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Preface

Thus far conventional plant breeding methods have been successfully used for sus-
tainable food production worldwide. Human population is increasing at an alarming
rate in developing countries, and food availability to feed the additional mouths
could gradually become a serious problem. Moreover, agriculture production is
being adversely affected as a result of environmental pollution, rapid industrializa-
tion, water scarcity, erosion of fertile topsoil, limited possibility of expanding arable
land, lack of improvement of local plant types, erosion of genetic diversity, and
dependence on a relatively few crop species for the world’s food supply. According
to FAO, 70 % more food must be produced over the next four decades to feed the
projected nine billion people by the year 2050. Only 30 plant species are used to
meet 95 % of the world’s food requirements, which are considered as the major
crops. The breeding programs of these crops have been very much dependent on the
ready availability of genetic variation, either spontaneous or induced. Plant breeders
and geneticists are under constant pressure to sustain and expand food production
by using innovative breeding strategies and introducing minor crops which are well
adapted to marginal lands and provide a source of nutrition as well as crops having
abiotic and biotic stress tolerances. In traditional breeding, introgression of one or a
few genes in a cultivar is carried out via backcrossing for several generations. Now,
new innovative additional plant breeding tools, including molecular breeding and
plant biotechnology, are available to plant breeders, which have a great potential to
be used along with the conventional breeding methods for sustainable agriculture.
With the development of new molecular tools such as genomics, molecular marker-
assisted backcrossing has made possible rapid introgression of transgenes, reduc-
tion of linkage drag, and manipulation of genetic variation for the development of
improved cultivars. For example, molecular breeding has great potential to become
a routine standard practice in the improvement of several crops. However, a multi-
disciplinary approach of traditional plant breeding, plant biotechnology, and molec-
ular biology would be strategically ideal for developing new improved crop varieties
worldwide to feed the world. This book highlights the recent progress in the devel-
opment of plant biotechnology, molecular tools, and their usage in plant breeding.
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vi Preface

The basic concept of this book is to examine the use of innovative methods aug-
menting traditional plant breeding toward the development of new crop varieties,
grown under different environmental conditions, to achieve sustainable food
production.

This book consists of two volumes: Volume 1 subtitled Breeding, Biotechnology
and Molecular Tools and Volume 2 subtitled Agronomic, Abiotic and Biotic Stress
Traits. This first volume comprises 21 chapters separated into four parts: Part I,
Genetic Resource Utilization and Conservation; Part II, Breeding Strategies; Part
III, In Vitro Culture and Transgenic Approaches; and Part IV, Molecular Breeding.
Topics covered include plant domestication and germplasm utilization, conven-
tional breeding techniques, and the role of biotechnology. In addition, various
biotechnological applications in plant breeding including functional genomics,
mutations and methods of detection, and molecular markers are covered.
Moreover, in vitro techniques and their applications in plant breeding are dis-
cussed with emphasis on embryo rescue, somatic cell hybridization, and soma-
clonal variation. Other chapters cover haploid breeding, transgenics, cryogenics,
and bioinformatics.

Each chapter begins with an introduction covering related background and pro-
vides in-depth discussion of the subject supported with high-quality color photos,
illustrations, and relevant data. The chapter concludes with prospects for future
research directions and a comprehensive list of pertinent references to facilitate fur-
ther reading.

The book is an excellent reference source for plant breeders and geneticists
engaged in breeding programs involving biotechnology and molecular tools together
with traditional breeding. It is suitable for both undergraduate and postgraduate
students specializing in agriculture, biotechnology, and molecular breeding, as well
as for agricultural companies.

Chapters were written by internationally reputable scientists and subjected to a
review process to assure quality presentation and scientific accuracy. We greatly
appreciate all chapter authors for their contributions toward the success and quality
of this book. We are proud of this diverse collaborative undertaking, especially
since the two volumes represent the efforts of 105 scientists from 29 countries. We
are also grateful to Springer for giving us an opportunity to compile this book.

Al-Hassa, Saudi Arabia Jameel M. Al-Khayri
Helsinki, Finland Shri Mohan Jain
Cincinnati, OH, USA Dennis V. Johnson
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Chapter 1
Plant Domestication and Utilization: The Case
of the Pampa Biome

Mercedes Rivas and Federico Condon

Abstract The domestication of plants, as a bio-cultural process, is a continuous
phenomenon intrinsically associated with the use of plants. Traditional and scien-
tific knowledge constitute the basis of the various uses of plants from in situ harvest-
ing to complete domestication of crops. One of the most important challenges of our
time is to achieve the conservation and sustainable use of plant genetic resources of
landraces, species in the process of domestication and species used in situ. The in
situ conservation of agricultural biodiversity is a basic element for the development
of more sustainable agroecosystems, the adaptation to climate change, the conser-
vation of ecosystem services and to ensure local food security —a conception that is
strongly linked to the local development and the protection of cultural and biologi-
cal diversity. Through case studies from the Pampa Biome we will discuss the valo-
rization of plant genetic resources through new domestication, the promotion of the
use of scientifically developed best management practices for in situ conservation,
the widening of the germplasm base for breeding programs, plant breeding for
stress tolerance, the development of participatory plant breeding programs and the
development of high quality products.

Keywords Conservation ¢ In situ utilization ® Incipient domestication ® Landraces
* Pampa Biome ¢ Plant genetic resources ® Semidomestication

M. Rivas ()

Department of Plant Biology, Faculty of Agronomy, Eastern Regional University Center,
University of the Republic, Rocha, Uruguay
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4 M. Rivas and F. Condoén

1.1 Introduction

The beginnings of agriculture date back to the Neolithic Period, only about 10,000—
15,000 years ago (Gepts et al. 2012), while during the previous 2 million years
humans lived exclusively as hunters, gatherers and fishermen. In their harvesting
activities, humans accumulated extensive knowledge relative to plants, which
allowed them to identify and use a variety of important plant resources (Harlan
1975), an activity that has continued throughout history in vast regions of the planet.
The knowledge of plant diversity and its use has been and remains the basis for the
various uses of plants, ranging from in situ utilization to their introduction into cul-
tivation and ultimately their use in the modern breeding process.

The effect of human action as a promoter of variation and change on plants and
animals was first reported by Darwin (1859), and starting from the twentieth cen-
tury, the construction of the concept of domestication has been based on archaeo-
logical, ethnobotanical, ecological and genetic studies.

The primitive professionals of domestication (Sereno et al. 2008) developed a
number of techniques; they harvested a large number of species and they accumu-
lated an extensive knowledge in relation to the life cycles of plants. Of the approxi-
mately 250,000 species of higher plants, only a 0.04 % can be considered
domesticated (Leakey 2012). The numbers are much larger when it comes to spe-
cies used by humans, being in the order of 7000 species (Myers 1983). There are
eight plant families in which a high proportion domesticated species are concen-
trated: Poaceae, Leguminosae, Rosaceae, Solanaceae, Asteraceae, Myrtaceae,
Malvaceae and Cucurbitaceae (Evans 1996).

A large portion of the research into domestication of plants has been focused on
species that exhibit the so-called domestication syndrome, which is defined by the
presence of traits like non-shattering seeds, a trend towards annual life cycles,
increased seed size, reduced tillering and increase in selfing. The species that
acquired these traits during the process of domestication are considered truly
domesticated. Major research issues today include the dating of archaeological
remains to determine when the changes that define domestication occurred, if these
traits were quickly fixed or if it was a slow process, if these traits are determined by
a few or by many genes and in which geographical location they occurred (Meyer
and Purugganan 2013). Also, with the development of sequencing technology, new
genes related to domestication are being found and selection imprints studied. The
characters of the domestication syndrome, analyzed in various grain crops in the
Middle East, show that there are several morpho-physiological traits that differenti-
ate cultigens from wild ancestors, but nevertheless there is the need to establish for
each crop the existence of a clear dichotomy for each trait between wild and domes-
ticated forms (Abbo et al. 2014). These authors point out that this approach is appli-
cable to other traits and crops, such as the absence of glycoalkaloids in potato,
absence of bitterness in almond and in cucurbits and lack of dormancy in domesti-
cated lupins, soybeans and Vigna species. But not all differences between the ances-
tral species and cultivated are the result of domestication, many of these differences
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1 Plant Domestication and Utilization 5

arose post-domestication. The traits that evolved post-domestication represent a
continuum of phenotypes between the wild and the domesticated gene pool, mark-
ing the dynamism of these genetic entities (Abbo et al. 2014), and distinguishing
domestication genes from improvement genes (Olsen and Wendel 2013).

The processes of assemblage of domesticated phenotypes occur mainly at the
population level, which implies that unless wild populations disappear or reproduc-
tive barriers isolate them, there are periods of coexistence between domesticated
and wild populations, a factor that also contributes to generate a continuum of diver-
sity. Those cases in which the final results of domestication are new species, such as
those derived from inter-specific hybridization and polyploidy, are exceptions to the
rule, although in such cases it could also be possible to exchange genes with their
parental populations (Clement et al. 2010).

This chapter will consider a broad concept of domestication, in the sense of a
continuous process that can recognize different degrees of dependence of plants of
human activities. Domestication is a co-evolutionary process between plants and
humans, so there are domestication gradients ranging from human use of the popu-
lations in the wild to typically domesticated populations completely dependent on
human action to be able to exist and complete their life cycle. Also we will bear in
mind that domestication does not necessarily apply to an entire species, but that
intraspecific variation can be found in the degree of domestication (Pickersgill
2007).

This conceptual framework allows the understanding of domestication as a grad-
ual process ranging from the use of natural populations in their original environ-
ments to the monoculture of a single genotype, through several intermediate
situations or different genetic changes (Clement 1999). Gathering was long regarded
as a Harvest of Nature, but now many ethnobotanical studies have documented that
this activity would have involved the existence of social arrangements, the use of
special tools and the development of strategies with different complexity (Casas
etal. 1997). Harris (1989) proposed that the categories of wild and domesticated are
merely human constructions and do not necessarily reflect the real world; while
Bettinger (2012) states that there is no real break between collection (gathering) and
agriculture. Domestication in that sense should be understood as a continuous pro-
cess in time and space, which is still practiced by farmers and breeders.

Research in recent decades has established that prehistoric humans modified
their environments before or during the process of domestication (Ellis et al. 2013).
The domestication of landscapes is the consequence of the cultural processes asso-
ciated with environmental manipulation, and its results are modified environments
appropriate for the management of populations of plants and animals. Just as there
is a gradient of domestication in plants, there are gradients of landscape domestica-
tion. Understanding the processes of co-domestication of crops and landscapes has
been identified as relevant for understanding the management and domestication of
plants (Clement et al. 2009; Harris 2012; McKey et al. 2012; Lins Neto et al. 2014).
So it is possible to separate the use of the term domestication from a biological/
genetic point of view as associated with the domestication syndrome, from the use
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6 M. Rivas and F. Condoén

of the term from a cultural perspective, associated with human decisions to choose
certain species for their promotion and use.

In today’s world we face many challenges related to conservation, sustainable
use and equitable sharing of benefits derived from the use of plant genetic resources
and their associated traditional knowledge as recognized in the Convention on
Biological Diversity (FAO 2010; UN 1992). The strategies related to food security
and adaptation and mitigation of the effects caused by climate change, also rely
heavily on the use of a greater diversity of plant genetic resources (Chakraborty and
Newton 2011; Jarvis et al. 2008). Crop diversification and broadening of the genetic
base used in breeding programs are part of this strategy as well as the conservation
and use of landraces (FAO 2010; Salhuana and Pollak 2006).

Furthermore, the prioritization of research and development of so-called orphan
or neglected crops has been reported as deficient in the current strategy by Padulosi
et al. (2013). Orphan crops related to neglected and underutilized species, including
domesticated, semidomesticated and wild, with a usage that is typically local and
traditional. In many areas these crops are being lost together with the traditional
knowledge associated with their use.

Although there are available to society new biotechnology and scientific tools
and a more systematic knowledge, new domestications are considered very scarce
by some authors. Among these we find listed strawberries, cranberries, macadamia
nuts and pecans (Diamond 2012); mango and lychee (Leakey 2012); kiwi (Ferguson
and Huang 2007); oil palm (Zeven 1972); jojoba (Benzioni 2006) and murtilla
(Chilean guava) (Pastenes et al. 2003), among others. The success of these domes-
tications depends not only on the development of plants adapted to agriculture, but
also in the development of the culture of use and adoption of these new crops. The
insertion of new plant products into potential markets, either occupying niches simi-
lar those of other crops (i.e. a new nut) or generating a completely new niche (iden-
tification and education of consumers, development of recipes) is a key factor for
the development of new domesticated plants.

The challenges related to the conservation and sustainable use of biodiversity
occur simultaneously in an era of enormous technological development in genom-
ics, bioinformatics and biological systems, in which the theory leads to the proposal
of the replacement of traditional breeding with the engineering plants or super-
domestication (Vaughan et al. 2007).

In this chapter we intend to illustrate and discuss the situation of different species
found at different stages of the domestication process, both based on knowledge
generated by genetic and archaeological studies and based on the experience gener-
ated by the current use and handling plants and plant genetic resources. South
American examples will be used, with emphasis on species from the Pampa Biome
(southern Brazil, Uruguay and eastern Argentina), also known by the name of Rio
de la Plata Grasslands (Fig. 1.1).
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1 Plant Domestication and Utilization 7

Santiago Catarina

del Estero

Fig. 1.1 Geographic location of the Pampa Biome (dark green)

1.2 Domestication and Use of Plant Genetic Resources
in the Pampa Biome

The Pampa biome is one of the main areas of natural temperate-subtropical grass-
lands of the world. It comprises 760,000 km? of fields and plains of central Argentina,
southern Brazil and Uruguay (Soriano 1991). The natural vegetation is a mosaic of
grasslands (campos), wetlands, shrublands, forests and woodlands. Ecologically it
occupies a transition zone between tropical and temperate climates, with hot sum-
mers, cold winters and no dry season. The geological, geomorphological and soil
diversity present in the area have led to a diversity of types of rangelands, both in
their physiognomy and in their flora (Lezama et al. 2011; Overbeck et al. 2007,
Rosengurtt 1943). In this land we can find an outstanding group of plant genetic
resources with value for forage, fruit, medicinal and ornamental use, among others
(Berretta et al. 2007; Clausen et al. 2010; Rivas et al. 2014; SNAP 2013; Stumpf
et al. 2009).

These are lowlands that were the scenario of diverse human experiences and
management practices that transformed the environment at different scales and
intensities at different periods of prehistory. The traditional view about the Pampa
Biome was that it was only inhabited by hunter-gatherers in the pre-Hispanic era, A
situation that is being changed based on results from paleoecological and botanical
data on the presence of crops in archaeological contexts found in mound complexes
in the lowlands of southern Uruguay (Iriarte et al. 2004). Among the main plant
resources identified in archaeological contexts of Uruguay were silicophytoliths and
starches among which stand out Phaseolus sp. 3050 yr BP (Iriarte et al. 2001),
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8 M. Rivas and F. Condoén

Cucurbita spp 4600 yr BP (del Puerto and Inda 2008; Lépez Mazz 2000), maize
3660 yr BP (Iriarte et al. 2001, 2004), Canna sp. 3660 yr BP (Campos et al. 2001;
Iriarte et al. 2001), Calathea sp. 3051 yr BP (Iriarte et al. 2001), Butia odorata 4600
yr BP (del Puerto and Inda 2008; Lopez Mazz 2000), Syagrus romanzoffiana 3660
yr BP (Campos et al. 2001) and Passiflora sp. (del Puerto and Inda 2005). These
data are consistent with those of the Amazon, the Matto Grosso Pantanal (Schmitz
and Beber 2000), the Parana Delta (Bonomo et al. 2011; Sdnchez et al. 2013) and
the Atlantic Coast of Brazil for the middle and late Holocene period. The data pre-
sented above correspond to a broad region of subtropical-temperate lowlands. It has
traditionally been considered that the tropical lowlands have been the exclusive
location of domestication, although as Piperno (2012) points out, future research is
needed in southern South America.

1.3 Landraces

The post-domestication stage is characterized by the appearance of new diversity
and the assemblage of better phenotypes clearly selected for the environment and
the preferences of the farmers. This process gave and continues giving way to culti-
vated populations selected by farmers or landraces. These landraces all belong to
the same species but with clearly different phenotypes, they are the closer gene pool
to the elite gene pool used by the modern breeding process and therefore they are
the closer source of genes to be used by breeding. Landraces represent the form that
domesticated plants took for production until modern plant breeding began to sub-
stitute them in the twentieth century as a source of seed. Landraces therefore can be
considered the most modern expression of domestication, natural selection and
farmer selection, and hold an important wealth of genetic diversity.

The Southern Cone of South America, as a subtropical lowland environment, has
been the center of encounter of very different human cultures-indigenous peoples
(Barbieri et al. 2014) that were in different cultural development stages by the time
the Spanish and Portuguese arrived in the 1500s. Much later in history, a significant
number of immigrants and slaves arrived to this region of the world: Spaniards,
Italians, Germans, Russians, Basques, Africans, among others. The different cul-
tures brought their own seeds and cultural knowledge to the region, generating a
process of adaptation of those seeds kept in farms and home gardens, starting a new
adaptation process to the climate and ecology of the region and eventually generat-
ing a secondary diversity center for a group of species.

Maize appears as an example of post-domestication diversity increase in this
area, as a crop that arrived to the region not from Europe, but from America. Freitas
et al. (2003), based on the study of DNA from archaeological remains, found that
lowland maize entered southern South America from the northeast through the
basin of the Paraguay River, also finding evidence of the presence of a high rate of
diversification. Yang et al. (2013) reports the finding of new genetic variation that
caused the attenuation of the photoperiod sensitivity in maize. This new functional
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1 Plant Domestication and Utilization 9

genetic change occurred post-domestication due to the insertion of a transposable
element within the ZmCCT promoter, and most likely generated the possibility of
the expansion of maize to longer-day environments like the Southern Cone of South
America, and into new environments, different from its tropical origin, into what
today is known as the Pampa Biome.

For the case of maize, landraces are maintained by farmers, and these landraces
have very different grain characteristics associated with different uses; a single
maize race has been the source for more than one landrace. A great wealth of maize
races had been studied and classified (Brieger et al. 1958; Paterniani and Goodman
1977) and reclassified (Gutiérrez et al. 2003). Numbers indicate that more than 300
races have been identified in South America (Paterniani and Goodman 1977). Vilaré
(2011) studied the distribution of maize races in the Southern Cone (Brazil,
Argentine, Chile, Bolivia, Paraguay and Uruguay) identifying a higher richness of
maize races in southern Bolivia, southern Paraguay, Uruguay, the area north of the
Buenos Aires Province and the center of Chile, corresponding to mean latitude-low
elevation sites except in Bolivia. In this sense, long-day adapted maize races consti-
tute a gene pool not adapted to regeneration in tropical conditions, in which male
and female flowering times differ too much to ensure a good representation of the
original population alleles. These results agree with what Freitas et al. (2003) pos-
tulated based on DNA data.

Maize landraces are always under the threat of their replacement by modern
improved cultivars or simply disappearance if the farmers go out of business
(Berretta et al. 2007; Porta et al. 2013; Vidal et al. 2011). Collection also has been
an important initiative to try to conserve this diversity ex situ, by the Latin American
Maize Project (LAMP 1997) one of the major efforts in this sense, with the objec-
tive of conserving and giving access to this gene pool; finally leading to the forma-
tion of the Germplasm Enhancement of Maize project (GEM 2003). As a strategy
to sort and use the genetic diversity, core collections have been proposed for differ-
ent countries (Abadie et al. 1999; Malosetti and Abadie 2001; PROCISUR 2005)
based on morphological characteristics and grain characteristics (Burle et al. 2002).

For other cultivated crops for which landraces have been reported in the region,
like horticultural species in Uruguay and Brazil, the culturally diverse immigration
to the region still has a role in the maintenance and use of these genetic resources
for human consumption (Barbieri et al. 2014). Landraces have been identified for
onions (Barbieri et al. 2005; Monteverde et al. 2014; Porta et al. 2014); garlic, sweet
pepper and carrot (Galvan et al. 2005), for different pumpkin species (Barbieri et al.
2014; Fischer et al. 2012; Priori et al. 2013) and species of Capsicum (Neitzke et al.
2011; Vasconcelos et al. 2014; Villela et al. 2014). Landraces have also been identi-
fied for forage species like oats and birdsfoot trefoil (Rebuffo et al. 2005). Also,
wheat can be cited as a crop in which local landraces have made a significant con-
tribution to the improvement of the crop, contributing disease-resistance genes
(Condén and Germdn 2005) and adaptation genes. These landraces are today in
many cases being conserved in local genebanks like EMBRAPA (Barbieri et al.
2014) and INIA Uruguay (Berretta et al. 2007). They are also being utilized to
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generate locally-adapted varieties and to introgress genetic resistance genes and
adaptation genes to modern improved varieties (Monteverde et al. 2014).

Landraces of all crops are considered under threat of replacement by commercial
varieties (Barbieri et al. 2014) or by genetic contamination through pollen exchange
with GMO varieties and modern varieties. Landraces constitute a 24 % of the total
accessions conserved ex situ (FAO 2010), which indicate that they are considered
important plant genetic resources by the formal research system. The Second Report
on the State of the World Plant Genetic Resources for Food and Agriculture (FAO
2010) also reports that on-farm conservation of landraces has improved since the
first report. Landraces are always under threat of disappearing either due to replace-
ment with modern varieties or because farmers go out of business; this is even more
important in the case of neglected crops because landraces are the only form in
which they survive (Galluzzi and Lépez Noriega 2014). The deployment of a con-
servation strategy for landraces can be also affected by legal issues (Lopez Noriega
et al. 2013). Finally, social, cultural and environmental aspects should also be taken
into account to design a strategy to ensure the process of natural and anthropologi-
cal selection of plants while conserving the diversity that is comprised in landraces,
that are still evolving and could become a key factor in the response to global cli-
mate change (Mercer and Perales 2010; Tapia et al. 2015).

1.4 Populations of Incipient Domestication
and Semidomestication

Ethnobotanical information has shown that the gathering and management of
numerous plant species remains an important mechanism of plant utilization. A
diversity of species are propagated and managed by human actions, but do not
depend on it for their reproduction, they are the so-called semidomesticated species
or species in a stage of incipient domestication.

These two groups of plants are in early stages of domestication. The cultivated or
managed populations have not fixed any traits that distinguishes them from wild
populations, but they may differ in allele frequencies for traits subject to selection
(Pickersgill 2007). The distinction between species of incipient domestication and
semidomesticated species is that the former would only be promoted with a pheno-
typic average that does not differ from wild populations, while the semidomesti-
cated species would be handled with a phenotypic mean that differs from that of
wild populations (Clement 1999). Populations in these stages maintain the pheno-
typic diversity found in wild populations, although Clement (1999) notes that semi-
domesticated populations may have a greater diversity and new forms are present in
them. As diversity may be due exclusively to natural selection, it is necessary to
distinguish the occurrence of anthropogenic activities to refer to incipient domesti-
cation activities. Studies of incipient domestication also have a high value for
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understanding the origin and dissemination of the experience of handling and
domesticating plants (Lins Neto et al. 2014).

In Mesoamerica various management strategies have been identified as practiced
by traditional communities such as gathering, incipient management and cropping.
Management practices may include strategies and community agreements for the
use of forest products, deliberate clearing, burning and even irrigation; planting or
seeding and/or reduction of competition from unused plants. Ultimately it comes to
management strategies that include tolerance (let-standing), protection (encourag-
ing growing) and promotion of stocks or plants (Casas et al. 2007).

Artificial selection can occur at different levels of intensity (Blancas et al. 2009;
Casas et al. 2007). It simply can occur in the systematic in situ gathering when
people distinguish plants with favorable characteristics and harvest the best prod-
ucts. Artificial selection acquires greater significance in handling of let-standing,
growing encouragement and protection (Casas et al. 2007). In all the cases analyzed
by these authors they demonstrated that artificial selection occurs with in situ man-
agement and it has a significant impact on plant populations. Desirable characteris-
tics of plants are preserved and promoted by management practices (Lins Neto et al.
2014); people in Mexico use 5000-7000 plant species and are domesticating more
than 200 plants that co-occur with wild relatives (Casas et al. 2007). Among them
are domesticated species (in the form of landraces) of global importance, others of
regional importance and many of only local importance.

For the Amazon, there are indicated to be at least 138 species with some degree
of domestication before the European conquest. A higher number of fruit and nuts
trees stand out from this group at different stages of domestication, especially incip-
ient. Root and tuber crops are another outstanding group, including cassava (Clement
et al. 2010).

In the Pampa Biome there are still a few research studies about semidomesticated
and species in an incipient stage of domestication. Fruit trees are probably the most
prominent group in which both people and scientists perform activities to achieve
domestication. A paradigmatic case is Acca sellowiana (Berg.) Burret (Myrtaceae)
known as guayabo del pais in Uruguay, goiaba-serrana in Brazil and feijoa interna-
tionally (Fig. 1.2). It is native to southern Brazil and northeastern Uruguay
(Ducroquet et al. 2000). The feijoa tree has value as a fruit, ornamental and medici-
nal species. The fruit is mainly consumed fresh, although there are some examples
of juices and marmalade production. It is characterized by a distinctive flavor, in
addition to nutritional characteristics (Thorp and Bieleski 2002). It stands out due to
its high iodine content and the presence of bio-active compounds with antibacterial,
anticancer, anti-inflammatory and antioxidant action (Weston 2010) and also for a
high carotene content (Clerici and Carvalho-Silva 2011).

In its region of origin, feijoa is traditionally used in family farming production
systems, from the harvesting of wild trees in situ, isolated trees grown in gardens or
rural houses, or small-scale production in fruit farms, mostly with individuals origi-
nated through sexual reproduction, a process in which there has been a certain selec-
tion history (Donazzolo 2012; Santos et al. 2009; Vignale and Bisio 2005).
Moreover, Acca sellowiana is grown in New Zealand, California, the Caucasus
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Fig. 1.2 Acca sellowiana in the Quebrada de los Cuervos Gorge (Uruguay) (a) fruits harvested
from wild plants; (b) wild tree managed for fruit production; (c) local farmers in an activity of
participative selection; (d) details of the flowers

republics of Georgia and Azerbaijan and in Colombia and Chile (Amarante and
Santos 2011; Thorp and Bieleski 2002). It is possible to find it in home gardens of
Florida (United States) and in Mediterranean countries, especially Italy and Israel
(Ducroquet et al. 2000). With the crop development there has been the generation of
arange of products different to those traditionally known in the region of origin. In
New Zealand it is used in desserts, ice cream, drinks like feijoa wine and dried fruit
chips in mixtures with cereals.

Some feijoa plants could be considered as incipiently domesticated in the region
of origin as they are maintained and promoted by farmers (Calvete 2013; Donazzolo
2012; Lins Neto et al. 2014; Nodari et al. 2008; Santos et al. 2009, 2013; Vignale
and Bisio 2005). The superiority of phenotypic averages of these populations rela-
tive to wild populations was also noted by Mattos (1986), Vignale and Bisio (2005)
and Donazzolo (2012). In Uruguay feijoa plants appear in gardens of old rural set-
tlements accompanied with quince, pear and orange trees. There are also numerous
fruit plants in the southern region, some of them centuries old, evidence that this
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species was a component of the fruit trees grown for generations in certain areas of
the country.

Studies have been conducted in Brazil and Uruguay on the phenotypic and
genetic diversity, both in wild populations and in selected materials (Baccino 2011;
Nodari et al. 1997; Puppo 2008; Quezada 2008; Rivas et al. 2007; Santos 2005;
Santos et al. 2008), a list of descriptors has been developed (Puppo et al. 2014),
progress has been made in the knowledge of its reproductive biology (Finatto et al.
2011; Santos et al. 2007) and recently the first genetic map of the species has been
generated (Quezada et al. 2014).

Both Brazil and Uruguay have made progress in recent years related to the
domestication and use of feijoa, establishing field collections that have allowed
characterization and evaluation of materials, conducting of crossbreeding and selec-
tion of materials. In Brazil, some cultivars have been released to growers (Nodari
et al. 2008).

Feijoa has also been given a place in participatory domestication programs or
participatory plant breeding (Calvete 2013; Santos et al. 2013), in which work is
carried out with a participatory approach that integrates the knowledge of local
actors and researchers for conservation in situ, material selection and development
of handcrafted products.

Another example of a species in an incipient domestication or semidomesticated
stage, is Bromus auleticus Trinius ex-Nees, a perennial grass with a winter cycle and
of recognized value as a forage species. It is a natural component of the campos
rangelands of the Pampa Biome, but due to cattle overgrazing it is suffering genetic
erosion. It has been the subject of research with the intention of domestication, both
for its reintroduction into natural areas for inclusion in cultivated pastures. From the
work done since the 1980s some cultivars have been selected from wild populations
(Bemhaja 2001; Olmos 1993; Rivas 2001) with superior characteristics in dry mat-
ter yield and forage quality. However, like most native forages, the main problems
to solve linked to its domestication is seed production, planting and establishment
of crops (Pinget and De Battista 2007; Ré et al. 20006).

Finally we want to point that besides a valuable group of fruit trees and native
forage, other species from the Pampa Biome are in different stages of domestica-
tion. Yerba mate (Ilex paraguarensis), algarrobo (Prosopis nigra and P. affinis),
congorosa (Maytenus ilicifolia), marcela (Achyrocline satureioides), and a variety
of ornamental species are just a few of the other examples to consider (Barbieri
et al. 2014; Clausen et al. 2010; SNAP 2013; Stumpf et al. 2009).

1.5 In Situ Utilization

In the Pampa Biome the co-evolution of grasses and herbivores has generated con-
siderable diversity in species and genetic resources. The grasslands of the Rio de la
Plata are internationally recognized as a primary center of diversity for forage
grasses and legumes. This natural wealth sustains the livestock production that takes
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place on them, where the harvesting (gathering) is carried out by cattle and sheep,
grazing according to the management decided by farmers. Is this domestication?
The answer depends on the intention with which farmers manage grazing. As a mat-
ter of fact, an adequate grazing in what is related to stock rate and relief periods
clearly favors the best species and genotypes from a grazing point of view (Jaurena
et al. 2012; Millot et al. 1987). In our conceptual framework, this can be treated as
a form of landscape domestication, because certain species and genotypes are pro-
moted. This topic is relevant not only from an academic point of view, but even
becomes more important due to the intensification of land use in the Pampa Biome
(Laterra and Rivas 2005; Overbeck et al. 2007; Paruelo et al. 2006). The substitution
of natural grassland areas with forestation, agricultural crops and mining increases
the risk of losing valuable plant genetic resources and underlines the need to priori-
tize biodiversity conservation in the grasslands (Faber-Langendoen and Josse 2010),
the forgotten biome when it refers to the design of conservation policies (Bond and
Parr 2010; Heidenreich 2009; Overbeck et al. 2007).

Another different example of utilization by gathering (extraction) refers to Butia
odorata (Barb. Rodr.) Noblick, one of the southernmost palm trees in the world,
with distribution in southern Brazil and southeastern Uruguay. This palm (locally
called butid) referred to as a palmar when forming extensive plant communities in
which the palms are virtually the only tree component on a matrix of natural grass-
land. Its utilization has been documented in prehistoric time through both archaeo-
logical remains and the presence of artifacts developed to break the hard fruit
endocarps to allow the consumption of the seeds. Among the many traditional uses
is the consumption of fresh fruits and liqueurs, jellies and marmalades. Currently,
some micro-enterprises have developed a diversified and high quality product-line
based on butid which is starting to be commercialized in the formal and gourmet
products market. Moreover, palm-tree communities present serious conservation
problems due to the lack of regeneration, creating a situation in which actual palm
trees are hundreds years old (Rivas 2005). This has been the subject of several
research efforts in Brazil and Uruguay, aimed to generate an in situ management
strategy combining conservation with local development (Rivas 2013; Rivas et al.
2012). Recommendations for grazing management and harvesting of fruits of butid
have been compiled in a good practices manual (Rivas and Barbieri 2014) (Fig. 1.3).

An important group of species, particularly for fruit and medicinal use, are uti-
lized in situ in the Pampa Biome in a variety of management situations. The sustain-
ability of such utilization deserves the attention of researchers, both for generating
adequate management practices as well as for the development of products that can
improve the income of farmers (Rivas et al. 2010).
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Fig. 1.3 (a) Landscape of a Butia odorata palm grove (Rocha, Uruguay); (b) infructescence; (c)
fruits

1.6 Plant Breeding and Genetic Resources for Food Security
in the Context of Climate Change

Thus far we have referred to the conservation and use of plant genetic resources in
the context of domestication of new crops, valorization of landraces and sustainable
management of plants populations used in situ. In this section we will refer to plant
genetic resources as an essential raw material for breeding programs within the
context of food insecurity and climate change.

In today’s world agriculture faces great challenges related to world population
growth, pressures on natural resources—in particular the expansion of the agricul-
tural frontier—and climate change. To meet these challenges, breeding programs
have largely reoriented their objectives towards stress tolerance, both biotic and
abiotic (Borém et al. 2012).

The climate change scenario presents an uncertainty of both the rate and the
absolute value of climatic changes. In this context, climate may influence many
aspects relative to agriculture, including among other things, yield reductions,
potential changes in diseases and pest range distribution, changes in virulence, and
the possibility of the appearance of new pests, as reviewed by Garret et al. (2014).
It can be argued that this climate change will test the ability of humankind to adapt
and evolve since a future can be foreseen as a scenario in which food production
will take place under a harsher environment and with fewer natural resources, and
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smaller agricultural area per capita. To achieve genetic gain, breeding programs will
need to have the availability of genetic variants from which to select, paired with the
ability to identify, select and introgress adaptation traits, such as root development,
heat tolerance, submergence tolerance, translocation rate, or eventually other traits
that we cannot predict to help in dealing with climate change. Plant breeding strate-
gies should include actions to conserve and maintain genetic diversity that can allow
identification and introduction of genes into cultivated species from wild relatives
(Forte et al. 2014) and landraces and will require the adjustment of breeding objec-
tives to cope with abiotic stresses determined by a changing environment in a given
place.

A change in environmental conditions will affect other organisms not under
direct human control and they may evolve freely to adapt to new conditions: plant
pathogens, for example, can change and behave differently. This situation has been
modelled in different pathogen-species model such as for the wheat-Fusarium
pathosystem (Zhang et al. 2014), leading in many cases to scenarios of increases in
the frequency or severity of diseases. To cope with biotic stresses, the identification
of durable resistance genes that confer a broad spectrum resistance has also been
suggested to cope with the effect of climate change (Mundt 2014), an approach that
is already being applied to improve genetic resistance in wheat to rust in Uruguay
(Silva et al. 2015).

In relation to abiotic stress, breeding has developed cultivars with resistance to
heat or less cold-hour requirements, such as in apple, carrot and cauliflower in
Brazil (Borém et al. 2012), making their cultivation possible in regions were the
crops were not adapted previously. Breeding for resistance to saline soils and soils
with high levels of aluminium is a challenge essentially linked to the expansion of
the agricultural frontier. Understanding the genetics of tolerance to these stresses
and the identification of tolerant plants are the first steps towards obtaining cultivars
with these phenotypes. In all cases breeding for abiotic stresses has led to advance-
ment of the knowledge on the physiology and genetics of stresses in recent years,
although it is still necessary to continue this work for plant breeding to effectively
select materials with adequate tolerance or resistance (Cavatte et al. 2012). For
example, it has been stablished in maize that there is no relationship between nutri-
tional efficiency and tolerance to nutritional stresses, these two characteristics being
determined by two different groups of genes, which in practical terms means that
both traits can be selected simultaneously (Fritsche-Neto and DoVale 2012). Gene
cloning for aluminum tolerance is being carried out by different research groups and
the expectation is that their results will be useful for genetic improvement (Borém
et al. 2012).

In this challenging context, plant genetic resources fulfill a fundamental strategic
role for the broadening of the genetic base plant breeding programs and their associ-
ated biotechnology. Conservation, characterization and use of plant genetic
resources are the pillars on which stand the possibility of continuing in the process
of domestication and breeding of plants and crops to cope with climate change and
ensure food security.
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1.7 Conclusions and Prospects

The domestication of crops is not an issue of the past; domestication in a broader
sense is an endless process that continues through efforts by farmers and plant
breeders. These processes of utilization and selection of plants are made to a large
number of species with traits of interest in different regions of the world. They are
evident in populations used in situ, for others with some degree of domestication,
and even for landraces. In the words of McGuire and Qualset (2012) the total
domestication is not necessary.

The real new domestications are scarce, probably due to the difficulty of finding
markets to justify the feasibility and investment programs for domestication and
breeding (McGuire and Qualset 2012; Rivas et al. 2012). This situation is exacer-
bated for perennial species due to the time required for domestication and the
demands of today’s markets (Clement et al. 2005). For new domesticate to become
a crop it must be adopted by farmers, have high quality planting material with good
agronomic performance and gain market access. The implementation of a new crop
at worldwide scale is a very elusive task, unless it has the support and financing of
large companies.

As mentioned above, new domestications or simply promoting plant populations
that are being utilized in situ or have some degree of domestication, appear to have
a better opportunity for local developments and for the production of high quality
products. Internationally there is a growing interest in new foods and other products
that can contribute to human health and nutrition, as well as cosmetic products,
medicines and other uses. The development of markets that benefit farmers of such
new products is proposed as a priority line of action for neglected and underutilized
crops (Padulosi et al. 2013).

The in situ conservation of agricultural biodiversity is a basic element for the
development of more sustainable agroecosystems, the adaptation to climate change,
the conservation of ecosystem services and to ensure peoples food security —a con-
ception that is strongly linked to local development and the protection of cultural
diversity. It requires strong support from research and development systems that
must integrate conservation and development plans based on the valorization of
plant genetic resources. The future of domestication and plant breeding will con-
tinue to rely on changing the architecture, metabolism and physiology of crops,
especially within the context of climate change and food security challenges. To
achieve increases in production and generate new products and uses derived from
plants —pharmaceuticals, cosmetics and industrial products—it will be necessary to
use a combination of applied and theoretical approaches (Vaughan et al. 2007). This
is about promoting interdisciplinary programs involving geneticists, breeders, bio-
chemists, sociologists, anthropologists, chemical engineers, agronomists as well as
marketing specialists, among others. And especially to work with the people who
possess the traditional knowledge and know-how to utilize plants, in that sense
seems that participatory breeding programs seem adequate for achieving the desired
results (Leakey 2012).
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Chapter 2

Decentralized Collaborative Plant Breeding
for Utilization and Conservation of Neglected
and Underutilized Crop Genetic Resources

Alberto Camacho-Henriquez, Friederike Kraemer, Gea Galluzzi,
Stef de Haan, Matthias Jiger, and Anja Christinck

Abstract Neglected and underutilized species (NUS) are referred to as species
with under-exploited potentials with regard to food and nutrition security, health,
income generation and environmental services. In the past, most breeding activities
have concentrated on major crops, leading to overdependence on a few plant species
of worldwide economic importance. The reasons for NUS being underutilized are
complex and entail economic and agro-ecological constraints as well as lack of
knowledge, awareness and supportive policies. Contextualization, decentralization
and collaboration are proposed as important design principles for breeding strate-
gies focusing on NUS. Four case studies illustrate how they are practically imple-
mented in breeding programs. Two case studies focus on improving NUS for
adaptation to climate variability and change: participatory breeding programs for
sorghum and pearl millet in West Africa and Andean potatoes in Peru are taken as
examples. Further case studies concentrate on improving agronomic and nutritional
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properties of local quinoa and amaranth varieties in Peru, and sensory quality of a
less common vegetable crop in Germany. We discuss breeding strategies for NUS
based on their objectives, the genetic resources used, breeding processes and
techniques, as well as links to value chain development and seed systems. We con-
clude that breeding strategies for NUS should increasingly be embedded in multi-
stakeholder strategies for collaborative learning and to expand the focus of interest
from enhancing varieties towards building innovative institutions and partnerships
that help develop sustainable food and farming systems and are linked to human
needs.

Keywords Agrobiodiversity ® Environmental adaptation ¢ Landraces ¢ Multi-
stakeholder strategies ® Neglected crops ® Participatory plant breeding ¢ Sensory
quality ® Underutilized crops ¢ Value chains

2.1 Introduction

2.1.1 Neglected and Underutilized Genetic Resources

The term neglected and underutilized species (NUS) applies to a wide range of dif-
ferent crops, including less common grain crops, roots, tubers, legumes, leafy veg-
etables, fruits and spices. In this chapter, NUS refers to species with under-exploited
potentials with regard to food security, health, income generation and environmen-
tal services, following a general definition given by Jaenicke and Hoschle-Zeledon
(2006). Terms such as orphan, minor, traditional or niche crops have also been used
for these crops, which tend to be outside the focus of mainstream agricultural
research and development. However, not only entire species can be neglected and
underutilized, but also sub-species, cultivar groups or local varieties of major crops,
such as maize, rice or wheat. Thus, from a more practical point of view, nearly all
landraces of crops, as well as cultivated, semi-wild and wild species that are used
for food, fodder, fiber, fuel or health purposes and are of only local or regional
importance, can be considered as NUS.

Although research on breeding strategies for NUS may appear as a highly spe-
cialized field of knowledge, NUS are in fact the vast majority of all known crops.
Overdependence on a few plant species of worldwide economic importance intensi-
fies many acute difficulties faced by countries and communities (Khoury et al.
2014) with regard to food and nutrition security, ecosystem sustainability and adap-
tation to climate change. Therefore, enhancing the use of NUS to better tap the
abovementioned potentials has been identified as an important strategic element for
developing more productive, sustainable and resilient agricultural production and
food systems in the future (Jaenicke and Hoschle-Zeledon 2006; Padulosi et al.
2013; Thies 2000).
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In order to raise the profile and contributions of NUS towards these goals, a wide
range of activities are necessary, including maintaining genetic diversity on farms;
developing better varieties; enhancing cultivation practices and postharvest tech-
nologies; improving market access; providing evidence of nutritional benefits and
promoting their use; and developing supporting policies at national and interna-
tional level (Padulosi et al. 2013). Plant breeding could thus be considered as one
building block of a broader strategy for promoting the conservation and use of the
worlds underutilized plant genetic resources.

NUS are taxonomically a heterogeneous group, and also differ in their reproduc-
tion biology (e.g. self-pollinating versus cross-pollinating; sexually versus clonally
propagated). Hence, NUS cannot easily be treated as one group from a biological
point of view. Rather than centering attention on specific species and the biotechni-
cal aspects of breeding, we will thus focus on common properties of NUS and
resulting implications for breeding programs. We will then suggest important design
principles for breeding strategies focusing on NUS and illustrate these with exam-
ples, so that it becomes more tangible how one can effectively account for them in
breeding activities focusing on specific crops. We will conclude with a discussion of
the case studies and related issues, and finally present our conclusions.

2.1.2 Common Properties of NUS

NUS have some common properties that help explain why their wider utilization as
crops is hampered in spite of their potential, for example regarding food and nutri-
tion security, or farming system resilience. Understanding these common properties
is important for appropriately considering them in breeding strategies.

2.1.2.1 Limited Scale of Distribution

In general, the importance of NUS is restricted to certain localities or regions, or to
certain population groups that depend upon them. This results in the species being
cultivated and marketed only locally, in areas where they are well known, a fact that
limits their economic importance. However, NUS may be of great importance, also
economically, for those who actually use and maintain them.

Sorghum and millet in West Africa could serve as examples. The importance of
these species for local food supply is actually greater in this region compared with
major staple crops, such as maize or rice. Similarly, pearl millet is the predominant
staple food in some parts of northwest India, and more important than wheat or rice.
However, sorghum and millet are of minor importance globally, and preferences
and needs with regard to agronomic and postharvest traits vary widely across the
regions where these crops are used. The geographical distribution area or number of
users may even be much more limited for certain underutilized fruits, herbs, vege-
tables and fodder crops.
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2.1.2.2 Economic Constraints

As a result of this situation, the full market potential for these crops or the products
derived from them tends not to be adequately seized, e.g. due to lack of market
access or absence of organized and efficient value chains. Investment in postharvest
handling, processing, quality norms and standards, packaging, labeling and distri-
bution is deficient. Very often, the products are unknown beyond the original area of
distribution, so that marketing at a larger scale would require a considerable effort
to increase the level of awareness and to stimulate demand. However, there is evi-
dence showing that, despite the weak development of value chains, considerable
additional income from processing and marketing could be generated, once a global
demand for these crops beyond their center of origin is established and value chain
upgrading and marketing strategies are developed and implemented (Padulosi et al.
2014).

2.1.2.3 Change of Food and Farming Systems

NUS are basically a heritage of past and present generations of farmers and rural
communities. Looking deeper into the driving factors for agrobiodiversity loss, we
find that variety replacement is of primary importance, followed by land use change
and environmental degradation. Variety replacement, or displacement of crops by
other species, is closely related to the rapid and ongoing change in food and farming
systems in general that has taken place on a global scale since the 1960s. Moreover,
population growth, economic pressure, policy impact and civil strife have all con-
tributed to agrobiodiversity loss and rapid change in conditions faced by farmers
according to the Food and Agriculture Organization of the United Nations (FAO
1997). These factors can combine and result in former landraces and local crops
becoming less adapted and competitive in contemporary food and farming systems.
Some may also lose important adaptive traits if fewer farmers continue to grow
them, or do so on a smaller area.

2.1.2.4 Importance for Nutrition and Health

NUS are important for food and nutrition security of local populations, not only due
to the quantity they contribute to food supply in a given region, but also in view of
nutrition and health aspects. It is widely accepted that diversified diets — including
fruits, leafy vegetables, legumes, roots, tubers, herbs and spices — are essential for
human nutrition, and complement diets based on common staple crops such as rice
or maize (Kahane et al. 2013; Keding et al. 2013; see also examples in Burlingame
and Dernini 2012). Many leguminous crops, e.g. cowpea and winged bean, are
excellent sources of protein and micronutrients. Tropical fruits — including mangoes
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and lychees — have high vitamin and mineral contents. These are even exceeded by
some semi-wild fruits collected in forests and rangelands, a famous example being
the fruits of the baobab tree being very rich in Vitamin C (FAO 1992). Wild fruits
can contribute considerably to reducing nutritional risks in vulnerable population
groups, as demonstrated, inter alia, by examples, from Kenya, Ghana and India
(Jaenicke and Pasiecznik 2009; Kuhnlein 2012).

