues is also gets altered. This may impact membrane fluidity and, in turn,
affect the plant’s ability to respond to environmental change, ultimately leading to
reduced yield. The problems of yield drag and environmental instability of oleic
acid levels in mid-oleic acid mutants have largely been addressed by down-regula-
tion of FAD2-1A and -1B via seed-specific expression of post-transcriptional gene-
silencing elements (Mazur et al. 1999; Buhr et al. 2002; Graef et al. 2009). Seeds
produced through this approach found to contain oleic acid >80% of the total fatty
acids, without alteration of the fatty acid composition of vegetative tissues.
Moreover, the transgenic allele is inherited as a single dominant trait, thereby greatly
facilitating breeding. High oleic acid mutants, with an oleic content ranging from
60% to 90%, have also been developed in corn, peanut, canola, and sunflower. Such
mutants found to have a number of defective FAD2 genes (Perez-Vich et al. 2002;
Patel et al. 2004; Tang et al. 2005; Hu et al. 2006; Belo et al. 2008). So, development
of mutant lines with useful oleic acid contents would require combining several
mutant loci (Mikkilineni and Rocheford 2003). Kim et al. (2015) compared a high
oleic acid soybean line, JD11-0070 with three commercial soybean cultivars in four
Korean environments for seed yield, protein, and oil concentrations. JD11-0070 had
a stable oleic acid concentration across environments (around 79%). In addition, no
significant differences were observed between JD11-0070 and other three cultivars
for seed yield or protein concentration, although JD11-0070 had a lower oil concen-
tration than others. This indicated possibility of developing high oleic acid soybean
lines containing higher yields and favorable seed protein and quality oil. Chi et al.
(2017) studied fatty acid composition of seeds from 319 wild soybean (Glycine
soja) accessions in Japan. The distributions of palmitate (16:0), stearate (18:0),
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oleate (18:1), linoleate (18:2), and linolenate (18:3) in seeds were determined for
each accession and correlations were studied. Significant inverse correlations were
observed between the oleate and linolenate contents and the linoleate and linolenate
contents. Moreover, a weak inverse correlation between the stearate and linolenate
contents was indicated and an inverse correlation between the palmitate and linole-
ate contents was also found. The total palmitate and stearate contents were high in
the seeds of Glycine soja collected from regions with high annual temperatures,
while the total linolenate content was high in the seeds collected from regions with
a low annual temperature. It highlighted the role of growing temperature on the
concentration of various components of oil.

7.2.1 Mutation Breeding

Different breeding approaches have been utilized to change the fatty acid profile of
soybean to make it more healthy and tasty. Among the conventional approaches,
mutation breeding was used hugely to alter the fatty acid profile. Improvement in
the level of palmitic, stearic, oleic, linoleic, and linolenic acid through mutation
breeding approach is highlighted below:

White et al. (1961) studied genetic control of fatty acids in soybean seed oil to
provide information to guide the selection of fatty acid traits in the breeding pro-
gram. Linolenic acid was held primarily responsible for the off-flavor of the refined
oil. Therefore, it caught attention of the breeders to initiate program for its reduction
which got more intense after the mid-1980s.

In case of palmitic acid, until recent time, a total of seven loci (Fap!, Fap2, Fap3,
Fap4, Fap5, Fap6, and Fap7) have been characterized and reported. Two allele viz.,
fapl and fap3 reduce palmitate content, while fap2, fap2-b, fap4, fap5, fap6, and
fap7 contribute toward increased palmitate content (Erickson et al. 1988). The allele
fap$ is closely linked to fap2-b allele, and fap7 is closely linked to fap6 (Stoltzfus
et al. 2000a, b). The large variation in palmitate content among lines with the same
major allele is linked to the segregation of some minor genes or modifiers (Horejsi
et al. 1994; Rebetzke et al. 1998).

The amount of linolenic acid in commodity soybean oil is roughly 10% of the
total fatty acids, which reduces oxidative stability of the oil, leading to rancidity and
decreased shelf-life of products. A number of low linolenic acid soybean oil (LLA)
genotypes were developed through mutation breeding approach (Hammond and
Fehr 1983; Wilcox and Cavins 1985; Fehr et al. 1992). The LLA soybean oil had
<4% linolenic acid, with ultra-LLA <2%. Mutations within the FAD3 gene resulted
in the low LLA oil phenotype (Chappell and Bilyeu 2006; Reinprecht et al. 2009).
The FAD3 gene encodes for a D15 fatty acid desaturase that incorporates a third
double bond into linoleic acid to produce linolenic acid. In soybean, three FAD3
genes have been identified viz., GmFAD3A, GmFAD3B, and GmFAD3C, of which
GmFAD3A is highly expressed during embryogenesis and thus is the major determi-
nant of the linolenic acid content of soybean oil (Bilyeu et al. 2003). Takagi and
Rahman (1996) reported identification of two mutant lines, M23 and M11 which
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had elevated oleic acid content. Two different alleles at the O/ locus, o/ in M23 and
ola in M11 were responsible for the elevated oleic acid level (Istvan et al. 2008).

7.2.2 Biotechnological Approaches

Biotechnological approaches have been used to manipulate the target gene to
achieve the goal in seed-specific fashion with least probability of agronomic perfor-
mance being compromised. Targeted perturbation of FAD2 alleles in a seed-specific
fashion in soybean has been shown to produce a high oleic acid (75-85%) pheno-
type in the seed oil (Kinney and Knowlton 1997; Mazur et al. 1999). Modulation of
FAD?2 expression using this transgenic approach was carried out by introducing
transgenic elements designed to induce post-transcriptional gene silencing (Cerutti
2003). High oleic acid soybean derived from down-regulating FAD2 concurrently
reduces polyunsaturated fatty acids to <6% (Kinney and Knowlton 1997); in addi-
tion, palmitic acid was reduced to about 7-8%. Seed-specific silencing of FATB
genes in soybean leads to a major reduction in total saturated fatty acids (15% to
<6%) (Kinney 1996). When this gene was combined with a silenced FAD2, oleic
acid contents got elevated to >90% (Buhr et al. 2002). By effectively suppressing
the expression of all three GmFAD3 genes with a single RNA interference construct,
Flores et al. (2008) were able to generate an ultra LLA phenotype in soybean.
William et al. (2014) generated soybean lines that are low in polyunsaturated fats by
introducing mutations in two fatty acid desaturase 2 genes (FAD2-1A and FAD2-1B)
through TALEN technology. The fatty acid profile of the seed was dramatically
changed in plants homozygous for mutations in both FAD2-1A and FAD2-1B: oleic
acid increased from 20% to 80% and linoleic acid decreased from 50% to <4%. It
will enable development of soybean genotype with higher oleic acid, high stearic,
and low linolenic acid oils. Such oils will be free from undesirable saturated fatty
acids and trans fatty acids and would facilitate improvement in cardiovascular health
(Korver and Katan 2006; Lichtenstein et al. 2006; Mozaffarian and Willett 2007).

