Jameel M. Al-Khayri - Shri Mohan Jain
Dennis V. Johnson Editors

Advances in

Plant Breeding
Strategies: Nut and
Beverage Crops

Volume 4

@ Springer



Advances in Plant Breeding Strategies:
Nut and Beverage Crops



Jameel M. Al-Khayri ¢ Shri Mohan Jain
Dennis V. Johnson

Editors

Advances 1n Plant Breeding
Strategies: Nut and Beverage
Crops

Volume 4

@ Springer



Editors

Jameel M. Al-Khayri Shri Mohan Jain
Agricultural Biotechnology Agricultural Sciences
King Faisal University University of Helsinki
Al-Hassa, Saudi Arabia Helsinki, Finland

Dennis V. Johnson
Cincinnati, OH, USA

ISBN 978-3-030-23111-8 ISBN 978-3-030-23112-5 (eBook)
https://doi.org/10.1007/978-3-030-23112-5

© Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-23112-5

Preface

Contemporary plant breeders no longer need to rely solely on traditional method-
ologies in their work of assuring a sustainable and elastic level of world food pro-
duction. However, human population is increasing at an alarming rate in developing
countries, and food availability could gradually become a serious problem.
Agriculture production is severely affected because of environmental pollution,
rapid industrialization, water scarcity and quality, erosion of fertile topsoil, limited
remaining arable land to expand production area, lack of improvement of local plant
types, erosion of genetic diversity, and dependence on only few crop species for
food supply worldwide. According to the FAO, 70% more food must be produced
over the next four decades to feed a projected population of 9 billion people by the
year 2050. Currently, 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 increase food production by using innovative breed-
ing strategies and introducing minor crops that are well adapted to marginal lands
and can provide source of nutrition through tolerance of abiotic and biotic stresses.
In traditional breeding, introgression of one or a few genes into a cultivar is carried
out via backcrossing over several plant life cycles.

With the development of new molecular tools, molecular marker-assisted back-
crossing has facilitated rapid introgression of a transgene into a plant and reduced
linkage drag. Continued development and adaptation of plant biotechnology,
molecular markers, and genomics have established ingenious new tools for the cre-
ation, analysis, and manipulation of genetic variation for the development of
improved cultivars. For example, molecular breeding has great potential to become
the standard practice in the improvement of several fruit crops. Adopting a multidis-
ciplinary approach comprised of traditional plant breeding, mutation breeding,
plant biotechnology, and molecular biology would be strategically ideal for devel-
oping new improved crop varieties. This book highlights the recent progress in the
development of plant biotechnology, associated molecular tools, and their usage in
plant breeding.
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The basic concept of this book is to examine the best use of both innovative and
traditional methods of plant breeding to develop new crop varieties suited to differ-
ent environmental conditions to achieve sustainable food production and enhanced
food security in a changing global climate, in addition to the development of crops
for enhanced production of pharmaceuticals and innovative industrial uses. Three
volumes of this book series were published in 2015, 2016, and 2018, respectively:
Volume 1, Breeding, Biotechnology and Molecular Tools; Volume 2, Agronomic,
Abiotic and Biotic Stress Traits; and Volume 3, Fruits. In 2019, the following four
volumes are concurrently being published: Volume 4, Nut and Beverage Crops;
Volume 5, Cereals; Volume 6, Industrial and Food Crops; and Volume 7, Legumes.

This Volume 4, subtitled Nut and Beverage Crops, focuses on the advances in
breeding strategies using both traditional and modern approaches for the improve-
ment of individual plantation crops. Included in Part I are 11 important nut species
recognized for their economical and nutritional importance including almond,
argan, Brazil nut, cashew nut, chestnut, hazelnut, macadamia, peanut, pine nut, pis-
tachio, and walnut. Part II covers two popular beverage species, coffee and tea.

Chapters are written by internationally reputable scientists and subjected to a
review process to assure quality presentation and scientific accuracy. Each chapter
begins with an introduction covering related backgrounds and provides in-depth
discussion of the subject supported with high-quality color photos, illustrations, and
relevant data. This volume contains a total of 108 figures and 55 tables to illustrate
presented concepts. The chapter concludes with an overview of the current status of
breeding and recommendations for future research directions as well as appendixes
listing research institutes and genetic resources relevant to the topic crop. A compre-
hensive list of pertinent references is provided to facilitate further 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 advanced undergraduate and post-
graduate students specializing in agriculture, biotechnology, and molecular breed-
ing as well as for seed companies and policy-makers.

We are greatly appreciative of all the chapter authors for their contributions
towards the success and quality of this book. We are proud of this diverse collabora-
tive undertaking, especially since this volume represents the efforts of 53 scientists
from 13 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
Almond [Prunus dulcis (Miller)
D.A. Webb] Breeding

Pedro J. Martinez-Garcia, Angela S. Prudencio, Raquel Sanchez-Pérez,
Felipe Pérez De Los Cobos, Ossama Kodad, Hassouna Gouta, Manuel Rubio,
and Pedro Martinez-Gomez

Abstract Almond [Prunus dulcis (Miller) D.A. Webb] presents clear challenges
within plant breeding given its plurennial woody character, long juvenile period and
multiplication by grafting. These challenges make the improvement process gener-
ally long and tedious. Therefore, it is necessary to have the most current information
on developing new cultivars that currently take 12 years. Additionally, the breeder
has to consider diverse internal (genetic background of the existing material, actual
and the new methodologies) and external factors (consumer preferences, biotic and
abiotic factors) to ensure the success of a new cultivar. The degree of knowledge of
these aspects determines the quality of the prediction and success in the design of
new almond cultivars. Although the size of the breeding population can be unlim-
ited, the management, phenotyping and selection of these seedlings are major limit-
ing factors. High-throughput phenotyping methods, genomic (DNA), transcriptomic
(RNA) and epigenetic studies can help to develop better selection strategies particu-
larly useful to deal with complex target traits in tree crops such as almond, with a
long juvenile periods and a high degree of heterozygosity. Recently, epigenetic
marks have been developed associated to dormancy in flower buds.

Keywords Almond - Breeding - Epigenetic marks - Genomics - Molecular
markers - Prunus - Transcriptomics
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1.1 Introduction

The cultivated almond [Prunus dulcis (Miller) Webb, syn. P. amygdalus (Batsch)],
of the Rosaceae family, is an ancient domesticated nut crop that has coevolved with
human civilization. The edible and tasty kernel of this nut crop species is the main
reason for its production and use (Gradziel and Martinez-Gémez 2013).

Almond is the only Prunus species cultivated exclusively for its kernel (Fig. 1.1).
Today, almonds are cultivated in more than 50 countries (http://faostat.fao.org),
with 95% grown in California, Australia and the Mediterranean Basin. Historically,
almonds were consumed as fresh and processed food, and are actually considered as
a functional food with both nutritional and purported medical properties including
purported anti-inflammatory and hypocholesterolemia properties (Musa-Velasco
et al. 2016; Poonan et al. 2011).

The objective of this review is to assess new breeding perspectives including
nutraceutical values and drought resistance together with the development of the
more recent technologies applied to the breeding programs including DNA, RNA
and epigenetic marks.

Fig. 1.1 (a) Cultivated almond tree, (b) Almond flowers, (¢) Fruit and kernel morphology.
(Source: Figure created by Raquel Sanchez-Pérez)
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1.2 Origin of Cultivation

A wide dissemination of cultivated almond is notable today; several authors have
distinguished four different stages: (a) Asiatic, (b) Mediterranean, (c) Californian
and (d) Southern Hemisphere stages. Gradziel (2011) described each stage in detail.
In each of the different stages, there was particular reference to almonds in several
aspects of human civilization including in literature, medicine and food. However,
although the ancestry and domestication history of cultivated almond has been stud-
ied extensively (Gradziel 2011; Grasselly 1976; Kester et al. 1991; Ladizinky 1999;
Velasco et al. 2016; Watkins 1979), many facts still remain unknown.

Central and western Asia are believed to be the origin of the wild almond rela-
tives (Browicz 1972; Browicz and Zohary 1996; Denisov 1988; Grasselly and
Crossa-Reynaud 1980; Grasselly 1976; Kester et al. 1991; Komorov et al. 1941).
Primarily, Amygdalus communis L. (syn. Prunus communis Archang.) was pro-
posed as the origin of cultivated almond (Kovalyov and Kostina 1935). A later study
by Ladizinsky (1999) proposed A. fenziliana Fiitsch as the ancestral species of the
cultivated almond. This origin propositions have led to at least three different theo-
ries being suggested, which seem to have some degree of communality. The first
states that the cultivated almond derived from wild Near East P. dulcis populations
(Levant theory), the second hypothesizes that cultivated almonds are stabilized
hybrids among south-western Asian species (hybrid theory) and the third theory is
based on coalescence-based models, which partly supports both scenarios and sug-
gests that most almond lineages differentiated during the Holocene (within the past
10,000 years), concomitant with the origins and expansion of agricultural practices
in the Mediterranean Basin (Delplancke et al. 2012).

Another unknown in the history of almond cultivation, is the place of origin of
domestication itself. Some evidence suggests that the most plausible spatio-temporal
origin of Prunus dulcis domestication occurred in the Fertile Crescent, and dis-
persed across present day Israel, Palestine and Lebanon up through Syria and east-
ern Turkey and across to Iraq (Albala 2009), during the first half of the Holocene,
~5000 years ago (Browicz and Zohary 1996; Delplancke 2011; Velasco et al. 2016;
Willcox et al. 2009; Zohary et al. 2012).

1.3 Almond Production

With a world value approaching USD 2.30 billion in 2016, almond has become the
largest specialty crop export in the USA and the largest agricultural export by value
(USD 4532 million) of California (ABC 2016).

California accounted for over 80% of the global production of 929,864 mt in
2017 on over 380,405 ha. Australia is now the second largest producer of almond
kernels with 79,461 mt and only 39,662 ha (29,358 ha bearing, 6758 ha non-
bearing, 3546 ha new plantings). Spain, is the third largest producer but with the
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largest area, at over 544,518 ha, under cultivation. The rest of the world’s almond
production comes from about 20 countries, mainly Tunisia, Morocco, Italy,
Turkey, Chile and Iran. The Balkan Peninsula including areas of Bulgaria and
Romania; Mexico and Hungary also have limited almond production. Additional
areas exist in central and southwestern Asia including Syria, Iraq, Israel, Ukraine,
Tajikistan, Uzbekistan, Afghanistan and Pakistan, extending into western China
(ABA 2017) (Table 1.1).

The main grown cultivar in California is Nonpareil, with a cultivation area of
131,622 ha, representing 38% of the total area cultivated and producing 40.7% of
the total production. Other important cultivars are Monterey, Butte and Carmel with
cultivation areas of 46,085 ha, 32,810 ha and 30,495 ha, respectively. In addition,
the Spanish cultivar Marcona is cultivated in only 60 ha in California. This cultivar
is the best-evaluated traditional cultivar in Spain recognized by growers and market
for its excellent kernel quality.

Almond kernels can be eaten in their natural state or processed. They have an
excellent taste, crunchy texture and good visual appeal and support diverse food
uses. Kernels may be roasted dry or in oil followed by salting with various season-
ings and used as an ingredient in many manufactured food products. The processed
kernel is usually blanched, which removes the pellicle (skin) using hot water or
steam. For pastry, ice cream, breakfast cereals and vegetable mixtures use, almond
kernels can be sliced or diced. The kernels are important ingredients in bakery
products and, ground into a paste, in the production of marzipan. Several factors
such as cultivar, moisture content, processing and handling procedures can impact
the flavor and texture of almonds (Kester and Gradziel 1996).