The various squashes, orange-fleshed sweet potato varieties and some leafy veg-
etables contain significant amounts of f-carotene, a natural vitamin A precursor.
Even if grown on small areas only, these crops can be important for improving the
diets of children or ill persons; for example, the health status of people affected by
chronic diseases or HIV/Aids can be influenced positively through diverse, nutrient-
rich diets based on the aforementioned crops (Gari 2004). Germplasm collections of
various NUS, including beans, cassava and sweet potato, show considerable vari-
ability in key micronutrient contents (Tumwegamire 2011), pointing to their
untapped potentials for increasing nutritional value from NUS through targeted
breeding and selection.

2.1.2.5 Importance for Resilience of Food and Farming Systems

Frequently, NUS are associated with complex low-external-input farming systems
and may be adapted to a highly specific set of agro-ecological conditions. Under
such conditions, resistance to typical and variable stress conditions, such as drought,
poor soil fertility, extreme heat, flooding, etc., are of great importance. Certain NUS
also serve as traditional emergency foods if other crops fail. At the same time, they
may have agronomic constraints that limit their wider use, e.g. low yield potential
or high labor demand for processing (Padulosi et al. 2013).

Diversification appears to be a key factor for improving resilience and resource-
use efficiency in farming systems, with NUS playing an important role in this regard
(Kahane et al. 2013; Padulosi et al. 2013). NUS are often multipurpose crops that
provide additional services to farmers or farming systems, besides supplying har-
vestable food. Among the most important, particularly under low input conditions,
may be biological nitrogen fixation and mobilization of nutrients from the subsoil.
However, fodder yield and quality are also of high importance to farmers in mixed
crop-livestock systems, both economically and in view of efficient nutrient cycling.

2.1.2.6 Lack of Knowledge, Awareness and Resources

There is often a lack of well-documented scientific knowledge on NUS, for example
relating to the range and properties of existing varieties, cultivation practices, cur-
rent and potential uses, commercially valuable traits, nutritional value and consumer
preferences. At the same time, a rich body of local knowledge may exist that is
based on a long tradition of rural communities growing and using these crops.
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Therefore, a lack of scientific knowledge can lead to the potential of these crop
species being undervalued or ignored by researchers, breeders and policymakers
alike. NUS-based strategies are thus more often than not neglected when policies
and actions aiming at larger issues, such as food security, health, agricultural devel-
opment or adaptation to climate change, are discussed. In the best case, they may be
treated as a separate issue, but links to the aforementioned policy and action fields
remain weak. However, the importance of agrobiodiversity and NUS for food and
nutrition security has been repeatedly recognized according to the M S Swaminathan
Research Foundation in India (MSSRF 2005) as well as other researchers (Fanzo
and Mattei 2012; Kahane et al. 2013).

The same applies also to resources made available for research and for value
chain development, including all stages from breeding and seed systems, cultivation
and postharvest practices, processing, and up to final consumption. Given the lim-
ited economic importance and geographical distribution of each individual NUS,
other major crops may regularly appear as having greater priority for investment, for
government and the private sector alike.

2.1.3 Important Implications for Plant Breeding Strategies

The general properties of NUS described above have important implications for
designing appropriate breeding strategies for NUS. These refer to the broader con-
text and the importance of diversity in this regard, as well as to the availability of
scientific information.

2.1.3.1 Understanding the Context

As stated earlier, NUS are often associated with traditional, low-external-input,
farming systems, in which they serve multiple purposes. Farmers manage these
low-external-input farming systems based on observations of complex factors they
basically cannot control. These factors are the result of the high temporal and spatial
variability of environmental conditions paired with unfavorable socioeconomic cir-
cumstances. In contrast, farmers operating in high-input systems aim at controlling
such environmental factors, such as by applying irrigation, fertilizers or pesticides
(Kaufmann et al. 2013).

In order to develop breeding strategies for NUS, basic insights into the ecologi-
cal, economic and social context are thus necessary to understand how plant breed-
ing could effectively contribute to the farmers’ own capacity to manage and improve
low-external-input farming systems in a sustainable way.

Moreover, the multi-functionality of NUS in low-external-input farming systems
needs to be carefully explored. It is not only harvestable yield, but also postharvest
traits, non-food uses, market access, consumer preferences and cultural aspects that
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all need to be taken into consideration. By striving to achieve a deeper understand-
ing of these multi-functional aspects, the risk of improving certain traits simply at
the expense of other, less obvious but still important ones, can be reduced. Moreover,
these insights could help breeders identify and address trade-offs between different
competing objectives and suggest new, additional options that complement the
existing ones.

2.1.3.2 Understanding the Links Between Diversity and Adaptation

For many NUS, a high level of diversity may exist on geographically small scales
(e.g. various local landraces). Furthermore, the genetic diversity within these local
varieties also tends to be high. Experience shows that farmers working under low-
external-input conditions often rely on this diversity as an important means of adap-
tation to adverse and variable climatic conditions, thus improving the resilience of
their farming system. For example, farmers flexibly adapt the variety choice, the
proportion of different varieties sown, and seed mixtures to the time of sowing and
the soil conditions.

Decision rules farmers use in such situations were described, for example, by
Werner et al. (2010) for Fulani pastoralists’ choice of millet varieties in the Mopti
region of Mali. Their choice as to which variety to sow on which area is based on
several criteria, including the stock available in the household, the date of onset of
rains, the availability of field preparation tools and the experience of past years
(Kaufmann et al. 2013). This means that farmers working under low-input condi-
tions often require a range of varieties with complementary traits; serving this need,
and developing appropriate schemes for testing and evaluation, is not normally the
focus of formal breeding programs.

In recent years, the diversity within varieties has been increasingly understood as
an important mechanism for adaptation to adverse and unpredictable climatic con-
ditions. Considering how individual plants and plant populations cope with unpre-
dictable climatic conditions is essential for effectively breeding for yield stability
under such conditions (Haussmann et al. 2012). Important pathways to yield stabil-
ity include (1) phenotypic plasticity, meaning that individual plants show a plastic
response to environmental conditions, e.g. developing fewer tillers in stress condi-
tions and more under favorable conditions; (2) population buffering, which means
diversity exists within a variety for key traits, such as flowering dates, resulting in
only a portion of plants being susceptible to stress at a given time or place, and all
remaining plants able to escape the adverse conditions; and (3) adaptive traits,
directly conferring tolerance or resistance to stresses arising due to climatic varia-
tion, such as flooding, drought, or pests and diseases. Thus, by using local landraces
as breeding partners, and by breeding variety types that allow a high level of diver-
sity to be maintained, breeding strategies for NUS can actively build on diversity
rather than reducing or replacing it.
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2.1.3.3 Understanding and Valuing Practitioners’ Knowledge

Farmers and farming communities have developed, maintained and improved crop
diversity over a long time. Experts, such as plant breeders and genetic resources
conservation specialists, are historically rather new actors in this field, which is even
more the case for most NUS. Scientific knowledge may not be easily available for
many issues relating to NUS, and that is why involving practitioners in a breeding
program can be of great value.

However, important differences may exist in the ways that scientists and practi-
tioners create, understand and evaluate knowledge. For example, practitioners tend
to observe the performance of items under variable real life conditions at one loca-
tion over many years. They make their observations while farming, and in most
cases their observations are restricted to what can be observed by using one’s senses.
Scientists, in contrast, tend to reduce variability in their trial designs and observe
small samples over short periods, but across different locations, and often with the
help of highly-sophisticated instruments and evaluation methods that open up new
possibilities for observation (Hoffmann et al. 2007).

Hence, in breeding programs, farmers can not only share views and observations
in interviews but also contribute knowledge embedded in local varieties, or selec-
tion skills that follow their own ways of observation. Plant breeders, in contrast,
have access to new breeding material and can make use of contemporary breeding
techniques (such as molecular marker-assisted selection), if appropriate. By uniting
the expertise of both, new paths can be followed. Targeted Allele Introgression is a
practical approach in this direction which could also be relevant for NUS. It was
developed at the International Maize and Wheat Improvement Center (CIMMYT),
Mexico, in order to provide small-scale farmers with maize that better corresponds
to their own local maize varieties, yet also expresses additional traits desired by
farmers, but not currently accessible. In order to add these traits to farmers’ local
maize varieties, maize populations containing the desired traits were identified for
crossing with farmers’ varieties (Badstue et al. 2012). Understanding and valuing
the different contributions of scientists and practitioners could thus be an important
entry point for fruitful collaboration between farmers and plant breeders in breeding
programs focusing on NUS.

2.2 Design Principles for Breeding Strategies Focusing
on NUS

In this section, we propose three key elements or design principles for breeding
strategies focusing on NUS: contextualization, decentralization and collaboration.
Each of these design principles will be briefly described in the following
subsections.
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2.2.1 Contextualization

Recalling the abovementioned properties of NUS, and the implications for breeding
programs, it is obvious that careful diagnostic work will be necessary to improve
understanding of the context. This requires approaches and tools for assessment that
are not normally applied in breeding programs.

Besides borrowing expertise from other scientific disciplines, e.g. for socioeco-
nomic assessments, a large number of tools has been suggested and described in
manuals that facilitate dialogue between farmers and scientists (see, for example,
Christinck et al. 2005; CIP-UPWARD 2003; Sthapit et al. 2006). By applying them
systematically, a joint understanding can be achieved of the broader context and the
ways that farmers use agrobiodiversity. These include classification, mapping, scor-
ing and ranking exercises adapted to the context of natural resource and agrobiodi-
versity management and breeding, as well as analytic and strategic planning tools,
such as SWOT analysis or scenario work.

Studying and screening local germplasm can also be a way to learn about the
context in a very hands-on approach. As a result of local cultivation, use and selec-
tion practices, knowledge relating to environmental adaptation, postharvest pro-
cessing and nutrition requirements may be embedded in the local varieties, and can
be made explicit by joint evaluation work. The same applies to evaluating exotic
germplasm for new agronomic and potentially commercially valuable traits that are
not yet known to farmers.

Furthermore, diagnostic studies on seed systems are necessary, as formal seed
systems for NUS are usually absent or underdeveloped. Seed of NUS is usually
saved from the farmer’s harvest or disseminated via social networks. Informal
seed systems are often efficient in maintaining traditional landraces and securing
farmers’ basic requirements for seed, but may be less so for the dissemination of
new varieties. First, because maintaining the variety identity may not be possible
under farmers’ management without additional measures being taken (depending
on the crop and variety type); and second, because social networks may not be
extensive enough to allow seed to travel rapidly over large distances, and across
social groups. This means that strategic planning is not only required for the
breeding process itself, but also for seed production and dissemination of newly
developed varieties.

2.2.2 Decentralization

Given the often limited areas of distribution, along with highly diverse environmen-
tal conditions as well as preferences and needs of farmers and consumers, decentral-
izing the breeding process appears to be a promising option for breeding strategies
focusing on NUS.
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A method known as evolutionary plant breeding has been proposed since the
1950s (Suneson 1956). In this approach, landraces, populations or lines of differ-
ent origins are assembled and bulked to enhance spontaneous or facilitated cross-
pollination, resulting in diversified composite populations. Over several
generations, the resulting progenies are propagated in bulk and can be subjected
to natural and human selection under various agro-ecological conditions. If such
evolutionary populations are allowed to evolve in different target environments,
they can adapt to new agronomic techniques, new uses and eventually new cli-
mates (Ceccarelli 2009). Depending on the intensity of human selection applied,
either diverse populations can be maintained, or lines can be derived and tested as
pure lines where found appropriate (Ceccarelli 2014). In recent years, this
approach has awakened new interest from researchers involved in breeding for
organic farming, low-input conditions and NUS (Ddéring et al. 2011; Galluzzi
et al. 2014; Murphy et al. 2005).

Decentralized selection, defined as selection in target environments, was first
used as a term by Simmonds (1984). It aims at improving performance of variet-
ies in specific environments, rather than the mean performance across different
environments. In the past two decades, decentralized selection has been more
systematically conceptualized with a view to improving selection gains for mar-
ginal, low-input farming systems (Ceccarelli et al. 1996; Cooper et al. 1996).
These researchers came to the conclusion that selection and testing of varieties
for marginal production conditions and resource-poor farmers should be carried
out more intensively in the target environments, that is, in farmers’ fields. By
identifying the best genotypes for the respective target environment, the interac-
tion between plant populations and specific environmental conditions (GxE
interaction) can be positively exploited. This concept is now largely accepted, for
which methodology descriptions and practical examples are available
(Annichiarico 2009; Ceccarelli 2012; Ceccarelli et al. 2000; Chapman et al.
2002, 2003; Dawson et al. 2008).

Innovative trial designs, and advances in methods for statistical data analysis
focusing on the objectives of decentralized and participatory research designs,
helped support the approach (Barahona and Levy 2002; Bellon and Reeves
2002). In particular, the mother and baby (mé&b) trial design has become widely
accepted and applied, as it provides the possibility to test and statistically evalu-
ate subsets (baby trials) of a main set of entries (mother trial) at various locations
(Snapp 2002).

Decentralization can thus be applied not only for optimizing selection, but also
as a more general design principle for breeding programs. It allows evaluation of a
relatively large number of lines at different locations under farmer management. A
well-documented example is the decentralized barley breeding program of
ICARDA, implemented in Syria since 1991 (Ceccarelli et al. 2013a). Breeding proj-
ects for NUS could build on existing experience, taking into account the specific
context and objectives of each individual project.
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2.2.3 Collaboration

As stated earlier, plant breeding for NUS can be part of a broader strategy to pro-
mote NUS, one that should also rely on awareness and capacity building, marketing
and policy development. This broader strategy could be denominated a holistic
value chain development strategy, as tested and documented by Padulosi et al.
(2014). Depending on the goals of each individual initiative and the existing poten-
tials and constraints, multiple stakeholders, including farmers, farmer organiza-
tions, researchers, NGO staff, commercial enterprises and government agencies,
may all be involved.

Participatory Plant Breeding (PPB) is a proven concept focusing on the collabo-
ration between farmers and plant breeders. Its original aims were to better target the
needs of resource-poor farmers, increasing the level of biodiversity in farmers’
fields, increasing both research efficiency and farmer empowerment (Weltzien et al.
2003). It is grounded in the broader context of participatory research, learning and
action concepts; the basic idea is that by integrating complementary knowledge and
skills, and applying them for shared goals, progress can be achieved more effi-
ciently than by each partner alone (Hoffmann et al. 2007). Ashby and Lilja (2004)
drew attention to distinguishing functional and empowering participation: func-
tional participation addresses the objective of improving the efficiency of research
processes by involving prospective users of the results. They tend, however, to leave
the balance of power for decision-making in the research essentially unchanged: i.e.
researchers make most of the critically important decisions. Empowering participa-
tion, in contrast, changes the balance of power in decision-making in the research
process, usually by giving users a more important role in key decisions about the
end product, as well as in how the research is carried out. In practice, both aspects
are present in participatory plant breeding projects to varying degrees. Successful
examples of such forms of collaboration have been reported from a number of crops
and geographical regions, and in some cases with impact on a relatively broad scale
(see, for example, Conroy et al. 2009; Humphries et al. 2005; Mustafa et al. 2006)

Other stakeholders, beyond farmers and plant breeders, have been involved occa-
sionally, but scientific documentation is scarce. In some cases, not only researchers
and farmers, but also their market partners were involved, for example where the
process aimed at developing new products and value chains. Recently, collaborative
multi-stakeholder platforms were applied as a tool to bridge the gap between supply
and demand and integrate stakeholders into an organized and functional value chain
in a project focusing on underutilized native chili pepper (Capsicum spp.) varieties
in Bolivia and Peru (Jager et al. in prep.).

The project aimed, inter alia, at developing commercial, institutional and techno-
logical innovations that help reduce transaction cost, create trust and capture valu-
able market opportunities based on commercially valuable traits identified in the
collections assembled in both countries. Towards this end, gene banks, small-scale
producers and farmers’ associations, processors, national research institutes, foun-
dations, private companies, international research and development organizations,

mrivas @fagro.edu.uy



36 A. Camacho-Henriquez et al.

government officials, restaurant chefs and their respective associations, national and
international universities, and donors were brought together to jointly identify exist-
ing bottlenecks along the chain and to develop enhanced strategies.

As an important outcome, 39 promising accessions identified by the project in
Peru were officially adopted by the Horticulture Plant Breeding Program at INIA in
order to obtain elite varieties in the future. Selection aimed at balancing two main
criteria: (1) market opportunities based on promising commercially valuable traits
identified; and (2) optimal representation of diversity present in the national
Capsicum collection.

To summarize, breeding strategies for NUS can benefit from the experience
gained with collaboration in PPB programs, but will require expanding the concept
towards collaborative learning and collective action involving multiple stakeholders
operating at various levels of value chains to address the specific challenges associ-
ated with NUS.

2.3 Examples of Successful Case Studies

In this section, we present four case studies focusing on different objectives, species
and geographical regions. Furthermore, the examples demonstrate how breeding
programs for specific NUS can relate to the socio-cultural, ecological and economic
context, and how decentralization and collaboration can be realized in breeding
programs at different scales and in different institutional settings.

2.3.1 Breeding Sorghum and Pearl Millet for Improved
Productivity under Conditions of Climate Variability
and Change in West Africa

2.3.1.1 Background and Objectives

Pearl millet (Pennisetum glaucum) and sorghum (Sorghum bicolor) are the most
important staple crops cultivated under rainfed conditions in the dryland areas of
West Africa, and are thus most important for food security in the region. However,
breeding progress has remained limited for these crops in the past, and farmers’
adoption of newly bred varieties, particularly those representing plant types different
from the local guinea landraces, was low. If farmers adopted new varieties, these
were mostly purified guinea-race sorghum landraces selected from local materials.
They gave little yield advantages and mainly provided slightly earlier maturity
(Weltzien et al. 2006).

Semiarid and sub-humid regions of West Africa are characterized by highly vari-
able climatic conditions, with soil fertility and rainfall being the most important
factors influencing crop yields. Variability of rainfall between years has always
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been high, and this applies to the total amount of rainfall as well as to its distribu-
tion. The beginning of the rainy season is extremely variable and unpredictable,
whereas the end of the season tends to be slightly more stable. Both drought condi-
tions and excess of rainfall, including flooding of fields, are commonly experienced
by West African farmers. Thus, the uncertainty of climatic conditions is an impor-
tant factor shaping the options available and the choices made by farmers
(Haussmann et al. 2012). These factors have important consequences for setting
breeding priorities and developing crop improvement strategies that favor adapta-
tion to marginal farming systems under conditions of climate variability and change.

Decentralized, farmer participatory breeding work was initiated in the region by
plant breeders from the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT) Regional Hub in Bamako, Mali. From the outset, diagnostic
studies accompanied the practical breeding and variety evaluation activities, in
order to better understand the specific constraints under which farmers in the target
area work. Over the years, the work has evolved and now includes pre-breeding,
breeding and variety evaluation as well as seed production activities in Mali, Niger
and Burkina Faso, in cooperation with the national breeding programs of all three
countries, and farmer organizations.

2.3.1.2 Collecting and Characterization of Breeding Material

For plant breeding to be successful, it is essential that suitable genetic variation
exists for relevant traits and trait combinations, including sources of resistance, so
that gains from selection can be achieved. By the scientists of this program, it was
thus understood as a specific long-term task to conserve, evaluate and develop fur-
ther the adapted diversity available in a region in order to secure sustainable breed-
ing progress in the future. Studying the adaptation mechanisms of landraces to the
highly variable climatic conditions has become an important element of research.

Some years ago, plant breeders and farmers jointly developed the dynamic gene
pool management approach. By crossing genetically and/or geographically diverse
material, new broad-based populations were created. Small seed lots of these base
populations are distributed to the participating farmers in contrasting sites of vari-
ous target regions. Natural as well as farmer selection lead to the formation of sub-
populations, which provide excellent sources of variation for specific adaptive traits,
while also ensuring that the farmers’ agronomic and quality requirements are met.
Through periodic recombination of selected materials, new trait combinations can
occur. The sub-populations can be used for the development of contrasting varieties
with differing adaptive capacities or specific traits (Haussmann et al. 2012).

This approach takes up the concept of evolutionary breeding described in
Sect. 2.2; it is more difficult to apply in sorghum, which is basically a self-pollinating
crop. Here, a certain proportion of male sterile lines can be mixed into the seed lots,
so that crosses occur on these plants. In pearl millet, however, cross pollination
occurs spontaneously.
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The dynamic gene pool management approach thus offers opportunities to cre-
atively manage and use genetic diversity for farmers and breeders alike. It is also an
option for linking in situ management of plant genetic resources with ex situ conser-
vation; ex situ conserved germplasm can periodically be grown in farmers’ fields
under the local climatic and management conditions in order to maintain its adap-
tive capacities.

2.3.1.3 Breeding Process and Outcomes

The breeding and variety evaluation follows a decentralized and participatory
approach. Farmers participate in all stages of the breeding program, but the partici-
patory variety evaluation trials are at the core of the program’s activities. In partici-
pating villages, farmers can observe the growth of a set of 32 test populations,
managed on 2 sites of the village by 2 farmers, and grown with 2 replications per
site. This work at the village level is supported by a farmer organization, with a
technical adviser being paid for by the breeding program. The evaluation workshops
use participatory methods, as described by Weltzien et al. (2005) (see Fig. 2.1).
Interested farmers can then grow a subset of 3-5 test populations in their own fields
for further evaluation.

Fig. 2.1 Farmers in Mali evaluate a set of sorghum test cultivars (Source: E. Weltzien/ICRISAT)
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Following this pattern, promising populations are being grown and tested in the
target environments and subjected to key local management practices. Postharvest,
processing and food quality traits are part of the evaluation. Farmers get exposed to
the materials the plant breeders are working with, experience it themselves, provide
feedback and select for further testing, evaluation and variety registration, as well as
for further use in breeding.

The result of 10 years of developing and institutionalizing the approach is that
newly developed test varieties are continuously being offered to farmers through the
variety evaluation trials. Improved varieties based on local guinea landraces show
modest yield superiority over common landraces, but are preferred and adopted by
farmers due to other advantages, e.g. early maturity of food quality. Very promising
with regard to yield are hybrids based on landraces. These show on-farm grain yield
superiority of 17-37 % over a landrace check, with the three top yielding hybrids
showing 30 % yield advantages across productivity levels. With absolute average
yield advantages ranging from 380 kg/ha under lower to 660 kg/ha under higher
productivity conditions, this yield progress could really make a difference with
regard to food access and income (Rattunde et al. 2013).

2.3.1.4 Link to Seed Systems

In large parts of Africa, commercial seed markets are poorly developed, with hybrids
of maize and some cash crops (e.g. cotton) being important exceptions. Hence, the
majority of farmers use sorghum and pearl millet seed from their own production,
or obtain it through their informal social networks. Experience from Mali shows
that the local seed systems provide good quality seed of local landraces, but diffu-
sion of improved varieties is slow (Siart 2008). Therefore, a way for seed of newly
developed varieties to be made accessible to farmers needs to be considered and
addressed by the breeding program.

Seed fairs, farmer-managed seed production, and marketing by emerging private
seed enterprises were options explored in this project, and all show promise for
improving access to new, improved varieties preferred by farmers. They need, how-
ever, financial, technical and organizational support to become effective. With pri-
vate seed companies covering only part of the farmers’ seed requirements, plant
breeders in this project linked up with existing farmer cooperatives for the produc-
tion and dissemination of seed.

The starting point is the participatory variety evaluation, through which the farm-
ers know the range of varieties offered by the breeding program and how they may
complement the existing (local) portfolio of varieties. They can decide which of
these varieties they consider worthwhile for seed production and dissemination.
Seed production and commercialization schemes were developed together with
breeders, farmer organizations and national seed services (see vom Brocke et al.
2011, describing the process in Burkina Faso). The number of farmer organizations
producing seed has expanded and seed production has flourished. In Burkina Faso,
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for example, production increased from 2.55 mt produced by 10 groups in 2006, to
51.63 mt produced by 26 groups in 2009 (vom Brocke et al. 2012).

The decentralized production and marketing of certified seed through farmer
organizations has evolved over the last years, with several approaches for commu-
nication and marketing being tested at various scales, including cooperation with
mass media (radio) and mobile seed shops on motor cycles. A mini-pack approach,
distributing small quantities of seed for testing purpose, has shown promise for
enabling the customers to observe new varieties in their own fields with minimal
risk.

2.3.1.5 Link to Value Chains

Sorghum and pearl millet are staple food crops, and farmers generally keep the
harvest for their own consumption and sell the surplus as grain. Marketing takes
place locally or via the same farmer organizations that are involved in the seed pro-
duction. Grain prices have remained high since 2008, so that selling grain is attrac-
tive for farmers. Even though initial trials selling processed products such as flour
or couscous have been made by some farmer groups, building up value chains for
processed food has not been a focus of the program so far.

2.3.1.6 Outlook

The main motivation for the breeders involved in this project is developing varieties
that suit farmers various needs, and thereby increasing the options farmers have to
cope with variable and changing conditions. Thus, the main foci are on breeding
varieties that are adapted to climate variability, poor soil fertility, particularly low
phosphorus availability and with improved nutritional quality.

Previous diagnostic work revealed that the fertility status of women’s fields is
often particularly poor. Even though local sorghum landraces are generally adapted
to low soil fertility, variability exists that can be made use of by targeted selection
(Leiser et al. 2012). Moreover, women and their young children are the most vulner-
able groups with regard to nutrition deficiencies in rural West Africa. This is why
there is ongoing work on breeding biofortified varieties with higher iron content
linked to other activities aiming to develop improved methods for postharvest pro-
cessing and to increase nutritional knowledge.

Progress towards commercial sustainability of the seed production and market-
ing activities will be the other major challenge in the years to come. Towards this
end, developing a strong vision will be required among the stakeholders for a seed
market addressing farmer needs and farmer co-operatives as important players
(Diakité et al. 2008; Kaboré et al. 2010).
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2.3.2 Decentralized Breeding and Participatory Varietal
Selection for Climate Change Adaptation Using Potato

2.3.2.1 Background and Objectives

Quechua and Aymara farmers practicing agriculture above 3800 m elevation in the
high Andes are particularly hard-hit by climate change as a consequence of increas-
ingly frequent and extreme unseasonal weather events (hail, frosts, drought) and the
upward expansion of pests and diseases formerly a problem only at lower eleva-
tions, including potato blight (Phytophthora infestans) and potato moth (Phthorimaea
operculella) (Giraldo et al. 2010; Kroschel et al. 2013; Perez et al. 2010). Households
in the high Andes depend on the potato as a staple food and typically grow both
landraces and bred varieties in different spatial compositions (De Haan and Juarez
2010).

Even though potato is the world’s major non-cereal food crop (FAO 2008) and
might not be considered a NUS sensu stricto, it is well known that globally it has a
narrow genetic base involving predominantly one out of multiple domesticated
species (Hawkes 1979; Wang 2011). The long-day adapted Solanum tuberosum ssp.
tuberosum is commonly used by global breeding programs, deriving from an
original gene pool of about 200 landraces of Chilean origin. However, the Andean
gene pool, which includes diploid to pentaploid forms, can be considered underuti-
lized in global crop improvement. The International Potato Center (CIP) has devel-
oped several breeding populations based on Andean species, including the
Phytophthora infestans-resistant B1C5 population based on pure tetraploid Solanum
tuberosum ssp. andigena crosses and primarily selected for yield, culinary quality
and diversity in shape and skin color. These populations are used in decentralized
and participatory selection with small-scale farmers in the high Andes.

2.3.2.2 Collecting and Characterization of Breeding Material

Solanum tuberosum ssp. andigena is extremely rich in intraspecific diversity
compared with all the other potato (sub)species. Initially more than 2000 landraces
were screened for Phytophthora infestans resistance in intentional exposure trials.
As a result, 57 potato landraces with high levels of P. infestans resistance were
selected and subsequently crossed among themselves. The best clones, based on
recurrent selection for resistance, uniformity and yield, were prioritized for further
crosses during five cycles (B1CO to B1C4). Cycles B1CO to B1C3 were selected
under late blight exposure in the highlands of Ecuador, and from cycle B1C4
onwards the process was continued in Peru.

In 1999 CIP breeders made the first crosses to develop the so-called B1C5 popu-
lation based on a pure Solanum tuberosum ssp. andigena pedigree. The population
was initially screened and evaluated under intentional exposure trials in multiple
environments so as to determine performance and stability. A diverse set of 110
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advanced clones was subsequently proposed and made available for decentralized
participatory selection throughout Peru. These clones maintained many of the char-
acteristics of their original landrace parents, including strong skin colors, diverse
shapes and culinary quality. Yet, they also showed enhanced traits such as
Phytophthora infestans resistance, high yields under low-external-input use, yield
stability in extreme environments, relative earliness (120 instead of 180 days),
among other characteristics.

2.3.2.3 Breeding Process and Outcomes

After the formal breeding process and within 3 years after crosses were made,
diverse sets of 20—30 advanced clones were distributed for decentralized participa-
tory selection in remote highland communities, based on demand. Consortia con-
sisting of farmer communities, municipalities, NGOs, universities and Peru’s
national potato program (INIA) were formed. Coordinating members of each con-
sortium were trained in the mé&b trial design adapted for potato (Fonseca et al.
2011). This methodology allows for structural, bottom-up and on-farm selection of
diverse clones under recommended management (mother trials) and under prevail-
ing farmer practices (baby trials).

Evaluations are conducted at flowering, harvest and postharvest stages. Farmer
selection criteria at each of the three stages are free-listed and subsequently priori-
tized through weighted ranking exercises using seeds (maize kernels for women and
beans for men). At flowering and harvest stage, the three preferred clones are indi-
vidually ranked by each participant by depositing grains in closed containers posi-
tioned in the center of each replicate plot.

Furthermore, at harvest stage the following exercises are conducted: (i) standard
evaluation of yield (weight, number of tubers), (ii) sensory evaluation (appearance,
texture and taste) and (iii) sharing and discussion of results with all farmers present.
Figure 2.2 shows a group of women farmers evaluating test clones for sensory qual-
ity. Participatory postharvest selection involves storage evaluation (weight loss, dor-
mancy, sprouting behavior) and semi-structured surveys with users (consumers or
processors). The adapted m&b trial design is gender sensitive, easily applied with
illiterate participants, and clearly differentiates between recommended and farmer
management practices. To date, four so-called novo-andigena varieties have been
officially released as a result (De Haan and Bastos 2012): Pallay Poncho (INIA 311,
2007, Cusco region), Puca Lliclla (INIA 312, 2007, Cusco region), Altiplano (INIA
317, 2010, Puno region) and Kawsay (INIA 321, 2013, Huancavelica region).

2.3.2.4 Link to Seed Systems
Peru’s potato seed system is predominantly informal and farmer-based. INIA’s

national potato program typically offers certified seed shortly after official variety
releases. However, the volume of formal tubers seed is usually limited. Furthermore,
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Fig. 2.2 Women farmers evaluate test clones of potatoes for sensory quality (Source: S. de Haan/
CIP)

smallholders can rarely afford the high prices of tuber seed resulting from the costly
in vitro >>greenhouse >>open field production pipeline. Therefore, decentralized
participatory selection has generally relied on the relative strengths of informal seed
systems in the Andes, such as acceptable quality, efficient farmer-to-farmer
diffusion, guarantees based on trust, and accessibility to the poor and remote (Thiele
1999). Some of the consortia have promoted adapted practices within the framework
of farmer seed systems, e.g. roguing and positive selection.

2.3.2.5 Link to Value Chains

Farmers from the highland communities where novo-Andigena varieties were
selected have generally taken advantage of early access and local tuber seed stocks
to set-up small-scale businesses that serve regional demand for seed and consump-
tion potatoes.
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2.3.2.6 Outlook

Contradictions between formal variety release procedures and decentralized partici-
patory selection pose a real challenge to actors involved in rural development in
farmer communities in centers of crop origin. Formal release procedures commonly
require trials on relatively large areas that surpass small-scale farmer capacity.
Furthermore, formal procedures typically only allow for the release of a single new
variety while farmers participating in decentralized selection frequently prefer a
combination or mixture.

Sometimes this can be resolved. For example, in the case study of a Solanum
tuberosum ssp. andigena participatory selection process in southern Peru, male and
female farmers had different preferences; after communication of research results to
INIA’s variety release committee it was decided to release two varieties (Pallay
Poncho and Puca Lliclla). However, such processes require mediation.

Farmers in the communities and direct vicinity where novo-andigena cultivars
were released now enjoy higher levels of food security compared with the initial
situation. Initial impact studies by CIP have shown high rates of adoption. The
decentralized participatory selection process has added diversity to prevailing vari-
ety portfolios and thereby increased options for farmers. Currently, CIP is expand-
ing the application of decentralized participatory selection of Andean-type
biofortified clones and the m&b trials design to poverty pockets in Bangladesh,
Nepal and Bhutan.

2.3.3 Conservation Breeding: Promoting the Conservation
and Use of Underutilized Andean Crops by Enhancing
Yield Potential and Seed Flow

2.3.3.1 Background and Objectives

Peru is one of the world’s ten mega-diverse countries, hosting a rich diversity of
ecosystems, plant and animal species and crops. A major part of the population,
especially that living in rural areas, depends on the use of local biodiversity and the
ecosystem services it supplies, e.g. in terms of water supply and soil fertility. Many
of Peru’s native crops, some of which are shared with other Andean countries, have
a strong significance in local culture and traditions, being used as food, or for
healing or ritual purposes. Among the species originating from the Andean region
are tubers, pseudo-cereals, vegetables and fruit species; some of these are today
relatively underutilized for a number of reasons, including poor productivity,
especially in marginal agricultural areas and the consequent tendency to abandon
their cultivation (Pastor et al. 2008).

In2010, numerous activities organized in the frame of the UN Year of Biodiversity
significantly contributed to focusing attention on the country’s rich agricultural
heritage; opportunities and practical steps forward to improve it conservation and
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sustainable use were discussed in the forum Aprovechando la Agrobiodiversidad
del Perd [Making the most of Peru’s Agrobiodiversity], organized jointly by the
Ministries of Environment and Agriculture, INIA and Bioversity International.

Here, a breeding program targeting some of Peru’s underutilized crops was dis-
cussed and implemented in four marginal mountain areas of the country (Ayacucho,
Cusco, Junin and Puno). The methodological approach derived from an earlier, suc-
cessful experience carried out in maize (Oscanoa et al. 2004; Sevilla 2008). The
method, termed conservation breeding (mejoramiento conservativo in Spanish),
combines elements of evolutionary and participatory breeding, thus laying empha-
sis on maximizing the use of crop biodiversity and the incorporation of local farm-
ers’ preferences and needs. Five focus crops were prioritized for an initial pilot
phase of the program, based on a combined assessment of their relevance for local
farming systems, their potential for strengthening local food security and liveli-
hoods, and the existence of previous or on-going research in INIA’s decentralized
research stations.

The five focus crops were the pseudo-cereals quinoa (Chenopodium quinoa),
caiiihua (Chenopodium pallidicaule) and amaranth (Amarantus caudatus), Andean
lupin or tarwi (Lupinus mutabilis) and popping varieties of common bean (locally
called frijol fiuiia). Figure 2.3 shows an amaranth field in the Andes.

Notwithstanding their increasing tendency towards being abandoned in cultiva-
tion, a number of local landraces continue to exist in the target areas. However,

Fig. 2.3 Amaranth field in the Andes (Source: S. Padulosi/Bioversity International)
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intra-specific diversity available to individual farmers has been decreasing as a
result of reduced planting areas and limited seed flow, thus leading to reduced yield
potential and variability for important adaptive traits.

The aim of the breeding effort was to re-introduce diversity from other farmers
in the area, hoping to enhance yields, enable improved adaptation to environmental
variability, and hopefully identify types with improved nutritional quality or other
use-related important traits. The breeding methodology was developed for all five
focus crops, although early results have only been collated for quinoa and amaranth
so far (Galluzzi et al. 2014).

2.3.3.2 Collecting and Characterization of Breeding Material

The first phase of the conservation breeding approach focuses on collecting germ-
plasm of each species in the target regions in order to capture a representative sam-
ple of the existing diversity, including those alleles that occur at lower frequencies.
Based on theoretical considerations, and given the predominantly self-pollinating
nature of the target species, the decision was taken to collect approximately 100
seeds for each landrace in each of the target regions. The sources included farmers’
fields, grain stocks and local grain markets.

Upon collection, the material received preliminary characterization and was
grouped based on morphological traits, taking farmer classifications into consider-
ation. The collections were then sown at INIA’s experimental stations (one in each
target region) and the standing crop again characterized in order to either confirm or
re-define the groups.

Collecting, characterizing and evaluating crop genetic resources are key steps
not only for carefully identifying the material for the subsequent breeding cycles,
but also for establishing a baseline status for the species’ on-farm conservation in a
defined region, allowing for future assessments and monitoring of genetic erosion
(Padulosi and Dulloo 2012).

2.3.3.3 Breeding Process and Outcomes

Equal numbers of seed (around 100) from each identified group were pooled and
sown together in INIA’s stations, to allow for spontaneous recombination and to
obtain a composite population for each landrace. The composites for each landrace
were then subjected to several more cycles of spontaneous within-composite recom-
bination and selection. The theoretical background is that composite populations
contain more diversity than any population harvested from single farmer’s fields,
and thus offers more potential for achieving gains from selection.

After the first recombination cycle, at the time of flowering, any damaged or
diseased inflorescence was eliminated, and at harvesting time seed was selected
from the most representative plants, i.e. those which best expressed the key morpho-
logical traits of their racial group, according to what was reported by farmers and
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observed during collection. The harvested seed was then made available to inter-
ested farmers for further recombination and selection cycles in their fields, assisted
by INIA technicians. For these recombination cycles, the composite was sown
flanked by a pollinating population consisting of a mixture of seeds from the best
performing 20 % of individual plants identified within the composite in the previous
cycle. This procedure was repeated over several cycles.

Initial results show that, over 2 or 3 cycles, consistent yield improvements were
observed in both quinoa and amaranth, for which preliminary results are available.
After 2 years, the yield gains of 24 quinoa and 14 amaranth composites tested in
Ayacucho were 8.75 % and 8.17 %, respectively; for the quinoa landraces Negras
and Chullpi in the Puno region, yield gains of 11.3 % and 10.4 %, respectively, were
observed over three cycles. These gains are measured against the average of the
original composite.

Longer-term benefits with regard to yield stability are expected, but need obser-
vation and analyses over more cycles. An early characterization of the nutritional
profile of the composites revealed high protein, fat and mineral (Fe, Ca) content
compared with other staple crops, in line with the values reported in scientific litera-
ture for these Andean grains. To consistently enhance and stabilize nutrition-relevant
traits, however, a more targeted breeding approach may be needed in the future.

2.3.3.4 Link to Seed Systems

In the course of the project, farmers were trained in seed selection, multiplication
and storage practices, in order to make high quality seed of the gradually improved
composites available in their communities.

This form of farmer-based multiplication of the materials derived from each
selection cycle is an important contribution to strengthening informal or local seed
systems and fostering diffusion of gradually improved materials, thus immediately
enhancing the impact of the breeding program. Moreover, improving the seed-flow
can also be a measure to maintain the circulation of diversity among farmers, and
thus supporting continued in situ conservation and counterbalancing the effects of
genetic drift.

Making available the seed of improved varieties beyond the immediate partici-
pants and their communities will require a broader effort in the future, and is indeed
one of the major technical and organizational bottlenecks in most participatory
breeding programs. As in most other countries, formal requirements exist in Peru
for variety registration and seed certification. However, under the common-seed cat-
egory, seed can be distributed with minimal registration requirements (as long as
certain basic quality standards are fulfilled), providing a potential opening for dis-
semination of PPB-derived varieties. Were the breeding effort to be expanded fur-
ther, possibly more appropriate schemes for registration, certification and distribution
of local genetic materials would need to be explored, taking issues such as benefit
sharing and farmers’ rights into account.
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2.3.3.5 Link to Value Chains

In Peru, marketing options and value chains exist for quinoa and amaranth, both
in local as well as (to some degree) in international markets. The focus of the con-
servation breeding project for the moment has been to improve the performance and
competitiveness of the Andean grains at local levels, so that they remain an integral
part of local farming and food systems, and their genetic diversity is preserved
through sustainable use. However, the collection of the on-farm diversity and its
characterization offer important opportunities to identify interesting types for
agrobiodiversity-based value chain development (Kruijssen et al. 2009).

2.3.3.6 Outlook

Conservation breeding based on a combination of evolutionary and participatory
breeding practices is an interesting approach to rescuing genetic resources and
promoting the value of underutilized crops. It aims at reconciling agrobiodiversity
conservation and variety improvement, with farmers playing a key role in the
process.

Technical issues still need to be improved. Experts have observed a higher than
expected out-crossing rate in the target species described here, which are considered
predominantly inbreeding; more systematic determination of the extent of out-
crossing in the target species will be important, since the out-crossing rate deter-
mines the effectiveness of recombinations. This assessment could be greatly aided
by the application of molecular markers. The introduction of controlled crosses,
including training farmers to carry them out, could also be explored, as an option for
further enhancing recombination among desired types.

In addition to continuing the effort in the target crops described here, it would be
interesting to expand the conservation breeding approach to other underutilized
crops, by developing new protocols and exploring additional diversity hotspots in
the country, possibly linking the breeding effort with market and value chain devel-
opment, as additional incentives for farmers.

2.3.4 Kultursaat: Establishing Innovative Institutional
Structures and Partnerships to Support Farmer Breeding
and Add Value to Vegetable Crops

2.3.4.1 Background and Objectives
Kultursaat is a farmer-driven not-for-profit organization based in Germany. It was
founded in 1994 out of an existing informal group of biodynamic farmers and gar-

deners. Their joint concerns were that the varieties available for commercial vege-
table production, increasingly hybrids, were not well adapted to the conditions of
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organic farming systems, and were also found to be inferior in sensory quality com-
pared with open-pollinating varieties formerly used.

These organic farmers had started experimenting with developing breeding and
selection methods for various vegetable crops on their farms, and exchanged experi-
ences at regular meetings. However, in order to be able to work more effectively
towards maintaining and breeding open-pollinating varieties for organic vegetable
farming, they felt the need to create a legal entity to assume responsibility for
administrative work and fundraising, so that individual farmers could concentrate
on breeding, besides the normal work on their farms.

It is a constitutive element of Kultursaat that the associated breeders receive
funds from the organization to support their breeding work. In return, they commit
themselves to transfer their property rights to Kultursaat. By doing so, it is made
sure that the varieties developed serve the public good and are held in trust by
Kultursaat. The organization does not particularly focus on NUS, but aims to offer
varieties of a range of vegetable crops to commercial organic vegetable producers.
Hence, some less common species have been included in order to tap existing mar-
ket potential for niche crops.

One relatively well documented example is the parsnip project of Kultursaat.
Accessions from various sources had been assembled and preliminarily screened by
students of a vocational school and several farmer breeders over 6 years. Then the
organization successfully raised funds from a government scheme to promote
research and knowledge of organic farming for a project aiming to establish an
assortment of improved parsnip varieties and to develop further their breeding and
selection methodologies. This project was implemented between 2004 and 2006
(Bauer et al. 2006). Some activities were continued and further developed between
2006 and 2008 (Horneburg et al. 2009).

Parsnip (Pastinaca sativa) is a robust root vegetable suitable for storage that has
been traditionally consumed during the winter season in many parts of Europe. Wild
forms of the same species also play a role as fodder for livestock and wild animals.
Since the eighteenth century, it has increasingly been replaced by potatoes and car-
rots. However, it has a high content of micronutrients, particularly minerals, e.g.
potassium, calcium, magnesium and zinc, and vitamins such as vitamins K, C, E
and folate (USDA 2014). It further contains essential oils that are said to improve
immune defense, and the nitrate content is generally low. Due to its sweet taste and
soft consistency, it is sometimes used as baby food, and in other respects as soup
and salad vegetable, in cooked and raw form. However, only few consumers nowa-
days continue to have knowledge of the crop and its use. In Germany, it is found
mainly in organic food shops and at vegetable markets.

Many varieties have become heterogeneous, and seed of only one open-
pollinating variety (Halblange Weille) is widely available in Germany. Similar to
other varieties, it shows considerable variability with regard to sensory quality.
Single roots develop acerbic taste and a strong smell while cooking, which is per-
ceived as unpleasant by some people. This was found to be an important constraint
on wider use (Bauer et al. 2006). Parsnip is a biennial plant that is harvested for
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consumption after the first year, but requires storing and replanting of roots to har-
vest seed in the second year.

2.3.4.2 Collecting and Characterization of Breeding Material

Assembling the assortment of varieties and different proveniences was done over
several years and by several people. Some accessions were obtained from gene
banks and botanical associations in various European countries, and from other
breeders. The vast majority of these are no longer in commercial vegetable produc-
tion. The project could build on screening and initial breeding activities conducted
previously at four different locations. In the framework of the project, 71 prove-
nances of 21 varieties were screened and described systematically in the years
2004-2006.

2.3.4.3 Breeding Process and Outcomes

Ten promising accessions were grown at three locations in the first and fifth loca-
tions in the second and third years, with three replications each. These locations are
the farms of different farmer breeders associated with Kultursaat. The breeding
activities are generally embedded in the commercial organic vegetable production
of the farms. This means, for example, that fields are subjected to the usual crop
rotation pattern, and the same management measures.

Field observations were taken for assessing plant stand, vigor, disease incidence
and leaf morphology. At harvesting, the farmer breeders harvested all plants of a
plot and described them with regard to the shape of the roots and the characteristics
of the peel. Then all under- and oversized as well as blemished plants were removed
and leaves from remaining parsnip roots cut to determine the marketable yield. The
test for sensory quality included the traits of sweetness, aroma, consistency, color
and smell. Developing and improving the methodology for the sensory quality test
and some other methods was a major focus of the project, and was described in
detail by Bauer et al. (2006). Chemical assessment was done based on sub-samples
at the University of Kassel (see Fig. 2.4 for sampling method); these analyses
included dry matter and sugar contents, as well as nitrate and mineral contents.
After the storage period, a final test for sensory quality was again applied before
transplanting the selected roots to produce seed. The details of the breeding process
varied across farms; in general, selected roots were grown in isolation and seed
from these individual plants again sown and screened for the above-described traits.
In the last year, the best individuals of a variety were planted in groups to produce
seed (Bauer et al. 2006).