7.2.3 Molecular Breeding

Molecular markers have been used for genetic improvement of various traits in soy-
bean including oil. Publication of the complete genome sequence of soybean has made
it easy for all to develop molecular as per need and choice paving the way for genom-
ics-assisted improvement of soybean. With the availability of cheap and quick sequenc-
ing facility, attention has now been given to utilize more of the sequence-based
information for addressing issues related to crop improvement including enhanced
oxidative stability of soybean oil. Masum et al. (2014) identified QTL for protein, oil,
and fatty acids content in a set of Fsg RILs derived from a cross between lines, ‘MD
96-5722 and ‘Spencer’ using 5376 Single Nucleotide Polymorphism (SNP) markers.
One protein content QTL on Chr.14, 11 QTLs associated with oil content on six chro-
mosomes (Chr.3, Chr.5, Chr.9, Chr.13, Chr.14, and Chr.16), and 16 QTLs for five
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major fatty acids (palmitic, stearic, oleic, linoleic, and linolenic acids) on Chr.3, Chr.13,
Chr.14, Chr.15, Chr.16, and Chr.18 were mapped. The SNP markers closely linked to
the QTL will be useful for development of cultivars with altered oil and fatty acid com-
positions in soybean. Zhou et al. (2015) re-sequenced 302 wild-type genotypes, land-
races and improved soybean accessions at >11x depth and identified 21 fatty acid
biosynthesis genes. Using GBS approach, Crystal and Jason (2017) identified and
mapped 21 minor and major effects QTL for six seed oil-related traits and plant
height (Table 7.1). They identified mutants that had elevated seed stearic acid, a satu-
rated fat which has no negative impacts on cardiovascular health, from 3% to 4% in
typical cultivars to 20% of the seed oil. The inheritance of a large genomic deletion on
Chr.14 was the basis for largest effect QTL, resulting in 18% enhancement in seed
stearic acid contents. The deleted region of the chromosome contained SACPD-C and
another gene; loss of both the genes boosted seed stearic acid levels to about 18%.
Although the deletion has enhanced the level of stearic acid, its impact on yield needs
to be seen. Some reports have shown the deletion to be inextricably correlated with
reduced seed yield. Molecular markers linked to stearic (18:0), oleic (18:1), linoleic
(18:2), and linolenic (18:3) have been reported by various workers some of which are
presented in Table 7.2. Bin et al. (2017) constructed 2534.42 cM long genetic map
using 3541 markers with an average distance of 0.72 cM between adjacent markers.
Inclusive composite interval mapping (ICIM) revealed 26 stable QTLs for five fatty
acids, explaining 0.4—37.0% of the phenotypic variance for individual fatty acids across
environments. Of these QTLs, nine were novel and stable (Table 7.3). Deployment of
such QTLs through marker-assisted selection would improve the quality of oil.

Table 7.1 Listof QTLs detected in a mapping population raised from the cross A6 x 194D (Crystal
and Jackson 2017)

Chr. | SNP marker Position QTL

Trait QTL |No. | nucleotide (cM) Interval |LOD | R*(%) | effect
Palmitic q2p |2 Gm2:7138451 44.58 38-128 | 5.55 |10.49 |+0.36%
acid q5p |5 Gm5:1420686 2.48 0-8 6.79 | 13.06 | +0.44%
q.l4p |14 Gm14:12506615 | 44.91 42-58 6.89 |13.26 | +0.44%
Stearic q2.1s|2 Gm?2:5946912 39.0 38-42 14.63 | 13.75 |21.16%
acid q22s|2 Gm?2:15552879 79.79 78-80 19.05 |7.86 |20.52%

q4s |4 Gm4:18312993 75.99 73-78 1723 6.12 | +1.24%
q.14s | 14 Gm14:42206409 | 58.0 57-59  |40.84 1 56.76 | 25.00%
Oleic acid |q.4o |4 Gm4:19496796 76.38 74-80 |6.57 |12.17 |+1.37%
q.140 |14 Gm14:32290452 | 51.0 49-54 13.7 |28.05 |+2.9%

Linoleic qde |4 Gm4:32351007 78.88 73-84 16.74 |14.75 |22.31%

acid q.14e |14 Gm14:34918500 | 54.0 45-63  |4.48 1949 | +2.02%
Linolenic |q.2n |2 Gm?2:15552879 79.79 78-81 7.05 104 |+0.33%
acid q4n |4 Gm4:27332180 78.12 76-84 |7.04 |10.39 |20.21%

q.8n |8 Gm8:44116750 150.0 148-152 1 6.93 |10.2 |20.15%
q.10n |10 Gm10:45310798 | 89.68 81-98 |8.13 |12.16 |20.42%
q.13n |13 Gm13:41141355 118.19 108-125 16.48 9.48 |20.17%
q.14n |14 Gm14:32372635 | 51.27 44-53 552 |797 |20.25%
Oil q.901 |9 Gm9:6801513 16.0 15-17 |6.85 | 14.43 |+0.28%
q.140i | 14 Gm14:42206409 | 62.0 49-68 19.43 20.58 | +0.71%
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Table 7.2 QTL position, linked markers and its parental source associated with stearic, oleic,
linoleic, and linolenic fatty acids in soybean oil