Almond cultivation in the Mediterranean countries is mostly non-irrigated, with
kernel yields around 400-500 kg/ha, much lower than the 2300 kg/ha of the USA,
where the production is much more intensive and exclusively irrigated (http://fao-
stat.fao.org). The Mediterranean almond-producing areas play an important role in
social strengthening and retention of families in the area, thus contributing to reduce

Table 1.1 Global almond Country Production (mt)

kernel production in 2017 California (USA) | 929,864
Australia 79,461
Spain 50,954
Tunisia 15,000
Iran 15,000
Turkey 13,000
Chile 14,000
Morocco 11,000
Italy 7500
Greece 3000
Others 30,000

Source: ABA (2017)
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emigration. However, in spite of the higher oil quality and nutraceutical content
found in the cultivars grown in the Mediterranean area, almond culture is affected
by the low rainfall and drought-limited production.

The Spanish Agriculture Services reported that the summer 2014 drought
affected 72,829 ha (18% of cultivated area) in non-irrigated areas, considering only
the Murcia Region. Damage was estimated by agricultural organizations at around
EUR 123.5 million and more than 2 million trees died. The situation was even more
severe in Morocco and Tunisia. Data reported from Tunisia indicated that during the
last major drought period, 2000 to 2003, more than 20 million trees and 200,000 ha
(80% of the cultivated area) were seriously affected. In these areas of the
Mediterranean Basin, water has become a scarce resource due to high consumption
and the high level of overall pollution. Additionally, the increasing vulnerability to
inclement weather and to long periods of drought has led to depopulation of many
rural areas. Therefore, the implementation of appropriate measures is absolutely
necessary to protect affected farms, their trade and income, as well as that of asso-
ciations, to ensure their independence through collective management. Beyond the
ethical imperative of doing research on how to increase production and to strengthen
the adaptation of plants to drought on a global basis, there is also a need to provide
a beneficial solution to the Mediterranean countries affected by spatial and temporal
complexity of regional droughts (Gouveia et al. 2017). Moreover, climate change
conditions accentuate drought since a reduction of 10% in precipitation translates
into 25% loss of soil water. In almond growing, water availability is a major con-
straint in the cultivation of the species.

1.4 Genetic Diversity and Conservation

Although, the wild almond progenitor is unknown, a significant reduction in genetic
diversity relative to wild progenitor species (once the wild progenitor is confirmed)
should be expected as a consequence of the process of domestication, which is attrib-
uted to a genetic bottleneck. However, in almond this domestication bottleneck and
the following expansion in population size seems unlikely (Meyer and Purugganan
2013; Velasco et al. 2016). With the use of population genetics approaches and after
the evaluation of genome-wide diversity patterns, results have shown no evidence of
a bottleneck during the domestication of almond (Velasco et al. 2016). Additionally,
the authors observed that some regions showed signatures of selection during domes-
tication and also candidate regions presented some overlap between almond and
peach (having a divergence time ~8 million years ago). The lack of a genetic bottle-
neck has also been observed in other perennial crops such as apple and grape (Gross
et al. 2014; Zhou et al. 2017), and was associated with the life history of perennials
exploited for domestication (Gaut et al. 2015). Interestingly, Velasco et al. (2016)
observed that fruit traits were not preferentially targeted during domestication but
likely selected much earlier during species (peach and almond) divergence.
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The outcrossing nature of Prunus dulcis, due to its self-incompatible origin, has
contributed to maintain a high level of genetic variability in cultivated almond.
Early studies observed a limited genetic base in commercial cultivars; the authors
considered the use of a few founder genotypes selected for their desirable regional
value could be the main reason of the low variability (Socias i Company and Felipe
1992). This can be the case of most commercially-important California cultivars
originated from crosses between only two parents: cvs. Nonpareil and Mission
(Bartolozzi et al. 1998; Hauagge et al. 1987; Kester and Gradziel 1996). Also, in
Europe the main source of self-compatibility used by breeders has been the almond
cv. Tuono, which could limit the genetic base present in new commercial cultivars.
In addition, only a limited number of accessions are currently maintained
(Appendix II). However, more recently, Szikriszt et al. (2011) found no correla-
tions between the origin of the germplasm and the level of diversity. According to
these authors, the actual germplasm has not suffered any genetic erosion after
inbreeding, since the self-compatibility is a new trait only present in almond
breeding for the last few decades.

A complete genetic characterization of the whole almond germplasm should be
considered by the research community to increase information about the historical
gene pool and to assure its useful protection and utilization for future breeding.
Advances in DNA sequencing technology now permits a more precise analysis of
large collections. Traditionally, markers such as simple-sequence repeats (SSRs)
have been used to address all these questions (Ferndndez { Marti et al. 2009;
Martinez-G6émez et al. 2003; Xie et al. 2006). More recently, different markers such
as inter-retrotransposon amplified polymorphism (IRAP), sequence-specific ampli-
fication polymorphism (S-SAP), retrotransposon-microsatellite amplified polymor-
phism (REMAP) and inter simple sequence repeats (ISSR), have been used to
genotype large number of accessions of several species. In addition, high resolution
melting (HRM) analysis was developed to detect SNPs in wild almond species
based on publicly available Prunus ESTs and next-generation sequencing (NGS)
data (Sorkheh et al. 2017). An increment of the deployment of genome-wide genetic
diversity using high-throughput technologies and NGS data will provide new tools
to add significant value to germplasm collections.

1.5 Classical Almond Breeding

Classical almond breeding can be described as a long and tedious process, similar
to the improvement processes of the majority of fruit trees. Specifically, its pluren-
nial woody character, long juvenile period and multiplication by grafting as a stan-
dard has clearly controlled the selection process. In this sense, breeders must have a
rigorous and extensive set of data for the specific design of new cultivars (Fig. 1.2).

New cultivars will have an impact in the agricultural system around 12 years
from the time they were first selected, which is the average time to release a new
almond variety (Fig. 1.2). One of the fundamental keys of this process is the
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Choice of parents, carrying out
1 crosses and germination of
seeds

1 year

2 Evaluation of hybrids in the field

6 years

3 Evaluation of new selections
in experimental fields

5 years

Registration and commercialization
of new varieties

Fig. 1.2 Scheme of an almond breeding program based on the realization of crosses and later
selection. (Source: Figure created by Pedro Martinez-Gémez)

selection of the genotypes that should be used as genitors. The basis of the design is
the realization of crosses and, therefore, it is necessary to choose well which culti-
vars must be crossed to generate new cultivars. These crosses can be of the comple-
mentary type, when two cultivars are crossed with complementary characteristics to
obtain a new cultivar that assembles the interesting phenotypic traits of both geni-
tors, or of the transgressive type, where two cultivars with good phenotypic traits are
crossed to obtain offspring exhibiting a more extreme phenotype than either parent
(Martinez-Gomez et al. 2003).

One important issue, from the economic point of view, is the cost of maintaining
a large number of offspring populations, something that must be considered by the
breeder at each crossing period. This population number is directly related to the
cost in the process of evaluation of the hybrids.

In addition, to develop suitable new cultivars, we need to know the relevant vari-
ables that influence our knowledge of the possible future in the success of new
cultivars. It is thus necessary to examine the endogenous (internal) or exogenous
(external) variables influencing the phenomenon in question. Both types of vari-
ables must be subjected to scientific evaluation (Fig. 1.3).
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Fig. 1.3 Internal and external variables affecting the viability and establishment of a new almond
cultivar obtained through classical breeding. (Source: Figure created by Pedro Martinez-Gomez)

The first internal variables to consider in any almond breeding program are
derived from plant traits that are considered as objectives. The most important char-
acteristics in these breeding programs are as follows (Martinez-Gémez et al. 2003):

(a) Tree: Floral self-compatibility, time of flowering and maturation, productivity
and resistance to pests and diseases (Ortega and Dicenta 2003; Sdnchez-Pérez
et al. 2004).

(b) Seed (kernel) quality: Organoleptic quality of the seed size, shape, flavor, or
hardness of the shell (Socias i Company et al. 2007).

The knowledge of these internal variables of genetic type will direct their suit-
ability with respect to the proposed design objectives. Prunus species, such as
almond, are characterized by great interspecific compatibility, meaning it is rela-
tively easy to perform interspecific crosses. In addition, one of the main handicaps
of Prunus breeding is the reduced variability of most species derived from their
mating system, being less polymorphic self-compatible species such as peach or
apricot in comparison with self-incompatible such as almond and cherry (Graziel
and Martinez-G6émez 2013). In this context of reduced genetic variability, the real-
ization of interspecific crosses is very useful for the development of new cultivars
(Gradziel et al. 2001; Martinez-Goémez et al. 2004; Sorkheh et al. 2009).

Secondly, internal variables also include the current methodologies available for
use in the selection of individuals. These methodologies are closely related to the
level of knowledge available at the meso- and micro-levels, especially in relation to
the development of molecular markers for the selection of individuals (Gradziel et al.
2001; Martinez-G6mez et al. 2003) and will provide an idea of the efficacy and fea-
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sibility of new designs or cultivars. Finally, we can include various economic factors
within the production framework, i.e. the goals, processes and outcomes. The effec-
tiveness and viability of the improvement program will depend on these methodologi-
cal developments as applied to the evaluation. These two terms (effectiveness and
viability) are related in the economic context to the relationship between science and
economics. The evaluation of this feasibility, effectiveness and feasibility can lead to
the abandonment of the new design if it is not feasible or to its production. We would
have to proceed with the design of a new variety with new crosses and new variables
to evaluate within the program. In any case, the evaluation process is continuous.

On the other hand, in almond breeding, it is necessary to consider a number of
external variables including interactions with the environment over a period of sev-
eral years. Many characteristics such as flowering time and floral compatibility
must be evaluated for at least 3 years, when trees produce the first flowers. Due to
drawbacks, the use of molecular marker-assisted selection methods is of particular
interest in breeding programs. Environmental conditions will determine the feasi-
bility of the objectives and the new cultivar in a given location. The adaptation of
new designs or new cultivars to specific climatic conditions is fundamentally condi-
tioned by their winter cold needs for dormancy (Campoy et al. 2011) and by their
adaptation to different soil conditions in the case of rootstocks. Their capacity for
production depends largely on this character and on their interaction with the envi-
ronment considered as an external variable.

Almond bloom in response to an established pattern of low (cold needs) and high
(heat needs) temperatures after the breaking of winter dormancy (Sdnchez-Pérez
etal. 2014). These requirements of cold and heat temperatures guarantee that in each
zone the flowering will take place at a favorable time for pollination. Pollination will
be viable in a context of floral self-compatibility (fertilization of the ovule by pollen
from the same variety occurs) (Gradziel et al. 2002; Gradziel and Martinez-Gémez
2013), whereas in the context of floral self-incompatibility flowering will require
pollen of another variety and an isolated variety will not produce fruit (Sanchez-
Pérez et al. 2004). Therefore, late flowering cultivars are sought to avoid frost but are
self-compatible in the case of the almond tree (Sdnchez-Pérez et al. 2014). In other
fruit trees such as peach or apricot trees where flowering is not as early, what is
sought is the precocity in flowering and fruiting to obtain better market prices.

The knowledge of these external variables related to possible stresses will indi-
cate their feasibility with respect to the proposed design objectives. The feasibility
of developments is another important issue to consider. The technological feasibil-
ity will also depend on the existence of germplasm with the desired genes for resis-
tance to different biotic or abiotic stresses.

Satisfying consumer demands is also an important external variable. New designs
must have the appropriate characteristics to meet such demands. In addition, the
availability of different techniques for analysis and selection is another important
external variable. In addition, the social acceptance of these new cultivars will
depend on criteria of environmental sustainability. On the other hand, we can
include various factors of an economic nature, provided that they are considered
within the framework of production: the phase of objectives, processes and results.
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This affects external economic variables, which are those that affect their market
value. Because the result of a new genetic cultivar presents a durability (a life cycle)
and involves a market price, which conditions the creative transformation carried
out by technological innovation.