The results suggest that targeted selection can enhance sensory quality in many
cases. Yield and trait expression varied across locations and years. However, selec-
tions of five varieties were identified that combined good scores for sensory quality
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Fig. 2.4 Sampling parsnip roots for the sensory quality test (Source: B. Horneburg)

and acceptable yield levels across locations. Several other selections showed poten-
tial for specific purposes (Bauer et al. 2006).

2.3.4.4 Link to Seed Systems

For seed production and marketing, an independent seed company was established:
the Bingenheimer Saatgut AG. This company contracts organic farmers to multiply
seed of varieties bred by Kultursaat breeders, and of some other open-pollinating
varieties that are of interest for commercial organic vegetable farmers. The com-
pany is owned by shareholders, among them many of the Kultursaat breeders and
the seed producers (Kultursaat 2014). Currently, seed is available of three selected
and improved parsnip varieties, and can be ordered from an online shop: Aromata,
Halblange Weille and White Gem (Bingenheimer Saatgut AG 2014).

2.3.4.5 Link to Value Chains

The breeding activities were mainly linked to the farmers’ own marketing activities
via farm stores and vegetable markets. Linking up with other market partners was
not the focus of the project, but the documentation of quality parameters is regarded
as an important basis for establishing such links in the future. The improved parsnip
varieties offer new opportunities for use as processed baby food, to serve individual
dietary needs and more generally for marketing as health food (Bauer et al. 2006).
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2.3.4.6 Outlook

In the past 20 years Kultursaat and its partners have successfully established an
institutional structure for farmer-led vegetable breeding, including for variety regis-
tration, seed production and commercialization, which corresponds to the legal
framework for these activities in Germany and other European countries. Kultursaat
is successful in coordinating the breeding activities at several locations, and in rais-
ing funds for breeding and related costs. The organization could thus serve as a
model for developing new partnerships that support farmer breeding, including
NUS.

Kultursaat does not claim royalty fees but strives to develop innovative funding
instruments that aim at increasing awareness that not only farmers benefit from
breeding, but also all other market partners along the seed and food value chains.
The FAIR-BREEDING® partnership, for example, is based on voluntary contribu-
tions from some organic food traders. They have committed themselves to donate
0.3 % of their annual turnover from fruits and vegetables to Kultursaat for a period
of 10 years without claiming any rights. With the associated seed enterprise and two
others in Switzerland and Austria, a contribution to variety development, mainte-
nance and official fees was agreed upon under private law. Kultursaat further
receives funds from individuals, private foundations and government schemes.

The spread of the varieties, however, is still limited due to the lower yield level
of open-pollinating varieties compared with the hybrids commonly used. As vege-
tables are generally paid for by weight, lower yields reduce the income of farmers.
Even though consumers in Germany are used to paying a premium price for organi-
cally produced vegetables, it is not common to pay more for certain varieties.
Marketing vegetables under a variety denomination is not usual, so that consumer
awareness is generally low concerning the properties of different varieties. With the
sweet and aromatic carrot variety Rodelika, the flagship of Kultursaat, new market-
ing approaches are being explored, and other crops and varieties could follow (Fleck
2013).

2.4 Discussion and Further Research Needs

The case studies show how breeding strategies for NUS are contextualized and
develop different foci and priorities accordingly. In two case studies, adaptation to
climate variability and change, or harsh climatic conditions in general, were impor-
tant objectives (Sects. 3.1 and 3.2, above). In the other cases, broadening the genetic
base and improving agronomic and nutrition-related traits (Sect. 3.3), or improving
sensory quality to address obstacles relating to broader utilization (Sect. 3.4), were
the main targets. However, the case studies show that even though main objectives
varied between case studies, the range of traits evaluated was broader than in most
formal breeding programs. Food quality was, for example, an important aspect also
in case studies that did not particularly focus on it.
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In all case studies, assembling and screening genetic resources, conserved either
in situ or ex situ, provided the basis for the subsequent breeding activities, and local
varieties of different provenances, varieties that were neglected previously or land-
races, played an important role in providing a starting point for successful breeding
and selection.

The breeding progress documented in all four case studies was achieved within
arelatively short time, and was based on simple mass selection methods, mostly for
traits that are easily observed in the field, or that do not require sophisticated equip-
ment for assessing them (as in the case of the sensory quality test, Sect. 3.4 above).
This finding suggests that breeding progress may in many cases depend on effective
contextualization, decentralized selection and collaboration, rather than on high-
end breeding technology — factors that appear to be undervalued in many formal
breeding programs.

However, the case study of sorghum and pearl millet breeding in West Africa
(Sect. 3.1) demonstrates how technical knowledge provided by a large formal breed-
ing program can lead to considerable progress, if strategically oriented towards the
main constraints faced by farmers, and backed up with capacity building and insti-
tutional structures supporting collaboration in the longer term. In this case, advanced
breeding technologies, such as hybrid breeding and use of male sterile lines, were
combined with the participatory approach. Biotechnological breeding techniques
such as marker-assisted selection and genomic breeding could also play an increas-
ing role for enhancing NUS in the future. A project that has shown early success in
this field of research included marker-assisted selection for resistance to the para-
sitic weed striga in pearl millet (Haussmann et al. 2004). Marker-assisted selection
can to a large extent simplify and speed up the selection work of breeders, yet to
date it is only feasible with a small number of relevant traits, and for few crops.

Applying biotechnical breeding techniques that were originally developed for
major crops for the genetic enhancement of NUS was proposed for example by the
International Atomic Energy Agency (IAEA 2004) and Ochatt and Jain (2007). The
role of biotechnology for NUS has been assessed in a study by Dawson and Jaenicke
(2006). They conclude that even though some cases exist where application of bio-
technology has proven relevant, a lack of integrated thinking limits the applicability
of results on a larger scale. Moreover, high investments may be required initially,
e.g. for equipment and training. The authors identify five key issues that should be
addressed in order to make biotechnology beneficial for NUS: (1) integrating bio-
technology within the wider context of species promotion, (2) identifying clearly
how biotechnology application relates to the needs of (poor) farmers, (3) providing
suitable indicators for impact, (4) giving due consideration to the role of partner-
ships in promoting NUS, and (5) giving proper consideration to property rights.

The case studies further show that where formal breeding programs do pay atten-
tion to biodiversity and NUS, they tend to concentrate on less underutilized species
that are regionally important or show considerable marketing potential to be worth
the effort. In spite of the innovation potential arising from effective collaboration
between farmers and researchers, it should not be ignored that there will never be
enough plant breeders or formal breeding programs to take care of the diversity of
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food crops and varieties rural communities use and need for achieving food and
nutrition security (Chaudhary and Sthapit 2013). Therefore other, complementary,
approaches and institutions are also needed to take on responsibility for agrobiodi-
versity management, breeding activities and seed diffusion, and in which farmers
and farming communities play a leading role.

The evolutionary plant breeding approach offers potential for crop improvement
in cases where the involvement of formal institutions is weak or resources are lim-
ited; once assembled, evolutionary populations can be handled quite easily by farm-
ers alone. It thus makes farmers less dependent on institutions, while still allowing
for some breeding progress for relevant traits. It could also be a path to follow after
more intensive collaborative breeding projects on NUS come to an end, as sug-
gested by Ceccarelli et al. (2013b).

Strengthening grass-root institutions in a coordinated way could be a further
option for leveraging the potentials of NUS in the longer term. This approach is
being pursued by the Community Biodiversity Management (CBM) Program in
South Asia, coordinated by LI-BIRD, an NGO based in Nepal. The CBM approach
is being implemented at 29 sites across four countries: Nepal, India, Sri Lanka and
Bangladesh. Here, strengthening community capacities and local institutions relat-
ing to agrobiodiversity management is the main concern. Consequently, communi-
ties develop their own priorities relating to agrobiodiversity, crop improvement and
seed diffusion, generate funds and monitor and evaluate the outcomes of their activ-
ities. These activities include seed exchange, home gardens, participatory plant
breeding, value addition through postharvest processing (e.g. juice from a semi-
wild plant with high vitamin C content) and diversity fairs or blocks (Development
Fund 2012). Approaches to and practical examples of CBM were further compiled
by de Boef et al. (2013). One example presented refers to value chain development
and regional branding of Kalajeera, a local rice variety of the Jeypore region, India:
an approach that relies, inter alia, on community-based participatory breeding and
seed production (Chaudhary and Swain 2013).

Linking breeding of NUS to markets and value chain development was less
focused on in the case studies presented, with Sect. 3.4 being an exception, where
farmer-breeders implicitly addressed market requirements and consumer prefer-
ences that were already known to them. However, much potential could still arise
from tying breeding activities to larger approaches for raising the profile and mar-
keting potential of NUS, as demonstrated in the case study of the Capsicum project,
funded by the German Federal Ministry for Economic Cooperation and Development
(BMZ) via Deutsche Gesellschaft fiir Internationale Zusammenarbeit (GIZ), coor-
dinated by Bioversity International (Jéger et al. in prep.).

Methodologies and good practices for building value chains for NUS were sum-
marized by Will (2006). Building clear visions among stakeholders of what should
be achieved (for whom), and which leverage points need to be addressed by which
actions, are crucial for success, and could by tied to strategic work on breeding
objectives for NUS in a collaborative approach. The proposed steps for value chain
development include selection of NUS that merit wider promotion, mapping and
analyzing value chains, assessing opportunities, possible interventions and entry
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points, and developing and implementing a strategy for upgrading (Will 2006). A
holistic value chain framework — covering interventions starting from collecting,
conserving and characterizing underutilized genetic resources, breeding, develop-
ing good agricultural, postharvest and processing practices to final consumption,
nutrition awareness campaigns, new product development and creation of an
enabling policy environment — was recently developed and tested in Bolivia, Peru
and India in the framework of an IFAD-funded project IFAD NUS, coordinated by
Bioversity International (Padulosi et al. 2014).

An issue mentioned in all our case studies and of crucial importance for breeding
strategies that aim at promoting NUS are variety release and seed regulations. In his
report to the United Nations General Assembly, the UN Special Rapporteur on the
Right to Food, Olivier de Schutter, highlighted the importance of informal seed
systems for food security of vulnerable groups. He emphasized that informal seed
systems will continue to be marginalized if states do not take targeted measures to
strengthen them. A focus on protection of intellectual property rights of plant breed-
ers and commercial enterprises can impede, rather than enhance innovation in vari-
ety development and seed provision (De Schutter 2009). Bentley et al. (2011) point
in the same direction, stating that the formal seed system is actually a marriage
between the government and the private sector. Thus, the needs, contributions and
rights of farmers and local communities have so far seldom been considered in
developing a political vision and designing the regulatory frameworks for variety
release and seed diffusion.

In most countries, the traditional informal institutions for creating, maintaining
and developing agrobiodiversity have been weakened, and the commercial sector
covers only a part of these activities. At the same time, new players may enter the
scene, such as farmer organizations, farmer-consumer associations or other NGOs
concerned about promoting and maintaining agrobiodiversity. In the future, innova-
tive institutional arrangements could be based on aligning these emerging forces.
The Kultursaat case study (Sect. 3.4) shows, for example, how farmer breeding can
contribute to developing new varieties for purposes that are neglected by the formal
sector in a highly regulated context, by building innovative partnerships based on
mutual trust with seed companies and traders. New forms of partnership between
farmers and scientists also formed the basis of a participatory maize breeding proj-
ect in China that resulted not only in improved maize production, but also in orga-
nizational and policy change with regard to agrobiodiversity conservation, plant
breeding and rural extension (Yiching and Vernooy 1999).

In view of international conventions and treaties, namely the Convention on
Biological Diversity (CBD), the International Treaty for Plant Genetic Resources
for Food and Agriculture ITPGRFA), and the Right to Food, governments have a
primary responsibility to work towards the progressive realization of the goals
agreed upon. On the one hand, they should provide sources of funding and support-
ing legal frameworks for breeding and seed production initiatives that serve these
goals. On the other hand, existing policies should be revised and obstacles removed.
For example, variety registration rules and seed legislations too often focus only on
the commercial breeding and seed sector, and ignore that other, complementary
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structures are also needed. Innovative initiatives that are based on agrobiodiversity,
NUS and decentralized seed production, and that serve societal goals and common
goods, such as food and nutrition security or ecosystem resilience, should be encour-
aged, rather than restricted, so that they can effectively complement the existing set
of formal institutions and activities focusing on major crops.

2.5 Conclusions and Prospects

In order to design breeding strategies for NUS, the multiple functions many NUS
fulfill in their specific socio-ecological and economic context need to be taken into
consideration, and require careful diagnostic studies from the outset. Not any par-
ticular breeding technology, but effective targeting towards the needs of farmers and
their market partners, and selecting among methodological and technology options
accordingly, appears to be a key success factor. This means that breeding programs
need to be decentralized and require, depending on the objectives, complementary
capacity and multi-disciplinary skills from social scientists, economists, nutrition or
food processing practitioners, traders and farmers. Multi-stakeholder approaches,
focusing on collaborative learning, innovation and institutional development, should
be envisioned. In the longer term, centering breeding strategies occasionally on a
single NUS will not be sufficient. What will be required are comprehensive strate-
gies and innovative institutional arrangements that deal with agrobiodiversity, farm-
ing system resilience, income generation and food and nutrition security in an
inclusive and holistic way. In order to achieve this, the attention of plant breeders
will need to increasingly expand from species and varieties towards people and their
needs.
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Chapter 3
Plant Cryopreservation for Biotechnology
and Breeding

Elena Popova, Mukund Shukla, Haeng Hoon Kim, and Praveen K. Saxena

Abstract Plant biodiversity is crucial for sustaining human life on our planet. More
than 50,000 species are used globally for food, feed, fiber, medicine and horticul-
ture. A wide range of plant-based biotechnological systems such as isolated root
cultures, embryogenic cell and tissue cultures and cell suspensions are used in
breeding programs, forestry and the production of pharmaceuticals. Cryopreservation
is an essential tool for conservation and long-term maintenance of diverse germ-
plasms with minimal requirements for cost and labor and a low risk of loss of pre-
served samples. However, large-scale use of cryogenic storage to back-up plant
genetic collections is hampered by unavailability of effective methodology and
genotype-specific responses of diverse specimens to cryoprotective treatments.
Newly developed techniques such as droplet-vitrification are more effective and
user-friendlier than classical methods of cryopreservation. Cryopreservation has
been successfully employed for preserving several different types of plant materials.
In this chapter we review various approaches to develop and improve cryopreserva-
tion protocols for diverse plant species. Applications of modern cryopreservation
methods in biotechnology-based industry as well as breeding programs are also
discussed.
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3.1 Introduction

It has long been recognized that preserving plant biodiversity is essential for classi-
cal and modern plant breeding programs including genetic engineering (Cruz-Cruz
etal. 2013; Cyr 2000; Wang et al. 2012; Withers 1987). Easy access to diverse plant
germplasm is a prerequisite for breeding more productive cultivars, which in turn
enhances food security (Wang et al. 2014a). The traditional approach to conserva-
tion of valuable clones and cultivars is based on plants grown in the fields. These
collections are vulnerable to pests and pathogens and can be completely lost due to
natural disasters such as hurricanes, floods or droughts (Panis and Lambardi 2006).
Ex situ techniques including in vitro cultivation, slow growth storage and cryo-
preservation are now internationally recognized as major back-up options to sup-
port field collections (Engelmann 1997; FAO 2014). Recent advances in plant
biotechnology and its broad application in modern agricultural and horticultural
industries have raised a new demand for conserving plants and plant tissues such as
undifferentiated cell and embryogenic cultures and transgenic or normal root cul-
tures (Engelmann 2014). These cultures can be utilized for the large-scale produc-
tion of pharmaceuticals and their precursors (Paek et al. 2005, 2009; Verpoorte et al.
2000; Wink et al. 2005) and can also serve as a powerful tool for the production of
genetically superior clonal lines of forest and fruit trees (Cyr et al. 2001).

Cryopreservation, the storage of living materials at cryogenic temperatures
(below —130 °C), is an alternative to conventional field and in vitro germplasm col-
lection which enables plant genetic resources to be conserved safely and cost-
effectively for decades with minimal requirements of space and routine maintenance
(Engelmann 2004; Pence 2011; Volk et al. 2014b). More importantly, cryopreserva-
tion eliminates the need for regular renewal of the collection thus reducing the risk
of genetic erosion caused by pests, diseases, weather conditions, pollution and
genetic variations (Panis and Lambardi 2006; Wang et al. 2014a). It also prevents
the decline in culture productivity, which is usually associated with culture duration
(Reinhoud et al. 2000). Such advantages are due to the effect of extremely low tem-
peratures (usually the materials are stored in liquid nitrogen (LN) or its vapor phase
at temperatures ranging from —140 °C to —196 °C) that arrest nearly all cell division
and metabolic activities of the cells. Thus, the plant samples can be stored unaltered
and they remain viable for a theoretically unlimited duration (Benson 2008; Harding
2004; Wang et al. 2014a).

Cryopreservation serves modern breeding programs by providing long-term
storage and easy international access to various genetic materials such as seeds, pol-
len and meristematic apices and buds. The consistently evolving area of phyto-
chemical production via biotechnological methods is also supported by cryobanking
of root cultures, embryogenic and non-embryogenic cell lines to ensure their genetic
and biochemical stability (Fig. 3.1).

Cryopreservation of seeds is the most efficient option for many species due to
ease of application and the amount of diversity conserved (Engelmann 2004;
Pritchard and Nadarajan 2008). The status of seed cryobanking has been reviewed
extensively (Pence 1995; Pritchard 2007; Pritchard and Nadarajan 2008; Stanwood
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Fig. 3.1 Plant materials at various stages of cryopreservation. (a) Undifferentiated cells of
American elm in liquid medium before adding a cryoprotectant solution; (b) Chrysanthemum
shoot tip showing regrowth after cryopreservation; (¢) mature pollen grains freshly dehisced from
anthers of an American elm tree suitable for cryopreservation; (d) hairy root of Rubia akane show-
ing regrowth after cryopreservation

and Bass 1981; Touchell and Dixon 1994). Cryopreservation is often addressed as
the best conservation option for seedless species, species with non-orthodox seeds
and for cultivars with unique attributes that can be reproduced only by vegetative
propagation (Engelmann 2014; Reed 2001). Some cryopreservation techniques can
be specifically tailored to eliminate pathogens from plant materials (cryotherapy)
thus improving crop health and quality (Wang et al. 2009).

This chapter covers the progress of cryopreservation to conserve horticultural
and some agricultural crops focusing mainly on clonally propagated species. We
also give a brief review of the application of cryogenic storage to conserve cell and
root cultures for industrial production of bioactive compounds. Using these exam-
ples we provide an insight into cryopreservation methodology, its evolution and
technical challenges.

3.1.1 Cryopreservation of In Vitro Propagated Plant Materials:
Methodology and Challenges

The theoretical bases of plant germplasm cryopreservation were created in the 1970s
(Lyons et al. 1979; Mazur 1984; Meryman 1974). In the 1980s, they were translated
into a methodology, which allowed cryopreservation of a significant number of spe-
cies, mostly of temperate origin (Withers 1985). Following the vitrification revolution
in the 1990s (Benson 2004), the range of cryogenic techniques increased remarkably
resulting in successful cryopreservation of many tropical crops and species with
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recalcitrant seeds (Engelmann and Takagi 2000; Sakai and Engelmann 2007). The
number of reports on large-scale implementation of cryostorage to conserve plant
genetic collections in national and industrial repositories is rising steadily (see Cruz-
Cruz et al. 2013; Reed 2001, 2008). Recent examples of successful cryobanking of
germplasm collections include Musa (Panis and Thinh 2001; Panis et al. 2005), Allium
(Ellis et al. 2006; Kim et al. 2012a), mulberry (Atmakuri et al. 2009; Fukui et al.
2011), Malus (Towill et al. 2004) and potato (Kaczmarczyk et al. 2011; Sakai and
Engelmann 2007). Thus, within the past three decades, substantial progress has been
achieved in both the practical application of cryopreservation and the understanding
of biophysical processes underlying cell response to cryogenic temperatures and
cryoprotection. Various aspects of such fundamental and applied research have been
described earlier (Engelmann and Takagi 2000; Fahy et al. 1990; Fuller et al. 2004;
Harding 2004; Kartha 1985; Reed 2008; Towill and Bajaj 2002; Uemura and
Steponkus 1992, 1999). In addition, the potential of cryopreservation in sustained
production and preservation of economically important medicinal and aromatic plants
has also been reviewed (Bajaj 1995; Dixit et al. 2004; Popova et al. 2011).

However, despite the promising results and achievements cited above, the suc-
cess in the large-scale utilization of cryopreservation for long-term conservation of
the existing germplasm collections has been limited. The major difficulty lies in the
response of plant material to pre- and post-cryopreservation treatments, which is
usually genotype and material specific. To date, there is no uniform method that can
be applied with no or only minor modifications to a broad range of plant materials.
It is therefore not surprising that some researchers are skeptical about the possibility
of developing such method(s) for taxonomically unrelated or even related species.

The most popular and widely applicable cryopreservation methods developed so
far include programmed (or slow) freezing, vitrification, encapsulation-dehydration,
encapsulation-vitrification and the recently developed droplet-vitrification (see:
Reed 2008; Sakai and Engelmann 2007 for method description). These methods
exploit different approaches to explant dehydration, which is an essential step in
cryopreserving hydrated living materials (Mazur 1984). Sufficient dehydration is
required to achieve vitrification of protoplasm, i.e. transition of water from the lig-
uid phase directly into an amorphous or glassy state, thereby avoiding the lethal
formation of intracellular ice (Fahy et al. 1984).

3.1.2 Programmed Freezing

Programmed freezing is based on freeze-induced dehydration. Samples pretreated
in cryoprotectants (usually dimethylsulfoxide [DMSO], ethylene glycol [EG] and
sucrose alone or in low-concentration mixtures) are dehydrated while frozen slowly
(0.3-1 °C/min) to =40 °C to —70 °C, then plunged directly into LN. The major
disadvantages of this method are the requirement of an expensive program freezer
and relatively long exposure of samples to subzero temperatures, which can be
deleterious for cold-sensitive species.
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3.1.3 Vitrification

The vitrification method originally developed by Sakai in the late 1980s has been
successfully applied to more than 200 plant species (Matsumoto and Niino 2014).
In vitrification, samples are dehydrated osmotically in a sequence of loading (LS)
and vitrification (VS) solutions on ice or at ambient temperatures. The loading step,
also known as osmoprotection, is performed via sample exposure to cryoprotectant
solutions of moderate concentrations (35—45 %), usually composed of glycerol and
sucrose. This step serves to prepare samples to the following extensive dehydration
with highly concentrated (up to 100 %, w/v) vitrification solutions (cryoprotection
step). The most commonly used vitrification solutions are PVS2 (Plant vitrification
solution 2) which consists of, w/v, 30 % glycerol, 15 % ethylene glycol, 15 %
DMSO and 0.4 M sucrose (Sakai et al. 1990) and PVS3 comprising, w/v, 50 %
glycerol and 50 % sucrose (Nishizawa et al. 1993). Modifications of these two basic
solutions have also been tested with promising results (Kim et al. 2009; Suzuki et al.
2008; Turner et al. 2001). Dehydrated samples are sealed in cryo-ampoules or poly-
propylene straws and rapidly immersed in LN. Thus, in contrast to a programmed
freezing, in vitrification the most important step is pre-freezing osmotic dehydra-
tion/cryoprotection rather than freezing per se.

3.1.4 Droplet Vitrification

For droplet vitrification, samples are osmoprotected as in vitrification but cryopre-
served on aluminum plates or foil stripes in microliter drops of vitrification solu-
tions. This ensures better contact of explants with liquid nitrogen thus facilitating
cooling and rewarming of samples (Towill and Bonnart 2003) which results in
improved regrowth for a number of species, for example, chrysanthemum (Halmagyi
et al. 2004), garlic (Kim et al. 2006a) and potato (Kaczmarczyk et al. 2011).

3.1.5 Encapsulation

Based on the technology of artificial seeds, encapsulation (Fabre and Dereuddre
1990) employs encapsulation of plant materials in Ca-alginate beads followed by air
desiccation (encapsulation-desiccation) or dehydration VS (encapsulation-
vitrification) combined with rapid immersion in LN. Though more laborious than
classic vitrification, this technique is useful when cryopreserving small, fragile or
extremely desiccation-sensitive materials (Escobar-Pérez 2005; Gupta 2014; Hirata
et al. 2002; Matsumoto and Sakai 1995; Mikula 2006).

Generally, regardless of the cooling procedure, rewarming of samples rapidly in
a water bath at approx. 40 °C was beneficial for their recovery (Sakai and Engelmann
2007).
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3.2 Developing a Cryopreservation Protocol: Empirical and
Systematic Approaches

Cryopreservation of clonally-propagated plant material is a complicated process
comprising multiple steps such as explant selection and excision, preconditioning,
osmoprotection and cryoprotection with LS and VS, freezing, storage, rewarming
and recovery (Fig. 3.2). For successful regrowth, not only each step of the
cryopreservation protocol should be optimized but also the physiological state of
explants should be considered. Manipulation with growth regulators, cold
acclimation and the addition of ABA to the culture medium are the most common
procedures to enhance physiological tolerance of donor cultures and explants to
stress conditions associated with cryopreservation (Burchett et al. 2006;
Chetverikova 1999; Popovaetal. 2009; Uemura and Steponkus 1999). Concentrations
of penetrating and non-penetrating cryoprotectants as well as duration and
temperature of cryoprotection treatment can be varied in order to dehydrate samples,
while avoiding or reducing cytotoxicity (Kim et al. 2009; Sakai and Engelmann
2007). Preculture of plant materials with amino acids (proline), osmotically active
chemicals such as sugars and sugar alcohols (mannitol, sorbitol) is a common and a
very effective way to improve post-cryopreservation regrowth (Baskakova et al.
2003; Butenko et al. 1984; Carpentier et al. 2007; Popova et al. 2010; Ramon et al.
2002; Reinhoud et al. 2000; Zhu et al. 2006) though it needs to be tested and
optimized for every species.

Oxidative stress is believed to be one of the major factors causing cell injury in
cryopreserved samples (Benson 1990; Benson and Bremner 2004). A relatively new
approach to enhance regrowth of cryopreserved tissues is the addition of antioxidants
(reduced glutathione, ascorbic acid, melatonin, etc.) to cryoprotective solutions or to
the culture medium used for pretreatment and recovery. For example, the addition of
glycine betaine, ascorbic acid, glutathione and ABA into PVS2 improved post-cryo-
preservation regrowth of Arabidopsis seedlings (Ren et al. 2014). Vitamin E and
ascorbic acid added during the pretreatment, loading, unloading and regrowth steps
enhanced regrowth and reduced malondialdehyde formation in shoot tips of cryopre-
served blackberry (Uchendu et al. 2010a). Lipoic acid, glutathione and glycine beta-
ine also showed beneficial effect when used with the same plant under similar
conditions (Uchendu et al. 2010b). Melatonin supplied at preculture and recovery
steps significantly improved regrowth of American elm shoot tips cryopreserved by
vitrification (Uchendu et al. 2013). Survival of cryopreserved Rhodiola crenulata
callus increased following a 5-day pretreatment with 0.1 pM melatonin and was
associated with enhanced peroxidase and catalase activity of melatonin-treated cells
compared to the control (Zhao et al. 2011). All these findings suggest that the antioxi-
dants may play an essential role in reducing oxidative stress associated with the
cryopreservation process even with thoroughly optimized steps of the protocol.

On account of the abundance of protocols available worldwide for various plant
species and materials (Engelmann 2014; Reed 2008), one will have a broad selection
of options while attempting to cryopreserve a new species, genotype or a cell line. A
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Fig. 3.2 A simplified scheme of cryopreserving clonally propagated germplasm: cryobanking of
Allium collection at National Agrobiodiversity Center, South Korea as an example. Photograph in
the center of the illustration represents various containers/holders, ampoules, straws and aluminum
foil strips used for cryopreservation

simple, time-saving approach would involve the use of an existing protocol developed
for a closely related species with further modification and optimization of major steps,
if needed, to improve post-cryopreservation recovery. Unfortunately, in many studies
none of the existing protocols results in desirable regrowth after cryogenic storage. In
this case, the researcher has two options. The first obvious and commonly used strat-
egy is to develop the protocol de novo by optimizing preculture conditions, composi-
tion and concentration of cryoprotectant solutions, cooling and rewarming rates, and
conditions during recovery with a hope that the process will enhance the regrowth.
Also referred to as the experimental or trial-and-error approach, this blind screening
of multiple conditions is time and labor consuming. Often this approach is impractical
and too expensive to justify, particularly for the curators of small but valuable collec-
tions in botanical gardens or private companies. A common consequence of failures in
this approach is discontinuation of cryopreservation research on such recalcitrant spe-
cies, cell lines or cultivars (Popov, Redington, personal communication).
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An alternative to blind screening is a systematic evaluation of the impact of
each step of the cryopreservation protocol on the recovery and physiological state
of the samples. This includes cytological and ultrastructural investigation of cells
(Bachiri et al. 2000; Miao et al. 2005; Micuta et al. 2005; Salma et al. 2014), mea-
suring the kinetics of cryoprotectant influx/efflux (Kim et al. 2004a, b), determina-
tion of the amount and physical state of intracellular water (Fang et al. 2009; Volk
and Walters 2006), thermal analysis for understanding water and lipid behaviour
during cooling and rewarming (Kim et al. 2009; Towill and Bonnart 2003), bio-
chemical assays (Ramon et al. 2002; Zhu et al. 2006; etc.) and gene expression
(Ren et al. 2013; Volk et al. 2014a). In the most desirable scenario these analyses
are performed systematically using selected model systems which exhibit different
tolerance to cryopreservation treatment as shown for shoot tips of Arabidopsis,
garlic and mint and root culture of madder (Kim et al. 2012a, b, 2014; Volk et al.
2014a). A representative example of such a multi-stage investigation is the proto-
col development for large-scale cryopreservation of Allium field collection at the
National Agrobiodiversity Center in Suwon, South Korea. Major steps of this pro-
cess are shown in Table 3.1 and Fig. 3.2. As a result of this study, a total of 1158
Allium accessions have been cryopreserved during 2005-2010 using the droplet-
vitrification technique with a mean post-cryo regeneration percentage of 65.9 %
(Kim et al. 2012a).

It is quite obvious from the scope of a systematic development of a cryopreser-
vation protocol (Table 3.1) that this approach is ambitious, extensive and must be
reinforced by long-term planning and strong financial support. The cryobanking of
the whole national Allium collection (Fig. 3.2) was achieved through combined
efforts and investments on behalf of enthusiastic members of the cryopreservation
team and field conservatory groups, government support and over 10 years of
extensive research employing a range of biochemical and molecular tools includ-
ing analytical chemistry (HPLC, Differential Scanning Calorimetry), electron
microscopy, RT-PCR, immuno-assay, etc. These methods require specialized
equipment, chemical reagents of high purity and qualified personnel, which may
be financially and technically restrictive for small laboratories, particularly in
developing countries (Reed 2001).

In view of these limitations we designed a simplified approach to protocol devel-
opment based on differentiation of samples according to their size and permeability
to cryoprotectants as well as their sensitivity to chemical and osmotic toxicity of
vitrification solutions modified from those commonly employed in PVS2 and PVS3
(Kim et al. 2009). The plant material is classified according to its response to a
number of standardized treatments with progressively increasing total concentration
of cryoprotectants. The consequent steps are rapid freezing of samples in drops of
vitrification solution on aluminum foil strips (droplet vitrification), rewarming by
plunging into pre-heated (40 °C) 1.2 M sucrose solution and further unloading for a
proper duration depending on the materials. The treatments with better survival
results can be incorporated into standard protocol which can be further adapted for
different genotypes.
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Table 3.1 Systematic development of a cryopreservation protocol for cryobanking Allium
collection at the National Agrobiodiversity Center (Suwon, South Korea) using clove apices and
bulbil primordia from immature inflorescences

Step Factors investigated Year

1. Revealing the most critical Origin and size of starting material; explant 2001-2002
factors that affect regeneration size

after cryostorage; developing Cold acclimation and preconditioning 2001-2003

the standard protocol Cryoprotectant treatment: duration, 2002-2003

composition of cryoprotectant solutions;
Air dehydration before cryoprotection;

Unloading 2002-2003

Recovery (the effect of growth regulators) 2003

Cooling and rewarming methods® 2005-2006
2. Investigating the impact of Thermal behavior of explants and 2002-2003
cryoprotection cryoprotectant solutions during cooling and

rewarming

Analyzing the dynamics of cryoprotectant 2002-2003

influx/efflux (HPLC)
Investigation of genetic stability of recovered | 2002-2003
plants (field performance, AFLP)
3. Large scale implementation Application protocol to diverse genotypes; 2005-2010
of the standard protocol Genotype-specific adjustments of protocol for
sensitive varieties

Revealing duplicate accessions and filling the | 2005-2010
gaps in the collection

4. Cryotherapy Elimination of garlic virus A, onion yellow 2007-2010
dwarf virus (OYDV) and leek yellow stripe
virus (LYSV) due to cryotherapy

Source: Modified from Kim et al. (2012a)

an 2001-2005, the majority of samples were cryopreserved using a vitrification protocol.
Beginning 2005, a newly-developed droplet vitrification procedure was adopted as it generally
produced higher recovery after cryopreservation

This approach was successfully tested with embryogenic cultures of the
Korean forest species Kalopanax septemobilis (Shin et al. 2012) and hairy root
cultures of six medicinal plants, which showed high sensitivity to both osmotic
and chemical toxicity of loading and vitrification solutions (Kim et al. 2012b).
The same principle was later applied to formulate an efficient cryopreservation
protocol for chrysanthemum shoot tips which are also very sensitive to chemical
toxicity but relatively tolerant to osmotic action of cryoprotectant mixtures (Lee
et al. 2011).

Table 3.2 summarizes cryopreservation strategies and optimized pretreatment
conditions for the selected species as revealed by applying this rationalized approach
to the droplet vitrification method. The following recommendations emerged from
the modification of the initial protocol developed for highly tolerant species while
transferring it to more sensitive plant materials:

mrivas @fagro.edu.uy



72

E. Popova et al.

Table 3.2 Strategies and optimized procedures applied for cryopreservation of various species
with different explant properties and different sensitivity/tolerance to chemical and osmotic stress
of cryoprotectant solutions

Plant species

Strategies or Allium Kalopanax Chrysanthemum
procedures sativum septemlobus morifolium Rubia akane
Size and type of | Bulbil Embryogenic Shoot tips, Root apices,
the material primordia, callus, 40 mg axillary buds 7-10 mm
clove apices | fr. wt. 1.2x1.5 mm
1.5%3.0 mm
Tolerance or Very tolerant | Tolerant Tolerant Very sensitive
sensitivity to
osmotic stress
Tolerance or Very tolerant | Tolerant Sensitive Very sensitive
sensitivity to
chemical stress
Strategy for Sufficient 1. Loading is 1. Improve 1. Use prolonged
developing dehydration important for dehydration preculture with
cryopreservation | through regrowth tolerance through | moderate sucrose
protocol increasing 2. Avoid DMSO | preculture with concentrations to
duration of and EG or step-wise induce desiccation

exposure to
highly
concentrated
VS at room
temperature

Reduce their
concentration in
VS and
incubation
temperature
(ICE)

increasing sucrose
concentrations

tolerance

2. Loading is
crucial for regrowth
and composition of
LS is important

2. Loading is crucial
for regrowth and
composition of LS is
important

3. Use very short (up
to 20 min)
incubation with VS

3. Avoid DMSO

4. Avoid DMSO and

and EG or Reduce |EG or Reduce their
temperature of VS | concentration in VS
incubation (ICE) and incubation
temperature (ICE)
Optimized cryopreservation protocols
1. Preculture 0.3 M suc, No 0.3 M suc 0.3 M suc
2-3 days, (31h)=05M (48h)—0.5M (5h)
10 °C (17h)—0.7M
(7h)
2. Loading No (optional) | Any LS, C4, 40 min, 24 °C | C4, 30 min, 24 °C
20 min, 24 °C
3. Dehydration PVS3, PVS3,40 min, |PVS3, 60 min, B5, 15 min, 24 °C or
150-180 min, |24 °C or 24 °C or A3, A3-70 %, 20 min,
24 °C A3-80 %, 55 min, 0 °C 0°C
40 min, 0 °C
4. Freezing Foil (droplet) | Foil (droplet) Foil (droplet) Foil (droplet)
or ampoules
(continued)
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Table 3.2 (continued)

Plant species
Strategies or Allium Kalopanax Chrysanthemum
procedures sativum septemlobus morifolium Rubia akane
5. Rewarming 37-40 °C, 37 °C, 60 s 37°C,30s 37°C,30s
30s
6. Unloading 0.8 M suc, 0.8 M suc, 0.8 M suc, 40 min | 0.8 M suc, 30 min
40 min 30 min
Regrowth after | 77-100 %, 95-100 % 82-85 % 84-89 %
cryopreservation | depending on
genotype

According to Kim et al. (2012a), Lee et al. (2001), Shin et al. (2012)
A3: 37.5 % glycerol+15 % DMSO+15 % EG+22.5 % sucrose, w/v; A3-80 %: 33.3 % glyc-
erol+13.3 % DMSO+13.3 % EG+20.1 % sucrose, w/v; A3-70 %: 29.2 % glycerol+11.7 %
DMSO+11.7 % EG+17.4 % sucrose, w/v; B5: 40 % glycerol+40 % sucrose, w/v; C4: 17.5 %
glycerol+17.5 % sucrose, w/v; DMSO: dimethylsulfoxide; EG: ethylene glycol; PVS3: 50 %
glycerol+50 % sucrose, w/v; Suc: sucrose; VS: vitrification solution

(a) Step-wise preculture with gradually increasing sucrose concentration can
improve explant tolerance to further dehydration caused by VS. However,
highly sensitive tissues (hairy roots) may not survive exposure to sucrose
beyond 0.5 M even for a few hours.

(b) Loading step and composition of loading solution are essential for better sur-
vival of sensitive materials after cryopreservation.

(c) The use of DMSO and EG in cryoprotectant solutions should be avoided or
minimized, and the cryoprotection treatment performed on ice to reduce chemi-
cal toxicity.

(d) Total concentration of cryoprotectants should be reduced as compared to those
in standard PVS2 and PVS3.

Although these findings may not be universally applicable, they can be taken
into consideration when developing cryopreservation protocols for new genotypes
and plant materials.

3.3 Cryopreservation of Horticultural Plants:
Chrysanthemum and Lily as Model Plants

Among horticultural plants, chrysanthemum and lily are often favored by breeders
due to the ease of the selection and a broad variety of genotypes (Teixeira da Silva
2003). They are commonly propagated vegetatively by bulb division, stem cuttings
or by in vitro culture of adventitious shoots and nodal segments (Martin and
Gonzalez-Benito 2009). These plants represent successful models of the application
of biotechnological tools in horticultural industry (Teixeira da Silva 2004).
Horticultural markets worldwide consistently demand the introduction of new
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varieties replacing the existing popular genotypes. This transition renders old-fash-
ioned genotypes redundant and the maintenance of their nuclear stock economically
unviable. Despite the loss of commercial interest, these genotypes represent a source
of genetic diversity, which is essential for plant improvement by conventional and
molecular breeding (Martin and Gonzélez-Benito 2009). In search of a cost-effective
option for long-term storage, cryopreservation of lilies and chrysanthemum has
been frequently attempted during the past decades. Collectively, these studies have
laid the foundation for the development of simple and effective protocols for cryo-
preserving horticultural species.

Meristematic organs are the most favorable material for cryopreservation due to
their high genetic stability and potential use in cryotherapy (Wang et al. 2014a).
Cryopreservation of chrysanthemum shoot tips excised from greenhouse (Fukai
1990; Fukai and Oe 1990; Fukai et al. 1991) and in vitro (Martin and Gonzalez-
Benito 2005; Martin et al. 2011; Sakai et al. 2000; Zalewska and Kulus 2013) plants
has been reported using programmed freezing and, later, vitrification and
encapsulation-dehydration techniques with post-cryogenic regrowth ranging from
35 % to 85 %. All these methods, however, have certain disadvantages that hinder
their routine implementation for cryopreserving diverse cultivars. Abnormal devel-
opment was frequently observed for apices cryopreserved by programmed freezing,
presumably as a result of a pretreatment with DMSO (Fukai and Oe 1990; Fukai
etal. 1991). Cold hardening of in vitro donor plants for a minimum of 3 weeks was
essential for shoot tip recovery after exposure to LN regardless of the cryopreserva-
tion procedure used.

A significant step towards simplifying the cryopreservation procedure for chry-
santhemum was made by Halmagyi et al. (2004) who replaced cold-hardening of
donor plants by 24 h incubation of the excised apices in the medium supplemented
with 0.5 M sucrose. Precultured apices showed 80 % regrowth when cryopreserved
in 4-pl drops of full-strength or diluted PVS2 stuck to aluminum foil strips. By
contrast, programmed freezing, ultra-rapid freezing on top of the hypodermic nee-
dle and encapsulation-dehydration tested in the same study resulted in regrowth
below 50 %. The only restriction of the new protocol was a narrow time range of
explant exposure to vitrification solutions: 5-10 min in full-strength PVS2 or
10-20 min in 60 % PVS2. Exceeding the exposure time by 5 min caused nearly
20 % loss of post-cryopreservation regrowth (Halmagyi et al. 2004).

By expanding the scope of this work, we achieved cryopreservation of chrysan-
themum shoot tips using the droplet-vitrification method and rationalized approach
described in a previous section. A series of 14 vitrification solutions with varied
concentrations of penetrating and non-penetrating cryoprotectants were tested with
Chrysanthemum morifolium apices excised from 4-week-old in vitro plants (Fig. 3.3).
As Fig. 3.3 shows, chrysanthemum apices were moderately sensitive to osmotic
stress produced by glycerol and sucrose and very sensitive to toxic action of perme-
ating cryoprotectants DMSO and EG. Increasing DMSO and EG concentration by
only 10 % caused a 60 % decrease in regrowth of apices after 30 min exposure with
or without cryopreservation while reducing toxic chemicals by 10 % slightly
increased the regrowth. Further studies revealed the crucial importance of the load-
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Fig. 3.3 Effect of glycerol and sucrose versus DMSO and EG concentrations in vitrification solu-
tions on regrowth of Chrysanthemum morifolium shoot apices before and after cryopreservation
(CRYO). Apices excised from 4-week-old in vitro plants were step-wise precultured with 0.3, 0.5
and 0.7 M sucrose for 31, 17 and 7 h, respectively, loaded for 40 min then dehydrated in vitrifica-
tion solutions A1-A10 for 30 min or B1-B5 for 150 min. Solutions of A series were modified from
commonly employed PVS2 (A1) and contained glycerol, sucrose, DMSO and EG. Solutions of B
series were based on PVS3 (B1) and contained only glycerol and sucrose (see Table 3.3 for the
composition of the solutions)

ing step and composition of the loading solution for post-cryopreservation regrowth
of chrysanthemum apices. Thermal analysis of cryoprotected apices during freezing
and rewarming suggested that loading had little effect on thermal behavior of the
explants. Most likely, it primarily served to mitigate the osmotic stress caused by
further exposure to VS. Step-wise preculture of apices in liquid medium supple-
mented with 0.3, 0.5 and 0.7 M sucrose to induce dehydration tolerance also improved
regrowth (Table 3.2). The resulting protocol employing step-wise preculture, load-
ing, exposure to PVS3 or A3 vitrification solution, freezing using aluminum foil
strips, rapid rewarming and recovery on GA; containing medium resulted in 80-90 %
regrowth of two chrysanthemum cultivars (Table 3.2, Lee et al. 2011).

Wang et al. (2014b) developed an alternate procedure for cryopreservation of
Chrysanthemum morifolium. This new protocol employed shoot tips dissected from
12-day-old nodal segments, one-step preculture with 0.5 M sucrose for 24 h, load-
ing for 20 min and cryoprotection with PVS2 for 30 min at 0 °C followed by freez-
ing in LN using aluminum foil strips. This procedure is highly effective, user-friendly
and has been tested in six chrysanthemum genotypes resulting in 43—-83 % regrowth.
In comparison, programmed freezing method suggested by Fukai et al. (1991) was
successful with 3 chrysanthemum cultivars, 12 species and 2 interspecific hybrids,
with high variation of regrowth rates of 9.4-100 %.

mrivas @fagro.edu.uy



76 E. Popova et al.

Table 3.3 Composition and total concentration of the alternative vitrification solutions used in
systematic protocol development for Allium, chrysanthemum, lily and other species mentioned in
the study

Vitrification solution | Composition (%, w/v) Total concentration (%) | Remarks
Al Glycerol 30.0+ DMSO 73.7 Classical PVS2
15+EG 15 +sucrose 13.7
A2 Glycerol 42.5+DMSO 90.0
15+EG 15 +sucrose 17.5
A3 Glycerol 37.5+DMSO 90.0
15+EG 15 +sucrose 22.5
A4 Glycerol 32.5+DMSO 90.0
15+EG 15 +sucrose 27.5
A5 Glycerol 35.0+ DMSO 85.0
15+EG 15+ sucrose 20.0
A7 Glycerol 37.5+DMSO 90.0
10+EG 10+ sucrose 32.5
A8 Glycerol 30.0+ DMSO 85.0
15+EG 15 +sucrose 25.0
A9 Glycerol 30.0+ DMSO 85.0
20+EG 20+ sucrose 15.0
Al10 Glycerol 40.0+DMSO 85.0
15+EG 15 +sucrose 15.0
Bl Glycerol 50+ sucrose 50 100.0 Classical PVS3
B2 Glycerol 50+ sucrose 40 90.0
B3 Glycerol 45 + sucrose 45 90.0
B4 Glycerol 40+ sucrose 50 90.0
B5 Glycerol 40+ sucrose 40 80.0

Source: Modified from Kim et al. (2009)

The majority of studies on cryopreservation of lily germplasm utilized meristems
or adventitious shoot primordia regenerated on the scales of in vitro or field grown
bulbs (Bouman and de Klerk 1990; Chen et al. 2011; Matsumoto and Sakai 1995).
First experiments involved preculture of explants with 10 % sucrose at low tempera-
ture (5 °C) followed by direct freezing in LN in cryovials or by programmed freezing
(Bouman and de Klerk 1990), but resulted in poor regrowth of <8 %. Vitrification
method employed later by the same authors was more successful: 10 min dehydra-
tion of precultured and loaded explants with PVS2 was sufficient to achieve 80 %
regrowth after cryopreservation. Duration of PVS2 exposure could be extended to
1 h without significant effect on the regrowth (Bouman et al. 2003). Cryopreservation
of roots was also achieved effectively though conversion of regenerated roots into
plants was not high (Bouman et al. 2003). These results were in agreement with those
reported earlier by Matsumoto et al. (1995) who reported the highest post-cryo-
preservation recovery of lily apices after exposure to PVS2 for 20 min at 25 °C or for
110 min at 0 °C. Chen et al. (2011) obtained highest regrowth of cryopreserved lily
apical meristems excised from adventitious buds after 90 min exposure to PVS2.