Map
Chr. | position R?
Fatty acid No. |(cM) Marker | (%) | Parent1 |Parent2 References
Stearic Fatty | 14 55.2 Satt168 |18 | N87- TN93-99 | Panthee et al.
acid (18:0) 984-16 (2006)
14 72.8-75.3 | Satt070 | 61 Dare FAM94-41 | Spencer et al.
(2003)
6 121.3 - 13 Essex Williams | Hyten et al. (2004)
13 27.1 Sat_090 |10 RGI10 0X948 Reinprecht et al.
(2006)
18 76.7 Satt288 | 10- |RGI10 0X948 Reinprecht et al.
19 (2006)
16 83.3 A233_1 |19 |AS8l- PI468916 | Diers and
365022 Shoemaker (1992)
16 12.3 Satt249 |11 N87- TN93-99 | Panthee et al.
984-16 (2006)
19 58.2 - 16 Essex Williams | Hyten et al. (2004)
Oleic Fatty |5 92.3 Al04_1 |26 | A8I- PI468916 | Diers and
acid (18:1) 365022 Shoemaker (1992)
5 92.6 A170_1 |23 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
5 96.0 Satt211 |4 G99- NO00-3350 | Monteros et al.
G725 (2008)
14 - A619_1 |19 A81- PI468916 | Diers and
365022 Shoemaker (1992)
17 79.2 Satt389 |6 G99- NO00-3350 | Monteros et al.
G725 (2008)
15 11.0 A242.2 |20 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
15 13.6 Pb 21 AS81- PI468916 | Diers and
365022 Shoemaker (1992)
15 454 Satt263 | 10 N87- TN93-99 | Panthee et al.
984-16 (2006)
18 0.0 Sattl63 |10 | RGI10 0X948 Reinprecht et al.
(2006)
18 76.7 Satt288 |10 | RGI10 0X948 Reinprecht et al.
(2006)
18 434 Satt394 | 13 G99- NO00-3350 | Monteros et al.
G725 (2008)
18 96.6 Sattl91 |7 G99- NO00-3350 | Monteros et al.
G725 (2008)
19 82.5 - 35 Essex Williams | Hyten et al. (2004)
19 30.9 Satt418 |9 G99- NO00-3350 | Monteros et al.
G725 (2008)
19 71.4 Satt561 | 0.25 | G99- NO00-3350 | Monteros et al.
G725 (2008)

(continued)
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Table 7.2 (continued)

Map
Chr. | position R?
Fatty acid No. |(cM) Marker (%) |Parent 1 | Parent2 References
Linoleic 5 92.3 Al04_1 |33 | A8I- PI468916 | Diers and
Fatty acid 365022 Shoemaker (1992)
(18:2) 5 92.6 A170_1 |30 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
5 102.3 A082_1 |38 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
11 58.9 Al18_1 |20 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
14 - Fad3i6 70- | RGI10 0X948 Reinprecht et al.
75 (2006)
15 11.0 A242 2 |21 A81- PI468916 | Diers and
365022 Shoemaker (1992)
15 13.6 Pb 20 | A81- PI468916 | Diers and
365022 Shoemaker (1992)
15 44.8 Satt185 |13 | N87- TN93-99 | Panthee et al.
984-16 (2006)
13 93.7 - 10 | Essex Williams | Hyten et al. (2004)
19 74.5 - 50 Essex Williams | Hyten et al. (2004)
Linolenic 14 - pB194-1 |85 C1640 | PI479750 | Brummer et al.
fatty acid pB124 (1995)
(18:3) 14 875 Satt534 | 72- |RGI0 | 0X948 Reinprecht et al.
Fad3i6 78 (20006)
15 6.3 SAC7_1 |31 A81- PI468916 | Diers and
365022 Shoemaker (1992)
15 11.0 A242 2 |23 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
15 28.3 K229_1 20 |AS8l1- PI468916 | Diers and
365022 Shoemaker (1992)
15 30.9 A454 1 |22 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
15 34.6 A203_1 |22 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
15 45.4 Satt263 |12 | N87- TN93-99 | Panthee et al.
984-16 (2006)
18 21.9 Satt235 |22 | N87- TN93-99 | Panthee et al.
984-16 (2006)
9 - A065_3 |20 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
19 36.7 A023_1 |26 | A8I- PI468916 | Diers and
365022 Shoemaker (1992)
19 50.6 - 13 | Essex Williams | Hyten et al. (2004)
19 82.5 - 24 Essex Williams | Hyten et al. (2004)
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7.3 Future Prospects

A lot of progress has been made in manipulating the fatty acid profile in soybean oil.
However, lots more to be done to achieve the final goal. Future achievements in this
direction depend largely on application of the genomics tools available for soybean
(Shoemaker et al. 2003; Jackson et al. 2006), including the complete genome
sequences available (www.phytozome.net/soybean). The genomic resources cou-
pled with proteomics (Hajduch et al. 2005), metabolomics (Bino et al. 2004), and
flux map analysis (Iyer et al. 2008) would allow the researchers to gain insight into
carbon flow during embryogenesis. This, in turn, will allow for the designing of
experiments that target manipulation of the metabolic control points. Such studies
will address questions underlying the relative partitioning of carbon between seed
storage components and the intricacies of fatty acid metabolism in soybean seeds.
Such information will constitute the blueprints for developing the designer soybean
with target traits in the near future.
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Chapter 8

Breeding Dry Beans (Phaseolus vulgaris L.)
with Improved Cooking and Canning
Quality Traits

Check for
updates

Asif M. Igbal Qureshi and Rie Sadohara

8.1 Introduction

Dry beans (Phaseolus vulgaris L.) are the most produced pulse crop with a world-
wide production of 26 million tons in 2016 (Food and Agriculture Organization of
the United Nations 2016), serving as a staple food in parts of Africa, Latin America,
and east Asia, where they are often a primary source of protein, calories, and miner-
als (Wortmann et al. 1998; Broughton et al. 2003; Watts 2011). A large genetic
diversity exists in dry beans (also known as common beans) germplasm presenting
potential to be exploited in breeding programs. Dry beans were domesticated sepa-
rately in Mesoamerican (Mexico) and Andean regions, which resulted in two dis-
tinct gene pools. Within each gene pool exist three races of common beans differing
in plant and seed morphology, growth habit, and biological markers (Singh et al.
1991). As a consequence, there is a rich diversity in the shape, size, and color of
seeds, forming distinct market classes. An example set of market classes found in
the U.S. is shown in Fig. 8.1. There are cultural and regional preferences toward
particular market classes to be grown and consumed in a given region (Castellanos
et al. 1996; Scott and Maideni 1998). Therefore, local preferences should be taken
into consideration when developing new bean varieties exploiting a large diversity
in dry bean germplasm.
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Fig. 8.1 Diverse market classes of dry beans found in the U.S.