The degree of knowledge of the variables determines the quality of the prediction in
the design of new almond cultivars, in addition to their effectiveness, feasibility, suit-
ability and feasibility. New designs must provide the appropriate characteristics to meet
those requirements. External variables include the availability of the different analysis
and the selection contemporary techniques, since they have varied throughout history.

Making predictions in Prunus breeding also involves human activity that is geared
towards reaching feasible goals in the field. The processes to be carried out must have
a reasonable cost, in terms of the level of effort for the realization of the design and
the means to be used. The result is to create a new cultivar, which requires scientific
knowledge and scientific processes. However, the real impact for society comes with
the technology that fosters this innovation through objectives and a task, which origi-
nate in a new cultivar that arises from transforming one’s own reality and making it
have a value in the market. Thus, the scientific, technological and economic rationali-
ties interact. Economic mediation directly affects the human activity deployed.

Under new climatic and consumer conditions, an integrated approach to evaluat-
ing more drought resistant and productive cultivars with enhanced nutraceutical
quality, is of great interest in almond breeding.

1.6 Mutation Breeding

Almond mutation breeding is not common as far as we know. However the use of
spontaneous mutants in almond breeding has been performed. One example is the
development of a late-blooming almond through classical breeding. Martinez-
Goémezetal. (2017) concluded that the adaptation of almonds from the Mediterranean
Basin to colder regions in northern Europe and North America has been mainly
achieved through delayed flowering. These adapted late-flowering cultivars have
usually been developed by selecting desired quantitative genes within each region.
The use of molecular markers for the early selection of genes conferring late flower-
ing has also facilitated the development of additional late cultivars including ultra-
late cultivars, flowering as late as April, together with the combination of material
from different gene pools. These ultra-late flowering cultivars also include genetic
material from spontaneous late-flowering mutations.
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1.7 Drought Resistance

Climate variability and water availability require the rapid development of produc-
tion systems able to cope with risk and uncertainty. In this sense, drought resistance
in almond, linked to the efficient water use (Yadollahi et al. 2011), together with the
ability of the root system to access water, are important breeding targets.

Rusticity and flexibility of the different components of the production systems
(including cultivars and rootstocks) should be improved. Clearly, the plantation and
management of new sustainable agro-systems in the Mediterranean Basin for
almond production, designed to last for long periods, must consider the impact of
climatic conditions when selecting new cultivars and rootstocks. In this sense,
drought is one of the biggest problems for non-irrigated culture across the
Mediterranean countries. Studies about drought resistance have been conducted on
wild and cultivated almonds (Camposeo et al. 2011; Palasciano et al. 2014) but these
are scarce in the case of native germplasm from other areas. Some of these studies
conducted by different research groups in Morocco, Tunisia and Spain provided
preliminary results on drought resistance of almond cultivars and hybrid rootstocks
(Alarcén et al. 2002; Esmaeli et al. 2017) and also the discovery of new genetic
diversity from these regions (Gouta et al. 2012; Kodad and Socias i Company 2008).

Under drought conditions, plant develop strategies to cope with stress (accelerat-
ing the life cycle) or to avoid it (controlling stomatal conductance, investing in the
development of the root system, reducing canopy, etc.) or activate osmotic adjust-
ments to increase tolerance to low tissue water potential (for instance accumulating
compatible solutes). The efficiency of photosynthetic carbon gain relative to the rate
of water loss can be used as an indicator (Ennaheli and Earl 2005; Jiménez et al.
2013). In the seasonally dry and variable environment of the Mediterranean region,
the ability of species like almond to cope with water scarcity is not only dependent
on the cultivar, but also very dependent on the rootstock on which it is grafted.

The characterization of drought resistance in almond cultivars and other fruit tree
crops is linked to efficient water use (Yadollahi et al. 2011), together with the ability
of the root system to access water. Collecting breeding material for future research
provides helpful tools to reduce drought losses, but this is a lengthy process (Neale
et al. 2017). However, development of improved production systems using drought
resistant almonds may be possible utilizing native germplasm. These materials
allow a more sustainable production, particularly in the marginal areas of harsh
climate conditions found around the Mediterranean Basin (Gouta et al. 2010, 2011,
2019). This preliminary material has proven to be more efficient and resilient than
wild species that, moreover, show poorer agronomical behavior (Sorkheh et al.
2009). However, an integrated approach evaluating new materials, having good
yield, better nutraceutical quality and highly resistant to drought has not yet been
developed as far as we know.
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1.8 Nutraceutical Values

Among cultivated nuts, almonds are one of the most nutritive (Kendall et al. 2003).
They are considered a good source of essential fatty acids, vitamins and minerals
(Table 1.2) (Saura-Calixto et al. 1981). Also, one of the best natural sources of vita-
min E (Sabate and Haddad 2001) which is purported to play a role in preventing
heart disease, certain kinds of cancer and cataract formation (Kodad et al. 2006).

One ounce of almonds (20-25 kernels) contains 15% of the recommended
daily values of phosphorus, 37% of vitamin E and 21% of magnesium. Almonds
also represent a convenient source of fiber and folic acid. Historical uses of sweet
and/or bitter almond ointment include the treatment of asthma, male-pattern bald-
ness and as a soothing salve for burns (Gradziel and Martinez-G6émez 2013).

Almond kernels are also a source of high-quality oil, representing over 50% of
the kernel dry weight. This oil is primarily composed of the more stable oleic acid,
making it desirable from ancient times to the present for use as a base for various
ointments and pharmaceuticals. The high level of this monounsaturated fat in
almond kernels may be partly responsible for the observed association between
frequent nut consumption and purported reduced risk of coronary heart disease
(Fulgoni et al. 2002; Lovejoy et al. 2002).

The almond is appreciated in the processed food industry and also as a func-
tional food with both nutritional and medical (nutraceutical) properties including
nutrients, vitamins, healthy blood lipids and purported anti-inflammatory and
hypocholesterolemic properties (Kodad and Socias i Company 2008; Kodad

Table 1.2 Nutrient Nutrient Value

composition of the almond

kernzl per 100 g fresh weight Energy 578 keal

of edible portion Protein 21.26 g
Carbohydrate 19.74 g
Fiber, total dietary 118 ¢
Glucose 454 ¢
Starch 0.73 g
Calcium 248 mg
Magnesium 275 mg
Phosphorus 474 mg
Potassium 728 mg
Sodium 1 mg
Folate, total 29 mcg
Vitamin E 25.87 mg
Saturated fatty acids 3.88¢g
Monounsaturated fatty acids | 32.16 g
Polyunsaturated fatty acid 1221 g

Source: Adapted from Socias i Company
et al. (2007)
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et al. 2011; Musa-Velasco et al. 2016; Poonam et al. 2011). The implementation
of methodologies to phenotype the nutraceutical properties of traditional almond
cultivars, new cultivars and breeding populations are new goals in almond breed-
ing programs. Understanding the influence of diverse stresses such as drought
and heat that can modify the composition of the beneficial components in kernels
is an important goal in almond breeding. New strategies combining food science
knowledge and breeding approaches must be incorporated into the actual breed-
ing programs to obtain better food for future generations (Kodad 2017).

1.9 Development of DNA Markers

The genetic mapping of populations to segregate characters of interest has been the
principal approach to develop marker-assisted selection (MAS) strategies in almond.
MAS allows early selection of a large number of plants, which then undergo final
evaluation to certify the desirable traits using traditional methods. For instance, the
accurate phenotyping of the parents and offspring is key to identifying the molecu-
lar markers linked to disease resistance.

The analysis of cosegregation among markers and characters allows isolating the
map position of major genes and quantitative trait loci (QTL) responsible for their
expression. Genetic linkage analysis was initially performed in almond by combin-
ing different molecular makers including RFLPs, CGs (candidate genes), SSRs and
SNPs. Regarding the genetic structure of almond mapping populations, the typi-
cally assayed populations were of type F1 or F2. These different population types
have advantages and disadvantages. The work developed in F1 populations is more
extensive because the populations are easier to develop than F2, given the longer
period of juvenile growth. F2 populations are common in interspecific crosses in the
case of peach and almond species (Donoso et al. 2016).

During the last two decades, many QTL mapping studies have been carried out.
The genetic dissection of the most important agronomic traits has resulted in the
identification of several different QTLs across the almond genome (Ballester et al.
1998, 2001; Donoso et al. 2016; Fernandez i Marti et al. 2011, 2013; Font i Forcada
et al. 2012; Rasouli et al. 2014; Sanchez-Pérez et al. 2007, 2010, 2012) (Fig. 1.4;
Table 1.3). Although, in general, the QTL are distributed in all the linkage groups
(LGs), a high number of QTL can be observed in LG1 of almond, with LG8 having
the lowest number of QTL.

The application of these results in marker-assisted selection has been developed
for blooming time and kernel flavor (Ricciardi et al. 2018; Sanchez-Pérez et al.
2010). In the case of blooming date, different publications report the use of SSR
markers in a F1 population between a seedling of cvs. Tardy Nonpareil (R1000) x
Desmayo Largueta (RxD), and also confirmed the location of late blooming gene
(LD) in G4 while identifying other QTLs for flowering time in G1 and G6 (Rasouli
et al. 2014; Sanchez-Pérez et al. 2007) (Fig. 1.4; Table 1.3). In these studies, the SSR
UDP-96003 was located very close to the Lb gene in G4 linkage group. When QTL
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Fig. 1.4 Almond QTLs linked to traits of interest: blooming date (Bd), chilling requirements
(CR), heat requirements (HR), productivity (P), self-incompatibility (S), double kernels (Dk), ker-
nel length (Ln), kernel length/width (Ln/Wn), shell hardness (D), kernel size (Sz), spherical index
(Sin), kernel thickness (Tn), kernel thickness/length (Tn/Ln), kernel weight (Wgn), kernel width
(Wn), leafing date (Lf), ripening time (rp), kernel geometric diameter (GDn), amygdalin hydrolase
(AH), Glucosyl transferase (GT), kernel taste (bitterness/sweet) (Sk), linoleic acid (Linoleic),
mandelonitrile lyase (MDL), palmitic acid (palmitic), palmitoleic acid (palmitoleic), oil seed con-
tent (Oil), oleic acid (Oleic), prunasin hydrolase (PH), stearic acid (Stearic), tocopherol homologes
(T-), total seed protein (Protein), germination date (GD), juiciness (jui) and almond fruit type (alf).
A tentative scale of the map is performed in cM using as framework bin map of reference in Prunus
indicating each bin in red. Between branches the references, 1: Ballester et al. (1998); 2: Ballester
et al. (2001); 3: Silva et al. (2005); 4: Sanchez-Pérez et al. (2007); 5: Sanchez-Pérez et al. (2010);
6: Fernandez { Marti et al. (2011); 7: Font i Forcada et al. (2012); 8: Sanchez-Pérez et al. (2012);
9: Fernandez 1 Marti et al. (2013); 10: Rasouli et al. (2014); 11: Donoso et al. (2016). (Source:
Figure created by Pedro Martinez-Gomez)

analysis was performed, this major QTL (Lb) in G4 was able to explain 50.0-86.3%
of the variance. In addition, SSR markers PCeGA025, BPPCT037 and EPDCU2584
explained most of the observed variability in kernel flavor, being highly valuable for
marker-assisted selection (Sanchez-Pérez et al. 2010). In addition, the markers
linked to juiciness and almond-peach fruit type are also starting to be applied in
breeding programs (Donoso et al. 2016). In addition, MAS for self-(in)compatibility
is being performed in the routine basis in almond breeding programs using specific
markers derived from transcriptomic studies, by sequencing RNNAse genes associ-
ated to this trait (Sanchez-Pérez et al. 2004; Ushijima et al. 1998, 2003).