Despite a noticeable tolerance of lily apices to osmotic and chemical action of
cryoprotecting solutions, optimization of preculture procedure, loading duration
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and composition of loading solution were found to be important for an efficient
cryopreservation (Chen et al. 2011; Matsumoto et al. 1995). Droplet vitrification
improved regrowth for two of three cultivars as compared to classical vitrification
in cryovials (Chen et al. 2011). Another effective cryopreservation protocol
employed two-step pretreatment of excised juvenile corms followed by incubation
in alternative loading and vitrification solutions (Fig. 3.4). This method resulted in
vigorous regrowth of approximately 60—70 % explants after cryopreservation. In all
cases, cold hardening of excised meristems or bulb scales with adventitious buds
improved regrowth after cryopreservation.

Yin et al. (2014) used shoot tips of adventitious shoots to test different preculture
regimes, loading solutions and PVS2 exposure durations for cryopreservation of
lily. The optimized protocol implied preculture with 0.5 sucrose for 24 h and incu-
bation in loading solution containing 0.4 M sucrose and 2 M glycerol for 20 min
followed by a PVS2 treatment for 4 h at 0 °C.

When these protocols were tested with different genotypes, they resulted in
comparable regrowth. Bouman et al. (2003) reported maximal regrowth from
19 % to 93 % for 10 genotypes using vitrification. Meanwhile, Chen et al. (2011)
showed regrowth of 43 %, 65 % and 84 % for three lily cultivars cryopreserved
by droplet vitrification. Yin et al. (2014) recorded 42.5-87.5 % regrowth for six
genotypes tested with the same method.

Initiation of new
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Fig. 3.4 Cryopreservation of lily by droplet vitrification using new corms developed from in vitro
growth bulb scales. C4: 17.5 % glycerol+17.5 % sucrose, w/v; PVS3: 50 % glycerol+50 %
sucrose, w/v
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Despite a prominent difference in their physiology, both chrysanthemum and lily
remain representative examples of how the cryopreservation methodology has evolved
for horticultural plants. First attempts relied on programmed freezing with a number of
randomly tested cryoprotective pretreatments. These experiments were rarely success-
ful, mostly due to the lack of knowledge of the physiology of explant response to cryo-
protection and low temperature and the experience in resolving these issues. Regrowth
was improved by applying PVS-based vitrification and later its modified version, drop-
let-vitrification methods. These procedures were also simpler and affordable compared
to programmed freezing due to exclusion of expensive equipment. Cold hardening of
donor plants, once considered essential for regrowth, was recently replaced by using the
explants at certain physiological state achieved by preculture with sucrose or manipula-
tions with growth regulators in the medium. In all cases, sequential exposure to increased
concentration of cryoprotectants improved regrowth of cryopreserved explants. In vitro
cultured plant material remains the best source of explants for cryopreservation due to
its proven sterility and availability throughout the year.

Apart from high regrowth rate obtained with number of cultivars, routine imple-
mentation of cryopreservation for conserving chrysanthemum and lily germplasm is
hampered by genotype-dependent response to standard treatments (Bouman et al.
2003; Fukai et al. 1991; Yin et al. 2014). These difficulties may be overcome in the
future by better understanding of mechanisms underlying the response of explants
to cryoprotectant treatment and dehydration, and water behavior in cryoprotected
samples. Droplet-vitrification method reported in most recent studies (Chen et al.
2011; Lee et al. 2011; Yin et al. 2014) appears to be the most promising for system-
atic improvement of cryopreservation of lily germplasm.

3.3.1 Genetic Stability

Cryopreservation procedures induce severe stress in plant materials and commonly
results in lethal damages to the treated explant. Therefore, monitoring of genetic
stability of plants regenerated from cryopreserved explants has been considered very
important (Harding 2004). Fukai et al. (1991) found no difference in morphological
parameters such as date of flowering, length of flower stem, number of leaves, flower
weight and number of florets in 18 regenerants of Chrysanthemum morifolium cv.
Shuhounitikara after cryopreservation using programmed freezing. Later, however,
the authors reported that nearly 70 % of chimeric Dendranthema grandiflorum plants
derived from cryopreserved shoot tips had altered flower color (Fukai et al. 1994).
Ploidy levels determined by flow cytometry analysis (FCM) remained stable in
plants of three chrysanthemum genotypes regenerated from shoot tips cryopre-
served by droplet vitrification as compared to control stock cultures (Lee et al. 2011;
Wang et al. 2014b). Assessment of genetic stability by RAPD markers did not detect
any polymorphic bands in 21 regenerants from shoot tips cryopreserved by vitrifica-
tion, while one of 25 regenerants developed after encapsulation-dehydration showed
a different band pattern (Martin and Gonzdlez-Benito 2005). More detailed investi-
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gation into cryopreservation using encapsulation-dehydration techniques with both
RAPD and AFLP markers showed that one of the initial steps in explant prepara-
tion, 3-day preculture with 0.3 M sucrose at 5 °C, caused modification in the RAPD
profile (Martin et al. 2011). Even higher polymorphism was detected with AFLP
markers (40.1 % compared to 5.78 % with RAPD). Based on these findings, the
authors suggested that genetic variation in the material may be associated with pre-
treatment steps and not necessarily with the damage caused by the freezing-
rewarming process (Martin et al. 2011). Most recently, no polymorphic bands were
detected by simple sequence repeats (SSR) in regenerants of two chrysanthemum
genotypes cryopreserved by droplet vitrification (Wang et al. 2014b).

Compared to chrysanthemum, analysis of the genetic stability of cryopreserved
lily is scarce. In one study (Yin et al. 2014), genetic stability of the regenerants was
assessed using inter-simple sequence repeat (ISSR) markers and no differences were
found between plants developed in control culture and from cryopreserved adventi-
tious shoot tips of two genotypes within 12 months after cryogenic treatment.

3.4 Cryopreservation of Cell Cultures for Secondary
Metabolite Production

In vitro cultures of undifferentiated somatic plant cells are an attractive source of
phytochemicals for food and pharmaceutical industries (Nosov 2012; Paek et al.
2005; Smetanska 2008). These cultures are normally heterogenic and prone to
genetic instability (Nosov 1999). In the majority of cell lines, the frequency of
genetic and epigenetic variations increases in the course of repetitive subcultures
causing the loss of regeneration potential and changes in secondary metabolite pro-
file (Heine-Dobbernack et al. 2008). Cryopreservation is often addressed as the only
effective option to prevent culture ageing and reduce the risks of culture loss caused
by contamination or technical errors (Engelmann 2004; Reinhoud et al. 2000).

The methodology of cryopreserving cultured somatic plant cells has been summa-
rized in a number of reviews (Heine-Dobbernack et al. 2008; Nosov et al. 2014;
Popova et al. 2011; Reinhoud et al. 2000; Sakai and Engelmann 2007; Withers 1985).
Here, we focus mainly on the cell cultures that have been tested for industrial or semi-
industrial production of secondary metabolites of potential economic importance.

Cell cultures derived from Zaxus spp. have been largely utilizes for the commer-
cial production of paclitaxel, a complex diterpenoid with high anti-tumor activity
(Malik et al. 2011). Cryopreservation of T. chinensis cell culture in a cryoprotective
mixture of 0.5 M DMSO and 0.5 M glycerol by programmed freezing has been
reported with 40 % maximum viability after rewarming (Kim et al. 2001). The cryo-
preserved cell line showed lower accumulation of dry biomass as compared to
control culture in the course of 40-day cultivation, however, paclitaxel production
was similar to that of the control (Kim et al. 2001).

Programmed freezing was also applied for cryopreserving Polyscias filicifolia cell
culture which is currently used for the production of bioactive food additive Vitagamal
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(Titova et al. 2011). A combination of 15 % glycerol and 10 % sucrose was optimum
for cryoprotection and resulted in 45 % post-cryogenic regrowth measured soon after
freezing (Krivokharchenko et al. 1999). Same culture was successfully regenerated
after 5 years of cryogenic storage with 25—40 % survival rates, proliferated in flasks
and scaled up to 20, 75 and 630 L bioreactors for semi-industrial biomass production
(Titova et al. 2007). The regenerated culture not only fully retained its specific growth
traits to the level recorded before cryopreservation, but showed significantly higher
productivity and growth rates compared to the same cell line maintained for 5 years
under standard conditions by repetitive subcultures (Table 3.4).

The levels of diosgenine, sitosterol and stigmasterol in Dioscorea deltoidea cell
culture were unchanged after cryopreservation by programmed freezing following
preculture of cells with amino acids asparagines and alanine (Butenko et al. 1984).
Cryopreservation of Panax ginseng and P. quinquefolius cell cultures was successful
using programmed and direct freezing respectively (Fedorovskii et al. 1993; Joshi
and Teng 2000; Mannonen et al. 1990; Seitz and Reinhard 1987). Glycerol and
sucrose in moderate concentrations (up to 20 %) were efficient for cell pretreatment
and cryoprotection of ginseng and Dioscorea similar to cell cultures of other species.
Higher growth, biomass productivity and yield have been recorded for Panax gin-
seng cell suspension regenerated after two-step freezing to cryogenic temperature as
compared to unfrozen culture (Joshi and Teng 2000). The ginsenoside pattern was
not affected by cryopreservation (Mannonen et al. 1990; Seitz and Reinhard 1987).

Table 3.4 Growth characteristics of Polyscias filicifolia cell cultures in flasks and in 20 L
bioreactors

Culture Muo* (@) | V(%) |p(day!) | T(day) |P(g/lday)
Cell cultures in 250 ml flasks

Initial cell culture (before 14.1£2.0 90+4 |0.19+£0.03 |3.6+0.2 | 0.86+0.14
cryopreservation)

Cell culture regenerated after 5 13222  |91+3 |0.17+£0.02 |4.1+0.6 | 0.80+0.16

years cryogenic storage
Cell culture maintained for 5 years | 9.0+0.8 84+2 10.14x0.01 [4.9+0.3 |0.54+0.06
by repetitive subcultures at

24+3°C

Cell cultures in 20 L bioreactors

Initial cell culture (before 13.9+2.0 |88+4 |0.17+£0.02 |4.1+04 | 0.95+0.18
cryopreservation)

Cell culture regenerated after 5 13.6x1.8 89+5 10.16x0.02 |4.3+x0.4 |1.10+0.15

years cryogenic storage
Cell culture maintained for 5 years |8.8+0.8 82+2 10.12+0.04 |6.3x2.1 |0.58+0.19
by repetitive subcultures at
24+3°C

Source: Modified from Titova et al. (2011)

M,,... maximal biomass concentration (dry weight bases); V: cell viability; u: specific growth rate;
T: generation (doubling) time of cell culture; P: culture productivity on dry weight basis
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Thus, on the basis of the review of aforementioned studies, one may conclude
that programmed freezing is most applicable to cryopreservation of undifferentiated
cell cultures. This may have been due to the decline in interest to use cell cultures
as a source of bioactive metabolites in the 1990s when vitrification-based methods
started to develop. Meanwhile, more recent studies demonstrated high effectiveness
of two-step freezing, vitrification and encapsulation approaches for cryopreserva-
tion of embryogenic and non-embryogenic cell cultures of Gentiana tibetica
(Mikula 2006), Catharanthus roseus (Samar et al. 2009), Sapindus mukorossi (Kim
et al. 2006b) and a few other species (Heine-Dobbernack et al. 2008).

3.5 Cryopreservation of Isolated Root Cultures

In vitro cultures of adventitious or transformed (hairy) roots are widely used for the
production of bioactive compounds and constitute a convenient model to study plant
morphogenesis, growth, and development (Hahn et al. 2003). Conservation of hairy
and adventitious roots is valued for research and development because of the high
levels of their morphological uniformity, genetic stability and high regeneration
ability.

Cold storage of isolated root cultures at 4 °C has been reported with high sur-
vival rate but this method is useful only for short-term conservation. For example,
Yoshimatsu et al. (1996) successfully stored genetically transformed hairy root
segments and tips (1 mm) on growth regulator-free medium at 4 °C for nearly 4
months. Through cryopreservation of a competent culture, it may be possible to
store root material permanently and to reintroduce it into culture without any loss
of morphogenic and biosynthetic capacity (Benson and Hamill 1991). Several fac-
tors such as culture age, pre-growth, cryoprotection, freezing rate and post-freeze
culture conditions play important roles in recovery after cryopreservation. Primary
and secondary roots showed similar post-cryopreservation regeneration (88-95 %),
while root sections without apices displayed significantly lower regeneration
(65 %) (Salma et al. 2014). Park et al. (2014) suggested an optimized cryopreserva-
tion process including preculture, osmoprotection, cryoprotection and unloading
for high recovery of Rubia akane hairy roots which are very sensitive to cytotoxic-
ity of cryoprotectant solutions.

Benson and Hamill (1991) were the first to perform cryopreservation of hairy
roots of Beta vulgaris and Nicotiana rustica, using programmed and ultra-rapid
freezing. Since then, cryopreservation of isolated roots of various plant species has
been reported using different techniques (Table 3.5) such as programmed freezing
(Teoh et al. 1996), vitrification (Jung et al. 2001), encapsulation—dehydration (Hirata
et al. 2002; Lambert et al. 2009) and encapsulation— vitrification (Xue et al. 2008).
Earlier few study reported cryopreservation of root cultures by conventional pro-
grammed freezing or vitrification method, however encapsulation-dehydration tech-
nique is used more frequently. In this method encapsulation provides protection
against physical damage and does not require toxic cryoprotectants (Xue et al. 2008).
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Table 3.5 Cryopreservation of isolated root cultures
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Conservation
Species method Survival®* Post-storage stability References
Adventitious root cultures
Hyoscyamus Vitrification 93.3 % Tropane alkaloid Jung et al. (2001)
niger content retained at
control level
Panax ginseng | Vitrification 60 % (32.5 % | Production of 11 Oh et al. (2009),

actual root ginsenosides retained at | Popova et al.,
formation) control level or above it | unpublished data
Hairy root cultures
Astragalus Enc-Vitrif. 5.6 % Not given Xue et al. (2008)
membranaceus
Ajuga reptance | Enc.-Deh. 20 % Not given Hirata et al. (2002)
Armoracia Enc.-Deh. 60 % Not given Hirata et al. (1998)
rusticana
Artemisia Prog. freezing | 65 % Artemisinin content Teoh et al. (1996)
annua retained at control level
Atropa Vitrification 83 % Tropane alkaloid Touno et al. (2006)
belladonna content retained at
control level
Beta vulgaris Prog. freezing | >80 % (6 % Betacyanin and Benson and
to 0 °C then actual root betaxanthin content Hamill (1991)
directly to LN | conversion) retained at control level
Eruca sativa Ultra-Rapid 28.2 % (3.1 % | Not given Xue et al. (2008)
actual root
formation)
Enc.-Vitrif. 733 % Not given Xue et al. (2008)
Gentiana Enc.-Vitrif. No regrowth | — Xue et al. (2008)
macrophylla
Maesa Vitrification No regrowth | — Lambert et al.
lanceolata (2009)
Enc-Deh. 90 % Not given Lambert et al.
(2009)
Medicago Vitrification No regrowth |- Lambert et al.
truncatula (2009)
Enc.-Deh. 53 % Not given Lambert et al.
(2009)
Nicotiana Prog. freezing |23 % Alkaloid production Benson and
rustica to 0 °C then retained at control Hamill (1991)
directly to LN level
Panax ginseng | Vitrification 60 % Content of five Yoshimatsu et al.
ginsenosides retained (1996)
at control level
Rubia akane Droplet vitrif. |89 % Not given Kim et al. (2012b,
2014)
Vinca minor Enc.-Deh. >70 % Vincamine content Hirata et al. (2002)

retained at control level

Modified from Popova et al. (2011)

“Mean survival after cryopreservation using an optimized protocol; Enc.-Vitrif.: encapsulation-
vitrification,; Enc.-Deh.: encapsulation-dehydration; Prog. freezing: programmed freezing
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The droplet-vitrification technique developed by Panis et al. (2005) was proven
to be very efficient with hairy roots of several species. An efficient protocol for the
cryopreservation of madder (Rubia akane Nakai) hairy root cultures was developed
using droplet-vitrification method (Kim et al. 2012b, 2014). In this method, also
known as foil vitrification, the explants are dehydrated with highly concentrated
vitrification solutions (VSs) and cryopreserved in tiny drops of VS attached onto
aluminum foil strips which ensures higher cooling/rewarming rates compared to
cryovials (Towill and Bonnart 2003). There is a possibility of combining different
procedures. For Dianthus caryophyllus a combined encapsulation and droplet-
vitrification method was applied with the use of V-Cryo-plate technique (Sekizawa
etal. 2011). So far, the combined techniques remain less popular with root cultures
but may be used widely in the future with the development of optimized
procedures.

Regrowth assessment is critical to optimize the protocol for cryopreservation.
The use of staining method to detect the viability without considering proliferation
and elongation of explant may be misleading. Benson and Hamill (1991) reported a
low percentage (3.1 %) of root development after ultra-rapid freezing of Beta vul-
garis, even with higher (73.3 %) viability with FDA stain.

3.6 Cryopreservation of Pollen for Breeding

Pollen storage is of key importance to plant breeders and horticulturists involved in
fruit and forest tree improvement. Pollen culture techniques have been used for
decades to obtain haploids or homozygous diploid plants from various plant species
including wheat, maize, rubber tree, apple, poplar and medicinal plants (Maheshwari
etal. 1982). A consistent supply of viable pollen provided by pollen banks removes
seasonal, geographical or physiological limitations of hybridization programs and
supports hybrid development between genera and species. In addition, pollen stor-
age could be critical in saving endangered or threatened plant species without har-
vesting plants from their natural habitats. There is a vast pool of studies providing
strong evidence of a dramatic decline of pollinator species in Europe and North
America which in turn leads to a significant reduction in seed production and decre-
ment in heterozygosity of plant populations (Kearns and Inouye 1997). This nega-
tively affects fruit production and may ultimately contribute to the complete loss of
economically important genetic diversity (Hanna and Towill 1995).

Traditional pollen bank requires large field areas for maintaining plants at differ-
ent stages to synchronize flowering, which is both costly and laborious. Other well-
known methods of pollen banking for breeding purpose include refrigeration at
3-5 °C for short-term storage, freeze-drying and freeze-storage, vacuum-drying and
cold storage in organic solvents (Bajaj 1987). However, frequently observed sharp
reduction in pollen viability over the storage period is of major concern (Bajaj
1987). The majority of pollen cryopreservation studies were accomplished by
conventional programmed freezing and freeze-drying methods, and were mainly
limited to mature pollen. However vitrification has also been tested successfully for
pollen cryopreservation in Brassica (Xu et al. 1997).

mrivas @fagro.edu.uy



84 E. Popova et al.

Generally low temperature (—20 °C) is not effective for the long-term storage of
pollen whereas storage at —196 °C seems to be more reliable.

Cryopreservation of pollen has been considered the most efficient option for
long-term conservation (Parton et al. 2002). Moreover, cryopreserved pollen can be
easily transported across the countries as they are usually subjected to less stringent
quarantine restrictions (Ganeshan et al. 2008). One of the major advantages of cryo-
preserving pollen is that it is much easier to handle compared to seeds or other plant
tissue due to low water content, highly resistant exine and nonvacuolated cells
(Bajaj 1987). Pollen cryopreservation normally does not require any expensive
cryostats as pollen grains can be directly immersed in liquid nitrogen for long-term
storage. They naturally contain many soluble antioxidants and enzymes. The outer
layer of pollen is coated with sporopollenin, which can effectively withstand the
oxidative stress during cryopreservation (Smirnova et al. 2009; 2012). Xu et al.
(2014) reported that increasing generation of reactive oxygen species (ROS) during
cryopreservation may help in improving pollen viability as recent study have shown
that ROS may stimulate pollen germination and tube growth (Speranza et al. 2012).

Pollen viability after freezing at —180 °C was first reported by Konwlton in 1922.
Since then cryopreservation of pollen has been successful with different plant spe-
cies, including Clianthus formosus (Hughes et al. 1991), Carica papaya (Ganeshan
1986), Juglans regia (Luza and Polito 1985), Panax ginseng (Zhang et al. 1993),
Solanum tuberosum (Weatherhead et al. 1978), Rose (Rajasekharan and Ganeshan
1994), Citrus limon (Rajasekharan et al. 1995), Gladiolus (Rajasekharan et al. 1994)
and native orchid species (Marks et al. 2014). However, there are limited studies
showing that pollen viability can be maintained beyond 1 year of storage in liquid
nitrogen (Xu et al. 2014). Visser (1955) successfully germinated tomato pollen stored
at—190 °C for 2 years and at —20 °C for 3 years. Successful storage of pollen obtained
from Lycopersicon hirsutum and L. peruvianum at —80 °C for 10 months suggests
that Solanum species may also be amenable to cryopreservation (Sacks and Clair
1997). However, the cryobiology of pollen is not well understood. Viability of pollen
subjected to cryopreservation depends on a number of factors such as pollen mois-
ture content, freezing and thawing procedure, physiological stage of the mother
plant, flowering stage, plant vigor and genotypic differences (Crips and Grout 1984;
Ganeshan et al. 2008). Aside from genotype-dependent variations in pollen storage
behavior and longevity, the stage of pollen development and the method of collection
may be important (Stanley and Linskens 1974). Dry-mature pollen grains freshly
dehisced from anthers of healthy plants are in an ideal physiological condition for
cryopreservation. Lowering the moisture content and ensuring low relative humidity
at the time of collection can increase viability of cryopreserved pollen. Generally,
pollen moisture content below 35 % is suitable for cryopreservation (Ichikawa et al.
1970); however, relative humidity below 50 % can be harmful and may reduce via-
bility (Daniel 1955) although these parameters may vary from species to species.
Binucleate pollen has been shown to be more tolerant to desiccation and storage due
to thicker walls as compared to trinucleate pollen (Bajaj 1987).

Considerable interest exists for cryopreservation of orchid pollen as a tool to sup-
port both breeding practices and conservation of endangered species (Bernhardt and
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Edens-Meier 2010; Vendrame et al. 2008). It is particularly important for the orchid
industry, which is known to consistently demand novelty. In orchids, pollen grains
are fused into a structure called the pollinium. Orchid pollen storage may resolve the
issue with temporal and spatial separation between periods of sexual reproduction
and can also be used for haploid plant development. Earlier conventional pollen stor-
age methods involving low temperature and low humidity have been developed for
several species (Ito 1965; Niimi and Shiokawa 1992; Towill 1985; Yates et al. 1991).
Successful cryopreservation of orchid pollen using different methods has also been
reported (Marks et al. 2014; Meeyot and Kamemoto 1969; Pritchard and Prendergast
1989; Seaton 1994; Shijun 1984; Vendrame et al. 2008).

3.6.1 General Steps for Pollen Cryopreservation

The first important step in the cryopreservation protocol is the collection of dry
mature pollen pretested to verify the viability prior to cryopreservation. Generally
pollen does not require any pre-treatment with cryoprotectant before cryopreserva-
tion. Pollen samples are kept either in gelatin capsules or butter paper pouches,
sealed in airtight poly aluminum pouches, loaded to canisters and cryopreserved.
The rewarming procedure of pollen samples is carried out at ambient temperature
for 30-60 min followed by viability test and field pollination. Depending upon the
purpose of storage, a variety of tissues such as microspore, pollen embryo and
whole anthers can be stored in cryopreservation facilities.

Viability of stored pollen can be determined by using acetocarmine-fuchsin/tri-
phenyl tetrazolium chloride, hanging drop technique, PEG technique or in vitro ger-
mination. However, fertilization and seeds setting are more effective and reliable
methods of viability testing.

In addition to seeds and tissue cultures, cryopreservation of pollen is another area
of considerable importance for the conservation of genetic resources. Thus, the
establishment of pollen cryobanks will facilitate a regular supply of pollen, which
may reduce the maintenance of orchards and nurseries and allow germplasm stor-
age and international exchange with minimal restrictions. User-friendly database
software Polbase is available for accessions stored in pollen cryobank.

3.7 Conclusion and Prospects

Climate change is a new threat for conserving global biodiversity and in combina-
tion with other human activity could lead to global mass extinctions. Current
approaches to in situ conservation are not likely to be sufficient to address antici-
pated changes, creating an urgent need to develop new models and technologies.
Long-term conservation of plants out of their natural habitat represents a number of
challenges as maintaining them in the field requires extensive resources and leaves
them prone to natural calamities.
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Cryopreservation is regarded as the safest and most cost-effective strategy for
long-term conservation of the germplasm of economically-important plant species
as well as endangered plants. Development of cryopreservation methods for asexu-
ally propagated plants is of crucial importance as seeds have a limited shelf life and
need to be periodically replenished. Many species produce seeds that cannot be
stored for more than a couple of weeks, and some species rarely or never produce
seed. During recent years, a significant progress has been made with the develop-
ment of new cryopreservation techniques for non-orthodox and vegetatively propa-
gated species. Currently available technologies offer the possibility of
cryopreservation for many plants. Properly pretreated plant tissue such as dormant
buds, pollen, roots can be stored in LN for an indefinite period of time. However, the
efficiency of cryopreservation protocols depends on the genotypes of the plant and
may vary not only for the individual plant species but also for cultivars and genetic
lines. In addition, the physiological stage of plant material, its tolerance to osmotic,
chemical, desiccation and cold stress, and the behavior during cooling and warming
significantly affects survival and regeneration capacity of cryopreserved tissues.
Thus, much more additional research is needed to further improve the amenability
of cryopreservation methodologies as well as the rates of recovery of healthy and
normal plants from cryopreserved tissues. In this regard, a systematic and rational-
ized approach based on sensitivity/tolerance of explants to various steps of the pro-
cedure may help in developing efficient commonly applicable cryopreservation
protocols for new plant genotypes and species that are at high risk of extinction.
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Chapter 4
Mutants as a Genetic Resource for Future
Crop Improvement

Mohd Gulfishan, Tariq Ahmad Bhat, and Mohammad Oves

Abstract Enhanced crop production is seriously needed to meet the challenges of
food security imposed by the rapidly increasing human population around the globe.
Unpredictable climatic conditions, depleting water resources and finite arable land
limit crop production. Thus the development of new crop varieties with improved
yield and resistant to biotic and abiotic stresses will make a vital contribution to
food security. Induced mutagenesis has played a pivotal role in ensuring food secu-
rity by creating 3218 mutant varieties around the world. Mutagenesis combined
with advanced molecular biology techniques and in vitro culture methods have
resulted in enhanced food production. Mutant germplasm resources have been
developed for different crop plants and are freely available to speed up crop improve-
ment programs. These mutant resources are also being used for functional genomics
studies, molecular breeding and a greater understanding of the molecular basis of
other biological process.
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4.1 Introduction

Globally, the current human population is increasing day by day and expected to
reach 9 billion by 2050 and that will lead to food scarcity on earth since 70 % more
food will be required to meet this challenge. To overcome this increasing demand
for food and proper nourishment, an improvement in food production is urgently
needed (Ronald 2014). According to the Food and Agriculture Organization (FAO)
of the United Nations, food security exists when all people, at all times, have physi-
cal, social and economic access to sufficient safe and nutritious food that meets
their dietary needs and food preferences for an active and good life (FAO 2014a).

The envisaged increase in food production is daunting because of limited avail-
able arable land, depleting water resource and varying climatic conditions. The dif-
ficulties are also compounded by urbanization, salinization, biotic stress, drought
and desertification that result in a reduction of arable land. Moreover, changing cli-
matic conditions and subsequent variations also limit food production (UNEP 2002).
Agrochemicals cannot be used excessively to meet the challenge of food shortage
due to their deleterious impacts on health and environment (Mba 2013). FAO (2011)
recommended high-yielding varieties to meet the food shortages, as well as efficient
use of input, under the projected climate change and adapted to a wide range of
agroecosystems conditions. Food production must be increased through fewer agri-
cultural inputs with maximum environmentally-friendly methods (Schlenker and
Roberts 2009). Keeping in view the limited arable land, water resources and variable
climatic conditions, new crop varieties and cropping system that use more efficiently
the limited resources have to be developed to meet the challenges of food security.

There are different mechanisms for harnessing the heritable variations encoded
in the genetic make-up of existing crop plants so as to use them in crop improve-
ment programs. The incorporation of desired traits from non-adapted landraces/
crop wild resource can speed up crop improvement. Putative parental material can
also be induced to mutate so as to obtain new genes that control desired traits for
new crop variety development (Suprasanna et al. 2014).

Among the different strategies to enhance crop improvement programs, induced
mutagenesis has contributed immensely by creating mutant varieties with improved
and desirable genetic changes in agronomically-important traits of the crop plants.
Mutagenesis has become more efficient in combination with advanced molecular
biology techniques and in vitro culture methods that result in enhancement of crop
improvement/breeding programs (Jain 2010a) particularly under the global climate
change (Jain 2010b). Such induced mutagenesis also helps in the mining of new
gene alleles that do not occur in the germplasm (Roychowdhury and Tah 2013).

4.2 Induced Mutagenesis

Mutation is a term coined by De Varies (1901) upon the appearance of a new
phenotype he noted in the common evening primrose, Oenothera lamarkiana, to
describe the sudden heritable change in the genotype of an organism; the organisms
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with such heritable changes are known as mutants (Mba 2013). Mutation is the
ultimate source of all genetic changes which provide the raw material for evolution
and it is a valuable approach for improvement of economic characters of plants.
Such genetic changes can occur spontaneously naturally at a very low rate or experi-
mentally induced by physical and chemical mutagens (Jain 2002, 2010a; Mba et al.
2007). Physical mutagens include radiations such as a-rays, f-rays, fast neutrons,
thermal neutrons, x-rays, y-rays and ultraviolet (UV) radiation. Most common
chemical mutagens include alkylating agents, such as ethyl methane sulphonate
(EMS); methyl methane sulphonate (MMS); ethylene imines (EI); diethyl sulphate
(DES) etc. Also, azides e.g. sodium azide; acridine dyes e.g. acriflavine, acridine
orange, proflavin etc.; base analogues e.g. 5 bromouracil, 2 aminopurine, 5 chloro-
uracil, etc.; and other direct-acting chemicals such as nitrous acid, mustard gas etc.

4.3 Spontaneous Mutation

Spontaneous mutations in crop plants occurs naturally during adaptations and evolu-
tionary processes at an extremely low rate i.e. 10-10-® This frequency is inadequate
for creating variations in the genetic architecture of a crop for improvement of desir-
able traits (Zhong-hua et al. 2014). Wheat, peas and barley are the notable example
of mutants derived through heritable permanent change i.e. spontaneous mutations
during the course of domestication (Table 4.1). Spontaneous mutations in these plants
resulted in eradicated pod or head shattering and the reductions in seed dormancy
periods. Other examples of spontaneous mutants include those found in almond, lima
bean, watermelon, potato, eggplant, cabbage and several types of nuts (Mba 2013).
High yielding and lodging resistance in wheat varieties were developed by
the incorporation of spontaneously-mutated alleles of the genes that resulted in the
Green Revolution and subsequently secured food for millions of people around the
world. Other examples include utilization of dwarf germplasm Dee-geo-woo-gen
from China and the release of rice variety IR8 developed in the Philippines by the
International Rice Research Institute (IRRI) from a dwarf line (Mba et al. 2012b).
Application of cytoplasmic male sterile (CMS) and photoperiod-sensitive genic
male sterile rice lines were utilized to develop hybrid rice seeds for commercial

Table 4.1 Spontaneous mutations and domestication of crops

Mutation that facilitated domestication Examples

Abolishment of bitterness and toxicity Almond, lima bean, watermelon, potato,
eggplant, cabbage, nuts

Abolishment of the need for sexual reproduction Banana, grape, orange, pineapple

(seedlessness or parthenocarpy)

Loss of natural seed dispersal mechanism Pea, wheat, barley

(shattering of pods and heads)

Loss of the hard seed coat and other germination Wheat, barley, pea

inhibitors (dormancy)

Facility for self-compatible hermaphroditism Grape, papaya

Source: Mba (2013)
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release (Mba and Shu 2012). Therefore, induction of mutations in existing crop
plant germplasm will be helpful to create maximum genetic variability, to identify
new genes/alleles of desired interest and lead to a scaling-up of crop improvement
programs.

4.4 Induced Mutation

Over the last six decades, thousands of new mutant crop varieties with improved
agronomic characters have been developed by induced mutations throughout the
world (Jain and Maluszynski 2004). After the epoch-making discoveries made by
Muller (1927) and Stadler (1928a, b), a large amount of genetic variability has been
induced by various mutagens/radiation in different crop plant species that have
resulted in the development of more than 3218 officially-released mutant varieties
(Figs. 4.1 and 4.2) worldwide in about 224 plant species during the past 60 years
(FAO 2014b). Among the mutant varieties the majority are of food crops contribut-
ing to environmentally-sustainable food security in the world. In India 343 mutant
varieties, by using different mutagens, have been released for cultivation (Tables 4.2
and 4.3).

Fig. 4.1 Registered Legumes 493
mutant crop varieties
(FAO 2014b) Oil crops 11 Others 378

Cereals 1591

2%

2% m Africa
\i ’ M Asia
m Australia and the Pacific

m Europe

m Latin America and the
Caribbean

/

0%

m North America

Fig. 4.2 Distributions of mutant crop varieties by continents of official release (Source: FAO
2014b)
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Table 4.2 Mutant varieties of different crops released for cultivation in India

No. of

Crop varieties Specific crop and no. of varieties

Cereals 74 Rice (42), barely (13), pearl millet (5), finger millet (7), foxtail
millet (1), wheat (4), sorghum (2)

Pulses 57 Mung bean (15), black gram (9), chickpea (8), cowpea (10),
moth bean (5), pea (1), pigeon pea (5), French bean (1) lentil
3)

Oilseeds 44 Groundnut (18), mustard (9), castor bean (4), sesame (5),
soybean (7) sunflower (1)

Fiber crops 14 American cotton (8), tossa jute (3), white jute (2), desi cotton
1

Vegetables 14 Tomato (4), turmeric (2), bitter gourd (1), brinjal (1), green
pepper (1), okra (2), ridge gourd (1), snake gourd (1), cluster
bean (1)

Cash crops 10 Sugarcane (9), tobacco (1)

Medicinal crops 17 Citronella (9), German chamomile (1), Indian henbane (1),
isabgol (2), khasianum (1), opium poppy (2), Spearmint (1)

Fruit trees 2 Mulberry (1), papaya (1)

Forage crops 1 Egyptian clover (1)

Ornamentals 110 Chrysanthemum (49), rose (16), dahlia (11), portulaca (11),
bougainvillea (13), wild sage (3), gladiolus (2) Hibiscus sp. (2),
tuberose (2) Coleus (1)

Total 343

Source: Kharkwal and Shu (2009)

Table 4.3 Mutagens used and trait improved in mutant cultivars released in India

Mutagens No. of mutants | Main attribute Number of occurrence
Gamma rays 169 High yielding 86
X-rays 26 Early maturity 65
Neutrons 07 Disease resistance 57
EMS 15 Quality character 39
DMS 04 Grain quality 67
Ethylene imine (EI) 02 Abiotic stress resistance 65
Sodium azide (NaN3) 02 Improved plant type 181
Other mutagens 29 Others 9
Cross breeding 47

Natural mutants 12

Source: Chopra (2005)

For enhanced food production, there is an urgent need to create genetic variabil-
ity in the desired crop plant species. This genetic variability could be used in the
development of new varieties with increased yield, disease and lodging resistant,
modified protein, oil and starch content, increased nutrient uptake, deeper rooting
system and resistant to abiotic stresses such a drought, heat and salinity etc. to coun-
ter the erratic climate conditions that limit crop production (Jain 2002, 2010b).
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4.4.1 Physical Mutagenesis

After the pioneering work using X-rays, by Muller (1927) and Stadler (1928a, b) on
fruit fly and maize, scientist began to create genetic variations by using radiation and it
became a very prominent method (Ahloowalia et al. 2004). Among physical muta-
gens, ionizing radiations i.e. gamma rays and X-rays are the most commonly used
methods (Mba and Shu 2012; Mba et al. 2012a). Other physical mutagens include
alpha (o) and beta (B) particles and fast neutrons to induce genetic changes in crop
plants (Table 4.4). These mutagens cause deletion or addition of nucleotides and by
substitution of one or more nucleotides for the new combinations of genes (Mba 2013).

With pioneering work in China and Japan (Mei et al. 1994a; Wu et al. 2001), an ion
beam, generated by particle accelerators, i.e. cyclotron using 20Ne, 14N, 12C, 7Li,
40Ar, or 56Fe as radioisotope sources, has gained popularity in the induction of muta-
tions. Cosmic radiations have also been used to induce mutations in crop plants (Liu
et al. 2007; Mei et al. 1998; Ren et al. 2010). Other researcher found fast neutron
bombardment most efficient in mutation induction (Koornneef et al. 1982). Among
these, gamma rays are less destructive and result in large deletions (Yuan et al. 2014)
or small deletions while translocations, chromosome losses and large deletions have
been induced after fast neutron bombardment (Sikora et al. 2011). Li et al. (2001)
generated 51,840 lines of Arabidopsis population by fast neutron mutagenesis used for
screening of mutants, while in rice around 10,000 rice mutant lines have been gener-
ated by fast neutron bombardment and around 20,000 lines by y-ray. (Wu et al. 2005).

4.4.2 Chemical Mutagenesis

Chemical mutagenesis is the use of chemical compounds that can induce mutations
(Table 4.5). The demonstration that nitrogen mustard gas caused mutations in the
cell (Auerbach 1940, 1947; Auerbach and Robson 1944, 1946) opened the way for
identification of chemicals which induce mutations. Plant breeders and geneticists
applied chemical mutagens to induce mutations in various crop plants because they
are easy to use and no special equipment is required to induce high mutation fre-
quency (Gulfishan et al. 2012, 2013; Henikoff and Comai 2003; Koornneef et al.
1982; Zhu et al. 1995). The chemical mutagen reacts with DNA of the treated seed/
cell/tissue or organ and induces somatic and genetic changes and only unrepaired
damage to the DNA in initial cells of the sporogenic layer (germ line cells) are
transferred as mutations to the next generation. Other mutations in somatic cells of
the embryo, including mitotic chromosomal aberrations together with toxic action
of mutagen on all components of cytosol, affect plant growth and development, and
are called the somatic effect of the mutagen (Roychowdhury and Tah 2013).
Compared to radiation, chemical mutagens tend to cause single base-pair (bp)
changes, or single-nucleotide polymorphisms (SNPs) rather than deletions and
translocations of nucleotide (Sikora et al. 2011). Chemicals include base analogues,
alkylating agents, azides and others that modify genetic makeup of crop plants.
Among chemical mutagens ethyl methane sulphonate (EMS) has been used fre-
quently. It causes point mutations such as nonsense, missense and silent mutations
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by chemical modification of nucleotides within the DNA (Jiang and Ramachandran
2010). EMS mainly induces C to T changes that results in substitution of C/G to
T/A (Kim et al. 2006; Krieg 1963) and at lower doses it induces G/C to A/T trans-
versions through 7-ethylguanine hydrolysis or A/T to G/C transitions through
3-ethyladenine pairing errors (Greene et al. 2003).

Table 4.4 Different physical mutagens and their properties

Typical frequency | Typical energy Typical photon energy

Mutagen (s™h
Particles

a-particles

B-particles

Electromagnetic radiation

Cosmic rays 6x1021 s
y-rays 3x102s™!
X-rays 3x 1017 s7!
Ultraviolet 3x1015s7!

Source: Mba (2013)

(kJ/m) V)
4.1x 108

1.5%107

24x10°

1.2x 108 1 MeV
1.2x10° 100 keV
1.2x10° 4eV

Table 4.5 Frequently used chemical mutagens and their properties

Chemical mutagenic agent

Base analogues e.g. 5-bromouracil (BU), 5
bromodeoxyuridine, 2-aminopurine (2AP)

Nitrous acid

Alkylating agents such as: sulfonates e.g.
ethylmethanesulfonate (EMS), diethyl
sulfonate (DES); Sulphur mustards e.g.
ethyl-2-chloroethyl sulphide; Nitrogen
mustards e.g. 2-chloroethyl-dimethylamine;
and epoxides e.g. ethylene oxide Others are
ethyleneimine, hydroxylamine (NH2OH),
N-methyl-N’-nitro-N nitrosoguanidine
(MNNG), sodium azide and diazomethane
Intercalating agents such as acridine orange,
proflavin, ethidium bromide

Miscellaneous group of agents; large
molecules referred to as bulky lesions
(e.g. N-acetoxy-N-2-acetyl-aminofluorine-
NAAAF)

Source: Mba (2013)

Mode of action

Incorporates into DNA in place of the normal bases
during DNA replication thereby causing transitions
(purine to purine or pyrimidine to pyrimidine)

Acts through deamination, the replacement of
cytosine byuracil which can pair with adenine and
thus from subsequent cycles of replication lead to
transitions

They react with bases and add methyl or ethyl
groups and, depending on the affected atom, the
alkylated base may then degrade to yield a baseless
site, which ismutagenic and recombinogenic or
mispair to result in mutations upon DNA
replication

They insert between bases of DNA thereby causing
a stretching of the DNA duplex and the DNA
polymerase in turn recognizes this stretch as an
additional base and inserts an extra base opposite
this stretched (intercalated) molecule. This results
in frameshifts i.e. an alteration of the reading
frame since codons are groups of three nucleotides
They bind to bases in DNA and cause them to
benon coding thereby preventing transcription and
DNA replication; they cause intra- and inter-strand
crosslinks (e.g. psoralens); they also cause DNA
strand breaks (e.g. peroxides)
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4.5 Other Methods for Induction of Mutation

In recent years, heavy ion irradiation has also attracting attention as an effective
method of induction of mutation in plants. These heavy ion beams possess high
linear energy transfer (LTE) and relative biological effectiveness (RBE) which is
supposed to enhance mutation frequency and also induces wide spectrum of muta-
tions at low doses and short duration of treatments (Abe et al. 2012; Tanaka et al.
2010). Hirano et al. (2012) in Arabidopsis and Mei et al. (1994b) in rice investigated
the effectiveness of ion beams and concluded that they were more effective as com-
pared to gamma rays and X-rays. In Japan, mutations have been induced by using
heavy ion beam irradiations (Hase et al. 2010; Kondo et al. 2009; Tanaka et al.
2010) and in China low energy ion beam have also been used to create mutations
(Feng et al. 2009). Bacterial leaf blight and blast resistance in rice (Xiao et al. 2008),
yellow mosaic virus in barley (Tanaka et al. 2010) and potato virus Y in tobacco
(Hamada et al. 1999) have also been induced by using ion beam radiations.
Resistance to sigatoka disease in banana has been induced by carbon ion-beam
irradiation (Reyes-Borja et al. 2007). The UVB resistant rice mutant, utr319, was
isolated after carbon ion irradiation which was more tolerant to UV than the wild
type (Takano et al. 2013). Chundet et al. (2012) created rice mutant expressing short
stature and photoperiod insensitivity by using a low-energy N*/N," ion beam
(Fig. 4.3). A chlorophyll deficient mutant was also isolated in Arabidopsis thaliana
by carbon ion irradiation (Shikazono et al. 2003). Electron beams induced muta-
tions of leaf shape and color, seed size and shape, trailing, more branching, dwarf-
ing, early or late flowering time and high yield in Vigna angularisi (Luo et al. 2012).
Tanaka et al. (2010) reviewed the work on ion beam irradiation on different plant
and found that the spectrum of mutations induced by ion beams was different than
gamma rays. In rice, the mutation spectrum of different ion beams was similar to
that of gamma rays but the frequency of mutations was higher (Yamaguchi et al.
2009). Luo et al. (2012) isolated leaf shape mutants in Vigna angularisi by electron
beam irradiations (Fig. 4.4). In Chrysanthemum ray floret mutants has been induced
by 2C5* ion beam irradiation as shown in Fig. 4.5 (Matsumura et al. 2010).

In recent years, cosmic radiations have also been recognized as a source of
induction of mutations in plants and the term space breeding has been coined for
such breeding programs. Mutations were induced in seeds on space flights (Kranz
1986; Mei et al. 1994b, 1998). Scientist used space craft, satellites and high altitude
balloons to carry seeds into space for mutation induction (Li et al.1999), and in the
subsequent generation of plants genetic changes have been recorded (Guo et al.
2010; Hu et al. 2010; Ou et al. 2010). Space flight cauliflower experienced changes
in plant size and flower head and also resistance to black rot (Wua et al. 2010).
Blast-resistant rice mutants have also been developed by using space flight muta-
genesis (Xiao et al. 2008). Since 1987, China has developed more than 40 mutant
varieties in different crop plant such as rice, wheat, cotton, pepper and tomato by
space mutagenesis (Chengzhi 2011).
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L

Fig. 4.3 Morphological mutants in KDMLI105 jasmine rice induced with a low-energy N+/
N2 +ion-beam. (a) and (b) illustrate the wild-type (WT) plant versus the mutant (BKOS) pheno-
type. The mutant has a purple color in the plant stem (c), Leaf (d), immature-seeds (e), husked (f)
and dehusked mature seeds (g) (Source: Chundet et al. 2012)

Fig. 4.4 Mutants of leaf shape induced by electron beam. (a) Jingnong 6 control. (b) Sword leaf
(600 Gy from Jingnong 6). (¢) Lanceolate leaf (600 Gy from Jingnong 6) (Source: Luo et al. 2012)

Fig. 4.5 Ray floret mutants of Shiroyamate obtained by 12C5+ ion beam irradiation. (a) Original
flower of Shiroyamate; (b) yellow mutant; (c) pale-yellow mutant (Source: Matsumura et al. 2010)

Plant cell and tissue culture have helped plant breeders in creating genetic varia-
tion in plants. Efficiency of mutation induction has been improved by the develop-
ment of in vitro techniques (Ahloowalia 1998; Jain 2001, 2006a, 2007). Easy
handling of the regenerated population and the wide range of plant material for
mutagenic treatment are the main advantage of in vitro mutagenesis (Jain 2000;
Predieri 2001) In vitro culture is useful in creating variation specially in vegetatively
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propagated plants such banana (Chai et al. 2004; Roux et al. 2009) cassava (Jain
2005) sweet potato (Ahloowalia 1997; Ahloowalia and Maluszynski 2001) sugar-
cane (Kenganal et al. 2008; Patade et al. 2008; Suprasanna et al. 2009) citrus species,
(Predieri 2001; Somsri et al. 2008) indiangrass (Stephens 2009) and ornamental spe-
cies (Ahloowalia 1997; Jain et al. 20064, b). Jain (2010a) isolated different types of
mutants in banana such as large fruit size, reduced height, early flowering and resis-
tant to Fusarium wilt and black sigatoka by in vitro mutagenesis. Bayoud disease
resistant mutants were developed in date palm by in vitro mutagenesis (Jain 2012).