Dry beans offer numerous health-promoting effects: the inclusion of dry beans in
the diet leads to the prevention and control of diabetes, cardiovascular diseases, and
certain types of cancer (Hayat et al. 2014; Messina 2014; Sudrez-Martinez et al.
2016). Thus, the consumption of pulses including beans is recommended by many
health organizations (Leterme 2002; Havemeier et al. 2017). Moreover, cultivation
of dry beans, as with other legumes, contributes to sustainable agriculture because
of their nitrogen fixation capacity (Foyer et al. 2016). Despite those benefits, dry
beans are much less utilized compared to major cereal crops: the world production
of dry beans is 3% of the production of wheat or rice (Food and Agriculture
Organization of the United Nations 2016). Improving quality traits will be key to
promoting dry bean consumption, including anti-nutritional factors, consequent
poor digestibility, long cooking times, and sensory attributes. It is a challenge, how-
ever, to evaluate those quality traits because it often involves laborious processes
such as quantification of chemical compounds, efficacy trials, soaking and cooking,
and sensory evaluations by a trained panel of assessors. Marker-assisted selection
(MAS) would be a useful tool to select bean breeding lines for a quality trait, bypass-
ing the need of phenotyping. This technology is becoming more feasible with the
constantly evolving DNA sequencing technologies and the whole genome sequence
of Phaseolus vulgaris (Schmutz et al. 2014). In addition, indirect measurement of
some quality traits using prediction models would enable highly efficient screening
(Hacisalihoglu et al. 2010; Ngatchou et al. 2012; Plans et al. 2012; Boukar 2013;
Plans et al. 2013; Mendoza et al. 2017). The combination of rapid genotyping and
phenotyping tools will together accelerate genetic investigations as well as screen-
ing processes of dry bean breeding. In this chapter, important quality traits, their
implications, evaluation methods, and improvement efforts will be discussed.
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8.2 Cooking Quality

8.2.1 Protein Quality and Digestibility

Common beans are a major source of protein to those who do not have regular
access to animal proteins or who follow vegetarian diets. The major storage protein
of dry beans, phaseolin, accounts for 40-50% of the total protein in the seed (Ma
and Bliss 1978). Phaseolin is deficient in sulfur-amino acids such as methionine and
cysteine, thus protein quality of dry beans is suboptimal compared to animal-derived
proteins (Salunkhe 1982). One practical solution is to consume dry beans with cere-
als, which are low in lysine; due to the different limiting amino acids in beans and
cereals, the composite meal will provide better overall amino acid profiles. As an
approach through breeding, there have been investigations to improve methionine
content in dry beans. Monti and Grillo (1983) summarized previous studies which
reported the correlation of protein content and sulfur-amino acids to be either insig-
nificant or negative. They argued that the enhancement of sulfur-amino acid content
should be possible without adversely affecting the protein content, but increasing
the ratio of the albumin fraction, which have a high sulfur-amino acid content, may
be more efficient. Kelly and Bliss (1975) discussed the percentage of available
methionine in total protein of dry beans, microbiologically determined. The avail-
able methionine content was estimated to be moderately heritable and was posi-
tively correlated with protein content, presenting a possibility of improving both the
protein quantity and sulfur amino acid content (Kelly and Bliss 1975). Despite the
existence of some high-methionine lines (Gepts and Bliss 1984), variability in the
sulfur-containing amino acids is low among cultivated lines and wild accessions,
posing a difficulty in improvement through breeding (Monti and Grillo 1983;
Montoya et al. 2008). A recent study, however, found that an alteration in seed pro-
tein composition resulted in an increase in methionine and cysteine, which will be
discussed later in this section (Taylor et al. 2008).

The sulfur-amino acid deficiency is not the sole problem in the bean protein that
should be addressed. A feeding trial showed that enrichment of precooked beans
with methionine had minimal improvement on the protein utilization by malnour-
ished children and that the low digestibility of bean protein is the major limiting
factor (Graham et al. 1979). Indeed, the protein digestibility of dry beans is 55-77%,
lower than that of meat, which is 82—-86% (Navarrete and Bressani 1981). Therefore,
increasing the digestibility and utilization efficiency may be more effective in
improving overall nutritional quality of dry beans. Although dry beans are highly
nutritious, the presence of anti-nutrients decreases the digestibility and availability
of nutrients. They include lectins (Vasconcelos and Oliveira 2004), phenolic com-
pounds especially tannins, and phytic acid (Reddy et al. 1985; Sandberg 2002;
Umar Lule and Xia 2005; Kumar et al. 2010).
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8.2.1.1 Reduction of Lectins

Lectins are closely related proteins that are considered to be a defense mechanism
against insect pests and also show toxicity to higher animals (Lajolo and Genovese
2002). Lectins can be classified into three major constituents: phytohemagglutinin
(PHA), arcelin, and a-amylase inhibitors (AI). PHA and Al are commonly found in
dry bean cultivars and accessions. On the other hand, arcelin is present in wild
Mesoamerican lines (Osborn et al. 1986), but the genes for this protein have been
introgressed to some cultivated lines in order to confer resistance to bruchids
(Osborni et al. 1988). Although heat treatment (i.e. cooking) deactivates most of the
lectins, small residual activity may be present depending on the cooking tempera-
ture and time (Bender and Reaidi 1982; McPherson 1990); therefore, from nutri-
tional perspective, decreasing or alternating lectin contents is likely to improve
digestion and utilization of nutrients present in beans. Interestingly, a study showed
that the ingestion of bean seeds with high arcelin and low PHA contents showed less
toxicity to rats compared to a cultivar with a high PHA content (Cardona et al. 1990;
Pusztai et al. 1993).

In an effort to develop bean lines with lower anti-nutrients, a line with altered
protein composition with no phaseolin, PHA, and arcelin accumulation was devel-
oped. This line, SMARCIN-PNI, did not differ from the parental lines in protein
content and days to maturity (Hartweck and Osborn 1997; Osborn et al. 2003).
Interestingly, the elimination of those storage protein led to an increase in methio-
nine, cysteine, and soluble protein in the mature seeds, resulting in a bean line with
two desirable traits combined (Taylor et al. 2008). More recently, lectin-free (If)
lines were generated by introgressing mutant alleles of the lectin genes from a wild
accession into existing cultivars. The resulting /f lines were devoid of PHA, arcelin,
and Al and some lines showed higher dry seed yield than the high-yielding parents
(Campion et al. 2009a). The authors mentioned that they never observed bruchid
infestations in the If lines, but the susceptibility to insect damages should be evalu-
ated by an appropriate method (Campion et al. 2009a). Taken together, those breed-
ing efforts showed the possibility of developing bean lines without lectin
accumulation, which will not only increase the nutritional quality of dry beans but
also open up a possibility of utilizing raw beans as livestock feed. It is of importance
to note that breeding nutritionally superior bean lines may result in a compromise in
agronomic performance, thus the two traits should both be at a satisfactory level.