On the other hand, other traits including in-shell weight, leafing time, shell
hardness, kernel length, nut width, nut length, kernel length, palmitoleic acid or
tocopherol homologues were described as linked to specific molecular markers
(Fig. 1.4), although until now the application of these results is still limited.
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Table 1.3 Markers associated to main agronomic traits in almond
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Linkage
Trait Symbol group Marker References
Shell hardness D G2 SSR Sanchez-Pérez
et al. (2007)
Germination date | GD Gl SSR Fernandez { Marti
etal. (2013)
Blooming date Bd G4 RAPD Ballester et al.
(2001)
Gl1,G4 SSR Silva et al. (2005)
G4 SSR Séanchez-Pérez
et al. (2007)
Gl1, G4,G6, |SSR Sanchez-Pérez
G7 etal. (2012)
G5 SSR Rasouli et al.
(2014)
Chill CR Gl1,G3,G4, SSR Sénchez-Pérez
requirements G7 etal. (2012)
G1,G3,G4, |SSR Fernandez i Marti
G7 etal. (2011)
Heat HR G1, G3,G4, |SSR Sanchez-Pérez
requirements G7 etal. (2012)
Blooming density | Bd G4 SSR Séanchez-Pérez
et al. (2007)
Leafing time Lf Gl, G4 SSR Séanchez-Pérez
et al. (2007)
Reaping time Rd G4, G5 SSR Sénchez-Pérez
et al. (2007)
In-shell weight Shw Gl,G2 SSR Sénchez-Pérez
et al. (2007)
Kernel weight Kw Gl1, G4 SSR Sanchez-Pérez
et al. (2007)
Kernel thickness | Tn G4, G6 SSR Ferndndez { Mart{
etal. (2013)
Kernel thickness/ | Tn/L Gl1, G6 SSR Ferndndez { Marti
length etal. (2013)
Kernel width Wn G6 SSR Fernandez { Marti
etal. (2013)
Kernel flavor Sk G5 SSR Séanchez-Pérez
et al. (2007)
Prunasin PH Gl Candidate Séanchez-Pérez
hidrolase Gene et al. (2007)
Amigdalin AH Gl Candidate | Sdnchez-Pérez
hidrolase Gene et al. (2007)
Glucosyl GT G3 Candidate | Sanchez-Pérez
transferase Gene et al. (2007)

(continued)
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Table 1.3 (continued)

Linkage
Trait Symbol group Marker References
Mandelonitril MDL Gl Candidate Séanchez-Pérez
liase Gene et al. (2007)
Double kernel Dk G4 SSR Séanchez-Pérez
et al. (2007)
Kernel protein Protein G6, G7 SSR Font i Forcada
etal. (2012)
Kernel fatty acids | Oleic, linoleic, palmitic, | G2, G3, G5, | SSR Font i Forcada
palmiloleic, stearic Go, G7 etal. (2012)
Kernel tocopherol | T Gl1, G4 Font i Forcada
etal. (2012)
Kernel oil Oil G6 SSR Font i Forcada
etal. (2012)
Compatibility S G6 RFLP Ballester et al.
(1998)
SSR Séanchez-Pérez
et al. (2007)
SSR Fernandez { Marti
etal. (2011)
Juiciness jui Gl SSR Donoso et al.
(2016)
Almond fruit type | alph

Also, the confirmation of the respective allelic association with phenotype must
still be obtained using a large number of correctly phenotyped cultivars and
progenies. This validation would indicate whether or not a marker could be used
in routine screening for MAS (Boopathi 2013).

1.10 Development of RNA Markers

The transcriptome is represented by coding and non-coding RNAs, and is character-
ized by a huge capacity of adjusting to the developmental needs and environmental
requirements of living organisms. RNA can easily change the number of copies
(through increased expression or recycling) or generate diversity (by processing), thus
having a tremendous impact on phenotype. RNA analysis techniques can be applied
for gene functional characterization and development of new markers for specific
traits. RNA markers have great potential as validation of DNA markers; they are also
of great interest in monitoring process such as flowering (Prudencio et al. 2018a)

In the case of almond, targeted gene expression research has been conducted to
study bud dormancy, flower development and cold acclimation (Barros et al. 2012;
Prudencio et al. 2018a; Silva et al. 2007). Expression of two homeotic genes related
to floral organ development, PAMADSI and PdMADS3, was found to gradually
increase during ecodormancy break (Barros et al. 2012), particularly after the green-
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Fig. 1.5 Relative gene expression of PdADAM6 gene evaluated by qPCR in Desmayo Largueta
almond cultivar during the seasons 2015-2016 and 2016-2017 and flower morphology develop-
ment. (Source: Adapted from Prudencio et al. 2018b)

tip stage (Fig. 1.5). In a previous study, PdMADS1 expression showed to be carpel
specific, agreeing with its predicted role in ovule development, whereas PAMADS3
was expressed in all floral whorls (Silva et al. 2007).

Expression of an almond GA20-oxidase gene (PdGA200x), with a predicted role
in gibberellin (GA) biosynthesis was detected in floral buds before they enter winter
dormancy (Silva et al. 2005), and was shown to decrease during growth resumption
(Barros et al. 2012). The opposite pattern was found for almond GA2-oxidase
(PdGA20X), involved in GA catabolism, which increased during flower bud break.
Based on these results Barros et al. (2012) proposed that a change in GA metabo-
lism occurs after the late stages of almond flower bud break. Gibberellins are
involved in the regulation of cell elongation in stamen filament as well as in cellular
development in anthers, in the model plant Arabidopsis thaliana (Cheng et al. 2004).

Gene expression analysis of cold-responsive PdCBF1, PACBF2 and PADHNI
genes along seasonal development in flower buds and shoot internodes suggested a
shut-down of the CBF-mediated regulatory pathway prior to blooming, in agree-
ment with the decreased frost tolerance observed in flowers. Interestingly, CBF-
specific CTR/DRE cis elements in promoters of peach PnDAMS5 and PpDAMG6 genes
were also found, suggesting their association with a CBF regulon (Barros et al.
2012). Recently, Prudencio et al. (2018b) also studied the differential expression of
other genes (PdDREB2c, PAAWPM 19, PADAMYS) to determine dormancy break in
two contrasting cultivars, finding a peak in expression correlating with bud break.

Finally, analysis of almond flower bud morphology allowed a preliminary asso-
ciation of anther maturation with the expression of PdDAMG, since transcript levels
of this gene exhibited a decline when anthers were reaching full maturity (Prudencio
et al. 2018b) (Fig. 1.5).

On the other hand, the understanding of transcription regulation linked to dor-
mancy breaking is necessary for the development of new selection tools, as expres-
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sion markers. Prudencio et al. (2018c), reported transcriptomes of flower buds in
different stages from dormancy to active state with RNA-seq technology and infor-
matics analysis. Experimental design included total RNA from flower bud pools of
three almond cultivars with different chilling requirements for breaking dormancy
and flowering time. A total of 22,833 transcript sequences were identified and 850—
1710 transcripts were revealed as differentially expressed in comparisons between
samples. Several candidate genes have been obtained and future validation by gPCR
will help to confirm the observed expression results. Results will allow improving
our knowledge about the transcriptional network of flower bud dormancy in fruit
tree species, revealing differences in regulation of early and late almond cultivars.
This information may be used to optimize agronomical production of consistently
bred cultivars for new late flowering almonds.

1.11 Epigenetic Marks

Epigenetic modifications are heritable changes in gene expression not encoded by the
DNA sequence. Actually, the epigenetic landscape has grown increasingly compli-
cated, encompassing DNA methylation, the histone code, noncoding RNA and
nucleosome positioning, along with DNA sequence (Jin et al. 2011). DNA methyla-
tion, a heritable epigenetic mark, catalyzed by the DNA methyltransferases (DNMTs),
involving the covalent transfer of a methyl group to the C-5 position of the cytosine
ring of DNA, and is regarded as a key player in epigenetic silencing of transcription.

Genome-wide analysis of DNA methylation can be done through next-generation
sequencing (NGS) technologies of bisulfite-treated DNA samples. The epigenotyp-
ing by sequencing (epiGBS) technique was developed and recently implemented to
study bud dormancy in almond for the first time (Prudencio et al. 2018d). The
strength of the technique is evident for the discovery of epigenetic variants, based
on 5SmC, that are genotype-dependent. In addition, the DNA methylation (5SmC)
pattern is generally genotype-dependent rather than dormancy state-dependent.
Comparative DNA methylation studies of modern almond cultivars released from
actual breeding programs and heirloom cultivars will surely contribute to the knowl-
edge of methylation variants and provide candidate epialleles linked to agronomic
traits. Such polymorphisms can be screened in large populations using NGS to con-
firm the locus methylation state associated with a given character of interest.

In this first study, results showed the identifications of different genes where
DNA methylation state changed between the dormant and active state of the flower
buds. This was possible in both the traditional early-flowering genotype Desmayo
Largueta and the extra-late-flowering genotype Penta from the CEBAS-CSIC
almond breeding program. Furthermore, common genes arose from the analysis
(Prudencio et al. 2018d).

In the future, it would be interesting to improve the technique coverage to obtain
a greater representation of the genome. Ultimately, the results will be an essential
complement to RNAseq experiments in bud dormancy progression.
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1.12 Genetic Transformation

The development of powerful new biotechnologies can also advance almond breed-
ing efforts through the direct incorporation of genes using in vitro culture and
genetic transformation. Genetic transformation can reduce the time and space
required to improve fruit and tree characteristics compared with classical breeding
methodologies. Genetic transformation can also increase the diversity of genes and
germplasm available by allowing the stable integration of foreign DNA into the
genome. In the case of fruit trees such as almond, genetic engineering represents an
alternative to overcome obstacles of traditional breeding programs (long juvenility
period, self-incompatibility, evaluation of agronomic traits in the field) (Archilletti
et al. 1995). In addition, new genetic transformation approaches have the potential
of success across species of Prunus; P. domestica has already been successfully
transformed (Petri et al. 2018), and will serve a solid basis for the future implemen-
tation of genome editing of other Prunus species.

Almond transgenic plants have been created via Agrobacterium-mediated trans-
formation because of its efficacy (Archilletti et al. 1995, Costa et al. 2007; Miguel
and Oliveira 1999). Much of this research involved the introduction of reporter
genes in seedling tissue. The gus gene, which codes for b-glucuronidase, has been
successfully utilized as a marker gene in genetic transformation of almond
(Archilletti et al. 1995; Miguel and Oliveira 1999). In addition, the npt/I (neomycin
phosphotranspherase) gene, which confers kanamycin resistance, has been used in
this species (Archilletti et al. 1995). While almond seedlings are readily transformed
using Agrobacterium-mediated approaches, the regeneration of plantlets from
established cultivar cells has proven very difficult (Archilletti et al. 1995; Miguel
and Oliveira 1999). This difficulty is believed to be due to the recalcitrance of culti-
var cells to initiate the required organogenesis, presumably because they have lost
their juvenility with their advanced clonal age (Costa et al. 2007; Santos et al. 2009).
In addition, while new genetic engineering techniques offer significant advantages
for the discrete addition of new genes to commercially- established cultivars, the
current dearth of transgenes useful to tree crop breeding limits their present applica-
tion. A final barrier is social: the reluctance of the economically-important European
and Asian markets to accept transgenic fruits and nuts.