4.6 Potential Use of Mutants in Crop Improvement

4.6.1 Mutants as a Raw Material for Crop Improvement

Mutants have long been used by scientists directly or indirectly (cross breeding) for
the development of new varieties. Efforts have been made by plant scientists to set up
experimental protocols to create heritable genetic variations among crop plants and
their subsequent use in crop improvement programs. A mutant varieties database
(MVD) is maintained by FAO/IAEA (http://mvgs.iaca.org/AboutMutantVarities.
aspx), containing newly-introduced rice varieties of modified zinc and starch content
and reduced grain size from China, and an early-maturing, flood- and disease-
resistance variety of rice, BINA DHAN-7, from Bangladesh. Most of the mutant
varieties (77 %) are seed propagated and approximately (48 %) varieties recorded in
the MVD are cereals, with rice at the highest constituting 53 %, followed by barley
at 20 %. Induced mutants are freely available for crop improvement programs with-
out restrictions on their use in contrast to protected plant varieties or germplasm.
Many mutants have been released directly as new varieties and many others used as
parents to create varieties with improved traits such as improved yield, quality of
seed propagated crops, modified oil, protein and starch quality, enhanced uptake of
specific metals, deeper rooting system and resistance to biotic and abiotic stresses.
Outstanding mutant varieties such as rice in Australia, India, China, Pakistan and
Thailand; cotton and wheat in Pakistan; pear in Japan; grapefruit, sunflower and pep-
permint in the USA; barley in several countries of Europe; durum wheat in Italy;
sorghum in Mali; groundnut and pulses and several ornamental plants in India, the
Netherlands and Germany have been grown successfully and are playing pivotal
roles to keep food scarcity at bay (Ahloowalia et al. 2004). Mutant germplasm stock
for different plants has been maintained by several countries round the world
(Table 4.6) for their use in future crop improvement. The contribution of mutant crop
varieties, cultivated worldwide, in food security were reviewed by Kharkwal and Shu
(2009) and they concluded that mutant varieties contribute significantly to ensuring
food and nutritional security by enhanced resistance to biotic and abiotic factors,
higher yield, improved nutrient use efficiencies and less agricultural inputs. All these
qualities have made mutant varieties an integral part of daily diet around the world.
Promising characteristics of the mutant varieties have been shown in Fig. 4.6.
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Table 4.6 Mutants/germplasm stocks of crops and the host institutions

Crop Host institution

Maize The Maize Genetics Cooperation Stock Center, University of Illinois, Urbana/
Champaign, IL USA

Arabidopsis European Arabidopsis Stock Centre (or Nottingham Arabidopsis Stock Centre,
NASC), University of Nottingham, Sutton Bonington Campus, UK;
Arabidopsis Biological Resource Centre, (ABRC) Ohio State University, OH,
USA

Tomato CM Rick Tomato Genetics Resource Centre, University of California at Davis,
CA, USA; AVRDC, Taiwan, Tomato Breeding Program Germplasm,
University of Florida, USA

Rice The Oryza base of the National Bio Resource Project-Rice National Institute of
Genetics, Japan; IR64 Rice Mutant Database of the International Rice
Functional Genomics, International Rice Research Institute, Manila,
Philippines; Plant Functional Genomics Lab., Postech Biotech Center, San 31
Hyoja-dong, Nam-gu Pohang, Kyoungbuk, Korea; Institute of Crop
Germplasm Resources, CAAS, Bejieng, China; Africa Rice Center (Africa
Rice) Cotonou, Benin; China National Rice Research Institute, China; Genetic
Resources Center IRRI, Philippines; The International Rice Gene bank
Philippines, NBPGR India; Shanghai Agrobiological Gene Center, China

Barley and Barley mutants, Scottish Crop Research Institute, Dundee, Scotland; Wheat

wheat Genetics Resource Center (WGRC) KU, USA. Barley and Wheat Genetic
Stock of the USDA-ARS. USDA-ARS Cereal Crops Research Unit, Fargo,
ND, USA; Wheat Genetics Resource Center, Kansas State University
Manhattan, KS, USA; Wheat Genetic Resources Database of the Japanese
National BioResource Project; Genetic Stock Centre, Bulgaria; Cereal
Genebank, Martonvasdr, Hungary

Peas Pea mutants, John Innes Centre, Norwich, UK; G.A. Marx Pisum Genetic
Stock Collection

Source: Updated from Mba (2013)
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Fig. 4.6 Characteristics of mutant varieties
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4.6.2 Resource for Genomics andMolecular Breeding

Induced mutagenesis coupled with molecular biology techniques have made it pos-
sible to generate large mutant populations in different crops (Caldwell et al. 2004;
Krishnan et al. 2009; Wang et al. 2013; Xin et al. 2008). DNA sequencing, genome
wide association analysis, transcriptomics and proteomics data of such mutant pop-
ulations have been used for functional genomics studies. These mutant populations
have also been used for gene discovery by forward and reverse genetic approaches.
In rice, 64 genes have been discovered so far that are responsible for mutant pheno-
types in plant development, photosynthesis, signaling transduction and disease
resistance (Morrell et al. 2012). Knowledge of functions, expression and regulations
of these genes responsible for agronomically-important phenotypes will benefit
crop improvement.

Induced mutants play pivotal roles in plant breeding. Mutation breeding, by
using EMS, fast neutron and gamma irradiation, created 443 rice cultivars (Kharkwal
and Shu 2009). In 1976, Calrose 76, the first semi-dwarf rice cultivar, was devel-
oped in the USA and afterward numerous semi-dwarf cultivars and other useful
mutants with improved characters, such as early maturity, endosperm quality, elon-
gated uppermost internode and genetic male sterile, improved nutritional quality
because of low phytic acid, giant embryo mutants of potential interest to the rice oil
industry and adapted basmati and jasmine germplasm were developed by using
Calrose 76 (Rutger 2009). In maize, a model biological system and also an impor-
tant agronomic crop, shrunken2 (sh2) mutant kernels were sweet (Laughnan 1953).
By using this mutant as a parent in maize improvement programs sh2-based sweet
varieties have been developed (Tracy 1997). Amylose extenderl, Leafyl, Sugaryl,
sugary enhancerl, waxyl, opaque2, floury2, and brown midrib3 are other maize
mutants that have also been used directly for specialty maize production (Cox and
Cherney 2001; Hallauer 2001). Mutant germplasm collections, for a specific char-
acter, have also been maintained such as in barley; more than 700 anthocyanin and
proanthocyanidin mutants were used for identifying genes involved in the flavonoid
metabolic pathway in barley (Jende-Strid 1993). One more barley mutant cultivar,
Diamant, has been used for breeding more than 150 leading barley cultivars all over
the world (Ahloowalia et al. 2004). High oleic acid mutants of sunflower were
widely used in the USA and Europe, low linolenic acid and high oleic acid mutants
of rapeseed induced in Canada have been used for breeding rapeseed in Australia,
Canada and Europe (Ahloowalia et al. 2004).

4.7 Impact of Mutant Varieties

Over the past six decades, more than 3000 mutant varieties have been developed by
mutation induction in more than 200 plant species. Rice, wheat, cotton, rapeseed,
sunflower, sesame, grapefruit and banana are economically-important crops with a
large number of mutant varieties. Among these varieties, rice in Australia, China
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and Thailand; rice and cotton in Pakistan; Japanese pear in Japan; barley varieties in
Europe; durum wheat in Italy; sunflower, grapefruit and peppermint in USA; sor-
ghum in Mali; rice, groundnut, pulse crops and ornamentals in India, the Netherlands
and Germany, have all had a positive impact on the economy of the individual coun-
tries (Ahloowalia et al. 2004). Rice varieties resistant to salinity, and with early-
maturing and high-quality traits, have been developed in Vietnam providing extra
income to the farmers and generating USD 300 million per year (Jain and Suprasanna
2011). Biotic and abiotic factors hinder crop production and these can be overcome
by changing the crop genetic architecture that neutralizes the effect of biotic and
abiotic stresses. Reduced height in cereals (Kharkwal and Shu 2009); bushy mutant
in chickpea (Gaur et al. 2008) cotton (Ahloowalia et al. 2004) and sunflower
(Jambhulkar and Shitre 2009) etc. are examples of changed genetic architecture of
these plants. A flax mutant with low linola content and a sunflower mutant with high
oleic acid, developed by induced mutagenesis, improve the quality of the product.
NIAB Karishma a cotton leaf curl virus resistant cultivar, generates USD 294.4 mil-
lion in Pakistan (Haq 2009). Calrose 76, a semi-dwarf rice mutant developed
through gamma irradiation, has 14 % more yield than the wild type and an added
USD 20 million per year to farmers (Rutger 2006). Golden Promise and Diamant
barley mutants brought millions of dollars to the malting and brewing industry in
Europe.

4.8 Conclusions and Prospects

Currently available staple crops are insufficient to meet the challenges of the twenty-
first century and provide total world food security. Enhanced food production,
together with reduced postharvest loses are primary approaches to feed the expected
9 billion population by 2050. Induced mutagenesis has played an important role by
creating several mutants in different crop plants. These mutant varieties with spe-
cific character/trait such as high yield, resistance to biotic and abiotic stresses, have
been grown globally bringing a significant positive economic impact and contribute
to global food and nutritional security and improved livelihoods. Despite the avail-
able mutant resources, challenges still lie ahead to feed an ever-increasing popula-
tion. To speed up crop production, mutant resources for different crop plants have to
be established which can be used to create new mutant cultivars which are high
yielding, resistant to biotic and abiotic stresses, enhanced uptake of specific metal,
deeper rooting systems and modified oil, starch and protein content that can boost
industrial processing. Now in the nanotechnology era, scientists develop can new
tools and techniques for crop improvement. Recently, nanoparticles, nanocapsules
and nanofibers have been utilized in gene manipulation for crop productivity
enhancement. Numbers of biological and chemicals materials applied as a function-
alized nanoform to regulate gene expression in plant systems. Nanofiber-based
delivery of genetic materials is the best alternative process of a microinjection gene
delivery method. Carbon nanofiber arrays are being used for fast and efficient
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delivery of genetic material in plant cells in crop engineering. With the innovation
of molecular biological and nano-level techniques, it is now possible to study more
agronomically-important traits at the molecular level that will help in creating
envisaged smart crop varieties that overcome the constraints threatening twenty-
first century global food security.
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Chapter 5
Conventional Plant Breeding Principles
and Techniques

George Acquaah

Abstract Conventional plant breeding is the development or improvement of cul-
tivars using conservative tools for manipulating plant genome within the natural
genetic boundaries of the species. Mendel's work in genetics ushered in the scien-
tific age of plant breeding. The number of genes that control the trait of interest is
important to breeders. Qualitative traits (controlled by one or a few genes) are easier
to breed than quantitative traits (controlled by numerous genes). General steps in
breeding are: objectives, creation/assembly of variability, selection, evaluation and
cultivar release. Breeders use methods and techniques that are based on the mode of
reproduction of the species self-pollinating, cross-pollinating, or clonally propa-
gated. The general strategy is to breed a cultivar whose genetic purity and produc-
tivity can be sustained by its natural mating system. There are six basic types of
cultivars: pure line, open-pollinated, hybrid, clonal, apomictic and multilines. The
common methods for breeding self-pollinated species include mass selection, pure
line selection, pedigree, bulk population, single seed descent, backcrossing, multi-
line and composite. Methods for breeding cross-pollinated species include mass
selection, recurrent selection, family selection and synthetics. Hybrid cultivar
breeding exploits the phenomenon of heterosis, and is applicable to both self- and
cross-pollinated species. Polyploids have complex genetics. Hybridization of par-
ents is often accompanied by infertility of the hybrid. Mutation breeding may be
resorted to when the gene of interest is non-existent in nature and may be induced.
Also, sometimes, the desired trait is found in wild relatives of the species and may
be introgressed into cultivated species through pre-breeding.
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5.1 Introduction

Modern plant breeding is both an art and science. It has been practiced for thou-
sands of years, as humans continue to use various methods to change the traits of
plants in order to produce desired characteristics (Sleper and Poehlman 1999). With
time, the role of science and technology in plant breeding continues to increase
(Acquaah 2012). Selection, the discrimination among variability, is the oldest
method of plant improvement (Chahal and Gosal 2002). The science of genetics
revolutionized the selection process, taking the guesswork out of it, facilitating it
and making it more efficient (Acquaah 2012; Briggs and Knowles 1967). Modern
plant breeders follow standard methods to create variability, discriminate among the
variability, and develop cultivars for release to farmers (Acquaah 2012; Allard 1960;
Fehr 1987a).

The objective of this chapter is to present and describe the methods of plant
breeding and their genetic underpinnings. Plant breeders follow several general
steps in their breeding programs, starting with objectives and ending with cultivar
release. These steps are described in detail and illustrated. The chapter opens with a
brief definition of conventional breeding and follows up the science that has been
brought into it, introducing the advances in conventional breeding technologies and
techniques. The key genetic principles and concepts, including the number of genes
controlling traits, gene action, heritability, and the breeders’ equation are discussed
in depth. Decision-making in plant breeding based on biometrical genetics is dis-
cussed next, followed by an explanation of the genetic structure and types of plant
cultivars that breeders develop. The role of the method of reproduction (mating
system) in plant breeding is discussed, leading to a detailed discussion of the meth-
ods used to breed self-pollinated, cross-pollinated, and clonally propagated
species.

5.1.1 Definition of Plant Breeding

Plant breeding is a deliberate effort by humans to improve certain aspects of plants
to perform new roles or enhance existing ones (Acquaah 2012). Consequently, the
term plant breeding is often used synonymously with plant improvement in modern
society. Plant breeding is often likened to the process of evolution (Zohary and Hopf
1988). A key difference between the two is that plant breeding is a relatively quick
process that is orchestrated by humans (artificial process), while evolution is a very
slow and natural process (Gepts 2002). Further, the goal of evolution is to increase
the fitness of the species, whereas plant breeders aim to nudge the population
towards specific and predetermined goals (i.e. they are not necessarily concerned
with fittest because modern growers can produce plants under artificial conditions)
(Borojevic 1990).
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5.1.2 Definition of Conventional Breeding

The practice of plant breeding has advanced from the cynical view of “crossing the
best with the best and hoping for the best,” to the now carefully planned and thought-
out strategies for developing high performing cultivars with high predictability
(Acquaah 2012). Modern plant breeding is both a science and an art. The methods
and tools employed, which keep changing with advances in science and technology,
provide the basis for categorizing plant breeding approaches into two basic types —
conventional and unconventional (molecular). (Acquaah 2012; Chahal and Gosal
2002). Molecular techniques are used primarily to create new variability, after
which the breeder uses conventional breeding methods for cultivar development
(Jain and Kharkwal 2004).

Conventional breeding (classical breeding or traditional breeding), is the devel-
opment of new varieties (cultivars) of plants by using older tools and natural pro-
cesses, as opposed to the newer, more sophisticated and sometimes radical tools of
molecular plant breeding (Jain and Kharkwal 2004). Molecular breeders may vio-
late natural biological boundaries in the manipulation of the genetics of plants. They
are able to introduce into the new cultivar desirable genes that are alien to its spe-
cies. In conventional breeding, breeders assemble desirable traits from different but
usually closely related plants into the new cultivar using the techniques of crossing
(hybridization) (Acquaah 2012). Consequently, the product of conventional breed-
ing only emphasizes target traits which preexist in the genetic potential of the spe-
cies, without introducing new genes (Jakowitsch et al. 1999).

5.1.3 Primitive Origins of Conventional Plant Breeding

To feed themselves, early humans gathered whatever they could find in the wild that
was edible. As their lifestyle changed from wandering to sedentary, they brought
and planted desirable plant types at their abode. This was the beginning of the era of
domestication of plants (Gepts 2002). Over many years, and through discrimination
(selection) among the available natural biological diversity, humans gradually but
systematically favored characteristics that increased the utility of the plants. With
time, domesticated plants become markedly different from their wild progenitors in
specific ways that were valuable and advantageous to humans (Zohary and Hopf
1988). Selection is the oldest technique of crop improvement and remains the most
widely used technique to date (Acquaah 2012). It is accomplished largely on the
basis of visual appearance. Armed with a mental picture of the target trait, the per-
son conducting the operation visually discriminates among the available variability
based on appearance, to identify and select desirable plants.

Farmers using this technique of crop improvement save seed from the best look-
ing (superior) plants from their current crop for planting the next year’s crop
(Acquaah 2012). The improved seed developed this way is called a land race (Allard
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1960). Because selection is based on phenotype, the field planted to a land race may
look similar in appearance, but is genetically highly heterogeneous. Land races pro-
vide a rich source of variability for modern plant breeding (Harlan 1975).

5.2 Bringing Science into Conventional Plant Breeding

As knowledge abounds and technology advances, modern breeders are increasingly
depending on science to take the guesswork out of the selection process, or at least
reduce it (Chahal and Gosal 2002). However, being an applied science, conven-
tional breeding still relies to some extent on intuition, skill, and judgment of the
breeder (breeder’s eye), in conjunction with scientific knowledge (Allard 1960). A
good breeder should have a keen sense of observation. One of the most widely
grown potato cultivars in the USA, the Burbank potato, was discovered through the
keen observation of the grower (Fehr 1987b).

5.2.1 The Concept of Genetic Manipulation of Plant Traits

The scientific age of plant breeding was ushered in with the ground-breaking work
of Gregor Mendel in the nineteenth century which, along with further advances in
science that followed his discovery (genetic theory), established that plant charac-
teristics are controlled by hereditary factors (genes) that consist of DNA (the heredi-
tary material) (Borojevic 1990). The invisible genes (genotype; G) are expressed in
an environment (E) to produce a visible trait (phenotype; P). It follows then that in
order to change a trait (or its expression), one may change the nature (genotype),
and/or modify the (environment in which it is expressed). This concept is mathe-
matically expressed as P=G+E (Falconer 1981). Changing the environment essen-
tially entails modifying the growing or production conditions (agronomy). This
may be achieved through the application of production inputs (e.g. fertilizers, irriga-
tion) (Acquaah 2012).

This approach is effective in enhancing certain traits only temporarily (i.e. no
tempering with the genetics of the plant). Plant breeders on the other hand seek to
alter plants in a permanent and heritable way (by modifying the genotype; transmis-
sible from one generation to the next) (Poehlman and Sleper 1995). Genetic theory,
coupled with other scientific knowledge (statistics, biometrics, quantitative genet-
ics, etc.) provides the foundational principles for developing modern plant breeding
methodologies and techniques (Acquaah 2012; Griffiths 1999). Some of the key
genetic and biometrical concepts are discussed further later in this chapter.
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5.2.2 Advances in Conventional Breeding Technologies

and Techniques

In developing cultivars, breeders undertake two basic activities — create or assemble
variability, and discriminate among (selection) variability to identify and advance
desirable individuals that meet the breeding objectives (Fehr 1987a). The effective-
ness and efficiency of a breeding program rest to a large extent on these two activi-
ties. Consequently, breeders seek new or refine old technologies and techniques that
facilitate these activities. The following are some of the key ones, each of which
may have additional associated techniques:

(a)

(b)

()

(d)

(e)

Selection: This is the most fundamental technique used for crop improvement
by both trained scientists and untrained farmers (Briggs and Knowles 1967). It
is basically the act of discriminating among variability to pick and advance
desirable plants. Sometimes, the unit of selection is the individual plant; other
times, a number of plants is chosen and advanced in a breeding program
(Acquaah 2012). Modern breeders use a variety of selection or breeding
schemes or methods in their programs.

Artificial pollination: This is an ancient and yet very critical technique in mod-
ern plant breeding. It is a controlled pollination technique for genetic studies,
creating targeted variability, targeted gene transfer, developing breeding stocks,
improving fruit set and seed production, among other uses (Acquaah 2012).
The success of artificial pollination is beset with issues such as genetic incom-
patibility (genetically-induced prevention of fertilization) (Chahal and Gosal
2002). Various techniques are available for overcoming these issues.
Hybridization: This is the planned crossing of parents used to create new vari-
ability to initiate a breeding program, or to create new cultivars (hybrid breed-
ing) (Agrawal 1998). It involves the use of controlled pollination that may be
effected by artificial means. Depending upon the program, breeders may estab-
lish hybridization blocks where controlled pollination occurs. Sometimes,
sophisticated hybridization schemes (e.g. diallele crosses) are used to create
certain genetic combinations (Brown and Caligari 2008). To facilitate hybrid-
ization for developing hybrid cultivars, breeders use various techniques to con-
trol pollination.

Wide crosses: Commonly, breeders cross parents within the same species.
However, sometimes the gene(s) of interest may be located in other species.
Wild germplasm is a rich source of genes for modern crop improvement (Zamir
2001). Wide crosses are crosses that involve materials from outside the gene
pool for cultivated species (Harlan 1975). They can involve two species (inter-
specific cross) or even genera (intergeneric cross). The more distant genetically
the parents are, the higher the incidence of genetic complications resulting in
infertility and low success (Harlan 1975).

Embryo culture: Because of infertility issues, the embryos resulting from espe-
cially wide crosses do not develop normally and need to be extracted (rescued)
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prematurely and nurtured in vitro into full plants using tissue culture techniques
(Acquaah 2012; Bridgen 1994; Sage et al. 2010). The procedure was success-
fully used following interspecific crosses in the genus Hylocereus (Cactaceae)
(Cisneros and Tel-zur 2010).

(f) Chromosome doubling: Interspecific wide crosses involve parents with differ-
ent numbers of chromosomes. The hybrid resulting from such crosses are repro-
ductively sterile, due to meiotic incompatibility (Acquaah 2004a). Breeders use
chromosome doubling (effected by application of colchicine) technique to cre-
ate paring partners for successful meiosis and restoration of fertility (Chahal
and Gosal 2002).

(g) Doubled haploids: A doubled haploid genotype results when a haploid cell (e.g.
pollen, egg) undergoes chromosome doubling, an event that can produced
in vivo or in vitro, and be spontaneous or artificially induced in plant breeding
(Maluszynski et al. 2003). Haploids may be generated via wide crossing, as was
done in barley (Kasha and Kao 1970). Chromosome doubling is achieved
through the application of the chemical colchicine (Winzeler et al. 1987,
Acquaah 2012). Whereas doubled haploids can be a cultivar development tech-
nique (via elite crossing, backcrossing, or direct releases), other applications in
plant breeding include mapping quantitative trait loci (QTLs), bulk segregant
analysis (BSA), genetic maps and genomic studies (Maluszynski et al. 2003).
Currently, several hundreds of plants are amenable to doubled haploid proto-
cols, but the technology has advantages and disadvantages. The key disadvan-
tage is that selection cannot be imposed on the population. Doubled haploid
technology has been successfully applied in hybrid maize breeding (Geiger and
Gordillo 2009) as well as wheat improvement (Liu et al. 2002).

(h) Bridge crossing: Bridge crossing is the technique used in wide crosses or for
creating a transitional or intermediate cross as an indirect way of crossing two
parents with different ploidy levels (different numbers of chromosomes) (Zamir
2001). The intermediate hybrid is reproductively sterile and is subjected to
chromosome doubling to restore fertility.

(i) Protoplast fusion: This is also a technique that is helpful to wide crossing.
Protoplasts (cells without cell wall) may be fused in vitro to achieve hybridiza-
tion in cases where crossing via pollination and normal fertilization is challeng-
ing or impossible (Acquaah 2012). In potato, Helgeson et al. (1986) used
somatic fusion to achieve potato plants that were resistant to potato leaf roll
disease.

(j) Seedlessness: Fertility for seed formation is desired in seed-bearing species.
However, certain fruits are best enjoyed when they are seedless (e.g. water-
melon, grapes) (Acquaah 2004). Odd chromosome number set (e.g. triploidy)
results in reproductive sterility. Consequently, crossing a diploid (2n) with a
tetraploid (4n) yields a triploid (3n) fruit that is reproductively sterile and seed-
less (Andrus et al. 1971).

(k) Genetic marker: Visual selection in breeding may be facilitated by using tech-
niques such as genetic markers. A genetic marker is a simply inherited and
readily identified trait that is linked to a target trait that is difficult to identify or
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)

observe (Acquaah 2004). Conventional breeders use morphological markers in
their work. In modern plant breeding molecular or biochemical makers, which
are more versatile and efficient, are used to facilitate selection (marker assisted
selection — MAS) (Betrand et al. 2008). MAS is not genetic modification
(genetic engineering) as alien genes are not incorporated into the product (cul-
tivar) developed. Molecular markers may be enzyme-based or DNA based.
Isozyme (or isoenzymes; multiple forms of certain enzymes) technology is the
first generation biochemical marker technology that was first used in conven-
tional plant breeding (Acquaah 1992). It is an obsolete technology. Modern
molecular markers include RFLPs (restriction fragment length polymorphisms),
SSRs (minisatellites), and PCR-based markers (e.g. random amplified polymor-
phic DNA — RAPD and single nucleotide polymorphism — SNPs) (Collard et al.
2005).

Mutagenesis: Heritable variation is the lifeblood of plant breeding. Hybridization
reorganizes existing variability into new matrices or combinations without cre-
ating novel genes. Plant breeders can create non-existing or novel genes through
the application of mutagens (agents of mutation — chemical or physical) to cre-
ate novel sources of variation for breeding (Broetjes and Harten 1998). Mutation
breeding continues to be used in modern conventional plant breeding vis-a-vis
more precise techniques provided by modern biotechnology (Bado et al. 2013;
Matijevic et al. 2013; Shu et al. 2012). Some recent specific applications include
the modification of vernalization, growth and development of winter wheat
(Czyczyto-Mysza et al. 2013), cultivar development in banana (Jain et al. 2011)
and nutritional quality improvement in sorghum (Mehlo et al. 2013). The
International Atomic Energy Agency (IAEA) supports research in the use of
mutagens for plant breeding (Anonymous 1991).

5.3 Key Genetic Principles and Concepts Pertinent

to Conventional Breeding

With time, Mendel’s basic principles of genetics were advanced and extended to
provide a deeper understanding of heredity, and how to apply it to facilitate plant
breeding.

5.3.1 Number of Genes Controlling a Qualitative Trait

The methods used for breeding, and the ease and success of breeding depend on the
number of genes that control the trait of interest (Agrawal 1998). Mendel estab-
lished his laws of inheritance from work conducted on traits that were controlled by
one or a few genes (simply inherited or qualitatively inherited; qualitative traits).
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These traits are easy to manipulate and evaluate in a breeding program because their
expressions produce discrete phenotypes that can be distinguished by counting and
placing into clear-cut categories (discrete distribution) because the effects of these
genes can fall into such non-overlapping groups (Brown and Caligari 2008).

5.3.2 Number of Genes Controlling a Quantitative Trait

Unfortunately, most traits of interest to plant breeders are controlled by many genes
(quantitatively inherited; quantitative traits), each contributing a small effect to the
overall phenotypic expression of a trait (Kearsey and Pooni 1998). In plant breed-
ing, quantitative traits are distinguishable by measuring (metrical traits) the plants
(instead of counting).

Quantitative traits are controlled by polygenes (multiple genes) and are also
called polygenic traits (Lynch and Walsh 1998). The genes have effects that are too
small to be individually distinguished. Polygenic inheritance exhibits a phenotypic
pattern that is continuous (non-discrete) because segregation occurs at a large num-
ber of loci. As a consequence, quantitative traits are more susceptible, than qualita-
tive traits, to modification by the variation in environmental factors to which plants
in the population are subjected (Acquaah 2012).

It is challenging to measure the role of the environment on trait expression
because it is difficult to measure the environmental effect on plant basis (Mackay
et al. 2009). Consequently, it is imperative that breeders evaluate their materials in
environments that are similar to those in which the cultivars being developed would
be used in crop production (Briggs and Knowles 1967). Another aspect of poly-
genic trait inheritance is that it is advantageous to breeders if desirable polygenes
occur in tight linkages (linkage blocks are transferred together) (Allard 1960).

5.3.3 Gene Action

Biometrical genetics is used to aid breeders in understanding quantitative variation
by describing the segregating population in terms of means and variances. Because
the effects of quantitative genes do not fall into discrete categories, it is more useful
to describe quantitative traits by their gene action rather than by the number of
genes by which they are encoded (Mackay et al. 2009). The genetics of a quantita-
tive trait centers on the study of its variation (Acquaah 2012). It is in terms of varia-
tion that the primary genetic questions are formulated. Further, the researcher is
interested in partitioning variance into its components that are attributed to different
causes or sources. The genetic properties of a population are determined by the rela-
tive magnitudes of the components of variance (Crow and Kimura 1970). In addi-
tion, by knowing the components of variance, one may estimate the relative
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importance of the various determinants of phenotype. Total variance of a quantita-
tive trait may be mathematically expressed as follows (Falconer 1981):

Vo=V +V, +Vg

where Vp=total phenotypic variance of the segregating population; V;=genetic
variance; Vp=environmental variance; and Vgg=variance associated with the
genetic and environmental interaction.

The four types of gene action are additive, dominance, overdominance, and epi-
static (Holland 2001). Additive gene action occurs when each additional gene
enhances the expression of the trait by equal increments. In a breeding program,
selection is most effective for additive variance; it can be fixed by breeding (i.e. a
cultivar that is homozygous can be developed) (Acquaah 2012). Dominance gene
action pertains to allelic relationship at the same locus. Dominance gene effects are
deviations from additivity that make the heterozygote resemble one parent more
than the other (Lamkey and Edwards 1999). When dominance is complete, the het-
erozygote is equal to the homozygote in effects making it impossible for the breeder
to distinguish between the two phenotypes. Because both kinds of phenotypes will
be selected in a breeding program, fixing superior genes will be less effective where
dominance gene action prevails.

Overdominance gene action exists when each allele at a locus produces a sepa-
rate effect on the phenotype, and their combined effect exceeds the independent
effect of the alleles (i.e., aa=1, AA=1, Aa=2) (Lamkey and Edwards 1999). Plant
breeders can fix overdominance effects only in the first generation (i.e. F, hybrid
cultivars) through apomixis (asexual reproduction via seed), or through chromo-
some doubling of the product of a wide cross). Epistasis is the non-allelic interac-
tion of genes. Epistatic gene action, when it occurs in qualitative traits, manifests as
the masking of one gene expression by another (Holland 2001). In quantitative
traits, epistasis is described simply as non-allelic gene interactions which can result
in an effect where none existed (e.g., Aabb=0, aaBB=0, but A-B-=4).

5.3.4 Heritability and Plant Breeding

Plant breeders practice selection in the field on the basis of phenotype (the product
of the interaction of genotype and the environment). If a trait is significantly influ-
enced by the environment (e.g. a quantitative trait), a less desirable genotype may
be accidentally selected to advance the breeding program. The expected breeding
progress or gain will not be realized. Heritability is the concept of the reliability of
the phenotypic value of a plant as a guide to the breeding value (additive genotype)
of a metrical trait (Falconer 1981). It does not measure genetic control, but rather
how this control can vary (broad sense, H=V/V, or narrow sense, h’=V,/Vp)
(Falconer and Mackay 1996). It is also the property of the trait, the population, and
the environment. Quantitative traits tend to have lower heritabilities versus
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qualitative traits, and hence selection for the former is challenging in breeding. A
high heritability (especially narrow sense heritability) is desired in breeding for
rapid progress (Lynch and Walsh 1998). In other words, high heritability indicates
that a trait can be readily improved by plant breeding.

5.3.5 The Breeders’ Equation

After the plant breeder has determined that a trait can be improved through breed-
ing, genetic variability is assembled or generated to initiate the breeding program.
As the program continues, rounds of selection are implemented with the goal that
the trait of interest would be progressively improved with each round. The differ-
ence between the mean phenotypic value (value of an individual judged by the mean
value of its progeny; it is the value that is transferred from an individual to its prog-
eny) of the offspring of the selected parents and the whole of the parental generation
before selection is called the response to selection (R) or the genetic gain or genetic
advance (Falconer 1981) Stated differently, the response to selection is simply the
change of population mean between generations following selection (Fig. 5.1). The
response to selection depends on three factors (Acquaah 2012): (a) The total (phe-
notypic) variation in the population in which selection will be conducted; (b)
Heritability of the target trait; and (c) Selection pressure (i.e. the proportion of the
population that is selected for the next generation) to be imposed by the plant
breeder.

The mean phenotypic value of the individuals selected as parents for the next
generation expressed as a deviation of the population mean is called selection dif-
ferential (S). Response to selection is related to heritability by the following equa-
tion (Falconer and Mackay 1996):

R=h’S

Qualitative traits are easier to select (breed) than quantitative traits (low herita-
bility). When heritability is high, a small number of top performers may be selected
(high selection pressure). The reverse is true when heritability is low. Further, when
heritability is unity (Va=Vjp; no environmental variance), progress with selection
should be perfect. On the other hand if heritability is zero, (R=0); in theory, the
breeder can predict the response to selection in one generation (heritability estimate
is valid for one generation).

The response to selection in one generation may be mathematically expressed
following (Falconer and Mackay 1996):

X,-X, =ih’c =R (orAG=ih’c)

where X ;=mean phenotype of the offspring of selected parents, X »=mean pheno-
type of the whole parental generation, R=the advance in one generation of
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AG = h’ = ih’cp (genetic gain)

Fig. 5.1 The response to one generation of selection is the genetic gain. It depends on the herita-
bility of the trait and the selection differential

selection, h*=heritability, o =phenotypic standard deviation of the parental popula-
tion, i=intensity of selection, AG=genetic gain or genetic advance.

This equation has been suggested by some to be one of the fundamental equa-
tions of plant breeding that must be understood by all breeders, hence called the
breeder’s equation (Acquaah 2012). However, its utility is largely academic because
the parameters are seldom available (Bernardo 2010).

5.3.6 Genetic Linkage and Markers

Plant breeders generate large amounts of variability, from which they select indi-
viduals to advance their programs. The success of a breeding program depends on
selecting the right plants at each stage in the program (Dudley et al. 1991). Field
selection is done on phenotypic basis, whereby the breeder selects on visual exami-
nation of the variability. If the trait is difficult to visually observe, the gene of inter-
est can be missed during selection, and hence genetic advance during breeding can
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be negated (Allard 1960). This can prolong the time for cultivar development. Breeders
benefit from knowing of the existence of linkage between the gene(s) of interest and
a genetic marker (easy-to-observe trait). This way, genes of interest that are difficult
to observe can be assumed to be present when genetic markers to which they are
strongly associated are observed (Jain and Kharkwal 2004; Pillen et al. 2003).

5.4 General Steps in Plant Breeding

Certain general steps (activities) are associated with conventional plant breeding
described by Acquaah (2012) are: (a) Setting objective(s); (b) Creation/assembly of
variation; (c) Selection; (d) Evaluation; (e) Release; (f) Multiplication and (g)
Distribution of the new cultivar.

Plant breeders are not responsible for seed multiplication and distribution.
However, a seed company usually conducts all these seven activities. A breeder
should have a comprehensive plan for a breeding project that addresses these steps.

5.4.1 Objectives

Breeding objectives depend on the species and the intended use of the cultivar to be
developed. The breeder should first define a clear objective (or set of objectives) for
initiating the breeding program, taking the needs of end-users into account as fol-
lows (Acquaah 2012):

(a) The producer (grower) — Consider from the point of view of growing the culti-
var profitably (e.g. need for high yield, disease resistance, early maturity, lodg-
ing resistance).

(b) The processor (industrial user) — Consider as it relates to efficiently and eco-
nomically using the cultivar as raw material for producing new products (e.g.
canning qualities, fiber strength, wood quality, mechanized production).

(c) The consumer (household user) — Consider their preference (e.g. taste, high
nutritional quality, shelf life, aesthetics).

5.4.2 Creation/Assembly of Variation

Genetic variation or variability is indispensable to plant breeding (Allard 1960).
After determining the breeding objective(s), the next step is to assemble the requisite
germplasm for initiating the breeding program. If, for example, breeding for disease
resistance is the objective, the gene conferring resistance to the disease must be
available for initiating the base population (Acquaah 2012). The most common
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method of introducing the desired gene into the base population is via artificial
crossing of appropriate parents (Gur and Zamir 2004). If the gene does not exist, the
breeder may attempt to create (induce) it. The common conventional method of
creating a nonexistent gene is via mutagenesis (use of mutation agents to induce
variation) (Micke 1992).

Variability exists in many plant gene banks (repositories for plant germplasm) to
which scientists have access. Gene banks may be operated on a small scales by
national governments. However, comprehensive operations are undertaken by inter-
national entities such as the international research centers (Acquaah 2012). These
centers focus on mandate crops (e.g., CYMMIT in Mexico for maize and ICRISAT
in India for sorghum). The desired variability may already exist in the breeder’s
local collection and in remnants from previous breeding projects (Harland and de
Wet 1971).

5.4.3 Selection and Evaluation

Selection is simply discriminating among the available or created variability to
identify individuals with the desired combination of genes (genotype) or expressed
trait(s) (Dudley and Lambert 1992). With the introduction of genetics and statistics
into modern plant breeding, breeders have developed standard breeding methods for
the species, the genetics of the trait of interest and the type of product desired. There
are selection or breeding methods for species based on their modes of reproduction,
genetics or whether the product should be uniform or variable (Briggs and Knowles
1967).

The final selection cycle in breeding results in a small number of genotypes that
are potential candidates for advancing as cultivars for release to producers. These
genotypes are subjected to rigorous evaluation under conditions which must include
those under which the cultivars will be commercially grown (Borojevic 1990).
Evaluations may be conducted at multiple locations and over multiple years (Fehr
1987a). Included in such evaluations are standard cultivars of known performance
(for comparison), which could be replaced should superior performers emerge from
the trials.

5.4.4 Certification and Cultivar Release

In countries with more advanced agricultural operations, there exist standardized
and approved protocols for releasing new cultivars to growers. There may be
national crop certifying agencies that oversee the seed certification process for vari-
ous crops (Agrawal 1998). The ultimate purpose of seed certification is to ensure
that the seed produced by the plant breeder reaches the public (consumer) in its
highest quality, original genetic identity and highest genetic purity.
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5.4.5 Multiplication and Distribution

Certified seed is multiplied by certified seed growers contracted by independent
breeders and seed companies to mass-produce released cultivars for sale to growers
(Allard 1960). New cultivars are sold to consumers via a variety of outlets.
Commercial seed companies have elaborate sales mechanisms.

5.5 Mode of Reproduction (Mating System) and Plant
Breeding

Modern plant breeding is a highly planned and managed enterprise. A breeding
program follows a carefully planned scheme or method. Methods of breeding are
classified into these categories based on their modes of reproduction of the species
as those for self-pollinated, cross-pollinated or clonally propagated (those that do
not bear flowers and are vegetatively propagated) (Allard 1960). Modes of repro-
duction (sexual or asexual) impact the genetic structure of plants and their popula-
tions. Methods of breeding are selected by breeders such that the natural genetic
structure of the species is retained in the new cultivar (Acquaah 2012).

Some breeding methods require artificial hybridization or crossing, which entails
effective control of pollination to allow only the desired pollen to be included in the
cross. To be successful, the breeder needs to understand the reproductive behavior
of the species. After a cultivar has been developed, the procedure for its multiplica-
tion and maintenance depends on its mode of reproduction. Breeders need to also
know about the lifecycle of the species — annual, biennial, or perennial (Borojevic
1990). The methods and strategies used in breeding differ according to these three
lifecycles.

5.6 Decision-Making in Breeding

Biometrical genetics can be used to aid plant breeders in making fundamental and
critical decisions in their work (Acquaah 2012). Two of these decisions are the cul-
tivar to breed and the selection method that would facilitate the breeding program.

5.6.1 Best Cultivar to Breed

The type of cultivar that is desirable is closely related to the breeding or mating
system of the species, but more importantly on the genetic control of the traits tar-
geted for manipulation (Acquaah 2012). The breeding system can be temporally
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and artificially altered (e.g. cross-pollinated species can be forced to self-pollinate).
However, the genetic control of the trait of interest cannot be changed. Breeders
should make decisions regarding the type of cultivar to breed based on the genetic
architecture of the trait, especially, the nature and extent of dominance and gene
interaction, more so than the breeding system of the species (Falconer 1981).

Generally, where additive variance and additive x additive interaction predomi-
nate, pure lines and inbred cultivars are appropriate to develop (Falconer 1981).
However, where dominance variance and dominance x dominance interaction sug-
gest that overdominance predominate, hybrids would be successful cultivars. Open-
pollinated cultivars are suitable where a mixture of the above genetic architecture
occurs (Fehr 1987a).

5.6.2 Effective Selection Method for Traits

The genetic control of the trait of interest determines the most effective selection
method to use. The breeder should pay attention to the relative contribution of the
components of genetic variance (additive, dominance, epistasis) and environmental
variance in choosing the best selection method, as previously stated (Kearsey and
Pooni 1998). Additive genetic variance can be exploited for long-term genetic gains
by concentrating desirable genes in the homozygous state in a genotype. The breeder
can make rapid progress where heritability is high by using selection methods that
are dependent solely on phenotype (e.g. mass selection) (Acquaah 2012). However,
where heritability is low, the method of selection based on families and progeny
testing are more effective and efficient. When overdominance predominates, the
breeder can exploit short-term genetic gain very quickly by developing hybrid cul-
tivars for the crop (Falconer 1981).

It should be pointed out that as self-fertilizing species attain homozygosity fol-
lowing a cross, they become less responsive to selection (Briggs and Knowles
1967). However, additive genetic variance can be exploited for a longer time in
open-pollinated populations because relatively more genetic variation is regularly
being generated through ongoing intermating (Eberhart and Gardner 1966).

5.6.3 Selection of Single Traits or Multiple Traits

Plant breeders are often interested in more than one trait that they seek to improve.
Even though a breeding program may focus on disease resistance, for example, the
breeder is not interested in achieving disease resistance only, but in addition, high
yield and other agronomic traits are important (Poehlman and Sleper 1995). It
makes little sense to develop a new cultivar that is resistant to a biotic or abiotic
stress, and be so low-yielding that it cannot be economically produced. It is fair,
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therefore, to say that high or reasonable yield is part of every breeding program
(Acquaah 2012).

If traits are negatively correlated, improving one diminishes the other. Selection
schemes (e.g. recurrent selection) increase the chance for linkages to be broken to
allow negatively linked traits to be simultaneously selected for in a breeding pro-
gram (Paterniani and Vencovsky 1977).

5.6.4 Pre-breeding

Plant breeding may be categorized into two broad phases or groups of activities —
pre-breeding and cultivar development (Acquaah 2012). Also called germplasm
enhancement, this preliminary breeding activity is widely used to introgress or
transfer genes (e.g. disease resistance genes) from the wild into breeding materials
(Harlan 1976; Zamir 2001) (Fig. 5.2). It is time consuming and resource intensive,
making it unattractive to breeders in general. Consequently, such undertakings are
often funded by governments or international agencies. The products are then avail-
able to the general public.

Plant genetic resources (germplasm) used in plant breeding were categorized
into three gene pools (Harlan and de Wet 1971). Gene pool 1 (GP1) consists of natu-
ral biological species, domesticated, and wild and weedy, which are able to inter-
cross without genetic consequences (infertility). Crosses involving GP2 and more
so GP3 species are problematic. A newly added category, GP4, consists of synthetic
strains (do not occur in nature) created by scientists (Harlan and de Wet 1971). To
be accessible to breeders for cultivar development, traits existing in distant gene
pools must first be transferred into domesticated breeding materials by pre-breeding

Fig. 5.2 Tomato plants inoculated with tomato powdery mildew. (a) The left plant is from tomato
wild species Solanum pervianum LA2172, showing no powdery mildew infection; the right plant
is from S. lycoerpsicum cv. Moneymaker (MM), showing fungal colonies growing on infected
leaves. (b) A closer look at the colonization of tomato powdery mildew (Oidium neolycopersici)
growing on the upper-side of MM leaf. Pictures were taken 15 days post inoculation (Source:
Courtesy of Yurling Bai, Wageningen UR Plant Breeding, Netherlands)
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(Gepts 2002). Consequently, the duration of a breeding program depends on whether
the breeder has a cultivar development-ready germplasm or not.

5.6.5 Duration of Plant Breeding

Plant breeding, conventional or molecular, is a lengthy activity that is influenced by
numerous factors. Duration of breeding can be anywhere from a few years (4-6
years) to over 10 years (Poehlman and Sleper 1995). The lifecycle of the species is
important, annuals taking a shorter time to breed than tree crops. If the gene of inter-
est exists in the wild gene pool, the time for pre-breeding to introduce it into domes-
ticated pool, thereby lengthening the breeding program (Chahal and Gosal 2002).
Qualitative traits are easier to breed than quantitative traits. If the trait is recessive,
an additional step of selfing would be required during each cycle for selection pur-
poses. Some breeding methods are more involved than others (Acquaah 2012).

The breeding objective also determines the duration of the program. Breeding for
abiotic or biotic stress resistance may require ideal environmental conditions for
optimal selection for rapid genetic gains. Breeding for resistance to airborne dis-
eases and improved aboveground traits are much easier than addressing soil-borne
diseases or underground traits. If high uniformity of the final product is needed,
breeders may need additional cycles of selfing, thus prolonging the program (Brown
and Caligari 2008).

The location of the breeding program is also important in the duration of cultivar
development It helps if the breeder can have two growing seasons in which to work.
That failing, some breeders in the temperate regions have winter nurseries in tropi-
cal areas for work during the winter season. Sometimes, it may be possible to do
some work in the greenhouse. When putative cultivars have been identified for the
evaluation stage, it helps if field trials can be conducted more than once a year
(Allard 1960).