8.2.2 Iron Concentration and Bioavailability

Dry beans serve as a good source of minerals, especially iron and zinc (Beebe et al.
2000). Iron deficiency is a worldwide health concern especially in women and chil-
dren in South East Asia, Africa, and the Eastern Mediterranean region (WHO 2015).
Improvement of those micronutrient profiles of beans will have a positive impact
especially in Africa, where beans are a major source of iron and other minerals
(Broughton et al. 2003). Although beans are high in minerals, the presence of
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anti-nutrients such as polyphenols and phytic acid are known to hinder the absorp-
tion of the micronutrients (Sandberg 2002). The fractional absorption rate of iron
from beans is low, ranging from 1% to 7% depending on the concentrations of iron
and anti-nutritional factors, the iron status of the subject, and the study design
(Donangelo et al. 2003; Petry et al. 2010, 2012). Since not all the mineral contents
are absorbed by human body, the concept of bioavailability is used to better charac-
terize the potential of food as a source of minerals. It is an important trait that should
be taken into consideration when breeding dry beans for alleviating iron deficiency
(White and Broadley 2005; Vaz-Tostes et al. 2016). Iron bioavailability in vivo,
however, is cumbersome and expensive to measure; thus, an alternative strategy
would be more useful for screening promising breeding lines. For this purpose,
Glahn et al. (1998) developed a human Caco-2 cell model, which mimics the diges-
tion in the gastrointestinal system and uses resulting ferritin formation as an indica-
tor of iron absorption in the body. This method has been used to study genetic
diversity and predict in vivo iron bioavailability of beans and other crops (Glahn
et al. 2002; Oikeh et al. 2003; Tako et al. 2015; Wiesinger et al. 2016). In order to
increase iron bioavailability of beans, breeding efforts should be directed not only
to increase the iron concentration in the seeds but also to reduce anti-nutrients that
inhibit iron absorption (Petry et al. 2015; Vaz-Tostes et al. 2016).

8.2.2.1 Increment of Mineral Concentrations

There are some instances of plant breeding aiming at increasing the iron concentra-
tion in dry beans, including High-Iron Bean (HIB) varieties developed by HarvestPlus
and its collaborators. Ten HIB varieties were released to tackle anemia in Rwanda,
one of the highest bean-consuming countries (Broughton et al. 2003). The HIB vari-
eties included eight climber types and two bush types with seed coat color ranging
from white, cream, red to dark red (Asare-Marfo et al. 2016). The consumption of
cream-colored HIB for 18 weeks significantly improved the hemoglobin and total
body iron of college-age women compared to the control group that had conven-
tional beans of the same color for the same period of time (Haas et al. 2016). Five
years after the release of the HIB varieties, a follow-up nationwide interview revealed
that the HIB varieties were adopted by 21% of households in Rwanda (Asare-Marfo
et al. 2016). This report also revealed distinctive local preferences; among the ten
HIB varieties released, by far the most preferred was a bush type bean because it is
high-yielding. On the other hand, the other bush type variety was not popular poten-
tially because of its cream-colored seeds (Asare-Marfo et al. 2016). It presented a
challenge in promoting high iron (and high iron bioavailability) varieties that are not
the usual type that the locals consume. Therefore, new varieties with improved nutri-
tional benefits need to have competitive agronomic yield and meet the local prefer-
ences and practices in the target region to be accepted by consumers.

Large genetic variability has been reported in mineral concentrations of dry
beans, presenting an opportunity to enhance their mineral concentrations (White
and Broadley 2005; Hacisalihoglu and Settles 2013); however, quantification of
minerals in beans is time-consuming. Thus, a predictive screening tool such as near-
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infrared spectroscopy (NIRS) will be useful. Plans et al. (2012) used NIRS to deter-
mine calcium and magnesium content. Prediction was more accurate when ground
seed coat was used, but the methodology using intact beans will be more efficient
when screening large populations. Further work will be necessary to increase pre-
diction accuracy and to simplify the sample preparation procedures. Some genetic
analyses were conducted to find quantitative trait loci (QTL) associated with min-
eral concentrations. For instance, QTL for seed iron and zinc were detected using a
population derived from an inter-genepool cross (Blair et al. 2009). A single domi-
nant gene model was proposed on zinc accumulation in navy bean, and breeding
high-zinc cultivar was deemed possible (Cichy et al. 2005). The use of DNA mark-
ers will facilitate the initial screening for high concentration of minerals before
further testing for their bioavailability.

8.2.2.2 Reduction of Anti-nutrient Factors for High Iron Bioavailability

A feeding trial using a high iron bean with black seed coat resulted in no increased
iron absorption in women in Rwanda, reiterating the importance of decreasing
phytic acid and phenolic compounds to enhance iron absorption (Petry et al. 2012).
In light of this, low phytic acid (/[pa) mutants via mutagenesis using EMS were
developed, and the [pa lines showed 90% reduction in phytic acid and increase in
the concentration of free iron and inorganic phosphorus (Campion et al. 2009b).
The Ipa lines exhibited comparable germination rate and dry seed yield to the con-
trol lines (Campion et al. 2009b). In a succeeding study, the /pa trait was combined
with the aforementioned [f trait, and the three resulting lectin-free and low phytic
acid (If + Ipa) lines exhibited comparable agronomic performance as the control
cultivars, demonstrating the possibility of improving the iron profile of bean culti-
vars without compromising agronomic traits, which in practice will be the most
important for wide adaptation (Campion et al. 2013). However, the iron bioavail-
ability increased only in the white-seeded line, and not in black and brown lines
because of tannins present in the seed coat (Campion et al. 2013), similar to the
result of the study conducted by Petry et al. (2012). Tannins strongly bind to metal
cations hindering their absorption (Reddy et al. 1985), and therefore the authors
concluded that the benefit of reduction in phytic acid would only be achieved when
the seed does not contain tannins (Campion et al. 2013). A similar observation was
made where iron absorption was only improved when both polyphenols and phytic
acid were removed (Petry et al. 2010). Taken together, it would be necessary to
decrease both polyphenols and phytic acids to improve the bioavailability of micro-
nutrients in dark-colored seeds. A wide genetic variability for polyphenol contents
has been observed in landraces and RILs from an inter-genepool cross, which could
be used as a source of low anti-nutrient trait (Diaz et al. 2010; Doria et al. 2012).
More genetic studies on polyphenols and phytic acid will pave the way to the devel-
opment of bean varieties with high mineral bioavailability and with a seed coat
color that caters to the needs in the target region.
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Cooking Time