1.13 Conclusions and Prospects

Originating from Central and Southwest Asia, almond was easily dispersed widely
by seed, becoming an important crop worldwide but being mostly grown commer-
cially in California, the Mediterranean Basin, and other countries such as Australia.
Due to the natural high self-incompatibility and the fact that almond was, until
recently, mostly multiplied by seed, the crop exhibits very high variability for many
traits. Variability is obviously an advantage for the species and for the breeders;
however, it is not appreciated by farmers who want the best traits in their production
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orchards. Breeding for improved traits is always difficult without an easy system to
monitor the process, and proper phenotyping often requires extended and difficult
analyses. In this sense, the ability of breeders to generate large populations is almost
unlimited; the management, phenotyping (genetic studies) and selection of these
seedlings are the main factors limiting the creation of new cultivars. The develop-
ment of molecular markers associated with traits of interest (such as self-
incompatibility, blooming time, kernel flavor) has been a major benefit to breeders,
but there is still much to be done, as there are not enough good molecular markers
available to meet all of the targeted-breeding goals. Genomic (DNA) and transcrip-
tomic (RNA) and genetic engineering studies for the development of marker-
assisted selection (MAS) strategies are particularly useful when the evaluation of
the character is expensive or time-consuming or, in a tree crop such as almond,
which has a long juvenile period. Recent progress has been made in epigenetic
marks for dormancy in flower buds. These strategies will help to accelerate develop-
ment of new cultivars with desired traits with improved adaptation to, or mitigate
the effects of, global climate change. Adaptation to extreme weather conditions,
such as high temperatures or alternative period of droughts and floods, new patho-
gens and pests are some of the goals of these new strategies to increase production
in a scenario of global climate change. One such strategy is called breeding by
design, based on the combination of precise tools (MAS, MAB) and the develop-
ment of extensive phenotyping.

New genetic transformation approaches have the potential of success across spe-
cies of Prunus. Currently, only P. domestica has been successfully transformed
(Petri et al. 2018). This is a prerequisite for future implementation of genome edit-
ing in Prunus species. Genome editing technology has been satisfactorily used to
edit the genome of several plants, animals, bacteria and yeast; however, its applica-
tion in woody species is scarce and limited to those having whole genome sequences
and efficient transformation systems (Ferndndez { Marti and Dodd 2018). Belonging
to this group of species are Chinese white poplar, Populus tomentosa Carr. (Fan
et al. 2015), orange, Citrus x sinensis (L.) Osbeck (Jia and Wang 2014), Duncan
grapefruit C. paradisi Macf. (Jia et al. 2016) and apple, Malus x domestica Borkh.
(Nishitani et al. 2016). Precise knowledge about the genetic basic of all agronomic
traits should enable breeders to deploy more rational and refined strategies in the
near future of almond breeding. Philosophically, the future of science by design in
Prunus breeding will be based on maximizing the prediction of the different internal
and external variables and in a subsequent prescription of better solutions for the
different breeding approaches. The success of this philosophical theory will pro-
mote effectiveness, viability and suitability in the future design of new cultivars
with improved traits more rapidly than ever.

Acknowledgements This study has been supported by the project Nut4Drought: Selection and
characterization of drought resistant almond cultivars from the Mediterranean basin with high
nutraceutical values, from an ERA-NET Action financed by the European Union under the Seventh
Framework Program for research called ARIMNet2 (Coordination of Agricultural Research in the
Mediterranean; 2014-2017; www.arimnet2.net).


http://www.arimnet2.net

1 Almond [Prunus dulcis (Miller) D.A. Webb] Breeding

Appendices

23

Appendix I: Research Institutes Dedicated to Almond Breeding

Contact information and

Institution Specialization website

Center for Edaphology and Applied Biology | Molecular Biology | Dr. Federico Dicenta

of the River Segura (CEBAS-CSIC), Murcia, | and Breeding Email: fdicenta@cebas.

Spain csic.es
ww.cebas.csic.es

Agrifood Research and Technology Centre | Molecular Biology | Dr. Maria J Rubio

of Aragén (CITA), Zaragoza, Spain and Breeding Email: mjrubioc @aragon.
es
www.cita-aragon.es/

Institute of Agrifood Research and Breeding Dr. Ignasi Batlle

Technology (IRTA-Mas Bove), Reus, Spain Email: ignasi.batlle @irta.
es
www.irta.cat/es/centre/
irta-mas-bove/

University of California-Davis (UC Davis), | Breeding Dr. Thomas M Gradziel

California, USA Email: tmgradziel @
ucdavis.edu
www.ucdavis.edu

University of Adelaide, Australia Molecular Biology | Dr. Michelle Wirthensohn

and Breeding Email: michelle.

wirthensohn @adelaide.
edu.au
www.adelaide.edu.au/

University of Bari, Italy Breeding Dr. Marino Palasciano
Email: marino.
palasciano@uniba.it
www.uniba.it

Ecole National d’ Agriculture Meknes, Breeding Dr. Ossama Kodad

Morocco Email: osama.kodad @
yahoo.es
www.enameknes.ac.ma/

Olive Tree Institute, Tunisia Breeding Dr. Hassouna Gouta

Email: zallaouz@yahoo.fr
www.iosfax.agrinet.tn/
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Appendix I1: Almond Genetic Resources Available
at Germplasm Banks

Country Research center Cultivation area Accessions

Europe

France INRA-Avignon Avignon 180

Italy University of Udine Udine 65

Spain CEBAS-CSIC Murcia 70
CITA Zaragoza 80
IRTA-Mas Bove Reus 83

Asia

Iran National Plant Gene Bank Karaj 67

Syria Centre for Studies of Arid Zones Sednaya 130

Turkey Ege University Izmir 51

America

USA | USDA-UC Davis ' Davis 165

Africa

Morocco ‘ INRA-Rabat ‘ Rabat ‘ 120

Oceania

Australia ‘ University of Adelaide ‘ Adelaide ‘ 45

Source: http://www.fao.org/genetic-resources/
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Abstract Argania spinosa (L.) Skeels is an endemic woody species in Morocco
with important ecological and socioeconomic interest. The argan tree constitutes an
essential element of the biodiversity of agroforestry ecosystems. To alleviate the
pressure on the species and to satisfy the growing demand for its oil, the preserva-
tion and characterization of the high diversity of endangered populations of argan
trees and its cultivation (in their natural habitat), constitute a crucial step toward
their conservation. Thus, the analysis of the structure and distribution patterns of
genetic diversity is paramount for the management and development of conserva-
tion strategies. Thereby, various strategies have been employed to evaluate the
degree of genetic diversity based on morphological, chemical, biochemical and
molecular markers. The status of different morphotypes and molecular markers
were examined and investigated to evaluate the measure of genetic diversity. The
application of molecular biotechnologies (DNA markers) to practical breeding and
selection is a novel strategy and a powerful methodology for plant breeding. This
chapter summarizes current knowledge and progresses made in argan tree, and dis-
cusses their limitations and perspectives related to the genetic aspects of this eco-
logical and socioeconomically important tree crop.
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2.1 Introduction

Argan, or argane, tree (Argania spinosa (L.) Skeels) is a forest species of arid and
semiarid areas of southwestern Morocco where it covers approximately 952,200 ha
(FAO 2014). It belongs to the monospecific genus Argania, a unique representative
of the Sapotaceae family in Morocco (Pennington 1991) where it grows mostly in
the dry lowlands of the Souss Valley and three small relict populations north of
Oued Grou (near Rabat), northeast of the Beni Snassen Mountains (northern Oujda)
and south of Goulimime (Ehrig 1974; Prendergast and Walker 1992). In Algeria, an
area of natural argan forest is represented by more than 90,000 ha in the Tindouf
Region (Kechairi 2009; Kechairi and Abdoun 2013).

This species is multipurpose in nature with all the plant parts used for oil and
agro-sylvo-pastoral use and constitutes an essential element of the biodiversity of
forest ecosystems and the income of the indigenous population (Msanda et al.
2005). The argan tree occurs in its ecosystem in the form of trees and shrubs with
different architectural aspects (upright form, weeping form, very or less spiny
branched) and various forms of fruits and seeds (oval, rounded and fusiform) (Ait
Aabd et al. 2011, 2012; Bani Aameur 2004). The seeds contains kernels used to
extract oil, with a yield range of 60-70%, suitable for food and cosmetic purposes,
with nutritional and dietary value confirmed by its richness in polyunsaturated fatty
acids of more than 80% (Charrouf and Guillaume 1999; Lizard et al. 2017; Schmid
and Ziilli 2012). Khallouki et al. (2003) concluded that argan oil can enhance the
cancer prevention effects of the Moroccan diet because of its content of tocopherol,
squalene and oleic acid are high compared to other food oils.

Argan contributes to the socioeconomic development of the local population.
However, productivity shows a great inconsistency in time and space adding to its
current exploitation in the wild. Flowering begins with the first rains in December
and may continue until April and into the summer season in some cases (Benlahbil
et al. 2015).This diploid species (2n = 24) (Majourhat et al. 2007) has a predomi-
nantly allogamous reproduction, where anemophilous (80%) and entomophilous
(20%) pollination occurs (M hirit et al. 1998).

In fact, the cumulative effects of overgrazing, the dry climate, the weak natural
regeneration and anthropomorphic actions have accentuated the degradation of the
argan forests. In addition, overexploitation of the argan tree is irrational, especially
given the currently high demand for argan oil from the international market. As a
result, the conservation of argan ecosystems becomes a priority, especially since
UNESCO declared the argan ecosystem as the Arganeraie Biosphere Reserve in
1998. In this context, there is an urgent need for applied research to better under-
stand the quantitative and qualitative potential of the argan tree in order to know and
reproduce the performant trees and provenance. Genetic diversity research is neces-
sary for adaptation to climate change and for long-term survival of this species.The
analysis of the structure and distribution patterns of genetic diversity is accordingly
important for the management and development of conservation strategies
(Chakhchar et al. 2017; Hamrick and Godt 1996). For that reason, various strate-
gies have been employed to evaluate the degree of genetic diversity based on
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morphological, chemical, biochemical and molecular markers. Thus, its phenotypi-
cal variability using agro-morphological charactershas been importantly focused on
by several researchers (Ait Aabd etal. 2011, 2012, 2013; Bani Aameur and Ferradous
2001; Benlahbil 2003; Ferradous 1995; Metougui et al. 2017; Zahidi et al. 2013).
The authors have consequently used several phenological traits related to trees,
flowers, leaves, fruits, seeds and kernels of the argan tree originating from various
geographic areas. These studies have showed a remarkable phenotypic variation in
their results, attributable to the diverse natural conditions of the studied populations.
These research results were influenced by plant adaptations to different climatic and
ecological environments rather than genetics. Biochemical characterization studies
have been mainly focused on oil content and fatty acids. Thus, a broad variation was
found for most of the studied parameters of argan oil in their agroclimatic condi-
tions (Ait Aabd et al. 2013, 2014; Alaoui et al. 1998; Bani Aameur et al. 1999;
Charrouf and Guillaume 1999; Charrouf et al. 2002; Harhar et al. 2014; Sparg et al.
2004). Even so, these characters can be useful and exploited in breeding programs.
Ait Aabd et al. (2014) also drew attention to breeding the species for oil production;
studies using the agronomic performance of accessions established in the collection
of elite genotypes. To assess the extent of genetic diversity and to establish conser-
vation strategies for argan germplasm requires gauging phenotypic diversity using
the markers related to agronomic performance and oil yield; however, they have
limited application. This is due to the influence of environmental factors along with
simple Mendelian inheritance of morphological traits in the argan forest. Regarding
all aforementioned elements, phenotyping characteristics cannot be sufficient to
assess the levels of genetic variability, but it is recommended as a first step before
starting DNA-based studies (Hoogendijk and Williams 2001). Therefore, it is also
prudent to combine phenotypic analysis with molecular markers because of their
neutrality to environmental factors (Bernatsky and Tanksley 1986; Gepts 1993).