5.6.6 Plant Breeding as a Numbers Game

Plant breeders encounter many situations in their breeding work which involves
numbers (Acquaah 2012). They need to know if a trait is qualitative or quantitative
(number of genes — few or numerous). They also need to know the number of par-
ents to initiate the program or advance it at each stage in the selection process
(selection intensity) (Brown and Caligari 2008). After crossing, breeders must
decide the number of cycles of selfing needed, number of times to backcross to the
adapted parent, or number of recurrent cycles to conduct (Borojevic 1990).

At the evaluation stage, the breeder decides the number of locations at which to
conduct the trials, the number of years of testing and the number of cultivars to
release.
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5.7 Genetic Structure of Plant Cultivars

Based on the mating system of the species and the method of breeding, the cultivars
developed vary in genetic structure and phenotypic uniformity. This condition
determines how the farmer maintains the cultivars, with regard to planting in subse-
quent seasons. To this end, cultivars may be classified into several categories (see
Sect. 5.14) (Agrawal 1998):

(a) Homozygous and homogeneous: This breeding strategy is applied to self-
pollinated species. The product of economic importance is uniform, and famers
may, if legally permissible, save seed from the current season for planting the
next season without genetic consequences. (Acquaah 2012).

(b) Heterozygous and homogeneous: This breeding strategy is widely applied to
cross-pollinated species. The cultivar may be genetically heterozygous and
remain phenotypically homogeneous, as in hybrid cultivars (Crow 1988). The
genetic structure is maintained only for one season. Consequently, saving seed
from the current crop to plant in the next season’s crop has severe genetic and
yield consequences (the hybrid cultivar is F; and uniform, but the next seed is
F, and heterogeneous) (Bauman and Crane 1992).

(c) Heterozygous and heterogeneous: Some cultivars are deliberate blends or mix-
tures, giving them broad adaptation for success in production systems such as
obtains in developing countries (Allard 1960).

(d) Homozygous and heterogeneous: An example of such a cultivar is a landrace.
The component genotypes may each be homogeneous but there is such a large
amount of diversity in the composite genotypes such that the cultivar is hetero-
geneous (Borojevic 1990).

(e) Clonal: Clones are identical to the parent material. The uniqueness about this
cultivar is that heterozygosity can be propagated without change or genetic con-
sequence (hybrid vigor is fixed) through subsequent generations as would occur
in a hybrid of an open-pollinated species. The offspring of a clonal population
is homogeneous, even though the parents are heterozygous (Acquaah 2004).

5.8 Types of Cultivars

Plant breeders develop six basic types of cultivars from four basic populations:
inbred pure lines, open-pollinated populations, hybrids and clones (Acquaah 2012).
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5.8.1 Pure-Line Cultivars

Pure-line cultivars are developed for species that are highly self-pollinated (inbred).
These cultivars are homogeneous and homozygous in genetic structure, a condition
attained through a series of self-pollination (Briggs and Knowles 1967). These cul-
tivars are often used as parents in the production of other kinds of cultivars. Pure
line cultivars have a narrow genetic base (Brown and Caligari 2008). They are
desired in regions where uniformity of the market product has high premium.

5.8.2 Open-Pollinated Cultivars

Contrary to pure-lines, open-pollinated cultivars are developed for species that are
naturally cross-pollinated. The cultivars are genetically heterogeneous and hetero-
zygous (Burton and Brim 1981). Two basic types of open-pollinated cultivars are
developed by breeders. One type is developed by improving the general population
by recurrent (or repeated) selection or bulking and increasing the material from
selected superior inbred lines (Burton and Brim 1981). The other type, called a
synthetic cultivar, is derived from planned inter-matings involving selected geno-
types. Open pollinated cultivars have a broad genetic base (Borojevic 1990).

5.8.3 Hybrid Cultivars

Hybrid cultivars are produced by crossing inbred lines that have been evaluated for
their ability to produce hybrids with superior vigor (performance) over and above
those of the parents used in the cross (Betran and Hallauer 1996). Hybrid production
exploits the phenomenon of hybrid vigor (or heterosis) to produce superior yields
(Lamkey and Edwards 1999). Heterosis is usually less in crosses involving self-
pollinated species than those involving cross-pollinated species.

Hybrid cultivars are homogeneous but highly heterozygous. Pollination is highly
controlled and restricted in hybrid breeding to only the designated pollen source
(Stuber et al. 1992). In the past, physical (human) intervention was required to
enforce this strict pollination requirement, making hybrid seed expensive. However,
with time, various techniques have been developed to capitalize on natural repro-
ductive control systems (e.g. male sterility) to facilitate hybrid production (Norskog
1995). Hybrid production is more widespread in cross-pollinated species (e.g.
maize, sorghum), because the natural reproductive mechanisms (e.g. cross fertiliza-
tion, cytoplasmic male sterility) are more readily economically exploitable than in
self-pollinated species (Betrdn and Hallauer 1996).
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5.8.4 Clonal Cultivars

Seeds are used to produce most commercial crop plants. However, a significant
number of species are propagated by using plant parts (e.g. stems and roots) other
than seed (Fehr 1987a). By using vegetative parts, the cultivar produced consists of
plants with identical genotypes and is homogeneous. However, the cultivar is genet-
ically highly heterozygous. Some plant species are sexually reproducing but are
propagated clonally by choice (Fehr 1987a). Such species are improved through
hybridization, so that when hybrid vigor exists, it can be fixed (i.e. vigor is retained
from one generation to another), and then the improved cultivar propagated asexu-
ally (Acquaah 2012).

In seed propagated hybrids, hybrid vigor is highest in the F,, but is reduced by
50 % in each subsequent generation (Briggs and Knowles 1967). In other words,
whereas clonally propagated hybrid cultivars may be harvested and used for plant-
ing the next season’s crop without adverse genetic effects, producers of sexually
reproducing species using hybrid seed, must obtain a new supply of seed as previ-
ously indicated (Allard 1960).

5.8.5 Apomictic Cultivars

Apomixis is the phenomenon of producing seed without the benefit of the union of
sperm and egg cells (i.e. without fertilization) (Savidan 2000). The seed harvested
is hence genetically identical to the mother plant (in much the same way as clonal
cultivars) (Hanna and Bashaw 1987). Hence, apomictic cultivars have the same ben-
efits of clonally propagated ones, as previously discussed. In addition, they have the
convenience of vegetative propagation through seed (versus propagation through
cuttings or vegetative plant parts). Apomixis is common in perennial forage grasses
and tree fruits (e.g. mango, citrus) (Savidan 2000).

5.8.6 Multilines

Multilines are developed for self-pollinating species (Allard 1987). These cultivars
consist of a mixture of specially developed genotypes called isolines (or near iso-
genic lines) because they differ only in a single gene (or a defined set of genes).
Isolines are developed primarily for disease control, even though these cultivars,
potentially, could be developed to address other environmental stresses (Chahal and
Gosal 2002). Isolines are developed by using the techniques of backcrossing in
which the F, is repeatedly crossed to one of the parents that lacked the gene of inter-
est (e.g. disease resistance) (Acquaah 2012).
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5.9 Developing Self-Pollinated Cultivars

Self-pollinated cultivars may be developed from either a single plant or a mixture of
plants, each with implications for the genetic structure of the cultivar (Briggs and
Knowles 1967). The methods used for breeding self-pollinated species may be clas-
sified into two — one that is preceded by a planned cross (hybridization) and one that
is not (Acquaah 2012). Further, the final product (cultivar) may be derived from a
single plant (after the cross, if there is one), or a mixture. The methods used for
cultivars deriving from a single plant include the following basic ones — pure line,
pedigree, single seed descent, bulk, backcross. Methods that use a mixture of plants
include the following basic ones: mass selection, composites or blends, and recur-
rent selection (Borojevic 1990).

5.9.1 Mass Selection

Mass selection is applicable to both self- and cross-pollinated species, but with dif-
ferent genetic consequences (Allard 1960). The persistence of inbreeding alters
population gene frequencies reducing heterozygosity from one generation to the
next in self-pollinated species (Acquaah 2012). It is a population improvement
strategy whose purpose is to increase the gene frequencies of desirable genes and
therefore increase the average performance of the base population. It acts on exist-
ing variability without creating a new one. Procedurally, off-types or undesirable
plants are rogued out of the population; alternatively, desirable plants may be
selected and bulked from the existing population to form the improved cultivar
(Fig. 5.3). Single plants, pods, or heads as applicable, may be the selection unit
(Baezinger et al. 2006).

Mass selection may be used to maintain the purity of an existing cultivar after it
has been contaminated (e.g. by natural outcrossing, spontaneous mutation, mechan-
ical mixing). It is used in breeding horizontal (durable) resistance into a cultivar,
and for adapting a new cultivar to a production region. Mass selection is based on
plant phenotype and is hence most effective if the trait of interest is highly heritable
(Brown and Caligari 2008).

The resulting cultivar is fairly uniform (for the trait of interest), but genotypi-
cally, it could comprise a large number of pure lines, thus making is genetically
broad-based, adaptable and stable. It is inexpensive, simple and rapid to conduct,
requiring only one generation per cycle. Large populations can be handled at one
time.
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a) Mass selection for cultivar development
Select and bulk
seed of desired

Year 1 Source population —<— plants OR
Rogue out
J, undesired
plants and bulk
Year 2 | | | | | <—— Plant replicated trials

of bulk seed

|

Year 3 Release best
performer

b) Mass selection for purification of a cultivar

Plant source

Year | Source population <— population
consisting of about
* 500-1000 desirable
plants
Grow about 200
Year 2 | | | | | < plants or heads in

rows; rogue out off-
types

Year 3 <—— Bulk harvest

Fig. 5.3 Mass selection may be conducted for cultivar development (a) or cultivar purification (b),
by roguing out off-types or selecting and advancing desirable plants in a bulk

5.9.2 Pure Line Selection

In theory, a pure line cultivar is one in which the plants have identical alleles at all
loci, something that is impractical to achieve (Allard 1960). It has a narrow genetic
base, and the traits of interest tend to be phenotypically uniform (Acquaah 2012).
Such cultivars are suited to uses that demand uniformity of traits (e.g. uniform
maturity or ripening for mechanized farming, uniform shape and size for processing
or a discriminating market). It is rapid and easy to conduct, for once a genotype has
been selected from a variable population, it is repeatedly selfed until there is no
noticeable segregation in the progeny (Poehlman and Sleper 1995) (Fig. 5.4).
Selection based on progeny performance makes it suitable for improving traits
with low heritabilities. Pure line selection can also be part of other breeding meth-
ods (e.g. bulk breeding). Pure line cultivars lack yield stability over a wide range of
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Number

of plants Action
1000 Obtain variable population;
Source population space plant; select superior
Year 1 * plants
200 Plant progeny rows of
Year 2 superior plants; compare
| 25-50 Select plants from
Year 3-5 superior rows to advance

Year 6 I |:|:| |:|:| 15 Preliminary yield trials
. 10 Advanced yield trial
Year 7-10

Release

Fig. 5.4 General steps for breeding by pure line selections

environments and are susceptible to devastation by pathogenic outbreaks (Allard
1960).

5.9.3 Pedigree Selection

A key difference between pedigree and mass or pure line selection methods is that,
as the name implies, pedigrees are descended from known parents (Poehlman and
Slepper 1995). Consequently, hybridization is used to establish the base population
for the breeding program. To maintain ancestry of the cultivar, the breeder must
keep meticulous records such that the parent-progeny can be traced back to an indi-
vidual F, plant from any subsequent generation (Acquaah 2012). The method is
suited to species that allow individual plants to be observed, selected and harvested
separately (e.g. peanut, tomato, tobacco).

Starting, usually with the F,, plants are reselected in subsequent generations until
a desirable level of homozygosity is attained (Allard 1960) (Fig. 5.5). Lines begin
to form by the F, and as such selection should be on the basis of progenies rather
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No. of
Pl x | P plants

Action

Year 1 Select parents and cross
Year 2 F, 50-100  Bulk seed; space plant for
* higher yield
Year 3 F, 2000-5000 Space plant for easy
* visual selection
Year 4 F; 200 Select and plant in
* spaced rows
Identity superior rows;
F 100 select 3-5 plants to establish
* family in progeny rows.
Fs- F¢ 25-50  Establish family progeny
rows; select individual plants
* to advance each generation.
F; 15 Conduct preliminary yield
trials; select individual
* plants to advance
Conduct advanced yield trials
Fs— Fio 5-10  with more replications and
* over locations and years.
Release 1 Cultivar release

Fig. 5.5 Pedigree selection starts with a cross of known parents whose identity is maintained
through meticulous record-keeping throughout the breeding process
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than individual plants. The method is tedious and time-consuming, prolonging the
breeding program.

5.9.4 Bulk Population Breeding

A key distinguishing feature of the bulk population breeding method is that artificial
selection is delayed, thereby allowing natural selection pressure to bear on the ini-
tial variability (Briggs and Knowles 1967). The rationale is that natural selection
would weed out individuals that are susceptible to abiotic factors in the production
region (e.g. drought, cold, photoperiodic response), before emphasis is placed on
the trait of interest (Acquaah 2012). The cultivar that emerges would already be
adapted to the production region. It is suitable for breeding self-pollinating species
that are closely spaced in production (e.g. small grains like wheat, barley; also field
beans, soybean).

After initiating the program with a cross, the F, is planted and bulk-harvested
(Fig. 5.6). A sample of the harvest is used to initiate the next bulk planting cycle
until Fs when selected plants are space-planted for individual observation (Allard
1960). It is easy to conduct and less labor intensive in the early stages, allowing
large amounts of segregating material to be handled. A negative aspect of this
scheme is that, under natural selection, a desirable genotype (even possibly the tar-
get trait) that is not competitive can be lost in the early generations, while an aggres-
sive but undesirable genotype may persist to later generations (Acquaah 2012).

5.9.5 Single-Seed Descent

Single-seed descent is a method for speeding up a breeding program by randomly
selecting a single seed from each of the desirable F, plants for planting the next
generation (Allard 1960). This strategy is continued through F; This way, the
breeder is able to advance a larger than normal number of F, plants through several
generations, thereby attaining homozygosity rapidly, while delaying selection. It is
best suited to breeding self-pollinated small grains and legumes like soybean
(Tigchelaat and Casali 1976). The early generations require a small space (can be
conducted in a greenhouse).

5.9.6 Backcross Breeding

Backcross breeding is undertaken to transfer one or a few specific genes of interest
from a source (donor parent) to an adapted cultivar (breeding line), while preserving
all other qualities (Acquaah 2012). After initiating the transfer via a cross, the
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Number .
of plants Action
Year 1 P, X P,
Year 2 F, 50-100 Bulk and space-plant F,
Bulk and plant at
Year 3 13 2000-3000 commercial seeding rate
F, 2000-3000 Bulk and. plant gt
commercial seeding rate
F Bulk and plant at
4 2000-3000 commercial seeding rate
F, 3000-5000 Space.-plant; select
superior plants
Select and establish family
300-500
Fs | | I | I | rows from plants or heads

Conduct preliminary
F, I:I:I i . 30-30 yield trails

10 Conduct advanced yield
FiFio trials

Cultivar release 1 Cultivar release

Fig. 5.6 Bulk selection advances the products of a cross for several generations before space
planting for single plant selection

desirable (adapted cultivar; called the recurrent parent) is repeatedly crossed (back-
crossed) to the F, to retrieve all the desirable genes of the adapted cultivar (Fig. 5.7).
Backcrossing may be done for 2-5 cycles (BC, — BCs), depending on how much of
the recurrent parent the breeder wants to recover, and how easy it is to observe the
trait of interest.

After adequate backcrossing, the breeder selfs the product (e.g. BCsF,, and then
BC;F,) to stabilize the gene in a homozygous state (Chahal and Gosal 2000).

The method works best for qualitative traits. The procedure is used to introgress
genes from wild gene pools into domesticated ones. It is also used to develop
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A B
(Susceptible) (Resistant)
T X RR Cross parents to
P * produce F,
F, Rr x 1r Backeross F, to
* parent A (1)
Discard susceptible (1r)
Rr x 1r P
BC4F @ * plants; backcross Rr to rr
Discard susceptible
BC2F1 Rr x 1r plants; backcross Rr to rr
BC4F, rr x Rr Grow BC,F,
Discard susceptible
BCsF» @ Rr RR plants; progeny row
Select BC,F; progenies with
Rr RR RR 373
BCS F3 @ * resistance and high yield
RR X rr Backcross superior
+ lines to rr
BC4 F1 Rr x 1r
+ Discard susceptible
BCsF @ Rr X1 plants; backcross resistant
* plants to rr

BCGF-] @ Rr
* O = discard

BCsF

o2 @ ]ﬁi RR D = desired

BCeF3 r Rr IRR |RR Resistant cultivar

Fig. 5.7 General steps for backcross breeding for improving a dominant trait

isogenic lines (Borojevic 1990). When the gene of interest is recessive, an addi-
tional step is needed in each cycle to allow the breeder to distinguish between the
homozygote (RR) from the heterozygote (Rr) which carries the desired recessive
gene (Acquaah 2012). By selfing, the breeder will be able to identify the desired rr
genotype for subsequent backcrossing cycles to the recurrent parent. It is important
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what parent is used as female in a cross, because of cytoplasmic inheritance (espe-
cially, when using CMS in breeding). If the gene of interest is tightly linked with
undesirable genes, the product of backcross breeding could suffer from the conse-
quences of linkage drag (Allard 1960).

5.9.7 Multiline Breeding and Cultivar Blends

A multiline or blend is a planned seed mixture of cultivars or lines (multiple pure
lines) composted in a predetermined ratio (Fehr 1987a). Each component line (iso-
line) is developed by a separate backcross, making the method expensive to con-
duct. The strategy of multiline is to increase heterogeneity of the self-pollinated
cultivar so that it would have greater environmental buffering to reduce the risk of
total loss from biotic or abiotic factors (Agrawal 1998). Technically, a multiline is
spatially differentiated, plant-to-plant, such that the cultivar creates a mosaic of
genotypes in the field. This physical layout buffers against rapid spread of disease.
The multiline cultivar appears phenotypically uniform and provides yield stability
(Acquaah 2012). For example, the component lines may provide resistance to dif-
ferent races of a pathogen.

The cultivar is widely used in the turfgrass industry. A blend or multiline can be
reconstituted, should a component line fail to perform as planned. As disease pat-
terns change the component lines are periodically changed as well, through recon-
stituting (Fehr 1987a).

5.9.8 Composites

A composite cultivar is similar to a multiline, in that it consists of a mixture of dif-
ferent genotypes (Jensen 1978). However, the component genotypes are not closely
related (as in isolines), but may be inbred lines, hybrids, populations and other dis-
similar genotypes, which are carefully selected to have some similarity in agro-
nomic benefit (e.g. similar growth habit, disease resistance) (Acquaah 2012).

5.10 Developing Cross-Pollinated Cultivars

Breeders adopt one of three general approaches in developing cross-pollinated cul-
tivars — population improvement, synthetic cultivars, or hybrid cultivars. Each of
these have consequences on the genetic structure of the cultivar develop and hence
how it is maintained and propagated (Acquaah 2012).
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5.10.1 Population Improvement and Recurrent Selection

Self-pollinated species utilize mostly their own pollen for pollination, whereas
cross-pollinated species may receive pollen from other plants. Consequently, plant
breeding methods for self-pollinated species tend to focus on improving individual
plants, whereas those for cross-pollinated species tend to focus on improving the
population. The material may be from one specific population (intrapopulation
improvement) or based on a cross between two populations (interpopulation
improvement; for hybrid cultivar development). Intrapopulation improvement may
be used to produce a synthetic cultivar or develop pure lines for hybrid cultivar
development (Acquaah 2012).

Recurrent selection is a widely used method for population improvement. In this
method of breeding, a number of plants are advanced to the next generation in
which another cycle of intermating occurs (Burton and Brim 1981). This process is
repeated for several cycles (hence, recurrent selection), the outcome being an
improved population (superior to original population in mean performance as per-
tains to trait(s) of interest) with high genetic variability (Menz and Hallauer 1997).
Repeated crossing provides opportunity for genetic recombination (also, increased
opportunity for linkages to be broken) to occur to increase genetic diversity in the
population.

Recurrent selection comprises three key steps — parents are crossed in all possi-
ble combinations; plants or families are evaluated and a new set of parents selected;
and the selected parents are intermated to produce material for the next selection
cycle (Menz and Hallauer 1997) (Fig. 5.8). There are several recurrent selection
schemes, some of which involve the use of testers. Testers are useful especially
when the traits of interest are of low heritability.

The four basic recurrent selection schemes are (a) Simple recurrent selection (no
tester used), (b) recurrent selection for general combining ability (is a half-sib prog-
eny test involving a wide genetic base tester; only one parent in the cross is known),
(c) recurrent selection for specific combining ability (uses narrow genetic base tes-
ter like an inbred line) and (d) reciprocal recurrent selection (involves two heterozy-

Cy C C,

Number of
plants

7 ~

Trait being improved

Fig. 5.8 Recurrent selection progressively increases the phenotypic expression of the target trait
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gous populations, each serving as a tester for the other) (Acquaah 2012; Briggs and
Knowles 1967).

5.10.2 Intrapopulation and Interpopulation Improvement
Methods

Intra-population methods include mass selection and family selection (half- or full-
sib). Just like intrapopulation methods, interpopulation schemes include both half-
and full-sib methods.

(a) Mass selection: Mass selection for population improvement differs from that
for self-pollinating cultivar development in that it aims to improve the general
population performance by selecting and bulking superior genotypes already
present in the base population, following a progeny test (Allard 1960).

(b) Family selection: Family selection methods may involve half-sib selection
(e.g. ear-to-row selection) in which half-sib families are created for evaluation
and recombination, both steps occurring in just one generation (Acquaah 2012;
Feng et al. 2004). The method is applicable to breeding perennial forage grasses
and legumes (Fig. 5.9). Full-sib methods start with biparental crosses using par-
ents from the base population, which are then evaluated in replicated trials to
identify superior full-sib families for initiating the next cycle (Paterniani and
Vencovsky 1977, 1978). A third family selection, selfed-families (S, or S,), is
best suited to breeding self-pollinated species, even though it has been applied
to breeding maize (Fig. 5.10).

Year 1 Source population

Select and cross pairs of
| X| | x| parents (reciprocal crosses)
100-200 plants

v
Year 2 <«— Grow replicated test cross
progeny rows
v

Composite equal amounts of

<— remnant seed from superior
test cross progeny; grow in
isolated block

Year 3

Fig. 5.9 General steps for conducting breeding using the full-sib method
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Year 1 Source population <— Select 50-100 plants
So <«— Self-pollinate (S);

keep remnant seed

I | I I Grow replicated S
Year 2 S “+— progeny test; identify
superior progeny

v
Year 3 e Composite equal amounts
= <“— of remnant seed of superior

progenies and grow in
Isolation for random mating

Fig. 5.10 General steps for conducting breeding using the S,/S, progeny performance method

5.11 Development of Synthetic Cultivars

Population improvement methods may involve just purely phenotypic selection
(mass selection) and those that involve progeny testing (Comstock et al. 1949).
Whereas composites are basically mixes of different materials on the basis of
selected agronomic traits (e.g. maturity, disease resistance), a synthetic cultivar is
created from a cross-fertilized (random mating in all combinations) mixture of
parents (e.g. clones, hybrids) selected on the basis of progeny testing or their GCA
analysis using a test cross or top cross, but commonly a polycross, for evaluation
(Acquaah 2012). Even though syn-1 (equivalent of F; for hybrid cultivars) has the
highest yield productivity, there is often insufficient seed produced for distribution
to farmers. Practically, breeders open pollinate the syn-/ to create syn-2. However,
synthetics of autotetraploids (e.g. alfalfa) suffer significant decline in vigor
(inbreeding depression) when the syn-2 generation is created (Briggs and Knowles
1967).

A synthetic is usually reconstituted after use in cultivation for a number of gen-
erations. The method is well suited for breeding forage species, but has been suc-
cessfully used for other crops (e.g. maize — Iowa stiff-stalk synthetic, sugar beets).
Synthetics are suited for production regions where farmers commonly save seed for
planting the next year’s crop (Allard 1960).
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5.12 Development of Hybrid Cultivars

In breeding hybrid cultivars, plant breeders exploit the phenomenon of hybrid vigor
(heterosis), whereby the performance (e.g. vigor, fertility, overall productivity) of
the hybrid (F;) exceeds the average performance of the parents (P, and P,). Though
widespread in the plant kingdom, heterosis is more pronounced in cross-pollinated
species than self-pollinated species. It increases as the genetic distance between the
parental inbreds increases (Springer and Stupar 2007).

Heterosis is calculated as the difference between the crossbred and inbred means
(Falconer 1981):

Hybridvigor={[F, (P, +P,)/2]/[(P,+P,)/2]}

It is manifest when the parents are genetically diverse. Typically, breeders start
the program by developing inbred lines (repeatedly crossed or selfed parent) of out-
crossed species (Comstock et al. 1949). Selfing (inbreeding) plant produces the
opposite effect of heterosis (inbreeding depression). Crossing two inbred lines
restores the lost vigor via genetic mechanisms that remain debatable. Because het-
erosis is subject to genotype x environment interaction, breeders prefer to determine
it for a particular hybrid line and for a specific trait and specified environmental
conditions (Nassimi et al. 2006).

The most costly and time consuming phase in a hybrid program is the identifica-
tion of parental lines that would produce superior hybrids when crossed (Hallauer
1967). Breeders utilize various techniques to find parents that will nick in a program
to optimize heterosis, one of which is combining ability (Griffing 1956). Two paren-
tal lines have high combining ability when their cross produces high heterosis in
their progeny. Similarly, a group of related or unrelated genotypes from the same or
different populations, which display combining ability when crossed with other
genotypes from other germplasm groups may be identified as a heterotic group.
Such grouping or classification helps breeders develop hybrid cultivars with high
predictability of performance (Melchinger and Gumbler 1998).

5.12.1 Types of Commercial Hybrids

The earliest commercial hybrids were single crosses (AxB). Later double crosses,
which involved four parents ([AxB] x [CxD]), were thought to provide more yield
stability and more economical. Other parental combinations have been proposed
(Fehr 1987b). However, modern hybrids are mostly single crosses, largely because
breeders are able to use techniques to identify superior parents with outstanding
combining abilities (Crow 1998).

mrivas @fagro.edu.uy



5 Conventional Plant Breeding Principles and Techniques 147
5.12.2 Inbred Lines

An inbred line is a breeding material that is homozygous. The rationale of develop-
ing inbred lines for hybrid seed production is that heterosis would be highest when
one allele is fixed in one parent to be used in a cross and the other allele is fixed in
the other parent (Lamkey and Edwards 1999). Inbred lines may be developed for
both self- and cross-pollinated species. Because species vary in tolerance to inbreed-
ing, the number of cycles of inbreeding used in inbred line development is variable,
but usually 5-7 generations would suffice for self-fertilized species (Acquaah
2012).

Developing inbred lines for cross-pollinated species is more challenging, requir-
ing the need for pollen control to be successful (Norskog 1995). They may be initi-
ated with materials from natural populations or from F,. Two strategies, conventional
(normal) and non-conventional, may be used. Normal inbreds are developed by
repeatedly self-pollinating selected plants, from S,-S, (when using natural popula-
tions) or from F, to F, (when using materials obtained from crossing of F,) (Allard
1960). In cross-pollinated species, pollen control is critical and may be effected via
physical of genetic methods. Physical methods are laborious and include the cover-
ing of floral parts (with paper bags) or emasculation (Fehr 1987b).

Genetic control is commonly achieved by using male sterility genes in lieu of
emasculation (Poehlman and Sleper 1995). To achieve this, breeders incorporate
cytoplasmic male steritly (CMS) into inbred lines. Two different female lines and
one male line are needed. The female lines are A-line (male sterile, sterile cytoplasm
(s), nonrestorer genes (#frf) in the nucleus), and a B-line (male fertile, fertile cyto-
plasm (N), with nonrestorer genes (rfrf) in the nucleus). The A-line is the seed-
producing parent. The male line, called the R-line, has the genotype Rf Rf and is the
pollen parent in the hybrid program. These three unique lines are maintained by
special techniques (Bauman and Crane 1992). The male sterility system may also be
exploited for hybrid seed production (Fig. 5.11).

Fig. 5.11 Using

cytoplasmic male sterility
(CMS) genetic system in s X N
single cross hybrid

breeding

Seed parent Pollen parent

S

Hybrid
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It is important to evaluate the inbred lines for performance and the presence of gen-
eral agronomic qualities (e.g. drought resistance, disease resistance, lodging resistance,
etc.) that are of importance to the regions where the cultivar will be used, and the end-
user needs (Acquaah 2012). Once superior inbreds have been identified for hybrid seed
development, the breeder plants them in the field according to a design that would
maximize hybrid seed yield (Kempe and Gils 2011). Factors to consider in field plant-
ing include planting time, synchronization of flowering, spacing or plant density.

5.13 Developing Clonal Cultivars

Clones are identical copies of a genotype. The economic parts of some clonal culti-
vars are vegetative while others are fruits. Some clones produce flowers (with poor
or good seed set); others are non-flowering. Breeding methods differ for these cat-
egories (Fehr 1987b).

Species with normal flowers and good seed set are usually commercially pro-
duced vegetatively (e.g. sugarcane). They are bred via hybridization methods to
transfer desirable genes into improved cultivars (Fig. 5.12) Heterosis in clones is
fixed in the hybrid product and maintained indefinitely (Melchinger and Gumber
1998). The hybrid is ready to be released immediately following a cross without the
lengthy process of additional steps as obtains in other species. In species with poor
seed set, crossing can nonetheless be used to transfer genes into adapted cultivars,
albeit with more difficulty than where seed is copious.

Non-flowering species are essentially obligate and asexually propagated species.
Mutation breeding technique may be used to generate genetic variability for crop
improvement. Somatic mutations are characterized by chimerism (tissues in the
same plant with different genetic characteristics) (Micke 1992).

Fig. 5.12 General steps Year 1 P, x P, Select and cross
for breeding flowering parents
apomictic species

<«

2 F, Harvest

€

3 F, Space plant

€

4 Preliminary yield trials

|

5  Advanced yield trial
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5.14 Apomixis

The widespread phenomenon whereby certain plant species produce seed without
fertilization is called apomixis (asexual production of seed) (Acquaah 2012).
Apomictically produced seed are essentially clones of the mother plant (natural
mechanism for cloning plants through seed) (Hanna and Bashaw 1987). Some spe-
cies (e.g. bluegrass, Poa pratensis) have the capacity to produce seeds via both
sexual and apomictic modes (partial apomicts), versus complete apomicts like
bahiagrass (Paspalum notatum).

If apomixis is effectively exploited as a breeding tool, hybrid seed breeders
would not need to make crosses each year, and vigor would be retained and dupli-
cated year after year without decline (Fehr 1987a). The commercial hybrid produc-
tion method could be simplified (no need for fertility control and field isolation).
For the producer, if legally permissible, seed could be saved for planting in subse-
quent years without repurchase from the seed company (hybrid vigor is fixed). It
should be noted that apomixis arise by several mechanism, which impact how the
phenomenon can be effectively exploited in breeding (Hanna and Bashaw 1987).

5.15 Polyploidy in Plant Breeding

Polyploids are individuals whose cells possess multiples of the basic set of
chromosomes in the somatic cell in excess of the diploid number for the species
(Comai 2005). The variation may be multiples of the complete set of chromosomes
(euploidy) or incomplete set (aneuploidy). They may also be duplicates of the
chromosomes of one species (autoploidy; e.g. banana — AAA) or different species
(alloploidy; e.g. wheat — AABBDD) (Poehlman and Sleper 1995). The genetics of
polyploids is hence very complex.

5.15.1 Breeding Autoploids and Alloploids

Important natural autotetraploids (AAAA) include alfalfa, peanut, potato, and cof-
fee (Katepa-Mupondwa et al. 2002). The primary effect of polyploidy is gigas
effect, which increase size of vegetative plant parts as well as the incidence of steril-
ity. For example, tetraploid rye (2n=4x=28) has about 2 % more protein and supe-
rior baking qualities than diploid cultivars, but also has higher incidence of spike
sterility, leading to lower yields than diploid rye. Autopolyploidy is suited to crops
whose economic part is vegetative (Comai 2005).

Autotriploidy is associated with sterility that arises from meotic disorders due to
odd chromosome numbers. It is desirable in species whose economic parts are veg-
etative (e.g. sugar beet, banana, and grasses). Seedlessness is desired in banana
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(AAA), while triploid monogerm types (3x=27) of sugar beet are important in the
sugar industry (Borojevic 1990).

Triploids are developed by crossing diploids with tetraploids. In seedless water-
melon breeding, breeders develop tetraploids (2n=4x=44) by using colchicine to
double the diploid (2n=2x=22). Induced autoploidy is not common in plant breed-
ing (ryegrass is one of a few success stories; rye (Secale cereale) is a synthetic
autoploid) (Fehr 1987a).

Important natural alloploids include wheat, oats, tobacco, cotton, sugarcane and
strawberry (Acquaah 2012). They are reproductively fertile because most alloploids
have evolved certain genetic systems that ensure that pairing occurs between chro-
mosomes of the same genome. Though not commonly done by breeders, alloploids
may be induced by crossing two species with different genomes, followed by chro-
mosome doubling of the hybrid (Poehlman and Slepper 1995).

5.15.2 Using Aneuploidy in Plant Breeding

Aneuploidy involves a gain or a loss of one or a few chromosomes that make up the
ploidy of the species (Borojevic 1990). Just like polyploidy, aneuploidy has its own
unique genetics. A successful application of aneuploidy in breeding entails replac-
ing normal chromosomes with alien ones (chromosome substitution). This was
achieved by first developing monosomic lines for the species (e.g. in wheat, cotton,
tobacco). In wheat, the technique resulted in substitutions that conferred disease
resistance to the crop (Fehr 1987b).

5.16 Mutation Breeding as a Breeding Scheme

Mutations may be induced by chemical agents (e.g. colchicine, EMS) or physical
agents (e.g. gamma rays, X-rays), the latter especially gamma rays, being the most suc-
cessfully used in breeding to date (Anonymous 1991). In conventional breeding, muta-
tions remain random and rare events. Products of mutagenesis are commonly recessive
in gene action (Maluszynski et al. 2000). Consequently, organisms can carry a number
of them, even deleterious ones (genetic load), without adverse effects. However, upon
selfing, recessive alleles become homozygous and are expressed, the deleterious
effects causing a reduction in vigor (inbreeding depression). Gametic mutations (occur
in gametic cells) are heritable; somatic mutations (occur in somatic cells) are not, and
result in chimeras. Chimeras are desirable in breeding certain ornamental species such
as African violet (Saintpaulia ionantha) (Broertjes and van Harten 1988).

When used in a breeding program, recessive mutations prolong cultivar develop-
ment because additional steps are required at each cycle or generation for selfing for
gene expression for selection to be made (see backcross breeding) (Micke 1992).
Whereas genes may mutate, meiotic disorders associated with the spindle mechanism
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may lead to abnormal distribution of chromosomes to daughter cells. These genomic
mutations may involve duplication of the basic chromosome set (euploidy), or
duplication or deletion of certain chromosomes in the set (aneuploidy). Various
parts of the plant (e.g. seed, pollen, cuttings) may be used in mutagenesis (Broertjes
and van Harten 1988). The mutagen may be administered in an acute dose (high
dose over a short period) or chronic dose (continuous or prolonged exposure at low
dose). The plant material used, breeding objective, screening method, and dose rate
are some of the key factors to consider in mutation breeding (Micke 1992). Because
mutations are random and rare events, the breeder must plant a large number of
segregating population (M,) is needed to give a high chance of finding the desired
induced allele (Fig. 5.13). Besides, most mutations are deleterious. Morphological
mutations are easier to spot than subtle mutations that are hidden and consequently,
a large number of plants would not survive.

As a breeding method, mutation breeding is applicable to both self- and cross-
pollinated species (Ahloowalia 2004). It is commonly used to correct a deficiency
in an adapted cultivar. When using mutagenesis in breeding, it is important to note
that other mutations besides that for which selection is conducted, may occur.
Backcrossing the mutant to its original parent helps to reselect a purer version of the
mutation of interest (Broertjes and van Harten 1988).

5.17 Performance Trials and Release

Breeders conduct performance or field trials of advanced generations of the materi-
als developed in a breeding program (Acquaah 2012). Performance trials are often
called yield trials because yield is usually the fundamental trait interest in a breed-
ing program. The performance trials may be conducted in two stages — preliminary

Fig. 5.13 General steps Treat seed with mutagen
for mutation breeding of
plants ¢
Generate M,
Generate M, (a very large
number of
l plants in field)

Select desired mutants

(Breeder may use bulk selection, single seed descent, pedigree
method as selection method)
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yield trials (involves a few plots and replications), followed by a more detailed
advanced yield trial (Fehr 1987a).

Performance trials are usually conducted at multiple locations (including espe-
cially those in which the cultivar is going to be used) and over several years. If the
analysis shows a lack of significant G x E interactions for genotype x location or
location x years, the breeder may be able to select a superior genotype for release as
a cultivar for use throughout a specified production region (Briggs and Knowles
1967). On the other hand, if G x E interaction is significant and the environmental
variations are unpredictable, the breeder should conduct a stability analysis to find
out which genotypes have stable performance (i.e. perform consistently, whether at
a high or low level, across a wide range of environments) (Falconer 1981).

Following performance trials, the breeder may identify a superior genotype for
release as a new cultivar. The new cultivar may be registered (given a name, full
description of its attributes, etc. for the sake of the scientific community). There are
states or national guidelines for registration for various crops (Acquaah 2012).
Certification is a legal process that is conducted by a certifying agency. The goal is
to ensure that the seed (cultivar) reaches the user (producer) in its highest quality,
original genetic identity, and highest purity. Certified seed multiplication may be
contracted to professional seed growers (Allard 1960).

Plant breeders are among the most prolific inventors in the world, developing
new cultivars to meet the needs of producers in ever changing biotic and abiotic
production environments, coupled with changes in consumer preferences.
Consequently, the matter of intellectual property is very important to plant breeders,
the most common protection sought being the breeder’s rights (Acquaah 2012).
Laws protecting plant varieties vary among countries. The first international effort
for plant variety protection was enacted in 1961 (Barton 1982). Called the
International Union for the Protection of New Varieties of Plants (UPOV), this inter-
governmental organization headquartered in Geneva, Switzerland, has guidelines
for securing protection (Moore 2005).

The plant variety for which a breeder seeks protection must meet the following
criteria: distinctness (clearly distinguishable from any other variety known to exist
at the time of filing), uniformity (not a mixture of several varieties) stability (rele-
vant characteristics remain unchanged after repeated propagation (the three criteria
form the so-called DUS criteria); other criteria are, novelty (new and not sold in that
country for a certain period), acceptable denomination (variety name), and rightful
person (breeder’s name) (Barton 1982; Moore 2005).

5.18 Germplasm Conservation, Utilization and Exchange

As previously stated, germplasm is the lifeblood of plant breeding without which
breeding is impossible to conduct (Fig. 5.14). Plant breeders derive their breeding
materials from five major types: advanced (elite) germplasm, improved germplasm,
landraces, wild or weedy relatives, which can be generally categorized into
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Fig. 5.14 Diversified fruit
colors and shapes of
modern tomato cultivars
(Source: Courtesy of
Yurling Bai, Wageningen
UR Plant Breeding, The
Netherlands)

three-domesticated plants, undomesticated plants, and plants from other species or
genera (Acquaah 2012). Collection, evaluation, utilization, conservation and
exchange of genetic resources assume considerable significance, especially in view
of the rapid degradation and exploitation of the available biodiversity all over the
world (Mehra and Arora 1982; Mengesha 1984).

Conservation of biodiversity is urgent because of the problem of genetic erosion
(decline in genetic variation in cultivated or natural populations) due to natural
causes (e.g. wild fires, prolonged droughts) but largely human actions (indiscrimi-
nate land clearing, settlement of new lands, action of breeders in types of cultivars
developed — narrow genetic base) (Acquaah 2012).

Biodiversity is deliberately sought and collected by researchers who undertake
planned trips to centers of plant diversity. Biodiversity can be maintained away from
their natural habitats and ecosystems (ex situ) such as gene banks, or within them
(in situ conservation) (Maxted 2013). Germplasm banks are national or interna-
tional institutions for preservation and sustainable use of biodiversity (AMCOST
2007).

Conservation of biodiversity efforts facilitate availability and access to materials
for breeding. Howeyver, there is a significant gap between availability and utilization
of germplasm, due in part to the lack of information on a large number of accessions
in gene banks (Upadhyaya and Laxmipathi Gowda 2009). When available, the ease
of utilization of germplasm depends on the gene pool to which it belongs. As dis-
cussed in Sect. 5.10, gene transfer (crossing) between domesticated plants (GP1 or
primary gene pool) (commercial cultivars, remnants of breeding materials, landra-
ces) are usually without fertility problems (Harlan and de Wet 1971). However,
when wild germplasm and more distant plants are used in crosses, pre-breeding is
needed for such introgression.

The germplasm is considered as a pan of human biological heritage without
whose free exchange and availability, present day farm productivity would not have
been possible (Jain 1982). Related to germplasm utilization is the subject of

mrivas @fagro.edu.uy



154 G. Acquaah

germplasm exchange that also has implications in intellectual property. The breeder
is protected from unauthorized use of the cultivar developed from a breeding pro-
gram, but they must ensure that they have the right to use germplasm in their breed-
ing program in the first place. But nothing can be achieved, even by genetic
engineering, unless those desirable genes are at our disposal (Mengesha 1984).

In 1983, the International Treaty on Plant Genetic Resources for Food and
Agriculture (PGRFA) was signed by a number of countries (Moore 2005). All inter-
national germplasm exchanges (except the return of germplasm to the country of its
origin) are governed by a Material Transfer Agreement (MTA) appropriate to the
material (Moore 2005). International Agricultural Research Centers (IARC) are
strategically located in regions of rich crop diversity to facilitate the collection,
conservation, and exchange of germplasm for use by breeders (Mengesha 1984).
These centers have protocols that govern their own germplasm exchange
programs.

5.19 Conclusion and Prospects

Conventional breeding is an age-old approach to plant improvement that is increas-
ingly becoming sophisticated as it becomes infused with science and technology. It
uses variability that already exists primarily within the species and occasionally
within close relatives, provided they are not reproductively isolated. Modern plant
breeding is a methodical and systematic approach to plant improvement. Science
and technology has made it more efficient. However, its chief limitation is the fact
that it depends on variability that can be exchanged within natural boundaries.
Advances in knowledge and DNA technology currently allow genes to be exchanged
across natural biological boundaries. Essentially, there is one universal gene pool
from which breeders may obtain variability for crop improvement. Called molecu-
lar plant breeding, plant breeders may now access genes from the animal kingdom
for plant improvement, but not without controversy. Whereas genetically modified
(GM) technology remains controversial, conventional plant breeding can benefit
from the use of molecular technologies for various tasks to facilitate their programs
without incorporating alien genes into the final product (the cultivar that is bred).
Advances in molecular breeding without genetic modification continue to be made.
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Chapter 6

Applying Epigenetics in Plant Breeding:
Balancing Genome Stability and Phenotypic
Plasticity

Estelle Jaligot and Alain Rival

Abstract The correct implementation of epigenetic mechanisms is often a prereq-
uisite for the timely regulation of genome expression and structure and ultimately
for the development of higher plants. Developmental regulation is thus playing a
paramount role in the elaboration of yields in agricultural crops. However, numer-
ous studies have shown that this tight control includes a certain degree of freedom
as epigenetic regulations can be loosened in the course of the reproductive devel-
opment, after hybridization or as part of the response to environmental con-
straints — both in vitro and in vivo — whereas genome stability is globally
maintained. As a result, several modified epigenetic marks and associated altered
gene or transposable element expression can eventually give rise to qualitative or
quantitative phenotypic changes on the long term. The present chapter is intended
to present the main concepts governing epigenetic regulation of gene expression in
higher plants and to review its potential applications for the selection of heritable
phenotypes. It illustrates how epigenetic variations can be smartly used in breed-
ing schemes and which questions remain to be addressed in order to make such
integration successful. The Next Generation Sequencing revolution has also
impacted our approach of plant epigenetics as more genomes, epigenomes and
transcriptomes and are made available for crop plants and the simplistic Arabidopsis
model is being questioned.
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6.1 Introduction

Plant breeding relies on the selection of individuals with desired traits from popula-
tions bearing phenotypically variable traits. The amount of trait variation which can
be caused by heritable differences in chromatin states is far lower than variation due
to changes in the primary sequence of DNA. In addition, epigenetic states are often
unstable, and selection on only a small number of epigenetic states could lead to
consistent plant improvement (House and Lukens 2014).

In plants, epigenetic variation contributes to phenotypic differences in develop-
mental traits (Turck and Coupland 2014). The originality of plant developmental
programs relies on the absence of dedicated germ line set up, segregated and main-
tained from early development onwards. Instead, cells giving rise to the germ line
are generated de novo from somatic tissues (Feng et al. 2010a, b). There is, there-
fore, a theoretical window of opportunity for any epigenetic information acquired
by any somatic tissue to be transmitted to the next generation, provided two condi-
tions are fulfilled.

First is that this information escapes the erasing events which take place in
between generations. Indeed, although the removal of certain epigenetic marks has
been described in plants, the global reprogramming of the epigenome appears to be
less thorough than that of other living organisms (Baroux et al. 2011). Second is that
active maintenance mechanisms allow for a particular piece of epigenetic informa-
tion to be faithfully transmitted throughout gametogenesis, then fertilization and
early embryogenesis (Heard and Martienssen 2014).

Such requirements actually differentiate heritable from non-heritable epigenetic
states and the mechanisms governing the resetting and the maintenance of epigen-
etic marks work in close association and share many effectors. The heritability of
epigenetic states (or transgenerational epigenetic inheritance) has been studied in
several recent articles and some of them have tackled the question of its potential
implications for plant breeding (Paszkowski and Grossniklaus 2011).

The major concepts governing epigenetic regulation of gene expression and its
potential applications for the selection of heritable phenotypes rely on the in-depth
understanding of differentiation and development in plants. In such phenomena the
expression of specific set of genes and the concomitant decrease of the organogenic
potential is mirrored by dynamic changes in DNA methylation patterns and chroma-
tin conformation (Pikaard and Mittelsten-Scheid 2014).