As beans are most commonly prepared by boiling, cooking time of dry beans is an
important quality trait. Beans typically take 1-2 h to be cooked (Borchgrevink
2012). The long looking time is likely one of the major contributors to the limited
consumption of dry beans in countries where beans are not a staple food. Long
cooking times not only cause inconvenience but also affect various aspects of life in
the bean-consuming countries. First, long-cooking beans require more fuel use. In
sub-Saharan Africa, the majority of households use fuelwood and charcoal as pri-
mary energy resource (IEA 2014), and a longer time will need to be allocated to
collect fuelwood to cook beans. Menéndez and Curt (2013) reported that women
and children spend 5 h per week on average to gather fuelwood, sacrificing their
time for household chores and other activities in Tanzania. Moreover, prolonged
exposure to smoke generated by burning fuelwood indoors may cause health prob-
lems to those who are responsible for cooking, mostly women (Shellie-Dessert and
Hosfield 1990; Maes and Verbist 2012; Menéndez and Curt 2013). Second, long
cooking times have nutritional significance. As firewood becomes more and more
scarce, some households may have to give up the consumption of beans, often the
primary source of protein and minerals in those regions (Makungwa et al. 2013). In
addition, long cooking time is associated with less favorable nutritional profiles in
terms of protein digestibility and iron bioavailability (Iyer et al. 1980; Wiesinger
etal. 2016). Therefore, improving the cooking time of dry beans will have a positive
impact on the quality of life and nutritional well-being of dry bean consumers.

Cooking time can be affected by numerous factors such as genotype, growing
environments, storage conditions, and the type of soaking solutions (Nleya et al.
2000; Coelho et al. 2007; Cichy et al. 2015; Kinyanjui et al. 2015). When stored at
a high temperature and high humidity, cooking time tends to be extended, and this
phenomenon is termed as “Hard to Cook™, or HTC (Liu and Bourne 1995). Due to
its high negative impact on the economy and nutrition, extensive research has been
conducted to elucidate its mechanism. HTC beans show difficulty in the cotyledon
cell separation during cooking, and the proposed causes for this phenomenon
include divalent cations cross-linking pectin (Jones and Boulter 1983), and poly-
phenolic compounds (Srisuma et al. 1989; Stanley 1992) and lignification (Hincks
and Stanley 1987) strengthening cell wall and middle lamella. The reader is referred
to a comprehensive review by Reyes-Moreno et al. (1993) for details on the HTC
defects. The severity of HTC varies among genotypes; thus, selection toward less
HTC-prone lines will be desirable if the resultant variety is expected to be stored
under suboptimal conditions. Aside from HTC, bean seeds with low moisture con-
tent may exhibit the “hard shell” defect, where seeds fail to absorb sufficient amount
of water after long time of soaking, typically 18-24 h. A long cooking time may be
due to HTC or hard shell defect, or both (Jackson and Varriano-Marston 1981).
Castellanos et al. (1995) proposed using less than 9% of the initial moisture content
of the seeds and poor water uptake after 18 h of soaking as a means of screening
against the hard-shell defect.
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8.2.2.3 Measurement and Genetic Analyses of Cooking Time

Cooking time is most commonly measured using automated Mattson cooker (Wang
and Daun 2005). It consists of a platform where individual bean seeds are placed
and weighted plungers which sit on each seed. The lower part of the cooker is
placed in boiling water, and when a seed becomes sufficiently soft, the plunger
above it will penetrate the seed, and the movement is recorded by the sensor con-
nected to the apparatus (Fig. 8.2). Each pin drop time will be recorded, and the
cooking time is defined as the time when the majority of bean seeds (50-80%) are
cooked. Using this method, the heritability of cooking time was estimated, ranging
from 0.46 to 0.97 (Elia et al. 1997; Jacinto-Hernandez et al. 2003; Garcia et al.
2012). Recently, Carvalho et al. (2017) utilized the Mattson cooker to select fast-
cooking lines by cooking bean seeds for a fixed amount of time and expressing
cookability as the percentage of seeds fully cooked (i.e. penetrated by Mattson
cooker pins), demonstrating the possibility of faster phenotypic screening for cook-
ing time. Although the automated Mattson cooker has significantly reduced the
labor required to measure cooking time, it still involves actual cooking, which is a
bottleneck when thousands of lines are to be tested. In addition, the Mattson appa-
ratus and the specific software may not be accessible to all breeders. Therefore,
establishing an MAS scheme would accelerate the breeding and screening process
for shortening cooking time.

Several genetic analyses have been conducted to identify genomic loci associ-
ated with cooking time of dry beans. Jacinto-hernandez et al. (2003) identified one
RAPD marker associated with cooking time using three generations of recombinant

Fig. 8.2 (a) Bean seeds placed on the platform of an automated Mattson cooker apparatus, (b) two
Mattson cookers in operation for cooking time measurement
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inbred lines from a cross of a long- and a short-cooking lines, and proposed a two-
gene model that controls the cooking time based on the observation of 3:1 ratio of
cooking time distribution in the progeny. Garcia et al. (2012) used SSR markers and
a bi-parental progeny population to detect QTL for cooking time. As a result, one
significant QTL was detected on chromosome 1 constantly in the two environments.
The QTL explained up to 20% of the phenotypic variance with significant environ-
ment X genotype effect. The environmental effect on cooking time has been indi-
cated by other studies (Proctor and Watts 1987; Nleya et al. 2000). Cichy et al.
(2015) identified a few accessions that cooked in less than 25 min from a
206-genotype panel with 5.5-fold cooking time variability, and conducted a genome-
wide association study (GWAS). They detected significant SNP markers located on
chromosome Pv02, Pv03, and Pv06, and suggested some candidate genes which
will be useful in elucidating the mechanism of the fast-cooking trait. Further analy-
ses would be necessary to validate those QTLs to utilize them in MAS schemes in
breeding programs.