The assessment of genetic diversity using DNA markers has proved to be more
accurate and reliable. The first investigations studied the isozymes markers and the
chloroplast DNA using PCR-restriction fragment length polymorphism (RFLP) (El
Mousadik and Petit 1996a, b) followed by studying the random amplified polymor-
phic DNA (RAPD) (Bani Aameur and Benlahbil 2004; Majourhat et al. 2008).
Recent studies use the single sequence repeats (SSR) or microsatellites (El Bahloul
et al. 2014). The inter-simple sequence repeats (ISSR) markers have often been suc-
cessfully used to evaluate the genetic diversity of many species (Ait Aabd et al.
2015; Mouhaddab et al. 2017; Yatrib et al. 2015). Molecular genetic have now been
widely used to address ecological and conservation issue for several forest species.
Many molecular markers have been developed within species (specific markers) and
other transferred into different populations for genetic analysis. Currently, there are
several molecular methods (SSR, ISSR, sequence characterized amplified region
(SCAR) and single nucleotide polymorphism (SNP)) used to analyze the genetic
variability of the argan tree.

The aim of this work is to collect, analyze and discuss the available data about the
argan tree addressing several aspects including selection, cultivation, molecular breed-
ing as well as potential applications such as propagation and biodiversity conservation.
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2.2 Natural Selection and Cultivation

A forest is an ecosystem from which rural populations meet a large part of their food
and energy needs, especially in low-income countries. All implemented strategies to
conserve forest would be more beneficial if we have the maximum amount of data
regarding the multipurpose trees species and how they impact social and economic
aspects of these classes of population.

The argan tree is the most original woody species with multiple uses in North
Africa, thanks to its botanical and ecological interest and its social value. Its wood
gives an excellent charcoal but its main interest lies in the extracted oil from the
seeds which is consumed as food. The foliage is used by to feed goats and sheep
during most of the year.

The unique quality of the argan tree is also expressed in its high indifference to
the lithological nature of soils; this species can grow in all types of soil such as sand,
dolomite, clay and shale.

The argan tree can be regenerated naturally by seeds and shoots. However, regen-
eration by seeds becomes more and more impossible because the fruits are regularly
harvested by the local populations and any seedlings (if there are any) are grazed by
livestock, especially goats. Fortunately, the Moroccan government enacted laws to
prohibit hunting the Barbary ground squirrel (Atlantoxerus getulus). The squirrel
has special feeding habits characterized by the collection of argan fruits and storing
them in safe places (buried). When trying to break fruits, the squirrel leaves some
fruits that may be difficult to open, and these seeds germinate in the protected area
of the forest. The squirrel’s actions qualify as seed scarification.

For many centuries, the argan forest has undergone two kinds of natural selec-
tion: environmental and anthropomorphic. The first one leads to the interactions of
soil and climate, but the second is more destructive than constructive. Depending on
the area, the argan trees has been grazed and cultivated or simply exploited as a for-
est species. In regard to the environmental selection, some populations become indi-
vidualized. In fact, two types of argan ecosystems can be distinguished: orchard and
forest. In the orchard system, the tree density is very low in order to allow intercrop-
ping for conventional agriculture. The forest ecosystem is found in uncultivated
lands, especially in coastal and hilly mountainous areas.

In order to domesticate Argania spinosa in the Negev desert, Nerd et al. (1998)
studied the phenology and pollination parameters of argan trees. In this study, the
trees were fertigated which showed a unique flowering period during spring com-
pared to other studies carried out in Morocco (Ferradous et al. 1995) where the
flowering period was observed across the crop season. The argan tree flowers were
protogynous and 4 pollination treatments performed (auto-self, hand-self, hand
cross, open pollination) showed that pollinator vectors (insects, wind) were neces-
sary to complete the pollination process. This observation was confirmed during
fruit set which was more important for cross- and open pollination (6-9%). The
fruits were ripe 9 months after anthesis, exhibiting a bisigmoidal growth curve. The
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insect pollinators identified during this study belonged to 3 families (Syrphidae,
Alleculidae and Calliphoridae).

2.3 Argan Tree Propagation

The argan tree is a multipurpose species endemic to the southwestern Morocco and
represents the basis of a traditional agroforestry system. However, the area of natu-
ral occurrence in Morocco has been reduced by half due to heavy animal and anthro-
pomorphic pressure, deforestation, uncontrolled urbanization and more recently
climate change (Charrouf and Guillaume 2008; Lybbert et al. 2011; Martin 2012).
The restoration of this ecosystem requires the implementation of in-situ and ex-situ
conservation of the genetic resources of the argan tree and the creation of high-
performing varieties in terms of yield and quality product through the selection and
mass propagation of genotypes with the capability to grow rapidly and produce a
quality oil in sufficient quantity. Several conventional vegetative multiplication tri-
als have been carried out to accelerate the mass production of trees and to conserve
this species.

2.3.1 Conventional Propagation

Propagation of the argan tree by seed is a classic method of sexual reproduction that
remains very limited by the risk of variability within the population, due to its allog-
amous reproduction mode, and also the extension of the juvenile phase before
reaching maturity and flowering, which are strongly affected by environmental con-
ditions, such as light intensity, temperature and soil moisture (Alouani and Bani-
Aameur 2004; Benaouf et al. 2016; Msanda 1993; Nouaim et al. 2002). Seed
germination is a very complex biological phenomenon which requires a good
understanding and control of the underlying factors. According to the literature,
argan seed germination is difficult because of the combined effects of low seed
viability and dormancy, considered limiting factors in the propagation of argan
(Al-Menaie et al. 2007; Alouani and Bani-Aameur 2004; Zahidi and Bani-Aameur
1997). Both germination and the first stages of seminal development are critical
periods in the establishment of argan, and the few trials of seed production in the
nursery are very heterogeneous in their success (Alouni and Bani-Aameur 2004).
Different tests have been carried out and it has been observed that the germination
of the argan seed requires nocturnal temperatures above 21 °C (Zahidi and Bani-
Aameur 1997). In addition, a combination of cold storage, scarification of the seed,
soaking in water at different temperatures, gibberellic acid and fungicide treatments
seem to reduce dormancy and increase the rate of germination (Al-Menaie et al.
2007; Alouani and Bani-Aameur 1999; Nouaim et al. 2002). The produced seed-
lings exhibited a tap root system with a fast and powerful development but the
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emission of rootlets along the main axis is limited. These seedlings require acclima-
tion before placing them under natural conditions. Currently, the natural regenera-
tion of argansis very scarce because its seeds are collected for oil.

Through selection and mass production of trees with desirable characteristics,
biotechnology could improve argan tree productivity, as well as overall production.
Currently, several techniques of vegetative propagation of argan plants are in use,
including herbaceous cuttings and grafting techniques (Bellefontaine et al. 2010;
Ferradous et al. 2011). These techniques offer the opportunity to multiply selected
genotypes and to provide a significant step toward domestication (Nouaim et al.
2002).

The first vegetative propagation trials reported on the argan tree date back to the
1970s and focused on cuttings (Platteborze 1976). Cuttings have been used to mul-
tiply many argan trees and work on this technique has shown that the lignification
of stem cuttings from mature trees are still difficult to root (Fig. 2.1a). Therefore,
cutting is usually restricted to juvenile material because ageing reduces the ability
of cuttings to root (Nouaim et al. 2002). These traditional propagation methods
remain time consuming, difficult, laborintensive and limited by low rooting success
(30%) and growth rate of the root system (Fig. 2.1b). Its success remains dependent
on several parameters such as: the genotypic effect, the age of the mother plant, the
nature of the cutting, and the nature and concentration of usedauxins (Bousselmame
et al. 2001; Mokhtari and Kerbernes 2008; Mokhtari and Zakri 1998). Most of the
roots obtained by cutting in argancome from the periphery of the cutting (at the cal-
lus) and are therefore fragile. Also, seedlings from cuttings under controlled condi-
tions will dry out once transferred to field conditions which leads to a search for
other safe techniques (Mokhtari 2002).

Fig. 2.1 Argan tree (Argania spinosa L. Skeels) vegetative propagation. (a) Sprout elongation of
mature semi-hardwood stem cuttings. (b) Cutting root primordia initiation and adventitious root
initiation. (¢) In vitro germination of argan seeds on MS medium
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Grafting of the argan tree consists of bringing together the performances of the
scion and the benefits of the rootstock (Fig. 2.1c). This technique is the most adapted
to the multiplication of the argan tree and is considered successful when contact
between the vascular tissues is established (Mokhtari 2002). In addition, this tech-
nique offers the possibility of maintaining the performance of grafts (selected argan
clones) and allows keeping the advantages of sowing (long roots that draw deep
water) conveyed by the rootstock. Different types of grafts have been tested in the
argan tree (budding, lateral and apical perforation, apical cleft). The simple apical
cleft graft and the lateral or apical perforation graft are the easiest and give better
results. However, the other forms of grafting dry out or become detached (Mokhtari
2002). Therefore, recent studies demonstrated that the graft/rootstock interaction is
still a limitation to the technique (Mokhtari et al. 2011; Taoufiq et al. 2011).

2.3.2 Micropropagation and Microcutting

Facing the limits of conventional multiplication methods, in vitro culture could be a
useful technique for the mass production and preservation of selected genetic mate-
rial under controlled and pathogen-free conditions (Justamante et al. 2017). This
technique seems to have the greatest potential in the micropropagation of argan,
minimizing the influence of the environment and the seed covering and facilitating
rooting (Nouaim et al. 2002).

The integration of in vitro culture techniques within a program that aims to prop-
agate the argan tree is recent and also rare. In vitro regeneration potential of Argania
spinosa plants has been studied. Initial cultures were established using different
explant types and culture media that vary in their mineral and growth regulators
compositions. Thus, in vitro germination of argan seeds has been tested previously
using different media based on the MS medium (Fig. 2.1d) (Murashige and Skoog
1962) together with auxin-type hormones such as 1-naphthalene acetic acid (NAA)
or indolebutyric acid (IBA), with varying success (Bousselmame et al. 2001;
Justamante et al. 2017; Martinez-Goémez et al. 2007).

Microcutting seems to be more successful for Argania spinosa than organogen-
esis. Studies of cuttings (herbaceous and semi-woody) lead to various types of
responses depending on the auxin/cytokinin concentration. The results obtained for
the induction and proliferation phase are encouraging, but efforts are still needed to
ensure rooting and a good plant survival rate. Indeed, the results reported by some
authors have shown that growth of microcutting from juvenile plant material stopped
at the early stages of culture (Aaouine and Bazagra 1990). However, microcutting
from mature trees is characterized by a low rooting rate of not more than 30% and
adventitious root formation seems to be difficult and strongly genotype-dependent
(Bakkali 1997). In a study by Nouaim et al. (2002), the rooting rate of microcutting
was better when Terra Green (calcinated clay) was used as a substrate instead of
agar. This indicates that the rooting phase of the argan tree is very sensitive to the
physical properties of the substrate rather than its chemical composition. Auxiliary
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bud growth of argan was obtained on MS medium, supplemented with 0.5 mg/LBA
and the shoot elongation took place on MS containing GA (0.1 mg/L). However,
rooting (small and very fragile) was reached, at a very low level, on an induction
medium (MS) containing 5 mg/L of NAA and IBA each (Naas and Ziani 2008).

For organogenesis, most works undertaken have led mainly to obtaining calli
and/or roots without new bud induction or somatic embryo formation (Chakeur and
Yousfi 2007). Thus, additional research is needed to improve this technique that
represents a fundamental step towards ex-situ conservation of selected germplasm
of this endangered species.