Environmental constraints that naturally occur during the plant’s life cycle
induce epigenetic alterations and vernalization provides a well documented exam-
ple of such epigenetic footprints. Mechanisms underlying the erasing of epigenetic
marks during meiosis clearly impacts heritability of traits and epigenetic stability.
Thus the application of epigenetics in breeding relies on a clearer understanding of
intricate mechanisms governing the transmission of phenotypes through
generations.

Somaclonal variation is hampering the development of large-scale micropropa-
gation process and the development of genetic engineering in several plant species
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(Us-Camas et al. 2014). At the same time, this epigenetic phenomenon can be con-
sidered as an interesting source of variability which can be exploited by breeders
(Schlichting and Wund 2014). New options for breeding strategies are offered by
the stable transmission of epialleles; indeed, Transgenerational Epigenetic
Inheritance is now changing our way of considering heredity as it opens a new field
of research (Heard and Martienssen 2014). Interestingly, several basic concepts in
genetics such as hybrid vigor are now revisited in the light of epigenetics, as the
epigenetic regulations and gene expression patterns that are implemented by the
hybrid genome are not additive with respect to those of each parent.

Plant epigenetics is still a young field of research and there is still a lot of work
required in order to integrate epigenetics concepts into plant breeding. As more
plant epigenomes are now sequenced and made available to researchers, it is likely
that rules governing the relatively simple epigenome of Arabidopsis will not apply
to larger polyploid plant genomes which are made of over 80 % of Transposable
Elements (TEs).

The present chapter aims at providing updated information on the latest develop-
ments in basic research on plant epigenetics and their present and future applica-
tions for plant breeding. It covers several aspects of epigenetics which are closely
intricate and presents an updated review of recent breakthrough in the fields of plant
cell differentiation and development, environment and genetic footprints, soma-
clonal variation and epigenetic inheritance.

6.2 Differentiation and Development: Harnessing
and Unleashing Gene Expression

In both animals and plants the newly formed zygote is totipotent, which means that
it is theoretically capable of modulating the expression of any part of its genome and
to generate a complete organism. The zygote genome has a very low level of DNA
methylation and is wrapped in chromatin in an open, accessible configuration
(euchromatin) (Messerschmidt et al. 2014). After a few symmetrical non-orientated
cell divisions the future body pattern of the embryo emerges from a succession of
asymmetrical cell divisions. In plants the orientation of the division plan is under
tight genetic control and is dependent on the proper functioning of both gene- and
TE-methylation mechanisms (Xiao et al. 2006) and auxin response pathway
(Yoshida et al. 2014). The pluripotent cells that form the different parts of the
embryo display more limited properties with respect to the initial totipotent cells,
and can only generate cell lineages corresponding to a determined range of organs.
As embryo development progresses, so does cell differentiation within each tissue
and the increasing specialization/commitment of each cell type is mirrored by the
expression of specific set of genes and the concomitant decrease of the organogenic
potential (De Vega-Bartol et al. 2013; Hemberger et al. 2009). Concomitantly, DNA
methylation patterns and chromatin structure are dynamically redistributed
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throughout the genome under the control of DNA- and histone-modifying enzymes.
The inactivated parts of the genome undergo a global increase of both their DNA
methylation rate and chromatin compaction, leading to the formation of: (a) induc-
ible/facultative heterochromatin (mostly inactivated genes) and (b) constitutive het-
erochromatin (corresponding to repetitive sequences and TEs) domains (Cantone
and Fisher 2013; Exner and Hennig 2008; Li et al. 2011). Polycomb Repressive
Complexes (PRCs) are chromatin modifiers that are crucial in both animals and
plants to ensure the mitotically stable repression of key developmental genes until
their expression is required and their switching from an inducible heterochromatic
state to a euchromatic state in a timely and tissue-appropriate manner. The balance
between their action and that of activating trithorax-group proteins determine cell
identity by orientating it towards either the maintenance of a proliferation-competent
state (dominated by trxG activity, which promotes the deposition of the euchromatic
mark H3K4me3) or the orientation towards a differentiated state, which depends on
the coordinated inactivation of specific gene sets by PcG activity (Cantone and
Fisher 2013; Kohler and Hennig 2010; Springer 2013). In other terms, cell identity
is determined through the gradual repression of gene expression whereas the main-
tenance of an undifferentiated, stem-like state relies on the exclusion of targets
genes from PRC-mediated inactivation (Sun et al. 2014).

In animals, small groups of stem cells remain poorly differentiated and therefore
retain the capacity to regenerate the tissue they contribute to although this ability
decreases during development and is eventually lost. By contrast, plant meristems
present the hallmarks of the stem cell status, such as the prevalence of euchromatin
in the nucleus (Lafon-Placette et al. 2013) and retain the ability to produce new
organs throughout the life cycle of the plant. It has recently been shown that both
embryo development and the maintenance of meristematic stem cell populations are
strongly dependent on chromatin-remodeling ATPases (Sang et al. 2012). Also, the
germinal lineage separates from the other cell lineages very early in animal devel-
opment, whereas plant germ cells are formed late in development within fully dif-
ferentiated floral organs (Bourc’his and Voinnet 2010; Feng et al. 2010b; Jacob and
Martienssen 2011).

In plants, most of the knowledge available on PRCs comes from studies focusing
on the PRC2, which is responsible for the deposition of H3K27me3, whereas evi-
dence regarding the occurrence in plants of the other two PRC complexes known in
animals, PRC1 (catalyzing mono-ubiquitination of H2K119) and PhoRC, is still
scarce. Genes encoding putative members of these complexes have been isolated
and they govern similar functions as in Drosophila. Nevertheless complexes them-
selves have not been detected and it could be that the plant complexes are structur-
ally distinct from the animal ones (Wang et al. 2014). Compared to Drosophila and
mammals, plants were found to have a higher number of PRC2 complexes (based
on the combinatorial diversity offered by the multigenic families generating the dif-
ferent components of the complex) with functions in distinct developmental phase
changes. Such functions include notably the repression of the seed development
program in the absence of fertilization (FIS2 complex) and the transition between
vegetative and reproductive phase through the impairment of precocious flowering
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and the integration of developmental and environmental cues (EMF2 and VRN2
complexes) (Bemer and Grossniklaus 2012; Kohler and Hennig 2010; Tang et al.
2012). It is therefore clear that the notion of cell fate is much more straightforward
and much more difficult to circumvent in animals (when the notions of commitment
and that of cell lineage are prevalent) than it is in plants, in which the relative posi-
tions of the cells seem to be essential to their future specification and for which the
nature of the co-factors recruited with the PRC2 can promote different specifica-
tions and, ultimately, different cell fates (Baroux et al. 2011; Lee et al. 2014).

Once the cell is fully differentiated and specialized, the life cycle of the plant
unfolds with a continuous integration of both external (climatic, pathogenic) and
internal (developmental, hormonal, nutritional) signals in its regulation (Bender
2004; Boyko and Kovalchuk 2011; Exner and Hennig 2008; Finnegan 2002). Seed
germination is paralleled by light-dependent chromatin relaxation and decrease of
genomic DNA methylation (Cho et al. 2012), and photomorphogenesis in general is
associated with large-scale histone modifications (Charron et al. 2009). In another
example, Yaish et al. (2011) have underlined the interplay between floral induction
and stress response pathways. The interactions occurring between epigenetic mech-
anisms based on either DNA or histone modifications are represented in Fig. 6.1.

For the most part, epigenetic patterns are faithfully transmitted among somatic
cells belonging to the same tissue through mitosis (with the exception of the occa-
sional stress response, see below). This transmission is ensured through the cou-
pling of mechanisms aimed at maintaining methylation or histone modification
patterns with DNA replication processes. The so-called maintenance methylation of
DNA, a function commanded by the enzymes MET1 (CG sites in both genes and
repetitive sequences) and CMT3 (CHG in repetitive sequences) in plants, relies on
the symmetry of their respective target sites so that methylation patterns of the
mother strand can be duplicated on the daughter strand (Cao and Jacobsen 2002;
Cao et al. 2003; Finnegan and Kovac 2000; Finnegan et al. 1996; Henikoff and
Comai 1998; Kato et al. 2003; Law and Jacobsen 2010). In the case of repetitive
sequences, CHG methylation is consecutive to histone methylation (H3K9me2) by
KRYPTONITE (Jackson et al. 2002).

Meanwhile, the histone proteins forming the nucleosome are temporarily disso-
ciated from the DNA molecule during the passage of the replication fork. Then the
reassembly of chromatin around the daughter strands involves both the incorpora-
tion of recycled parental histones (thereby leaving room for some mitotic transmis-
sion of histone marks) and the deposition of newly synthesized histones.
Histone-modifying enzymes are then recruited to homogenize histone marks
between the parental histones and the new one (Rivera et al. 2014).

It has been recently demonstrated in Arabidopsis (Blevins et al. 2014) that this
mitotic inheritance of epigenetic repressive marks was promoted through the
sequential fagging of the silenced loci during DNA replication through a combina-
tion of HDA6-mediated histone deacetylation and MET 1-dependent maintenance
of CG methylation, followed by a second step involving the recruitment of the
RNA-polymerase variants responsible for the production of 24-nucleotide siRNAs
(RNA PollV and PolV) (Herr et al. 2005; Kanno et al. 2005; Onodera et al. 2005).
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Fig. 6.1 Epigenetic mechanisms regulating gene expression. The transition from transcriptional
activity to transcriptional repression is controlled through variable combinations of epigenetic
mechanisms involving DNA methylation changes, histone modifications and/or small RNA-
mediated targeting (note that, for the sake of clarity, only some of the main actors from different
pathways have been displayed). Light grey ribbon: DNA; dark grey circles: histones. C: cytosine;
mC: 5-methylcytosine. H3Ac, H4Ac: acetylated H3 histone and acetylated H4 histone, respec-
tively; K4, K36, K9, K27: methylated lysines 4, 36, 9 and 27 on histone 3, respectively. HDACs:
histone deacetylases; KYP: KRYPTONITE; PRC2: Polycomb Repressive Complex 2. sRNA:
small non-coding RNA; DCL: Dicer-like enzyme; AGO: Argonaute protein. MET1/CMT3/
DRM2: DNA-methyltransferases  belonging to the DNMTI/MET1 class, the
CHROMOMETHYLASE class or the DOMAIN-REARRANGED METHYLTRANSFERASE
class, respectively. HATSs: histone acetyltransferases; TRX: Trithorax Complex; HDMs: histone
demethylases; DME/DMLs: DEMETER/DEMETER-like glycosylases (Source: Miguel and
Marum 2011, with modifications)

These siRNAs then trigger the subsequent induction of further methylation of these
loci through RdDM, a pathway involving the de novo DNA methyltransferase
DRM2, responsible for the methylation of CHH sites, i.e. cytosines in asymmetrical
sequence contexts (Cao et al. 2000).

Ultimately, in both animals and plants the layering of different epigenetic marks
on DNA and chromatin determines a small number of states corresponding either to
transcriptional activity, conditional inducibility or constitutive repression, with spe-
cific combinations of marks which depend both on the nature of the target sequences
(genic, intergenic or TE) and on the tissue (Roudier et al. 2011; Rye et al. 2014).
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6.3 Stress Leaves Epigenetic Footprints

6.3.1 Chromatin Condensation at the Crossroad

The environmental constraints that naturally occur during the plant’s life cycle also
induce epigenetic alterations. Some, if not most, of these changes are non-specific
and are thought to result from the transient, random misregulation of epigenetic
processes upon stress application; for instance, through the temporary impairment
of DNA methylation maintenance mechanisms during mitosis (Finnegan 2002;
Springer 2013). Another part of these changes are targeted and believed to partici-
pate to stress response and short-term acclimation through their effect on gene
expression (for instance, the activation of genes involved in stress tolerance) and,
ultimately, phenotypic plasticity (Angers et al. 2010; Bossdorf et al. 2008; Boyko
and Kovalchuk 2011; Lukens and Zhan 2007; Nicotra et al. 2010; Wada et al. 2004).
Moreover, Grafi et al. (2011) have suggested that proper stress response necessitates
the temporary return of the cell to a pluripotent-like state via a partial de-
differentiation (loss of DNA methylation, chromatin decondensation, up- or down-
regulation of TFs...). In support to this hypothesis, Van Zanten et al. (2012) have
noted that both biotic and abiotic stresses resulted in genome-wide decrease of
chromatin condensation in both euchromatic and heterochromatic domains, similar
to what is observed during phase changes as if this transient structural relaxation
was a prerequisite before large-scale changes in gene expression could take place.
The impact of environmental changes on epigenetic mechanisms is well docu-
mented although not all of these changes have phenotypic consequences (Fig. 6.2).

6.3.2 Common Memories of Multiple Environmental Changes

The most thoroughly studied example is, by far, the vernalization process in temper-
ate plants. Indeed, the FLC floral repressor of Arabidopsis thaliana is gradually
repressed as a result of the prolonged application of winter-like conditions (short
days, low temperatures) and flowering is induced upon the return to warmer, spring-
like conditions. This repression is correlated with the gradual transition of FLC
from a transcriptionally active to a stably silenced state through successive steps of
histone deacetylation then PRC2-mediated histone methylation (H3K27me3)
(Bastow et al. 2004; Sheldon et al. 1999, 2002; Sung and Amasino 2004). Also,
Choi and Sano (2007) showed that both loss of CG methylation and transcriptional
upregulation of a glycerophosphodiesterase gene were induced in response to dif-
ferent abiotic stresses. Epigenetic mechanisms underlying drought tolerance have
also been intensively studied. Indeed, Chen et al. (2012) have shown that the adapta-
tion of root growth to drought stress depends on miRNA-mediated cleavage of the
transcripts for two auxin receptors. Studies from both Kim et al. (2012) and Zhao
et al. (2013) have established that promoters of genes activated after osmotic or
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Fig. 6.2 Schematic representation of the variation funnel. Most qualitative or quantitative genetic
and epigenetic variations do not result in variations in gene expression visible at the transcriptome
level, either because they are reverted through editing/repair mechanisms or because they do not
affect functionally relevant sequences. Similarly, not all variations at the transcriptome level have
an impact on protein production because of the occurrence of post-transcriptional regulation mech-
anisms aimed at modifying or degrading transcripts (a similar reasoning is applicable to variations
at the peptide level vs. post-translational modifications and turn-over). Environmental conditions
can affect all upper levels (epigenetic, transcriptomic and peptidic variations). Only a small frac-
tion of the initial genetic/epigenetic variation pool results in phenotypic alterations, an even smaller
fraction of which is susceptible to be stably transmitted to successive generations (under the influ-
ence of selection). In turn, these heritable variations can then trigger further genetic and epigenetic
variations (Source: Bossdorf et al. (2008) and Delker and Quint (2011), with modifications)

drought stress underwent changes in histone marks in conjunction with increased
transcriptional activity.

In many other studies, however, only correlations between stress and changes in
epigenetic patterns have been established, therefore the occurrence of a causal rela-
tionship with specific consequences on either gene expression or phenotype remains
to be demonstrated. Both quantitative and qualitative changes in light trigger either
the activation or the ubiquitin-dependent degradation of transcription factors
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involved in light signaling. Both high and low light intensities promote genome-
wide decondensation of chromatin, and histone marks are widely re-dispatched
upon de-etiolation (Charron et al. 2009; Van Zanten et al. 2012). A mechanical
stress mimicking herbivory attack on the leaves of yellow monkey flower results in
both enhanced expression of a MYB transcription factor and increased trichome
density on the leaves (Scoville et al. 2011). In soybean, Kulcheski et al. (2011) have
identified miRNAs displaying differential accumulation in either water or pathogen
stress conditions, with distinct patterns for sensitive and tolerant phenotypes.

A similar correlation between miRNA expression and abiotic stress response
was found in rice inflorescences (Barrera-Figueroa et al. 2012). Similarly, in the
promoter sequences of known stress-responsive genes of the rubber tree, Uthup
et al. (2011) have identified genotype- and planting location-specific methylation
polymorphisms. The main genes involved in the PTGS pathway (siRNA-dependent
gene silencing) in tomato are overexpressed as a result of viral infection or abiotic
stresses (Bai et al. 2012). Mastan et al. (2012) have detected both changes in meth-
ylation rates and methylation patterns arising in the genome of Jatropha curcas after
salt stress.

Through mutant-based studies it has been possible to unveil functional connec-
tion between epigenetic regulatory pathways and stress responses. Two histone
deacetylase genes have been shown to be involved in ABA and salt stress response
(Chen et al. 2010; Luo et al. 2012). Also, it has been demonstrated that components
of the RADM pathway of transcriptional silencing are essential in the regulation of
stress-responsive genes (Khan et al. 2014; Popova et al. 2013).

6.3.3 Transposable Elements: From Evolution to Adaptation

Transposable Elements (TEs) are enriched in both methylated cytosines and repres-
sive chromatin marks in their default repressed state. In addition to their direct
impact on genes, the temporary alleviation of repressive epigenetic mechanisms by
stress also allows the transcription and, sometimes, remobilization of TEs
(Grandbastien 1998). Exposure to high temperatures or UV light (Lang-Mladek
et al. 2010; Molinier et al. 2006; Pecinka et al. 2010; Tittel-Elmer et al. 2010) result
in TE reactivation through histone hyper-acetylation without loss of repressive
marks. Not all of such reactivation mechanisms are detrimental to the organism:
indeed, TEs for which cis-element methylation and/or small RNA production is
altered by stress seem to facilitate the occurrence of epigenetic changes in neighbor-
ing stress-responsive genes, thereby contributing to the acquisition of stress toler-
ance through increased phenotypic plasticity. Such a mechanism has been proposed
for the response of Arabidopsis thaliana to biotic stress and it has been suggested
that siRNAs produced by the de-repressed TEs could contribute to the acquisition
of Systemic Acquired Resistance (SAR) (Dowen et al. 2012; Yu et al. 2013).
Alternatively, the insertion polymorphisms generated through TE remobilization
could allow a quick modulation of neighboring genes expression, as shown in salt
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and light stress conditions in wheat by Woodrow et al. (2010). On a more global
level, it has been proposed that the epigenetic pathways regulating gene and TE
expression, respectively, communicate through their respective small RNA interme-
diates: in a study from McCue et al. (2012), the transcriptional and translational
activity of stress-responsive gene is functionally connected with the epigenetic sta-
tus of an Athila retroelement.

6.3.4 Environment and Development Govern Alternative
Splicing

As part of the phenotypic plasticity induced by environmental constraints, an
increased occurrence of alternative splicing (AS) events is also observed in response
to biotic and abiotic stresses (Kwon et al. 2014; Seo et al. 2013; Staiger and Brown
2013). Until recently it was believed that most of these alternative transcripts were
degraded through the Nonsense-Mediated Decay (NMD) pathway, so that AS
events had only indirect and limited consequences on the phenotype through the
decreased availability of the functional transcript. However, the exact proportion of
alternate transcripts that are actually degraded through the NMD pathway remains
largely unknown (Reddy et al. 2013) and recent evidence suggests that even tran-
scripts with known hallmarks of NMD targeting might be able to evade it (Leviatan
et al. 2013). Moreover, the increasing amount of high-throughput transcriptome
sequence data available is changing the perception of AS. Indeed, it shows that
these events (which affect over 60 % of intron-containing genes in both Arabidopsis
and soybean) are far more ubiquitous than previously thought (Marquez et al. 2012;
Shen et al. 2014). The expression of splicing factors themselves is regulated by AS
and is responsive to both environmental and developmental cues with a high degree
of tissue specificity (Guerra-Peraza et al. 2009; Petrillo et al. 2014; Quesada et al.
2003, 2005; Simpson et al. 2003; Staiger and Brown 2013; Vitulo et al. 2014). The
majority of the MADS-box genes involved in either flowering time or in the regula-
tion of flower development produce transcript isoforms (Severing et al. 2012) and
flower morphogenesis itself coincides with a surge of AS events (Jiao and
Meyerowitz 2010) thus raising the possibility that AS is required to increase the
plasticity of genome expression in the course of development. Moreover, the fact
that some of these alternative transcripts encode putative peptides with altered bio-
logical properties, such as those produced by R genes during pathogen infection,
supports the idea that AS can also trigger phenotypic variations directly through
increased proteome plasticity (Jaligot et al. 2014; Mastrangelo et al. 2012; Reddy
et al. 2013; Seo et al. 2012; Syed et al. 2012). Taken together, these results suggest
that AS represents a quick solution for modulating the production of the functional
protein and/or for promoting the emergence of new biological functions without the
need to involve either complex regulatory cascades or changes in transcription lev-
els (Leviatan et al. 2013; Mastrangelo et al. 2012; Mazzucotelli et al. 2008).
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6.3.5 Border Controls Along Chromatin

The recent demonstrations in both animals and plants that changes in chromatin
condensation over exon-intron borders contribute to shifting the balance between
different transcript isoforms (Luco et al. 2010, 2011) could provide a molecular
basis for stress-induced changes in pre-mRNA splicing. Indeed, genome-wide map-
ping of DNA methylation and histone modifications have demonstrated the occur-
rence of high amounts of CG methylation and of usually repressive chromatin
marks, such as H3K27me3, in the body of actively transcribed genes (by contrast
with both 5" and 3’ gene extremities) in species belonging to different kingdoms
(Elling and Deng 2009; Feng et al. 2010a; Li et al. 2008; Lister et al. 2008; Roudier
et al. 2011; Zemach et al. 2010b; Zhang et al. 2008; Zilberman et al. 2006). This
result could suggest that a high background level of repressive marks, possibly cor-
related with abundant intragenic TE-derived sequences and contributing to exon
definition (Chodavarapu et al. 2010; Tilgner et al. 2009), is a requirement for gene
transcription (Saze and Kakutani 2011).

6.4 Meiosis: Wiping the Slate Clean

By contrast with mitosis, most epigenetic marks targeting genes are not maintained
throughout meiosis, although plant germ cells do not undergo as complete a reset-
ting of their epigenome as the one that is observed in animal organisms (Feng et al.
2010b). However, the repressive marks aimed at inactivating TEs, involving high
levels of DNA methylation at CG and CHG and dimethylated H3K9-enriched chro-
matin (Kasschau et al. 2007; Lippman et al. 2003, 2004; Zhang et al. 2008) need to
be faithfully transmitted to the next generation so that genome integrity is not com-
promised. Indeed, massively reactivated TE populations that are inherited from a
parent defective in either the main maintenance DNA methyltransferase (metl/
mutants) or an important chromatin-remodeling factor (ddm mutants) will only
return to their initial silent state several generations after segregation from the defec-
tive alleles: it therefore seems that once silencing marks are lost at these loci, they
are extremely difficult to re-establish (Teixeira et al. 2009; Tsukahara et al. 2009).
Nevertheless, the exact modalities and kinetics of both TE reactivation and their re-
silencing may differ depending on the family of elements (Mirouze et al. 2009).
Moreover, because of the large TE content of plant genomes the silencing of TEs is
always a trade-off between the necessity to silence them in order to preserve genome
stability, and the risk to induce position-dependent gene silencing because of the
spreading of repressive marks from nearby TEs (Woodhouse et al. 2014).

The initiation and subsequent maintenance of repressive marks in TE sequences
is largely dependent on their targeting by the so-called heterochromatic 24-nucleotide
siRNAs which promote their initial methylation at asymmetrical sites (CHH)
through the RADM pathway. RdADM in turn triggers the application of further silenc-
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ing marks through other pathways involving KRYPTONITE-mediated H3K9
dimethylation and symmetrical CHG methylation by the CHROMOMETHYLASE3
DNA-methyltransferase (Lippman et al. 2004) and thus, their complete transcrip-
tional silencing (Law and Jacobsen 2010; Saze and Kakutani 2011; Teixeira et al.
2009). Therefore, the inheritance of TE epigenetic repression paradoxically implies
that the silencing mechanisms targeting these deleterious elements must be allevi-
ated at some stage; this will enable TEs to be transcribed again into mRNAs further
processed into siRNAs and silencing epigenetic marks to be re-applied. This partial
TE demethylation-dependent reactivation takes place in accessory tissues that do
not contribute to zygote formation (vegetative nucleus in the male germ line, central
cell in the female germ line, possibly companion somatic cells surrounding the
female gametophyte) and preferentially targets located within euchromatic, gene-
rich regions (Ibarra et al. 2012). It is hypothesized that the siRNAs that are synthe-
sized as a result could be transferred into the gametes (sperm cells or egg cell) to
establish TE silencing in a cooperative fashion. After fertilization has occurred, it is
hypothesized that TE silencing is reinforced in the embryo through the RdADM path-
way mediated by the flux of siRNAs produced by the reactivated endosperm TEs
(Calarco et al. 2012; Feng et al. 2010b; Hsieh et al. 2009; Ibarra et al. 2012; Slotkin
et al. 2009). So far this phenomenon of TE reactivation in companion tissues has
been shown to occur in Arabidopsis and rice (Zemach et al. 2010a) but also in other
species with larger TE contents. Jaaskelainen et al. (2013) have shown the presence
of the BARE TE (accounting for over 10 % of the barley genome) proteins in both
ovaries and embryo. Sun et al. (2013) have demonstrated that TEs with the highest
level of transcriptional activity in the endosperm of the developing wheat grain were
also the most efficient at producing 24-nucleotide siRNAs for the induction of
RdDM. Nevertheless, the occurrence of inter-cellular siRNAs movements has only
been indirectly demonstrated so far, although other studies have shown that RADM
could be induced in tissues that are distant from the siRNA source after long-range
movement of the small RNAs through the phloem (Dunoyer et al. 2010a, b; Molnar
et al. 2010). It has been proposed that for some TE families this mechanism is
complemented by the miRNA-dependent processing of TE transcripts into 21
nucleotide siRNAs triggering the post-transcriptional silencing processes (through
transcript degradation). This pathway could prevail to silence TE populations that
are reactivated during the epigenetic reprogramming of the germ line, in circum-
stances where 24 nucleotide siRNAs are not produced and DNA methylation cannot
operate (Creasey et al. 2014).

In Arabidopsis, both the reactivation of TEs in companion cells of the germline
and the resetting of DNA methylation marks in the endosperm dependent on
DEMETER, a gene encoding a DNA glycosylase that acts by physically removing
the methylated cytosines, leaving the DNA repair pathway to fill the gap (base-
excision repair pathway). Monocotyledonous species lack DEMETER but undergo
a similar extensive demethylation of the companion cells and the endosperm. In
monocots related genes like REPRESSOR OF SILENCINGI (ROSI) and
DEMETER-LIKE3 (DML3) might serve the same purpose (Ibarra et al. 2012). The
TEs of the central cell are demethylated both actively through the action of

mrivas @fagro.edu.uy



6 Application of Epigenetics in Plant Breeding 171

DEMETER and passively through the inhibition of methylation maintenance during
DNA replication but whether both mechanisms take place in the male germ line is
unclear since the lower number of cell divisions involved makes it unlikely that pas-
sive demethylation alone would be sufficient (Calarco and Martienssen 2011).
Besides, the repression of a subpopulation of endosperm TEs by H3K27me3 in the
absence of DNA methylation makes it likely that more than one type of epigenetic
mark needs to be reset at repressed loci during the reprogramation process
(Wollmann and Berger 2012). Methylated cytosines could also be oxidized by Tet-
like enzymes and subsequently replaced by unmethylated cytosines through
unknown mechanisms, as observed in the gametes and the early embryos of mam-
mals (Cantone and Fisher 2013). How chromatin marks are erased between genera-
tions is so far unclear. The PRC2-dependent H3K27 trimethylation associated with
the inactivation of the floral repressor FLC in the annual Arabidopsis thaliana is a
prerequisite for vernalization-dependent flowering to occur but it needs to be reset
so that the flowering of the following generation can be re-induced by cold treat-
ment (Henderson and Jacobsen 2007; Yaish et al. 2011). All that is known is that
this mark is erased during periconception, i.e. somewhere between gametogenesis
and early embryo development. In its perennial relative Arabidopsis halleri, it has
been shown that FLC expression is progressively restored on a yearly basis in
autumn and winter (Aikawa et al. 2010). In some instances the resetting of chroma-
tin modifications has been hypothesized to occur through the active, non-replication
dependent replacement of modified histones H3 by newly synthesized virgin his-
tones, such as has been observed in the zygote (Feng et al. 2010a; Ingouff et al.
2010; Wollmann and Berger 2012). While the central role of the chromatin remod-
elers DDM1 and MOM 1 in the resetting of stress-related epigenetic marks between
sexual generations has been demonstrated in a recent paper by Iwazaki and
Paszkowski (2014), the exact molecular mechanism remains to be determined.

6.5 Applications to Breeding

The qualitative, quantitative and cumulative effects of epigenetic modifications on
both genome stability and gene expression form a virtually bottomless reservoir of
phenotypic plasticity, even in situations where very limited to no genetic variation
is observed (Alonso-Blanco et al. 2009; Rapp and Wendel 2005; Reinders et al.
2009; Teixeira et al. 2009). Adaptation to environmental stress has important differ-
ences to the objective of agriculture to maximize crop yields, even if this concept is
rapidly changing in the perspective of adapting agriculture to climate changes.
Understanding the nature of adaptation in wild populations at the whole genome
level may suggest strategies for crop breeding to deliver agricultural production
with more resilience to climate variability (Henry and Nevo 2014).

The highly dynamic nature of both DNA methylation and histone modification
patterns, the non-Mendelian transmission of traits and the long-held view that all
epigenetic marks were erased between generations made it seem unlikely that
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breeding science could benefit from such a source of variation. While information
regarding the mechanisms governing the sexual transmission of epigenetic changes
is still scarce, an increasing number of recent studies have explored this promising
area, as well as the potential application of heritable epigenetic variation in breeding
(Boyko and Kovalchuk 2011; Daxinger and Whitelaw 2010; Hauser et al. 2011;
Mirouze and Paszkowski 2011; Paszkowski and Grossniklaus 2011; Richards 2011;
Rival and Jaligot 2011; Skinner 2011).

6.6 Reprogramming and Somaclonal Variation

Waddington’s take on epigenetic mechanisms, while interesting, did not consider
that differentiation could be reverted. In animals, obstacles to dedifferentiation
seem to be difficult to circumvent, and if pluripotent cells can be produced to regen-
erate tissues and organs, the production of an entire organism through reproductive
cloning (nuclear transfer from a somatic cell to an enucleated egg) has a very low
success rate and results in severe developmental abnormalities (Cantone and Fisher
2013). It has been found that most of these anomalies could be traced back to
improper implementation of the developmental programs, possibly deriving from
incomplete erasure of the pre-existing DNA methylation for the activation of pluri-
potency genes. Indeed, such a methylation barrier seems to be the main obstacle
impeding the complete and stable reprogramming of mammalian somatic cells.
More, it has been observed that in the pre-implantation of embryo in mammals a
de-methylation wave sweeps throughout the nucleus and re-initializes nearly all
methylation marks that were transmitted through the original parental gametes
(Cantone and Fisher 2013; Feng et al. 2010a, b). Interestingly, a comparable
genome-wide loss of differentiation-associated DNA methylation patterns is also
achieved prior to cell tumorization (Cantone and Fisher 2013; Gordon et al. 2014).
To the contrary, plant tissues are generally amenable to dedifferentiation and
cloning, even though cells sampled from mature organs and/or from older plants
tend to lose their organogenic abilities. Depending on the plant species and the
nature and initial differentiation state of the explants, dedifferentiation can be
induced after treatment with plant growth regulators. Among them, auxin analogs
such as 2,4-D are the most commonly used, with the occasional addition of cytoki-
nins. Both families of molecules are thought to act through the erasing of the pre-
existing DNA methylation patterns of the explant tissues and the relaxation of
chromatin structures, leading to the resetting of the developmental program and the
return to the proliferative state (Exner and Hennig 2008; LoSchiavo et al. 1989;
Miguel and Marum 2011). By contrast with animal zygotes, the de-methylation
wave does not seem to take place upon plant zygote formation (Baroux et al. 2011;
Feng et al. 2010b; Hajkova et al. 2008; Ingouff et al. 2010; Pillot et al. 2010; Slotkin
et al. 2009), which could indicate that reprogramming in plants either involves a
lesser requirement for the erasing of pre-existing epigenetic marks, or that these
marks are both more labile and more responsive to de-differentiating stimuli.
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During their development, higher plants undergo phase changes towards sexual
maturity and DNA methylation has been speculated to play a key role in physiologi-
cal ageing of tree species, The prevailing hypothesis is that as trees age and develop,
genomic DNA could become hypermethylated and induce changes in the expres-
sion of genes related to maturation traits (Monteuuis et al. 2008; Smulders and de
Klerk 2011).

Aberrant development and somaclonal variations can also result from the clon-
ing of plant tissues (Kaeppler et al. 2000), they are generally not lethal even in cases
where fitness is severely impaired and fertility is compromised. This points out to
the greater plasticity of plant organisms, which are able to accommodate both a
large-scale misregulation of genomic stability and its phenotypic consequences and
yet keep on functioning (mostly) normally throughout their life cycle. Today most
studies aimed at understanding somaclonal variations focus on detrimental exam-
ples of variant phenotypes in a bid to either prevent their emergence or to eliminate
them from further commercial exploitation through the assessment of clonal confor-
mity. The potential use of genetic/cytologic/epigenetic markers is expected to
ensure that the clonal progeny is identical to the mother plant for all the character-
istics and traits that are deemed essential (Miguel and Marum 2011; Smulders and
de Klerk 2011). However, theoretically a proportion of somaclonal variations can
also translate into the acquisition of advantageous traits and therefore, in enhanced
fitness of the clonal progeny (Rival et al. 2013; Wang and Wang 2012). This could
be especially true of the epigenetic variations resulting in the enhanced production
of stress response factors since it has been observed that these mechanisms are
instrumental in the adaptation of tissues to in vitro culture conditions. This could be
put to good use through the combined engineering and in vitro selection of variant
lines displaying desirable stress tolerance traits (Rai et al. 2011) provided these
traits can be stabilized in subsequent generations.

6.7 More Cards in the Deck of Heredity

Most epigenetic alterations are meant to be reversed either within the lifetime of the
plant or between sexual generations. However, instances of stable transmission of
epialleles (different epigenetic versions of a gene, altering its expression without
any permanent DNA polymorphism) across many generations have been described
in plants (Hauser et al. 2011; Kakutani 2002; Kalisz and Purugganan 2004). There
are several studied examples of Transgenerational Epigenetic Inheritance (TEI)
such as the peloric variation in Linaria vulgaris, where the hypermethylation of a
single gene promotes radial instead of bilateral flower symmetry and has been sta-
bly inherited over centuries (Cubas et al. 1999). More recent illustrations of sponta-
neous epiallele inheritance also include the colorless non-ripening (Cnr) variant of
tomato (Manning et al. 2006), sex determination in melon (Martin et al. 2009) or the
S-locus based self-incompatibility in Brassica (Tarutani et al. 2010). In each
instance, the inheritance of the phenotype is correlated with the faithful
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transmission of a highly stable repressed state, through DNA methylation (some of
it mediated by small non-coding RNAs), imposition of repressive histone marks
leading to heterochromatinization, or both. Bond and Baulcombe (2014) recently
reviewed how RNA-based system in plants involving small (s)RNAs can influence
heritable phenotypes in plants through the de novo establishment and maintenance
of DNA methylation at many sites in the genomes. Paszkowski and Grossniklaus
(2011) observed that the ability to maintain a basal level of DNA methylation at a
given locus could be a prerequisite for TEI to occur, since inheritance of epigenetic
states was generally limited to a few generations in methylation-impaired back-
grounds (Johannes et al. 2009; Reinders et al. 2009; Teixeira et al. 2009), possibly
as a result of enhanced genomic instability through homologous recombination
(Colomé-Tatché et al. 2012; Mirouze et al. 2012; Pecinka et al. 2012). Small RNAs
could be important in recruiting DNA- and histone- modifying enzymes and target-
ing them to the appropriate loci, thereby ensuring the maintenance of their epigen-
etic status (Boyko and Kovalchuk 2011; Boyko et al. 2010; Brosnan and Voinnet
2011; Teixeira et al. 2009).

The phenomenon of paramutation, which has been extensively studied in maize,
might provide clues towards the identification of the molecular mechanisms under-
lying TEI In paramutation, one paramutagenic epiallele of a gene is transmitting
both its transcriptional activity and its epigenetic status to a paramutable epiallele.
The newly acquired state can be faithfully maintained through many generations,
regardless of further exposure to the original paramutagenic allele (Arteaga-Vazquez
and Chandler 2010; Arteaga-Vazquez et al. 2010; Chandler 2010; Stam 2009; Suter
and Martin 2010). Several authors have indicated that proteins with unusual struc-
tural features and unknown functions might contribute to stabilize further the repres-
sion of the paramutable allele (Barbour et al. 2012; Brzeska et al. 2010). This
phenomenon might complement other well-documented and more general epigen-
etic mechanisms such as RADM and H3K9me2-mediated chromatin condensation
(Arteaga-Vazquez et al. 2010; Erhard Jr and Hollick 2011; Erhard et al. 2009;
Sekhon et al. 2012; Stonaker et al. 2009). Interestingly, the cis motifs and trans
factors that are necessary to induce the epiallelic interactions underlying the para-
mutation phenomenon seem to be shared by evolutionary distant organisms such as
drosophila and maize (McEachern and Lloyd 2012). Finally, results from drosoph-
ila and human studies have prompted the hypothesis that meiotic transmission of
Polycomb Repressive Complexes could provide a molecular scaffold enabling the
inheritance of epigenetic patterns as a form of molecular memory (Francis 2009;
Hansen and Helin 2009; K&hler and Grossniklaus 2002).

In addition to the inheritance of natural epigenetic variation, stress-induced epi-
genetic changes can persist beyond the duration of said stress and promote within-
generation stress tolerance, inducing a quicker/stronger response to future
occurrences of the same stress through a phenotypic change (Ding et al. 2014). Such
modifications could set ground for longer-term stress memory in the progeny of the
stressed plants through the fixation of specific epialleles or epigenetic states in a
population and their transmission, together with the corresponding stress tolerance
trait, through several sexual generations thus resulting in an enhanced fitness of the
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next generation in similar conditions (Transgenerational Epigenetic Inheritance).
Attempts to assess such a hypothesis have been undertaken (Bilichak et al. 2012;
Boyko and Kovalchuk 2011; Lang-Mladek et al. 2010; Molinier et al. 2006; Pecinka
et al. 2009; Scoville et al. 2011; Verhoeven et al. 2010) with, so far, mixed results
regarding the meiotic stability of the stress-induced variations. It must be kept in
mind that actual TEI is difficult to demonstrate since partial carry-over of the epi-
genetic marks from the stressed plants (FO) to the first un-stressed generation (F1)
by parental transmission (of transcripts, non-coding RNAs and/or proteins) can
occur stochastically without involving true inheritance mechanisms (Mirouze and
Paszkowski 2011; Youngson and Whitelaw 2008). As a consequence TEI can only
be characterized through the analysis of epigenetic marks and the phenotyping of
the successive progenies deriving from the original stressed plants so that the paral-
lel transmission of an epigenetic alteration and of the corresponding phenotype can
be established up to at least generation F2. However, most studies published to date
used an experimental design that was limited to the stressed parents and their F1
progeny, and for this reason they are not conclusive as to the generalization of the
TEI phenomenon. The study from Kou et al. (2011), on the other hand, successfully
demonstrated the combined inheritance of a tolerance to N deficit and stress-induced
changes in DNA methylation patterns over three selfed generations of rice. Ou et al.
(2012) provided another good example, with the effects of heavy metal stress on the
inheritance of both altered DNA methylation patterns and heavy metal tolerance
followed in two successive selfed generations of rice. Clearly, such an experimental
design is not easily manageable for all plant models (such as perennials because of
their long life cycle and bulkiness) and can require costly analyses depending on the
nature of the phenotype. Also, constraints applied in a controlled environment will
be easier to study than stresses occurring either in an open-field environment or in
the wild, since those will necessarily involve highly fluctuating conditions and com-
plex epigenetic and transcriptional changes resulting from the interaction between
several parameters (Richards 2011; Staiger and Brown 2013). Most importantly the
genetic variation between parental genotypes impacts both the epigenetic response
and the resulting stress-induced phenotype. In most instances, it will therefore be
difficult to demonstrate any association between epigenetic variation and pheno-
typic alteration without interference from the genetic background, especially in
natural populations of strictly outcrossing species (Richards 2006, 2008, 2011). The
mutagenic effects of the stress might also prove a problem when trying to tear apart
genetic and epigenetic effects, such as the UV light stress used by Molinier et al.
(2006). Asexually reproducing species such as the apomictic dandelion (Verhoeven
and Preite 2014; Verhoeven and van Gurp 2012; Verhoeven et al. 2010) are a mate-
rial of choice when studying the inheritance of stress-induced epigenetic modifica-
tions because of the genetic homogeneity between parents and clonal progenies,
which allows the study of pure epigenetic inheritance. However, it might not prove
possible to generalize to sexually propagated species the mechanisms underlying
TEI in asexual populations since the latter skip the epigenetic reprogramming steps
(Verhoeven and Preite 2014).
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When studying phenotypic variation of 134 epigenetic recombinant inbred lines
(epiRILs) and 23 control lines (Ctr lines) of Arabidopsis thaliana across two envi-
ronments, Zhang et al. (2013) suggested that variation in DNA methylation can
cause substantial heritable variation of ecologically important plant traits, including
root allocation, drought tolerance and nutrient plasticity, and that rapid evolution
based on epigenetic variation alone should thus be possible.

It has been hypothesized that stress-induced epigenetic marks that are preserved
through TEI could be one of the driving forces of speciation; thereby somewhat
fulfilling Lamarck’s prophecy that environment could influence heritable traits. This
could occur as a two-track system, with high-frequency, labile epigenetic variations
leading to the rapid emergence of new phenotypes, some of which (the most advan-
tageous) being subsequently stabilized or fixated in the variant population through
mutations (Bossdorf et al. 2008; Richards et al. 2010). Indeed, methylated cytosines
(mC) have long been assumed to be prone to spontaneous deamination, opening the
way for the emergence of transitional point mutations (Goll and Bestor 2005).
Alternatively, numerous studies have underlined the abundance of TE-derived
sequences in the vicinity of many genes, some of them essential for plant develop-
ment. The presence of TE or TE remnants can cause mutations with visible pheno-
typic impact, such as is the case with the Pinot blanc phenotype of grapevine
(Vezzulli et al. 2012; Walker et al. 2007) and the nectarine phenotype of peach
(Vendramin et al. 2014). Moreover these insertions, even when they are no longer
transcriptionally or transpositionally active, can interfere with the expression of
nearby genes (Bennetzen 2000; Feschotte 2008; Maumus and Quesneville 2014a;
Weil and Martienssen 2008).

A number of recent articles have illustrated how the intrinsic properties of TE
sequences to be targeted by the host’s epigenetic silencing mechanisms and to be
re-activated in stress conditions have been integrated in the functioning of endoge-
nous genes and have resulted in distinctive, and in some cases highly stable, pheno-
types. Among the abovementioned examples of natural epialleles, sexual
differentiation in melon is determined by changes in the epigenetic status of a TE
inserted in the vicinity of the CmWIP] transcription factor gene (Martin et al. 2009).
Ripening in tomato is controlled by an SBP-box transcription factor which expres-
sion is downregulated through promoter DNA methylation in the Colorless non-
ripening (Cnr) epimutant (Manning et al. 2006). It was later hypothesized by other
authors that this repression could be dependent on the presence of a neighboring TE
insertion in Cnr-prone cultivars (Paszkowski and Grossniklaus 2011). The variable
methylation of TE-derived sequences in the promoter of the FWA gene is an impor-
tant determinant of flowering time in Arabidopsis (Soppe et al. 2000). Li et al.
(2010) demonstrated that the altered floral phenotype of Hose in hose variants of
primrose is associated with a tissue-specific TE insertion in the promoter of a flower
developmental gene, triggering changes in both its methylation status and its
expression.

The blood orange phenotype is dependent on the cold-dependent upregulation of
a TE insertion upstream of the Ruby MYB transcription factor that enhances antho-
cyanin biosynthesis (Butelli et al. 2012). Changes in the chromatin status of an
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intronic retrotransposon insertion directly affect the production of functional tran-
scripts by the RPP7 disease resistance gene of Arabidopsis (Tsuchiya and Eulgem
2013). This process of TE domestication could be at the origin of the acquisition of
environmental responsiveness by many plant genes. It could also help explaining
why TE silencing and gene silencing rely on similar mechanisms and partially share
some regulatory pathways (Lisch and Bennetzen 2011; Saze and Kakutani 2011). In
accordance with this hypothesis of inter-connected regulations, the activation of the
ONSEN retrotransposon in heat stress conditions is dependent on its ability to bind
some of the host’s heat shock factors through a captured cis-element (Cavrak et al.
2014). In this context, it would not be surprising to find that TE-derived sequences
have also been co-opted to ensure the heritability of changes in gene expression
(Erhard Jr and Hollick 2011; Erhard et al. 2013; Suter and Martin 2010).

6.8 Hybrids: Being More than the Sum of Its Parts

Among other functions, epigenetic mechanisms are aimed at ensuring that the
appropriate balance is achieved in terms of expressed copies among paralogous and
homeologous genes, but also within TE families. Nevertheless, some proportion of
TE reactivation is authorized between sexual generations so that the newly formed
zygote can implement repressive epigenetic mechanisms targeting sequences that
are contributed by each parental genome. This mechanism not only participates to
the maintenance of genome integrity during the reproductive phase of the plant’s
life cycle, but it could also contribute to a small RNA-dependent compatibility
assessment between the parental genomes, similarly to what is observed in
Drosophila and in ciliates (Bourc’his and Voinnet 2010). According to this scenario,
the labile silencing signal mediated by the siRNA production from each parental TE
set would have to be confirmed through chromatin-based mechanisms so that the
epigenetic repression that has been initiated is maintained subsequently throughout
development. Hybrid incompatibility could then result from qualitative (sequence
divergence) or quantitative (dosage imbalance) differences in TE population and
TE-derived siRNAs between the parental genomes.