8.2.3 Sensory Properties

Sensory characteristics are another cooking quality attribute of dry beans to which
consumers attach importance (Castellanos et al. 1996; Scott and Maideni 1998).
Sensory attributes include flavor, aroma, texture, and appearance. Attempts have
been made to explain consumer acceptance scores by using descriptive sensory
attributes. For example, Arvanitoyannis et al. (2007) evaluated five landraces for
sensory properties, and the acceptability scores were influenced by hardness, odor,
and brightness of the seeds, indicating that not only flavor but also texture, smell,
and appearance are important factors. Mkanda et al. (2007) conducted sensory eval-
uation by a trained panel and consumer acceptance tests on six varieties grown at
two locations, and reported that highly preferred beans had soft texture and cooked-
bean flavor. In other words, less preferred samples had hard texture, and it may have
been because the beans were not sufficiently cooked to the extent that consumers
would regard as cooked. Since cooking time is a highly variable trait among geno-
types, cooking each sample for an optimum length of time will be more appropriate
for sensory evaluation of the cooked beans. In this regard, Romero del Castillo et al.
(2012) recently proposed a standardized method for cooking beans for sensory eval-
uation, which calls for a trained taster to determine when the bean seeds are cooked,
thereby providing assessors with more optimally cooked samples. The authors
stated that the results were highly reproducible and that two replications per sample
will be sufficient. Location effects and genotype x environment interactions on vari-
ous sensory attributes have been reported (Sanz-Calvo and Atienza-del-Rey 1999;
Mkanda et al. 2007).

Sensory characteristics were considered in selecting landrace inbred lines in the
work of Casafias et al. (1999), in which agricultural traits such as disease resistance
and seed size, and sensory properties were measured on seven pure lines of landrace
cultivars, two of which were selected for their superior overall performance. It
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serves as an example of a breeding program taking various traits into consideration
including sensory attributes. The drawback of sensory analysis, however, is that it
requires time, labor, and cost because of the need of training assessors and a large
number of replications and/or assessors. It is expensive and cumbersome to arrange
training sessions and evaluations, and only a small number of samples can be tested
per session to prevent sensory fatigue. To speed up the evaluation process, predic-
tion models were developed to estimate the flavor, mealiness, seed coat roughness,
and seed coat brightness using near infrared spectroscopy (NIRS) technology (Plans
et al. 2014). The sample preparation still requires actual cooking and a few more
steps for better prediction, but it is more efficient and less expensive to use as an
initial screening of a large number of lines for sensory quality. Further refinement of
this technology by accumulation and incorporation of data will improve the accu-
racy of the prediction.

8.3 Canning Quality

Dry beans are often subjected to various treatments, such as cooking at normal or
elevated pressure, storage under different environmental conditions, soaking in
water or salt solutions, frying after cooking preceding to consumption or they are
used as germinated and cooked beans (Reddy et al. 1984). Among the different
physical treatments used to process common beans, canning is one of the methods
which not only enhances the shelf stability of the bean products, but also improves
the palatability and saporous of beans and reduces flatulence factors (raffinose oli-
gosaccharides) (Xu and Chang 2009). Improving composition traits for canning
quality in common bean are key for the processing industry, as these traits affect the
profitability of a canning operation.

Among the different beans, black beans are usually sold as canned products in
the U.S. market and their color and appearance are important attributes for both
processors and consumers (Cichy et al. 2014). Well-trained sensory panel usually
assesses the back bean canning quality and the widely used parameters in the evalu-
ation of black beans are color, visual appearance, texture, hydration coefficient, and
percent washed—drained solids (Merwe et al. 2006; Khanal et al. 2015). Canning
quality traits are paramount to bean consumers and processors, and improving them
would contribute to the profitability of canned bean market (Khanal et al. 2015).
However, dry bean types that show darker colors such as black, small red, and red
kidney are more likely to lose their color during the canning process. The quality
ratings for color and appearance images are evaluated with sensory scores using
multistatistical models (Mendoza et al. 2014). The canned bean color retention is an
important attribute for processors and consumers and the degree of color retention
is genetically controlled trait and depends on a cultivar’s genetic makeup. The quan-
titative trait loci (QTLs) for color retention and seed anthocyanin concentration fol-
lowing canning in black beans are co-localized on chromosome and interestingly
one QTL was also detected on Pv04 and Pv05 associated with L* trait and had R2
of 3.3 and 9.8 respectively (Cichy et al. 2014). They were able to determine a small
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number of candidate genes for marker-assisted selection (MAS) for the two traits on
Pv05 and on Pv11 for the color retention trait. Similarly, two QTLs on Pv05 were
also found associated with the trait of color with R2 of 0.10 and 0.13, and carried
different effect on the trait (Wright and Kelly 2011).

Furthermore, the beans lose many of their anti-nutritional factors during the can-
ning process (Xu and Chang 2009).

Canning quality of dry bean are known to be enormously influenced by the grow-
ing environment (Balasubramanian et al. 1999; Lange and Labuschagne 2001) and
canning processing procedures (Jackson and Wiese 1993), and it has been widely
accepted that the bean genotype and its interaction with environmental and process-
ing factors determine the final canning quality of dry bean (Hosfield and Uebersax
1980). The higher variation due to location and year as compared to genotype for
washed—drained solids in navy bean were reported by Walters et al. (1997) and they
attributed and revealed the significant year effect to large differences in temperature
and soil moisture conditions during the growing seasons. In three Mesoamerican
market classes: navy, black, and pinto bean, genotype and genotype X environment
interaction significantly influence washed drain solids (Balasubramanian et al.
1999). The canning quality varies significantly between years and that genetic varia-
tion accounts for a significant portion of the total trait variation; notwithstanding, in
a quantitative trait loci (QTL) analysis, very few QTLs were found to be repeated in
multiple years and across multiple environments. Posa-Macalincag et al. (2002) and
Wright and Kelly (2011) found canning quality traits in dark red kidney beans. The
canning quality in black beans is influenced by genetics, production environment,
and seed handling (Wright and Kelly 2011).

8.3.1 Canning Quality Traits

The breeding materials are often evaluated by bean breeders for a series of pheno-
typic parameters, through which they can predict the final canning quality of bean
genotypes. These quality parameters range from various pre-cooking characteristics
to physical parameters measured after canning and may also involve sensory and
organoleptic evaluations of the canned products.