2.4 Germplasm Biodiversity

Genetic diversity within species reflects its evolutionary potential. This diversity is
best appreciated when studied in its natural ecosystem. The genetic diversity of the
argan tree has been studied for many years ago using agro-morphological traits to
analyze the status of different morphotypes and molecular markers to evaluate the
organization of genetic diversity. Recently, Ait Aabd et al. (2011, 2012, 2013,2014),
evaluated argan germplasm represented by 150 genotypes from 5 different ecogeo-
graphic areas by measuring 6 qualitative and 16 quantitative traits over 3 years to
determine if morphological traits could be useful for genotypic identification.
Likewise, most of the traits studied have an economic interest especially those
related to tree, fruit, seed, kernel and the oil yield and its chemical composition. The
high degree of variation between genotypes could be useful and helpful in the iden-
tification and evaluation of interesting genotypes for selection and breeding pro-
grams. Therefore, targeted selection for these traits and elite selections in particular
for oil production would not be difficult.

In fact, this variability appears at first sight at the landscape-scale of the argan at
different aspects: tree shape, ramification, density of thorns, leaf polymorphism,
alternation in phenology and fruiting (Fig. 2.2). Based on the phenotypic characters
of tree appearance, the shape of the argan trees has been split into three groups: a
weeping type with flexible drooping non-spiny branches (Ehrig 1974; Rieuf 1962;
Sauvage and Vindt 1952), upright type highly spiny (Miege 1952) and an intermedi-
ate type. For various agro-morphological traits studied (Ait Aabd et al. 2011, 2012),
29 combinations from 150 genotypes studied among tree shape (upright, weeping,
intermediate), fruit form (rounded, oval, fusiform), seed form (rounded, oval, fusi-
form); the results related to the morphotypes are summarized in Table 2.1. It is pos-
sible to define several combinations for each genotype group and to highlight the
candidate trees for each desired criteria. This variability seems to be distributed
randomly among populations. The spiny upright form appears to be related to eco-
geographic conditions (abiotic stress) unlike the non-spiny weeping form. However,
in the same population, the coexistence of the two forms can be observed, which
reinforces the hypothesis of the existence of fixed forms genetically adapted to the
same local conditions. In addition, vegetative multiplication trials of these
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Fig. 2.2 Habitat and morphological variability of tree and seeds of Argania spinosa. (a—e)
Naturally growing trees in forest ecosystem, (f) Seed form diversity, (g-h) Fruits of argan tree with
distinct morphological variations, (i—j) Orchard of domestication test of the argan tree
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Table 2.1 Morphotypes of argan (Argania spinosa) tree observed in five populations studied in
Souss-Massa (pop. 1,3,4, 5) and Essaouira (pop. 2) regions, Morocco

Number of morphotypes/ | % of
Possible combinations population morphotype
existing in
150
Tree Fruit Seed Seed Pop | Pop | Pop | Pop | Pop | evaluated
Morphotype | form form form crushing | 1* |2 |3 |4 |5 argan trees
M1 Upright | Oval Oval Easy 13 2 |5 |5 |6 20.67
M2 Upright | Oval Oval Medium |- |- |2 1 - 02.00
M3 Upright | Oval Oval Difficult | 3 1 - 1 - 03.33
M4 Upright | Oval Rounded | Easy - |- |- |- |1 00.67
M5 Upright | Oval Rounded | Medium | — | — 1 - |- 00.67
M6 Upright | Oval Rounded | Difficult | — 1 - |- |- 00.67
M7 Upright | Rounded | Oval Easy 1 7 |- 4 |3 10.00
M8 Upright | Rounded | Oval Medium |- |- |2 |- |- 01.33
M9 Upright | Rounded | Oval Difficult | 2 1 1 1 - 03.33
M10 Upright | Rounded | Rounded | Easy 3 3 11 |3 11 20.67
Ml11 Upright | Rounded | Rounded | Difficult | 1 1 2 1 1 04.00
MI12 Upright | Fusiform | Oval Difficult |- |- |- |2 |- 01.33
MI13 Upright | Fusiform | Fusiform | Easy 2 2 |2 1 2 06.00
M14 Upright | Fusiform | Fusiform | Medium |- |- |- |3 |- 02.00
MI15 Upright | Fusiform | Fusiform | Difficult | 1 - = |2 |- 02.00
Ml6 Weeping | Oval Oval Easy 1 1 - |2 1 03.33
M17 Weeping | Oval Oval Difficult |- |2 |- |- |- 01.33
Mi18 Weeping | Rounded | Oval Easy - 12 |- |1 1 02.67
MI19 Weeping | Rounded | Rounded | Easy - 2 - = |2 02.67
M20 Weeping | Rounded | Rounded | Difficult |- |- |- |- 1 00.67
M21 Weeping | Rounded | Fusiform | Easy - 1 - |- |- 00.67
M22 Weeping | Fusiform | Fusiform | Easy - 1 - |- 01.33
M23 Weeping | Fusiform | Oval Easy - |- |- 1 - 00.67
M24 Semi- Oval Oval Easy 1 - = = = 00.67
weeping
M25 Semi- Oval Oval Medium |- |3 |- |- |- 20.00
weeping
M26 Semi- Rounded | Oval Easy - 2 1 |- 02.00
weeping
M27 Semi- Rounded | Oval Difficult | 1 - |- |- |- 00.67
weeping
M28 Semi- Rounded | Rounded | Easy - |- (2 |1 |- 02.00
weeping
M29 Semi- Fusiform | Fusiform | Easy 1 - = = = 00.67
weeping

(—): absent of morphotype
apop. 1, pop. 3, pop. 4 and pop. 5 described as populations from the Souss-Massa region and pop.

2 from Essaouira Region
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morphotypes and controlled hybridizations between the spiny and weepy non-spiny
upright form are needed to elucidate the genetic determinism of this trait.

In relation to fruit traits, several studies have shown that the effect of a season,
locality, genotypes and their interactions were very highly significant (Ait Aabd
etal. 2011, 2012; Bani Aameur and Ferradous 2001; Ferradous 1995). Six typologi-
cal forms of fruit (fusiform, oval, rounded, globose, drop, ovate apiculate) and three
seed forms (fusiform, oval, rounded) were determined. The most abundant and dis-
tinct forms at the ripe stage are oval, rounded and fusiform. Moreover, these differ-
ent forms (fruits) appear to be independent of environmental conditions and have
been used as tools for several studies looking for a possible correlation with oil yield
and chemical composition (Ait Aabd et al. 2013; Belcadi et al. 2008; Gharby 2012;
Mallah et al. 1995; Nouaim et al. 2007). The results of Ait Aabd et al. (2013) showed
that there is a very significant effect of tree (genotype) on oil yield which makes
selection more focusable on tree rather than region or population. The shape of the
tree, fruit and seed forms did not have a direct link with the oil yield or its chemical
composition as reported by Gharby (2012). The variation of oil yield range 38—63%
at the level of 150 trees (Ait Aabd et al. 2013) and these extreme values have never
been cited in the literature. These findings encourage continued searching to iden-
tify elite trees. As for the factors that influence this yield, this study showed that the
oil yield is a strongly heritable trait (H> > 93%) (Ait Aabd et al. 2011, 2012). The
differences observed in oil yield at intra- and inter-population levels have highly
significant genetic effect. Indeed, many studies have shown that oil yield is an inher-
ited trait influenced by the additive effects of genes (Kaushik et al. 2007; Mudassar
et al. 2009). In addition, the principal component analysis showed that fruit weight,
seed and kernel weight and size are correlated with oil content and there is no clear
correlation between oil content and geographic origin. The uni- and multivariate
analyzes used has shown that the geographical origin was not related to oil yield.
Highly productive genotypes can be found either in the plains or in the mountains,
and this variation does not follow any elevation gradient and the independent rela-
tionship between oil content and the shape of trees, fruits and seeds were noted. For
all evaluated genotypes, it can be noted that at least 25% exceed the average in oil
yield after over 3 years of evaluation, which corresponds to the preselection of 31
genotypes (elites). Opening up new avenues for future multi-clonal comparative
trials comes as a result (Table 2.2, Appendix II).

The estimation of heritability in the broad sense of the quantitative traits related
to fruit, seed and oil yield show that the latter is highly heritable (Ait Aabd et al.
2011, 2012). The genetic parameters that allow making a choice of highly heritable
characters are very useful in the process of selection. The analysis of fatty acid pro-
portions by chromatography was carried out on 20 elite trees from 4 populations.
The research by Ait Aabd et al. (2013) aims to understand the variability of chemi-
cal composition in fatty acids which is organized according to different hierarchical
levels (genotype origin, season and their interactions). This study has also investi-
gated for a correlation between the proportions of fatty acids and morphological
characters (shape of trees, fruits, seeds) on the one hand and the geographical loca-
tion of trees on the other hand. Nine fatty acids were therefore detected and selected
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for study including 4 saturated fatty acids (myristic acid (C14:0), palmitic acid
(C16:0), stearic acid (C18:0) and arachidic acid (C20:0), 3 monounsaturated fatty
acids (palmitoleic acid (C16:1), oleic acids (C18:1) and eicosenoic acid (C20:1))
and 2 polyunsaturated fatty acids (linoleic acid (C18:2) and linoleic acid (C18:3)).
Two fatty acids were very predominant (oleic acid (45.40%) and linoleic acid
(34.05%) and represent 79.45% of the total fatty acids contained in the analyzed
oils. Palmitic acid and stearic acid were ranked second with 13.12% and 6.23%,
respectively. Palmitoleic acids (0.11%), linolenic (0.11%) myristic (0.15%), eicose-
noic (0.32%) and arachidic (0.37%) were very minor and are not representative of
fatty acids in argan oil (Ait Aabd et al. 2013). Other research reported relatively the
same findings for other geographic areas (Charrouf 1984; Charrouf and Guillaume
1999, 2008; Gharby et al. 2011; Nerd et al. 1994). The high variability observed was
related to the tree effect in the population. To our knowledge, no study has investi-
gated the factors promoting the differentiation of chemical constituents in argan
trees. Moreover, no significant correlation was noted between the morphotypes
studied and the oil yield or with the percentage of fatty acids. However, a significant
correlation was stated between the longitude and the variations in monounsaturated
fatty acids [(C18: 1), (C18: 2), (C18: 3) and (C20: 1)] and the elevation gradient
with polyunsaturated fatty acids [(C18: 2), (C18: 3)].

2.5 Molecular Breeding

The initialresearch using PCR-RFLP chloroplast DNA to identify haplotypes of this
endangered species was done by El-Mousadik and Petit (1996b). Another analysis
used random amplified polymorphic DNA (RAPD) markers (Bani Aameur and
Benlahbil 2004), and simple sequence repeats (SSR) markers (Majourhat et al.
2008) to characterize the most common morphotypes. However, the sample sizes
used were a limiting factor in the analysis of genetic diversity for these kinds of
studies. Recently, ISSR, SCAR and SNP have been used to analyze the genetic
diversity in plant species. These molecular markers are known to be neutral, domi-
nant or codominant, and detect different levels of polymorphism according to their
specificity.

In 2014, microsatellite loci were developed and characterized using an ultra-
high-throughput sequencing-based approach which provided the first codominant
markers specific to Argania spinosa (El Bahloul et al. 2014). In this study, 150 argan
trees were genotyped with 11 SSR markers;which were selected and showed a high
ability to detect polymorphism between or among analyzed genotypes. Therefore,
developed markers constitute valuable tools for evaluation of genetic diversity and
to conserve the germplasm insituorexsitu. Furthermore, Ait Aabd et al. (2015) stud-
ied the genetic diversity of argan tree using ISSR markers (Fig. 2.3). This work is
the first application of the ISSR markers to assess the genetic diversity in argan
accessions from 5 different ecogeographic populations in Southwest Morocco. In
this study, ISSR analysis using 9 primers generated higher polymorphism compared
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Fig. 2.3 ISSR amplification profiles using primer 3/8 (a), detailed of ISSR profile of 15 genotypes
of pop 5 (b). (Source: Ait Aabd et al. 2015)

to other molecular markers such as isozymes (El Mousadik and Petit 1996a) and
RAPD (Bani Aameur and Benlahbil 2004; Majourhat et al. 2008).