Imprinted genes, which are expressed in a mono-allelic manner in either the
endosperm or the embryo as a result of parent-of-origin-specific DNA methylation,
could constitute a sort of genomic gauge that would help ensuring that the appropri-
ate genome dosage has been achieved after double fertilization (Jullien and Berger
2010; Wollmann and Berger 2012). The observation that TEs are inserted in the
vicinity of many recently identified candidate imprinted genes suggests that the
differential parental methylation of these genes could have derived from these
insertions.

Even when parental genomes are compatible, evidence show that epigenetic
marks are not always additive, nor are they subjected to simple relationships of
dominance vs. recessivity. Rather, some of the epigenetic patterns found in the
progeny result from complex rearrangements with respect to the patterns character-
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ized in each parental genome, in order to manage the joint regulation of both paren-
tal gene sets and TE populations (some of them common to both parents, others
specific to one parent). This point is all the more important when polyploidization
is involved and results in a dramatic increase in genome size. [llustration to this are
provided by studies focusing on hybrid formation in Arabidopsis, maize (Barber
et al. 2012), wheat (Kenan-Eichler et al. 2011), rice (He et al. 2010), and tomato
(Shivaprasad et al. 2012). Hollister et al. (2009, 2011) have demonstrated how the
production of TE-derived 24 and 21 nucleotides siRNAs is decreased in different F1
allotetraploid hybrids of Arabidopsis compared to the parental diploid species,
resulting in the re-expression of several TE families. As an explanation, it has been
proposed that siRNAs contributed through each parental germline fail to recognize
the TE populations from the other parental genome, resulting in their transient reac-
tivation in the early F1 embryo (Calarco and Martienssen 2011). Alternatively, it is
possible that the merger of two different genomes is perceived as a genomic stress
that triggers stress response under the form of epigenetic changes resulting in altered
gene expression and TE reactivation in the F1 hybrid (He et al. 2010). This transient
alleviation of TE repression would in turn allow their transcription and the produc-
tion of new siRNAs, which would contribute in the course of the F1 generation to
the establishment of fresh silencing mechanisms based on the new borders of this
hybrid genome.

Interestingly, similar mechanisms between homeologous genes contributed by
each parents (with differences in both levels of expression and epigenetic patterns)
could provide a molecular basis to the phenomenon of heterosis. The difficulty, in
these inter-specific hybrids, is to discriminate the effects contributed by the genetic
variations from those contributed by the epigenetic variations. Over time, ancient
polyploid genomes have progressively lost some of the duplicated genes and
returned to a diploid behavior. It has been noticed that this phenomenon has affected
subgenomes asymmetrically: one subgenome has lost more genes and those that
have been retained have a lesser level of expression compared to that of the corre-
sponding homeologous genes in the dominant subgenome. This process, which
seems to have played a role in genome stabilization after allopolyploidization, is
mediated through the 24-nucleotide-based silencing of TE elements inserted
upstream of the genes in the dominated subgenome (with both negative and, surpris-
ingly, positive effects on gene expression) and is meiotically heritable, in a combi-
nation of position effect and epigenetic effect (Woodhouse et al. 2014).

It must be observed that a strong heterosis effect can be observed even in the F1
progeny resulting from intra-specific crosses between different diploid ecotypes of
Arabidopsis thaliana, implying that the differences between the two parental epig-
enomes is sufficient to generate heterosis in the absence of significant genetic
differences (Groszmann et al. 2011b). In this case, the decrease in 24 nucleotide
siRNA level is only observed for a limited number of genes and gene-flanking
sequences (also showing hypomethylation), and the levels of 21 nucleotide siRNAs
and miRNAs is not altered. The loci with altered DNA methylation and/or reduced
siRNA production match loci presenting contrasted methylation and/or siRNAs
production in the parents, respectively (Greaves et al. 2012, 2014). Also, Trans
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Chromosomal Methylation/deMethylation (TCM/TCdM) phenomena, which
underlie transmission of the epigenetic state of one of the parental alleles to the
other one in the hybrid, in a mechanism similar to paramutation (Erhard and Hollick
2011; Mittelsten Scheid et al. 2003; Suter and Martin 2010) occur essentially in
genes and gene-flaking regions and affect one third of those showing differential
methylation, with the possibility that these methylation changes are induced by the
altered siRNA production. Similar observations (interactions between epialleles
inherited from parents with contrasted genomic DNA methylation levels and TE
reactivation in the offspring) were made in synthetic epiRIL populations of
Arabidopsis (Johannes et al. 2009; Reinders et al. 2009) and in RIL of maize
(Regulski et al. 2013). Indeed, 24 nucleotide siRNAs are involved in RdDM,
although not all siRNA-producing loci with different methylation patterns between
the parents undergo TCM/TCdM, pointing out to the existence of other factors
(such as histone modifications?) with a role in this phenomenon (Groszmann et al.
2013). It is however unclear which proportion of the TCM/TCdM events results in
actual changes in gene expression. Indeed, a majority of the epigenetic changes do
not trigger any visible expression or phenotypic change: they are random, pheno-
typically neutral, part of the non-specific epigenetic background noise or only serve
structural purposes. As a consequence, only a subset of the loci displaying altered
epigenetic patterns in the hybrid will actually participate to the heterotic phenotype.
Those that do, on the other hand, tend to behave as epigenetic QTLs in both syn-
thetic and natural populations, and could explain as much as 90 % of the variation
of a complex trait (Cortijo et al. 2014). They can also be selected, even in the
absence of genetic variation (Hauben et al. 2009).

Another mechanism that might contribute to genomic and phenotypic plasticity
in hybrids is homologous recombination. Indeed, genome size in plants is positively
correlated with both TE content and the amount of nuclear heterochromatin and it
is negatively correlated with crossing-over frequency (Henderson 2012). Conversely,
it has been shown that both decreased genomic methylation/decreased chromatin
condensation and neopolyploidization increased meiotic recombination rates,
mainly in euchromatic, gene-rich chromosome arms vs. repeat-rich centromeric
regions (Colomé-Tatché et al. 2012; Mirouze et al. 2012; Pecinka et al. 2012).

As for histone modifications, histone methylation at either H3K27 or H3K4 and
H3K9 acetylation are mostly transmitted an additive fashion in both Arabidopsis
and rice (He et al. 2010; Moghaddam et al. 2011). However, in both species it has
been found that loci displaying both TCM/TCdM and changes in expression also
had non-additive histone modifications (Greaves et al. 2012; He et al. 2010), and in
rice an allelic bias has been observed. The exact function of histone marks in hybrid
formation and heterosis therefore remains unclear.

Ultimately, the fact that the epigenetic regulations and gene expression patterns
that are implemented by the hybrid genome are not additive with respect to those of
each parent could increase the allelic diversity contributed by both parental gene
sets and might contribute to the phenomenon of heterosis, in which the F1 hybrids
have higher biomass and productivity than either parental lines (Calarco and
Martienssen 2011; Druka et al. 2010; Groszmann et al. 2011a; Qi et al. 2010). The
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lack of inheritance to F2 and subsequent generations (for most loci) and the associ-
ated loss of heterosis are proposed to correspond to the gradual dilution over the F1
of siRNA production from donor chromosomal segments with respect to recipient
ones. Once the ratio of parental donor segments is no longer sufficient to insure
maintenance of the parental methylation pattern, this could trigger the random seg-
regation of the TCM/TCdM polymorphisms and corresponding expression changes
(Greaves et al. 2014).

6.9 Conclusions and Prospects

Fully understanding the rules governing epigenetic inheritance is crucial for the
exploitation of epigenetic diversity through progressive selection schemes aimed at
optimizing growth and yields for targeted agro-ecological conditions (Boyko and
Kovalchuk 2011; King et al. 2010; Kou et al. 2011; Lukens and Zhan 2007).
Especially how meta-stable repressed states can be induced and maintained through-
out meiosis, involving interactions between epialleles or between heterochromatic
sequences. Exploring the epigenetic interactions occurring in trans between differ-
ent loci within each parental genomes, and how these interactions evolve in the
newly formed hybrid (diploid or polyploid) will also be instrumental for designing
future breeding schemes (Springer 2013). It must be kept in mind, however, that
Arabidopsis thaliana has a small, diploid genome harboring an unusually small
proportion of TEs compared with crop plants, especially when considering the
polyploid genomes of cereals (Tenaillon et al. 2010), although a more recent in
silico study estimates that A. thaliana’s repeatome represents over 30 % of the
genome size (Maumus and Quesneville 2014a, b). It is therefore likely that rules
governing the relatively simple epigenome of Arabidopsis will not apply to larger,
polyploid plant genomes which are made of over 80 % of TEs (with possibly an
even larger percentage of the genome being repeat-derived) with a comparatively
higher potential for epigenetic interactions in trans between homologous/homeolo-
gous sequences to occur. Indeed, Hollister et al. (2011) have hypothesized that large
polyploid genomes with a high TE load might have a greater tolerance to TE expres-
sion compared to small, TE-poor ones. When considering the longer-term (evolu-
tive) implications of TEI, precautions must be taken when comparing results from
studies focusing on wild species and weeds (Arabidopsis, dandelion) vs. crop geno-
types resulting from selection (tomato, apple) since selection is unlikely to have the
same influence on all of these species.

Also, a better knowledge on the epigenetic events surrounding hybrid genome
formation, especially the managing of new TE insertions, will provide insights into
how the host genome reacts to the insertion of a foreign sequence in terms of read-
justing repressive mechanisms. Because protocols in genetic engineering more
often involve the in vitro regeneration of transformed plants, more in-depth studies
of stress-responsive epigenetic mechanisms will also give us information on how to
optimize, and how to stabilize over time the expression of transgenes.
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Chapter 7
Progress and Perspectives of Distant Heterosis
in Rice

Deming Jin and Tondi Yacouba Nassirou

Abstract Heterosis, or hybrid vigor, represents one of the greatest contributions of
genetics to the improvement of major crops such as maize and rice, which is inten-
sively studied and exploited by breeders and seed companies worldwide. The
exploitation of distant heterosis is a promising way to further raise the yield poten-
tial of crops. This review describes aspects of the genetic basis for heterosis, diver-
sification of rice and its related species, principles and methodologies for exploiting
distant heterosis in hybrid rice breeding. Both promises and constraints are discussed
for understanding the importance and difficulties of distant heterosis utilization.
Progress of distant heterosis is demonstrated by the intersubspecific heterosis
between two subspecies of Asian rice (Oryza sativa L.), ssp. indica and ssp. japon-
ica, and the interspecific heterosis between two cultivated species, Asian rice and
African rice (O. glaberrima Steud.). Strategies of using the doubled haploid method
and molecular genetics approaches are suggested for accelerating distant heterosis
breeding, eliminating sterility loci to overcome the hybrid sterility of distant crosses,
and identifying and pyramiding QTLs of distant heterotic loci and favorable genes
to develop a more typical intersubspecific hybrid rice with higher ratio of indica/
Jjaponica heterozygotic loci, and to create a more adaptive and productive partial
interspecific hybrid rice incorporating sativa/glaberrima heterozygotic loci and
favorable genes from the two cultivated species.
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7.1 Introduction

Hybrid vigor is widespread in plants and animals, and this phenomenon has been
observed and utilized purposely or unconsciously ever since the domestication of
crops and animals. Plant hybrid vigor was first reported by Kolreuter (1761) who
emphasized two aspects of the phenomenon, that hybrid vigor was related to the
dissimilarity of parents and that nature favored outcrossing. Darwin (1876) showed
that cross-pollination was generally beneficial while self-pollination was disadvan-
tageous in plant evolution.

Crop heterosis breeding started with cross-pollinated maize. Shull (1908) estab-
lished the concept of heterosis from his study of a maize field, discovering inbreed-
ing depression and hybrid vigor in crosses between inbred lines. He also designed a
procedure to obtain maize single hybrids. However, seed production cost of single
hybrids was too high for commercial production at the time. Jones (1918) designed
the procedure of producing double hybrids from two single hybrids to lower seed
costs, which made possible the successful commercial production of first-generation
hybrid maize. Relatively easy mechanical or hand emasculation for this diclinous
crop facilitated the early success of hybrid maize production.

Heterosis in rice was first reported by Jones (1926) who observed marked
increase in tiller number and grain yield in some F1 hybrids in comparison to their
parents. Since then, hybrid vigor has been reported for various agronomic traits
such as yield, grain weight, spikelets per panicle, panicles per plant, plant height,
days to flower, etc. (Cheng et al. 2007; Jaikishan et al. 2010; Jones et al. 1998;
Virmani 1994; Virmani et al. 1981). However, hybrid seed production via artificial
emasculation for this self-pollinated monoclinous crop was much more difficult
than that of the diclinous maize. Therefore, genetic tools such as cytoplasmic male
sterility (CMS) were essential for developing commercially hybrid rice.

Katsuo and Mizushima (1958) reported the first attempt to develop CMS rice.
The first complete CMS system derived from an intersubspecific cross between an
indica cv. Chinsurah Boro II and a japonica cv. Taichung 65 was developed in 1966.
This japonica CMS line is gametophytic male sterile. The F1 hybrid has 50 % fer-
tile pollen but almost normal fertile seed setting (Shinjyo 1975). The first japonica
hybrid rice, however, showed limited heterosis because its two parental lines were
derived from the same original cross and thus had limited genetic diversity.

The first successful commercial hybrid rice, released in China in 1973, was an
indica hybrid variety Nanyou 2. Its CMS line was derived from an interspecific
cross between a pollen abortive common wild rice plant and a Chinese local variety
Erjiu Nan and its restorer IR24 was released by IRRI (Yuan 2002). Hybrid rice cur-
rently occupies more than 16 million ha, making up more than 50 % of total rice
area in China (Li et al. 2007), and it is also being planted commercially in several
South and Southeast Asian countries (Sheeba et al. 2009). Hybrid rice produced via
both a three-line system based on CMS and a two-line system dependent on photo-
period and/or temperature-sensitive genetic male sterility (Jin et al. 1987) is culti-
vated in China, although the three-line system is still the major method for hybrid
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seed production in other countries. Large-scale production of hybrid rice worldwide
is still mainly confined to indica rice which shows relatively wider genetic diversity
in comparison to japonica rice.

The magnitude of heterosis of a hybrid mainly depends on the genetic diversity
between its parents. Therefore, exploiting heterosis of distant crosses is a promising
way for further raising yield potential of crops. Attempts at exploiting distant het-
erosis have been made in rice heterosis breeding; encouraging progress has been
achieved in both intersubspecific heterosis between two subspecies of Asian rice or
common rice (Oryza sativa L.), ssp. indica and ssp. japonica, and interspecific het-
erosis between two cultivated species, Asian rice and African rice (O. glaberrima
Steud.). This chapter covers aspects of the genetic basis for heterosis, diversification
of rice and its related species, potential and constraints of distant heterosis utiliza-
tion in rice, principles and methodologies for hybrid rice breeding to exploit distant
heterosis, and strategies for more effective approach to distant heterosis using dou-
bled haploid and molecular technologies to solve key problems such as hybrid ste-
rility as well as pyramiding QTLs of heterotic loci and other favorable genes.

7.2 Heterosis and Genetic Diversity

Heterosis, or hybrid vigor, refers to the phenomenon that a hybrid organism often
exhibits increased size, growth rate and productivity over those of its parents. The
fundamental ideas of heterosis (Shull 1908) include: (1) deleterious recessive alleles
persist in large random mating populations; (2) inbreeding reduces vigor due to
increasing homozygosity of deleterious alleles and (3) vigor is restored by crossing
divergent inbred lines as recessive deleterious alleles are complemented in the
hybrid. Crop breeders exploit heterosis by mating two divergent inbred lines that
have complementary desirable traits. The F1 hybrids generally show heterosis with
desired characteristics of both parents.

Classical genetic theories of heterosis are divided into three categories: domi-
nance hypothesis (Bruce 1910; Davenport 1908): overdominance hypothesis (Crow
1948; Hull 1945) and epistatic hypothesis (Powers 1944; Williams 1959). The dom-
inance hypothesis suggests the complementary effects between different desirable
dominant alleles from the two parents result in the superiority of hybrids, whereas
the overdominance hypothesis focuses on the strong interaction effects between dif-
ferent allelic genes from the parents. The epistatic hypothesis, however, emphasizes
the role of non-allelic gene interactions in hybrids. These three classical hypotheses
of heterosis have been analyzed by new molecular technologies such as molecular
markers and QTL mapping. Molecular evidences supporting the three hypotheses
respectively have been found by different researchers (Fu et al. 2014; Hua et al.
2003; Lariepe et al. 2012; Melchinger et al. 2007; Piepho 2009; Schon et al. 2010;
Schrag et al. 2009).

Emerging genomic and epigenetic studies have provided new insights into the
genetic basis of heterosis (Chen 2013; Groszmann et al. 2013). Heterosis may arise
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from allelic and non-allelic interactions between parental genomes, thus changing
the programming of genes that promote the growth, development, stress tolerance
and fitness of hybrids. Epigenetic modifications of key regulatory genes in hybrids
can alter complex regulatory networks of physiology and metabolism, leading to the
expression of heterosis in complex traits such as grain yield.

Genetic diversity between parents is the primary cause of heterosis in the hybrid.
Breeders have extensively investigated the genetic diversity between parents and its
relationship with heterosis of the hybrid for predicting heterotic cross combinations.
Most researchers found positive correlations between the genetic diversity and het-
erosis, i.e. the greater the genetic distances between two parents, the higher the
possibility to obtain hybrids with strong heterosis. For example, genetic distances
analysis revealed by both traditional methods based on agronomic-morphological
traits and molecular markers were positively correlated with heterosis in maize
(Lariepe et al. 2012) and rice (Kaw 1995; Luo et al. 1996, 1999; Mahapatra et al.
1995; Phetmanyseng et al. 2010; Saghai et al. 1997; Xu et al. 2002). However, the
correlation between the genetic distance and heterosis depends on the materials and
traits investigated (Zhou et al. 2012).

Although genetic diversity between parents is often emphasized to be positively
correlated to heterosis of hybrids, it is also correlated to hybrid sterility (Moehring
2011). Reproductive isolation can occur when the genetic distance between parents
surpasses a critical point. Negative heterosis of traits related to sexual reproduction
such as seed set rate and grain yield may happen when crossing two distantly related
parents. Reduced vigor or outbreeding depression is sometimes observed in distant
crosses. For example, the hybrid sterility problem remains a crucial factor that nega-
tively affects grain yield in distant crosses of rice, resulting in low seed set rate in
intersubspecific crosses between indica and japonica rice (Li et al. 1997; Long et al.
2008), and almost zero seed setting in interspecific crosses between Asian and
African rice (Adedze et al. 2012; Heuer and Miezan 2003; Koide et al. 2008; Sano
1986).

7.3 The Diversification of Rice

The genus Oryza has 23 species with 10 recognized genome types (AA, BB, CC,
BBCC, CCDD, EE, FF, GG, HHJJ and HHKK), including 21 wild species and 2
domesticated species (Gramene.org). The two cultivated species, Asian rice (O.
sativa) and African rice (O. glaberrima), both have the AA genome but they were
independently domesticated from different progenitors of wild species in different
geographic locations, respectively (Fig. 7.1).

The Asian rice was domesticated from the Asian common wild rice (Oryza rufi-
pogon) approximately 10,000 years ago in Southern Asia and most probably in
southern China (Jiang and Liu 2006; Molina et al. 2011; Sweeney and McCouch
2007). Asian rice contains two major subspecies: ssp. indica and ssp. japonica. The
indica rice is grown throughout tropical and subtropical Asia. The japonica rice,
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Fig. 7.1 The evolution and domestication of two cultivated rice species

which is more tolerant to low temperatures, is mainly cultivated in temperate East
Asia or in high elevation areas in South and Southeast Asia. Previous archaeological
and genetic marker studies suggest that indica was domesticated from O. rufipogon
growing in the lowland regions of Southern China; japonica rice was later devel-
oped in upland regions and selected from indica rice (Oka and Morishima 1982). A
molecular study demonstrated that the japonica subspecies suffered a more severe
bottleneck than the indica subspecies and thus a greater loss of genetic variation
during its domestication, supporting the non-independent domestication of the two
rice subspecies (Gao and Innan 2008). However, some molecular evidence suggests
the two subspecies might have been domesticated from different O. rufipogon pro-
genitors (Cheng et al. 2003; Li et al. 2012; Londo and Schaal 2007; Wei et al. 2012).
Although the domestication history of Asian rice remains a controversial issue
(Ikehashi 2009), it has been introduced successfully to Europe, Africa, America and
Australia and it is now the major cultivated species worldwide.

African rice derived from the wild species Oryza barthii originated in West
Africa around 1000 BC (Agnoun et al. 2012; Linares 2002; Murray 2004; Porteres
1962; Wang et al. 2014). Its productivity is much lower in comparison to Asian rice,
but it is well adapted to certain extreme environments and possesses traits resistant
or tolerant to biotic and abiotic stresses including drought, iron toxicity, virus dis-
ease and weed competitiveness etc. (Barry et al. 2007; Efisue et al. 2009a; Gutierrez
et al. 2010; Hiroko et al. 1962; Wang et al. 2014). African rice continues to be cul-
tivated sporadically in West Africa.
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The common ancestor AA-genome species of the two cultivated rice species
probably occurred in Gondwanaland, and their respective progenitors diverged
between one and two million years ago after the breakup of the ancient continent
(Ma and Bennetzen 2004; Vaughan et al. 2008). Recent comparative genomic anal-
yses on Asian rice and the other five diploid AA-genome species including African
rice revealed rapid diversification of AA genomes with massive levels of genomic
structural variation, including segmental duplication and gene family turnover, with
particularly high instability in defense-related genes (Zhang et al. 2014).

7.4 Promises and Constraints of Distant Heterosis in Rice

The rich genetic diversification of Asian rice and closely related AA-genome spe-
cies has provided opportunities for exploiting distant heterosis in rice. Three catego-
ries of heterosis in rice have been defined based on the genetic diversity between
parental lines:

Intra-subspecific heterosis is resulted from the interaction of different genes
from two parental varieties belonging to the same subspecies, either indica or
Japonica rice.

Intersubspecific heterosis is resulted from the interaction of different genes
between the two subspecies, indica and japonica rice, respectively.

Interspecific heterosis is resulted from the interaction of different genes from two spe-
cies respectively, such as Asian rice vs. African rice, or Asian rice vs. a wild rice species.

Since the heterosis of hybrids is generally positively correlated to the genetic
diversity of the parents, the heterosis of distant crosses including intersubspecific
and interspecific crosses is theoretically higher than that of the intra-subspecific
crosses (Fig. 7.2).

0. sativa x O. glaberrima

indica X japonica
indica x indica
ﬂ n Jjaponica % japonica

Fig. 7.2 Theoretic heterosis expression of intra-subspecific hybrids of japonica or indica rice
intersubspecific hybrids between indica and japonica rice and interspecific hybrids between Asian
and African rice as estimated according to their genetic diversity
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While the observed vegetative vigor of the hybrids of different categories of
genetic diversity generally conforms to the theoretical expectations, the actual grain
yield of distant crosses, however, is discouraging due to the low seed set rate of the
intersubspecific hybrids between indica and japonica rice and almost no seed set-
ting in the interspecific hybrids between two cultivated species. Apparently, hybrid
sterility is a major obstacle for exploiting the distant heterosis in rice.

Reproductive isolation mechanisms restrict gene exchange between diverging
species or populations include prezygotic barriers that limit the potential for mating
or zygote formation and postzygotic barriers that reduce the fertility of hybrid off-
spring, which plays a vital role during speciation in evolution (Andrea and Willis
2012). The hybrid sterility of distant crosses is a typical form of postzygotic barrier.
The Dobzhansky-Muller model (Dobzhansky 1937; Muller 1942) explains that
hybrid sterility can be caused by incompatible gene interactions between two
diverging species or populations (Fig. 7.3).

Ikehashi et al. (1984, 1986) studied hybrid sterility between indica and japonica
rice and screened for compatibility varieties to overcome the intersubspecific repro-
ductive barrier and proposed a model which is essentially consistent with the
Dobzhansky-Muller model to explain the intersubspecific hybrid incompatibility.
The two incompatibility alleles designated as S5i and S5j for indica and japonica,
respectively, and deleterious interactions between S5i and S5j resulted in reduced
spikelet fertility of the intersubspecific hybrid. They also reported an additional
allelic gene S5n, which could overcome the fertility barrier in the indicaljaponica
hybrids and thus it is named a wide-compatible (WC) gene. Molecular studies have
revealed the precise location of the S5n gene on chromosome 6 (Ji et al. 2005) and

(I I

(I I
Population 1: Population 2:
Red allele arises Blue allele arises
and fixes. and fixes

o ] x [ — |
[ — Co—— 1
Red and blue alleles are
incompatible in F, hybrids.

I
(I

Fig. 7.3 The Dobzhansky-Muller model for a single-locus hybrid incompatibility: an ancestral
population splits into two geographically isolated populations that diverge genetically and eventu-
ally fix different alleles (red or blue) at the same locus. In the F1 hybrid, these two derived alleles
are incompatible (Source: Adopted from Andrea and Willis (2012))
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its genetic mechanism and complex evolution (Du et al. 2011). Further study
revealed a killer-protector system at the S5 locus encoded by three tightly linked
genes (ORF3, ORF4 and ORFS5) regulates fertility in indica-japonica hybrids. The
combined actions of ORF5* (killer) and ORF4* (partner) cause endoplasmic reticu-
lum (ER) stress. ORF3* (protector) prevents ER stress and produces normal gam-
etes, but ORF3~ cannot prevent ER stress, resulting in premature programmed cell
death that leads to embryosac abortion (Yang et al. 2012). The discovery of wide-
compatible gene S5n greatly encouraged research on intersubspecific heterosis
utilization.

A more intensive and complex reproductive isolation including both prezygotic
and postzygotic barriers exists in the crosses between O. sativa and O. glaberrima
(Sano et al. 1986). Several major genes responsible for the interspecific hybrid ste-
rility between the two species have been detected from O. glaberrima, such as S1
(Guyot et al. 2011; Heuer et al. 2003; Koide et al. 2008), S29 (Hu et al. 2006) and
S36 (Lietal. 2011). The interspecific hybrid sterility was mainly caused by an arrest
of pollen development at the microspore stage (Bimpong et al. 2011). However, S1
could induce abortion of both male and female gametes possessing its allelic alter-
native (Koide et al. 2008). No effective wide-compatibility gene has been reported
to overcome the interspecific reproductive isolation up to present. The hybrid steril-
ity problem remains a major concern for exploiting the interspecific heterosis
between the two cultivated species (Abebrese et al. 2011; Adedze et al. 2012).

7.5 Intersubspecific Heterosis between indica and japonica
Rice

Spontaneous intersubspecific hybrid plants from open pollination between indica
and japonica rice growing in adjacent paddy fields in previous seasons are often
seen in regions growing both subspecies. They are called big green plants by rice
farmers because of their prominent features of longer growth duration, taller and
more robust stems, big panicles with fewer filled grains and usually staying green
when all other rice plants are turning yellow at maturity in the paddy field. It is
apparent that positive heterosis exists in both yield related source traits such as leaf
area and biomass, and sink traits such as spikelets per panicle. Most rice breeders
are convinced that there is strong heterosis in the intersubspecific hybrids between
indica and japonicarice (Yang and Liu 1991; Yuan et al. 1994). However, the appar-
ent negative heterosis in grain yield is caused by spikelet sterility which blocks the
photosynthetic products from the source flow into the sink.

Because the postzygotic reproductive barrier of hybrid sterility constitutes a bot-
tleneck for exploiting the intersubspecific heterosis, the genetic mechanism of
intersubspecific hybrid sterility has been extensively studied. Both embryosac abor-
tion and pollen sterility are found to be associated with the intersubspecific hybrid
sterility. Sterility gene S5 (Ikehashi and Araki 1986), S24 and S35 (Qiu et al. 2005)
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have been identified to cause intersubspecific hybrid sterility between indica and
Jjaponica rice. The identification of more than one sterility gene explained why the
wide compatibility genes S5n alone could not always effectively overcome the
reproductive barrier between the two subspecies of rice.

Remarkable progress has been achieved in the intersubspecific heterosis breed-
ing in China. Chinese rice breeders have adopted a more effective approach to over-
come the reproductive barrier by producing partial intersubspecific hybrids, rather
than simply depending on the wide compatible gene. For example, testing crosses
between indica varieties and chromosome segment substitution lines (CSSL) carry-
ing japonica genes in the genetic background of indica proved to be effective for
improving yield potential of hybrid rice (Wang et al. 2012). The super rice program
sponsored by the Chinese Ministry of Agriculture has announced a few super high
yielding hybrid varieties that incorporated intersubspecific heterosis (Table 7.1),
including 4 indica-japonica hybrid varieties, i.e. Yongyou6, Yongyoul2 and
Yongyoul5 released by the Ningbo Academy of Agricultural Sciences, and
Chunyou84 released by the China National Rice Research Institute (Fig. 7.4c).

Hybrid varieties with a relatively small proportion of intersubspecific heterozy-
gotic loci are usually recognized as intra-subspecific hybrid varieties. For example,
a super high yielding hybrid variety Xieyou 9308 carried about 12.5 % japonica
genes as estimated according to the pedigree of its male parent Zhonghui9308,
which was derived from an intersubspecific multi-cross C57(japonica)/
No300(indica)//IR26(indica) (Cheng et al. 2007). The initial female parent C57
itself was a japonica restorer also derived from an intersubspecific multi-cross
IR8(indica)/Taidal (japonica)//Nonglin34(japonica). Xieyou 9308 was regarded as
an indica hybrid because of its relatively low japonica genomic composition.
Similarly, almost all three-line japonica hybrids contained a small fraction of indica
genomic genes because the restorer genes of their pollen parents came from indica
rice.

Recently released indica-japonica hybrids Yongyoul2 and Yongyoul5 have a
common restorer line FS032 derived from an intersubspecific cross carrying up to
49 % of indica genes as evaluated by molecular markers. Although the two half-
brother varieties have different female parents, a japonica CMS line Yongjing2A
and an indica CMS line JingshuangA, respectively, both are named as intersubspe-
cific indica-japonica hybrids (Liu 2012; Lu et al. 2007) because they have relatively
higher percentages of intersubspecific heterozygous loci.

The new indica-japonica hybrid rice is now very popular and has a total area of
over a million hectares in China. The hybrid variety Yongyoul2 scored a record
high yield of 15,214.5 kg/ha in 2012. Still, most so-called indica-japonica hybrid
varieties released in China up to present are actually partial intersubspecific hybrids
with one of their parents derived from indicaljaponica crosses (Table 7.1) instead of
a direct intersubspecific hybrids between a typical indica rice and a typical japonica
rice with wide compatibility genes to overcome its hybrid sterility, which is still the
ultimate goal.

The two subspecies of rice possess different favorable traits respectively. For
example, the indica rice generally has more tillers and is more resistant to heat
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Table 7.1 Hybrid rice varieties incorporated intersubspecific heterosis released in China

Subspecies/source of the parents Year
Hybrid variety | Parental combination Female Male released
Xieyou 9308 Xieqingzao A/R9308 indica CMS indica restorer 1995

derived from
indicaljaponica
YJinyou207 Jin23A/Xianhui207 indica CMS indica restorer 1998
derived from
indicaljaponica

Liangyou Pei’ai 64 S/R9311 EGMS derived | indica restorer 2001
Peijiu from

indicaljaponica
“Liaoyou 5218 | Liao 5216A/C418 Jjaponica CMS | japonica restorer 2001

derived from
indicaljaponica
STI you 602 1I-32A/Luhui 602 indica CMS indica restorer 2002
derived from
indicaljaponica
°II you 7954 1I-32A/Zhehui 7954 indica CMS indica restorer 2002
derived from
indicaljaponica
'Guodao 1 Zhong 9A/R8006 indica CMS indica restorer 2004
derived from
indicaljaponica
'Guodao 3 Zhong 8A/R8006 indica CMS indica restorer 2004
derived from
indicaljaponica
'Guodao 6 Neixiang 2A/R8006 indica CMS indica restorer 2006
derived from
indicaljaponica
"Yongyou6 Yongjing2 A/K4806 Jjaponica CMS Intermediate restorer | 2005
derived from
indicaljaponica
"Yongyoul2 Yongjing2A/F5032 Jjaponica CMS Intermediate restorer | 2010
derived from
indicaljaponica
Yongyoul5 JingshuangA/F5032 indica CMS Intermediate restorer | 2012
derived from
indicaljaponica
'Chunyou84 Chunjiang16A/C84 Jjaponica CMS Intermediate restorer | 2013
derived from
indicaljaponica

Note: Hybrid varieties were released by

. The China National Rice Research Institute

. Hunan Hybrid Rice Research Center

. The Academy of Agricultural Sciences of Jiangsu Province

. The Academy of Agricultural Sciences of Liaoning Province
. The Academy of Agricultural Sciences of Sichuan Province
. The Academy of Agricultural Sciences of Zhejiang Province
. The Ningbo Academy of Agricultural Sciences

NN R WD~
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stress, while the japonica rice has more erect and greener leaves and is more toler-
ant to cold stress. A successful intersubspecific hybrid could have combined favor-
able traits of both species in addition to strong positive heterosis in yield related
agronomic traits (Fig. 7.4).

Fig. 7.4 The development of intersubspecific hybrid rice. (a) Panicles of indica rice at maturity.
(b) Panicles of japonica rice at maturity. (c) Field performance of a partial intersubspecific hybrid
rice (Chunyou84, released by the China National Rice Research Institute in 2013), showing an
intermediate form of panicle type between indica and japonica rice (Credit: Image courtesy of the
China National Rice Research Institute)
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7.6 Interspecific Heterosis Between Asian and African Rice

Written records of African rice (Oryza glaberrima) began when the first Portuguese
explorers reached the West African coast and witnessed the cultivation of rice in the
floodplains and marshes of the Upper Guinea Coast in 1446. African rice was
believed to have been domesticated and cultivated by the local inhabitants many
centuries before the first Europeans arrived and this cereal played a very important
role in the native diet. Asian rice (O. sativa) was introduced into West Africa by the
Europeans beginning in the sixteenth century, the species spread and was adopted
by local peoples who had previous experience growing the African rice species.
African rice (O. glaberrima) varieties have certain negative features in comparison
to the Asian rice (O. sativa): the seeds shatter easily, the grains are brittle and dif-
ficult to mill, and more importantly, the yields are lower. As a result, African rice O.
glaberrima has been replaced gradually by the introduced Asian rice (O. sativa) as
the major cultivated species (Agnoun et al. 2012; Linares 2002; Murray 2004).

The Oryza glaberrima varieties also offer distinct advantages: the plants have
luxurious wide leaves that shade out weeds, and the species is more resistant to
diseases and pests. In addition, African rice is more tolerant of fluctuations in water
depth, iron toxicity, infertile soils, severe climates and human neglect. Some O.
glaberrima varieties also mature faster than O. sativa varieties, making them impor-
tant as emergency food. Some African rice (O. glaberrima) varieties have survived
for one more reason: the supreme deity in ritual contexts of the traditional religion.
It was believed that the rain god gave Diola rice (O. glaberrima) to their ancestors
(Linares 2002).

African rice (O. glaberrima) is a valuable germplasm attractive to rice breeders.
It is a unique germplasm with distinct advantages as compared with the wild species
of genus Oryza. First of all, it is a cultivated species which has undergone about
3000 years of artificial selection, which conserved relatively favorable agronomic
traits. Secondly, it has a relatively appropriate genetic distance to Asian rice (O.
sativa), more distant than the AA-genome common wild rice (O. rufipogon) but
closer than many other wild species with different genome types, which make it an
ideal counterpart for exploiting interspecific heterosis. Last but not least, it pos-
sesses rich defense-related genes resistant to various abiotic and biotic stresses,
which may facilitate development of more adaptive rice. However, the intensive
reproductive isolation including both prezygotic and postzygotic barriers in the
interspecific crosses between O. sativa and O. glaberrima makes rice genetic
improvement by crossing the two species extremely difficult (Ikeda et al. 2009).

The NERICA rice varieties derived from interspecific crosses between the two
cultivated rice species via in vitro embryo rescue and anther culture techniques in
the African Rice Center (WARDA 2000, 2006; africarice.org) has provided a suc-
cessful example for developing elite inbred varieties with higher productivity and
stronger stress tolerance by combining the favorable genes of both species (Aluko
2003; Bimpong et al. 2010; Efisue et al. 2009a, b; He et al. 2010; Ikeda et al. 2009;
Ndjiondjop et al. 2012; Semagn et al. 2007). The NERICA rice has demonstrated
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the possibility of a favorable recombination of beneficial genes of the two cultivated
rice species to create a new type of inbred rice. Is it possible to take one more step
forward, to develop a new type of hybrid rice incorporating the interspecific hetero-
sis between the two cultivated rice?

Although almost all direct interspecific hybrids are completely sterile, it could be
possible to develop fertile partial interspecific hybrid (PIH) rice by crossing Asian
rice male sterile lines to introgression line restorers (ILR) carrying African rice
genes. Efforts have been made to develop PIH varieties with higher yield potential
in Huazhong Agricultural University since 2004 (Jin et al. 2012). New indica CMS
lines with Oryza glaberrima cytoplasm (AF-CMS) have been developed (Huang et
al. 2012). The AF-CMS lines were completely sterile whereas the fertility of its F1
hybrids was readily restored. The development of AF-CMS system has made avail-
able a third species, O. glaberrima, in addition to O. rufipogon and O. sativa, as the
cytoplasmic source of CMS for commercial hybrid rice production, which should
further help diversify the sterile cytoplasms for the three-line hybrid rice. The indica
ILRs carrying African rice genes and effective restorer genes (Table 7.2) have also
been obtained (Adedze et al. 2012). Some ILRs show certain traits which are inter-
mediate between the two cultivated species O. sativa and O. glaberrima, such as the
middle-sized sterile lemmas on the grains (Fig. 7.5b). Three-line PIHs or two-line
PIHs can be produced by crossing CMS lines or PTGMS lines to the ILRs as pollen
parents, respectively. A few PIH rice showed outstanding high yield potential
(>20 % higher than control varieties of indica hybrid, unpublished data) in field
experiments (Fig. 7.5¢).

Developing introgression line restorers with an appropriate genome composition
is crucial to mitigate reproductive barrier and exploit interspecific heterosis between
Oryza glaberrima and O. sativa. A moderate introgression of O. glaberrima genes
(15-30 %) into ILRs was considered to be favorable for producing high yielding

Table 7.2 Pedigree of ILR | Pedigree

introgression line restorer ILRI | RAM3/Paddy/Paddy///Mianhui725
(ILR) carrying genes of - -
Oryza glaberrima ILR2 | RAM152/Paddy//Paddy///Mianhui725
ILR3 | RAM3/Jin23B//Jin23B///YuetaiB
ILR4 |RAM3/Jin23B//Jin23B///Jin23B
ILR5 | RAM3/Jin23B//Wanxian98
ILR6 | RAM3/Jin23B//Nongxiang16///
Minghui63
ILR7 |RAMI152/Paddy//Paddy///Jiachunnian
ILR8 | RAMS54/Jin23B//Wanxian98///R80
ILR9 | RAM3/Jin23B//Nongxiang16//
Minghui63////Basmati370

Note: RAM3, RAMS54 and RAM152 are acces-
sions of African rice (O. glaberrima). All the
other varietal names are indica varieties (O.
sativa ssp. indica)
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Fig. 7.5 The development of partial interspecific hybrid rice. (a) Panicles of Asian rice (left),
African rice (right) and interspecific F1 (the two in middle) at maturity. The panicle of Asian rice
is much bigger than that of the African rice. And the interspecific F1 is completely sterile with long
red awns Lingshui, China 2006. (b) Grains of Asian rice (right), African rice (left) and the intro-
gression lines (ILs) (middle). African rice grain has two prominent sterile lemmas at two sides;
Asian rice grain has tiny degenerated sterile lemmas at bottom, while the size of the sterile lemmas
on the grains of some ILs falls in between the two cultivated rice. (¢) Field performance of a partial
interspecific hybrid rice (AF-ST1A/ILR1) (Huazhong Agricultural University, Wuhan, China
2014). The female parental line AF-ST1A is an indica CMS line with African rice cytoplasm while
the male parent ILR1 is an indica introgression line carrying genes of African rice

PIHs. Further improvement of the genomic composition of ILs and the yield perfor-
mance of the PIHs could be achieved via marker-assisted selection for pyramiding
interspecific heterotic QTL loci and eliminating sterility genes.
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7.7 Strategies for More Effective Approach to Distant
Heterosis

Conventional plant breeding has dramatically increased the productivity and quality
of plants grown for food, fodder and industrial use; it has been practiced for hun-
dreds of years, and is still widely used today. The basic methods involve crossing
two different parents, followed by pedigree selection dependent on phenotyping
through generations of self-pollination, until a set of derived lines that combines the
favorable characteristics of both parents is obtained. This traditional methodology,
however, is labor intensive, time consuming and rather inefficient. It usually takes
8-10 years or more from start to finish for developing a new variety in annual crops.

This situation can be changed with the advent and dissemination of new tech-
nologies such as doubled haploid (DH) methodology and molecular genetics. For
example, conventional breeding procedures commonly take eight or nine genera-
tions to achieve approximately complete homozygosity inbred lines; more genera-
tions are needed to obtain genetically-stable inbred lines derived from distant
crosses, whereas DH lines achieve it in just one generation regardless of the types
of crosses. Precise genotyping by marker assisted selection (MAS) is much more
efficient and labor-saving than traditional visual phenotyping.

Doubled haploid (DH) lines can be produced by androgenesis or in vitro anther
culture and parthenogenesis or in vivo induction of maternal haploids. The DH lines
based on in vivo techniques have been routinely applied in commercial hybrid
maize. The major advantages of DH lines in hybrid maize breeding include the
complete homozygosity and maximum genetic variance, as well as short fime to
market etc. (Geiger and Gordillo 2009). However, the DH produced by in vitro
anther culture is the more common method used in rice breeding (Alemanno and
Guiderdoni 1994; Reiffers and Freire 1990; Yi et al. 2014). Anther culture response
or androgenetic potential is largely species and genotype dependent. DH lines are
more readily induced via anther culture of Oryza glaberrima as well as O. sativa
ssp. japonica genotypes, while O. sativa ssp. indica genotypes are more recalcitrant
(Gueye and Ndir 2010; Reiffers and Freire 1990). DH plants can be produced via
spontaneous chromosome doubling of the haploid cells of the callus induced from
the microspore, while artificial chromosome doubling with colchicine treatment
effectively increases doubled haploid plant regeneration in anther culture of rice
(Alemanno and Guiderdoni 1994). Before a more effective in vivo technique is set
up, DH lines produced by anther culture can be used to accelerate distant heterosis
breeding in rice.

Molecular genetics has provided powerful tools to study the genetic basis of
heterosis and made monitoring the transmission of foreign genes into introgression
lines possible. Although we are still at the beginning of understanding the complex
mechanism of heterosis, advances of molecular genetics, especially genomics, will
facilitate the investigation and the understanding of heterotic alleles involved in
distant crosses. QTL mapping of heterotic loci of yield related traits is a particularly
important foundation work for heterosis breeding in rice (Wang et al. 2013). Fine
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mapping of the molecular markers closely linked to distant heterotic loci and other
favorable genes as well as sterility genes is essential for pyramiding distant heter-
otic alleles and favorable genes and eliminating the sterility genes in elite ILs to be
used as parents of hybrids incorporated distant heterosis.

The success of indica-japonica hybrid rice in China has demonstrated the poten-
tial of intersubspecific heterosis. However, these hybrids currently planted in China
are partial intersubspecific hybrids with relatively limited indicaljaponica heterozy-
gotic loci. Developing more typical intersubspecific hybrids with higher ratio of
indicaljaponica heterotic loci and employing more wide compatibility genes is a
promising approach to realize the full potential of the intersubspecific heterosis.

The two cultivated rice species Oryza glaberrima and O. sativa constitute a
potential genetic reservoir for breeding hybrid rice incorporated interspecific het-
erosis. However, a phenomenon known as the reproductive barrier constitutes a
bottleneck for exploiting heterosis in this more distant cross. Strategies have to be
developed to overcome or circumvent the crossing barriers and F1 hybrid sterility.
Introgression lines containing a short alien chromosome fragment could be devel-
oped. Since each introgression line has only a fragment of alien chromosome, it can
be effectively monitored to eliminate sterility genes. Technologies such as embryo
rescue, anther culture and molecular markers can be employed for more effective
approach to the interspecific heterosis between the two cultivated rice.

A pragmatic technical route is proposed for effective distant heterosis breeding.
Doubled haploid lines via anther culture are used to speed up the development of
genetically stable ILs to be used as parental lines of hybrids incorporated distant
heterosis. Marker assisted selection is used for pyramiding distant heterotic alleles
and favorable genes and eliminating the sterility genes to obtain elite ILs which are
used as pollen parents to cross with indicaljaponica CMS lines or PTGMS lines to
produce experimental three line or two line hybrids incorporated distant heterosis
(Fig. 7.6).

7.8 Conclusions and Prospects

The ultimate goal of all rice breeding programs is to continuously develop varieties
with higher yield potential, superior grain quality and increased tolerance to abiotic
and biotic stresses. Exploiting distant heterosis provides a promising approach to
this goal.

Remarkable progress has been achieved in the intersubspecific heterosis breed-
ing in China. The intersubspecific indica-japonica hybrid rice has already been
grown successfully in large hectarage in China, demonstrating super high yield as
well as combined favorable traits of both subspecies.

Significant progress has also been achieved in the interspecific heterosis between
two cultivated rice. The partial interspecific sativa-glaberrima hybrid rice grown in
experimental fields shows super high-yielding potential as well as combined favor-
able traits of both species.
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Fig. 7.6 Technical route proposed for effective distant heterosis breeding

Future prospects may be dependent on the more effective use of new technolo-
gies such as doubled haploid (DH) methodology and molecular marker technology.
For example, the employment of DH may greatly accelerate the breeding for elite
ILRs carrying foreign genes for exploiting distant heterosis. Screening and pyra-
miding intersubspecific and interspecific heterozygous loci could enhance the
understanding of the mechanisms of distant heterosis and facilitate its utilization in
hybrid rice breeding. Identification and elimination of major sterility genes could
help to overcome the hybrid sterility of distant crosses. The combination between
parents carrying more heterotic loci and exempting major sterility genes may lead
to the development of a more typical intersubspecific hybrid rice with a higher ratio
of indica-japonica heterozygotic loci and the creation of a more adaptive and pro-
ductive partial interspecific sativa-glaberrima hybrid rice.
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