The hydration coefficient is measured as the ratio of the weight of the blanched
bean to the dry bean, which implies the number of cans obtained from 1 kg of dry
bean seeds and it potentially increases the can yield and therefore the economic
return of a bean variety for the bean processor. The significant variation among
years for all physical, texture, and chemical parameters of canning quality except
for hydration coefficient and can yield in both navy and large seeded bean were
revealed by Hosfield (1991). A value of 1.8-2.0 for hydration coefficient is often
considered optimum for well-soaked bean and bean processors may reject a seed
lot if the hydration coefficient is significantly <1.8 due to the added cost per can,
as a higher dry weight of bean seeds will be required to fill each can. Texture read-
ings, measured by the specialized equipment called as texture analyzer, are used
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to quantify the firmness or softness of a bean sample after canning, and is another
key determinant of palatability of a canned product and is often used as a measure
of consumer acceptance of canned bean (Ghaderi et al. 1984; Hosfield 1991).
The Visible/NIRS and Hypers have plausible and potential for predicting the tex-
ture of canned beans; the robustness and tenacity of the models is impacted by
genotypic diversity, planting year, and phenotypic variability for canned bean tex-
ture (Mendoza et al. 2018).

The processors in general seek bean with high hydration coefficient that expand
rapidly and uniformly in the can during processing, leave no clump at the bottom of
the can, have acceptable percent washed—drained solids and texture after cooking,
and cook to tenderness rapidly and uniformly (Deshpande et al. 1984). The strong
associations were seen between hydration coefficient and texture with higher water
uptake in black beans and are being associated with a softer canned product (Cichy
et al. 2014; Mendoza et al. 2014), and the washed—drained weight was negatively
associated with firmness of canned bean (Lu and Chang 1996).

There is another parameter called percent washed—drained solids which refers to
the mass of processed bean, rinsed and drained and is widely used in the breeding
programs and by the processing industry (Hosfield et al. 1984). A lower value of
washed—drained solids may indicate excessive loss of solids during processing and
lead to an increased degree of clumping of bean at the bottom of the can after pro-
cessing which ultimately may lead to rejection of a cultivar by the processor because
of high degree of clumping is seen as an unpalatable quality. The associations
between different canning quality parameters are of paramount importance for
selecting genotypes for superior canning quality (Walters et al. 1997), and a clear
indication from industry for a preferred canning phenotype would help guide future
selection efforts in bean breeding programs.

8.3.2 Processing and Quality Standards

Canning of dry beans involves several unit operations from cleaning to packaging
which are presented in Fig. 8.1. Initially to remove extraneous matter such as dirt
and small pieces of foreign material, dry beans may be passed through a winnowing
mill or clipper cleaner. After then split and defective (discolored, moldy, broken,
and off size) dried beans are inspected manually or using the machine. Dry beans
are typically soaked in stainless steel tanks and the initial moisture content of raw
beans to be processed should be about 12—16%. The main objective of soaking is to
provide beans with a final moisture content of approximately 53-57%.

Generally the soaked beans are commonly run over a water riffle for removal of
small stones, however advanced systems are also now available that can combine
cleaning, destoning, and washing steps into one operation. The blanching is a ther-
mal process and the main aim is to evacuate gases and to inactivate enzymes in the
beans and provide a more uniform product during filling. The beans are initially
introduced into 62.7-73.9 °C water, then increased to 76.7-82.2 °C and finally
increased to 90.6-96.1 °C. Blanching temperatures of 50 °C, 70 °C, and 88 °C pro-
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duced no significant effects on canning quality traits of navy, black, and pinto beans
(Balasubramanian et al. 2000). Regardless of blanching method employed, the
beans frequently are washed in cold water following blanching. The main aim of
soaking and blanching is to provide hydration of the bean cotyledon so sufficient
softening can occur during cooking. The conditions for soaking and blanching vary
throughout the industry with respect to time, temperature, and water composition.
At 100 °C sauce/brine should be added to maintain a high closing temperature and
generally, the fill is about 52% beans and 48% sauce by weight (Fig. 8.3).

8.3.2.1 Quality Standards

Different standards have been established by USDA-AMS for the US Standards of
Grades of canned dried beans, canned pork and beans, and canned baked beans
(USDA 1976). For products receiving “grade A” quality must score 90 points or
higher on a 100-point scale with the absence of defects and character weighted 40
points each and color weighted 20 points (score at least 17 points for color), for
dried canned beans packed in brine, and a reasonably good consistency if packed in
tomato or sweetened sauce. Quality of canned pork and beans for “grade A” product
must score 90 points or higher on 100-point scale with absence of defects and char-
acter weighted 40 points each and consistency weighted 20 points. The canned
baked beans must score 90 points or higher on a 100-point scale with absence of
defects weighed 25 points, consistency, flavor and character weighted 20 points each
and color weighted 15 points for to receive a grade “A” quality and the product must
score at least 17 points for consistency, character and flavor, at least 13 points for
color, have similar varietal characteristics, and be practically free from defects.
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Chapter 9
Genomic Approaches for Biofortification
of Grain Zinc and Iron in Wheat

Check for
updates

Govindan Velu and Ravi P. Singh

Micronutrient malnutrition, resulting from diets primarily deficient in zinc (Zn)
and iron (Fe), has been widely recognized as a major health problem affecting
almost three billion people worldwide, especially in countries with a high consump-
tion of cereals (Black et al. 2013). Zn is an essential trace element for all organisms
and its role has been thoroughly reviewed in both plant and human health (Cakmak
2000; Graham et al. 2012). About 17% of the world’s population risks micronutri-
ent deficiency due to inadequate Zn intake (Wessells and Brown 2012), and annu-
ally more than 100,000 deaths of children under age five are attributed to Zn
deficiency (Black et al. 2013).

The biofortification approach of improving the nutritional quality of staple food
crops through breeding offers a cost-effective and sustainable solution to the global
malnutrition problems. Wheat is the second most produced cereal crop after rice
and constitutes about 28% of dietary energy and 20% protein to consumers in many
parts of the world (Braun et al. 2010). Improving the nutritional levels of wheat is
therefore of paramount importance. The wheat biofortification breeding program at
the International Maize and Wheat Improvement Center (CIMMYT) is leading the
global partnership to develop and disseminate competitive wheat varieties with high
grain Zn and other essential agronomic features to target regions in South Asia
and beyond. The emphasis of this breeding program is to introduce novel sources
of genetic diversity from wild species and landraces, into the adapted wheat
background which resulted in the development of widely adapted, durable rust and
foliar disease-resistant, high Zn wheat varieties (Velu et al. 2014). The high zinc
wheat varieties with 20-40% superior in grain Zn concentration over the baseline
commercial cultivars are being adapted by small-holder farmers in target regions
(Velu et al. 2015).
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Identification of molecular markers linked to nutritional traits would be of great
interest as nutritional elements are rather difficult and extensive to phenotype. QTL
mapping is a highly useful tool for the discovery of m