The genetic diversity of Argania spinosa at the population level was considered
high when compared to various endangered and endemic forest species using vari-
ous ISSR markers. Analysis of molecular variance (AMOVA) provides high levels
of genetic diversity within argan populations, where 28% of the genetic variation
existed among the populations and 72% within the populations. Gst coefficient of
genetic differentiation was high (0.22) and the level of gene flow (Nm) was 1.78,
indicating a low or limited rate of gene exchange among provenances. ISSR, SSR
and AFLP markers were used also to analyze the genetic diversity and population
structure of A. spinosa in its natural area and a larger number of samples are required
to expand this study. Thus, this study assesses the genetic diversity and population
structure of 480 trees of A. spinosa growing in 24 different ecogeographic regions
of Morocco.

The objective of this research was to draw a map of genetic diversity and popula-
tion structure and to develop a core collection for the conservation of the argan tree.
Therefore, this study used 7 ISSR markers to amplify a total of 340 individuals and
the samples were collected from 17 argan populations distributed in 3 major biocli-
matic regions under arid and semiarid climate (Yatrib et al. 2015). A relatively high
and low level of genetic diversity was revealed, respectively, at the species and
population level, and the relatively low level of genetic differentiation (Gst = 0.39)
revealed was in agreement with the results obtained by the AMOVA analysis which
was further confirmed by a limited gene flow (Nm = 0.781) among populations. The
Mantel test showed no significant correlation between genetic and geographic dis-
tance, indicating that the geographic distribution is not the major factor determining
the present population genetic structure (Yatrib et al. 2015). These researchers
reported that the genetic diversity within and among 13 populations (130 geno-
types) of argan tree was studied using AFLP markers with 2 sets of primer combina-
tions, one specific for small genome and the other specific for regular genome
(Pakhrou et al. 2016). In fact, the regular genome primer combinations have gener-
ated 477 AFLP loci. AMOVA showed that 19% of the genetic variation was parti-
tioned among populations and 81% of the genetic variation was within populations.
This was confirmed by the coefficient of gene differentiation between populations
(Gst = 0.22), and gene flow was estimated to 1.709.
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Fig. 2.4 Principle Coordinate analysis based on Nei’s (1978) genetic distances. (Source: Ait Aabd
et al. 2015)

The principal coordinate analysis (PCoA), unweighted pair group method with
arithmetic mean (UPGMA) and STRUCTURE analysis revealed that populations of
Argania spinosa were clustered into 3 genetic groups (Fig. 2.4). These results can
be explored in the design of in-situ and ex-situ conservation and management pro-
grams (Pakhrou et al. 2016). To achieve the ultimate aim of the argan project,
Mouhaddab et al. (2017) assessed the genetic diversity of 480 wild A. spinosa popu-
lations from 24 different geographical regions at elevations of 58 to 1250 m, using
4 polymorphic simple sequence repeat (SSR) markers and 10 inter simple sequence
repeat markers (ISSR). The results showed a high level of genetic differentiation
among populations (Gst = 0.44). Cluster analysis based on UPGMA, PCoA, and
Bayesian-based analyses, showed that the entire populations were divided into 2
main groups for both markers used. Based on genotyping data of ISSRs and SSRs,
the core collections were established by 13 and 96 genotypes representing, respec-
tively, 2.7% and 20% of the entire A. spinosa collection (Mouhaddab et al. 2017).
Indeed, these results were obtained from mass collection for each population.

The genetic variation of the argan tree is not only caused by environmental fac-
tors, but also by individual genetic differences. This implication was supported by
the result of the PCoA, UPGMA and Bayesian-based approach (Ait Aabd et al.
2015; Mouhaddab et al. 2017; Pakhrou et al. 2016; Yatrib et al. 2015)and also
showed that there was no clear geographical trend among wild populations of
Argania spinosa. Moreover, the Mantel test between the diversity matrix based on
genetic and geographic isolation revealed a nonsignificant relationship (r = 0.063;
p < 0.05), indicating that geographic isolation was not the main factor inducing
genetic diversity. Likewise, the genetic structure of plant populations is influenced
by various evolutionary process interactions including the long-term evolutionary
history of the species such as habitat fragmentation, population isolation, mutation,
genetic drift, gene flow, breeding system and selection (Gabrielsen et al. 1997;
Hamrick and Godt 1996; Schaal et al. 1998; Slatkin 1987).
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According to Hogbin and Peakall (1999), in a breeding system, genetic drift or
genetic isolation of populations can cause a high level of genetic differentiation
among plant species populations. In general, the genetic structure of argan tree
could be attributed to population isolation and breeding system. Thus, the argan tree
is outcrossing and its pollen dispersed mostly by insects and wind (Bani Aameur
et al. 1999). However, gene flow via seed dispersal shows the importance of pollen
dissemination in the argan tree, when comparing the coefficients of genetic nuclear
differentiation (Gstn) and cytoplasmic (Gstcp) (El Mousadik and Petit 1996b), dis-
semination via animals (ruminants) and some rodents would be also determining
the space genetic structuring of argan. Moreover, these results, which show that the
argan tree has a highly differentiated genetic structure in space, lead to consider-
ation of the cost and effort to be likely for any preservation and/or conservation
strategy of genetic diversity in situ. In addition, it can be inferred that a more detailed
analysis of several other populations is reasonable because more than 20% of the
diversity is distributed among populations.

To the best of our knowledge, this is the first report about the application of a
combination between the molecular-marker technique and agro-morphological
evaluation, to select elite genotypes according to the desired criteria for argan spe-
cies domestication. In general, most of the selected accessions are clustered in a
way that is consistent with the traditional classification and the morphological char-
acteristics (Fig. 2.5). This report is designed to serve as a model for describing and
assessing the variability of certain socioeconomic traits for a potential program for
domestication and management of the genetic resources diversity of the argan tree.
Related to the existence of a possible relationship between the molecular profiles
and certain agro-morphometric characteristics, it is clear that this relationship is
independent of the shape of the trees, ranging from upright to weeping, or fruits and
seeds according to rounded, oval or fusiform forms, or the level of ease of crushing,
and for oil yield (Fig. 2.5). Indeed, all combinations are possible and are present in
all sources, but in different proportions. Characterization of interesting genotypes
that are above average for oil yield values, such as ease of seed crushing, encourages
further study. It is obvious there is a need to widen the genetic base of departure for
the selection or for the domestication of argan.

Until now, the only published work on the typology of fruits in relation to molec-
ular markers (SSR and RAPD) is that of Majourhat et al. (2008), noting that the lack
of any correlation between the three forms of fruit (rounded, oval, fusiform) with
the genotypic profiles observed. In the light of the results obtained, the evaluation of
genetic variability for adaptive traits with socioeconomic interest should be con-
ducted separately from genetic markers. The latter are especially useful for manag-
ing the diversity still available in an in-situ conservation strategy of the most
representative genetic structures. The combination of its two types of morpho-
biometric and molecular (genetic) markers could be exploited in selection and
crossbreeding programs aimed to try the useful of mineral fertilization and for cul-
tivar identification. This strategy could benefit from the existence of very polymor-
phic markers allowing the study of segregations between parents and descendants.
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2.6 Conclusions and Prospects

The high diversity which exists and has been studied of the natural distribution of
argan should be explored in order to design in-situ and ex-situ conservation strate-
gies and management programs. There is hence a great challenge for conservation
of Argania spinosa as a wild forest species, especially in the source of regeneration
plants using vegetative propagation (cuttings and grafting) or seedlings. Some
breeding specialists are against vegetative multiplication using unselected geno-
types. Thus, the regeneration of the argan tree from seed produces a heterogeneous
orchard where the potential of each tree is unknown. The creation of intensive
orchards of fruit trees requires the planting of homogeneous varieties, which are
stable and have high production potential. At present, these conditions are not yet
met in the argan tree. Nevertheless, some research work has been done on various
programs related to the creation of argan varieties.

Anthropogenic pressure and climate change have reduced natural argan ecosys-
tems. The development of an argan crop (arganiculture) is the ultimate goal antici-
pated by the strategies of the Morocco Green Plan with different national
decision-makers and the scientific community to preserve this genetic patrimony.
Currently, the breeding research program is undertaking at the National Institute of
Agronomic Research and elite trees are growing at the experimental farm of INRA
of Agadir (Belfaa locality). The elite trees are cultivated under greenhouses and in
open fields (Fig. 2.6). In addition, the selection component based on good produc-
tion (fruit and quality) and stress tolerance has been well developed. Also, safe-
guarding and reforestation measures have been implemented. On the one hand,
agronomic characterization and interaction analysis help to distinguish genotypes
with forest potential and, on the other hand, to preselect genotypic structures that
could constitute a genetic basis favorable to the selection of stable and highly-
productive cultivars. Likewise, the first place of associations with mainly discon-
tinuous characters (absence of thorns, regularity of interannual production, shape of
seeds and ease of seed crushing) remains more attractive for stability and control
homogeneity tests in comparative tests of progeny or clones from vegetative propa-
gation and can deal with this diversity using good conservation strategies.

The argan tree has been designated as part of a protected geographic area by a
national law published in the Official Bulletin 5806, January 21, 2010. By law the
new common nomenclature of argan was replaced by argane.



50

N. Ait Aabd et al.

Fig. 2.6 Orchard of domestication testing of argan trees. (a) test of the effect of plant density on
growth and development. (b—d) Elite trees cultivated in open fields at the experimental farm of the
National Institute of Agronomic Research (INRA) Agadir, Belfaa Locality

Appendices

Appendix I: Institutwes Involved in Argan Research

Institution

Specialization research
activities

Contact information and website

INRA, Morocco

Genetic diversity, breeding,
propagation, pollination
and cultural practices

www.inra.org.ma
Address: Avenue Ennasser, Rabat,
Morocco

Ibn Zohr University, Agadir,
Morocco

Genetic diversity

WWW.Uiz.ac.ma
Address: BP32/S, 80000, Agadir,
Morocco

Agronomic and Veterinary
Institute HASSAN I,
Morocco

Propagation and cultural
practices

www.iav.ac.ma
Address: Madinat Al Irfane, B.P.
6202. Rabat, Morocco

(continued)


http://www.inra.org.ma
http://www.uiz.ac.ma
http://www.iav.ac.ma
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Institution

Specialization research
activities

Contact information and website

Mohamed V University,
Rabat, Morocco

Genetic diversity

www.um5.ac.ma

Address: Avenue des Nations
Unies, Agdal,

Rabat, Morocco

Cadi Ayyad, University,
Marrakesh, Morocco

Genetic diversity

www.uca.ma
Address: Av Abdelkrim Khattabi,
BP 511, 40000, Marrakesh,
Morocco

National Agency for the
Development of Oasis Areas
and Argan

Promoting all research
activities related to argan
tree

www.andzoa.ma

Address: Nouveau quartier
administratif, Haut Founty, Agadir,
Morocco

National Forestry School of
Engineers, Salé, Morocco

Management and
conservation of the
biosphere reserve of argan
ecosystem

www.etudiant.ma/etablissements/
enfi

Address: ENFI, BP. 511 Tabrikt,
11000 Salé, Morocco

Forest Research Center

Management and
conservation of the
biosphere reserve of argan
ecosystem

www.eauxetforets.gov.ma
Address: 25, bd Brahim Roudani,
Parc de la Ligue Arabe,
Casablanca, Morocco

French Agricultural Research
Centre for International
Development (Cirad)

Forest genetics

www.cirad.fr/en
Address: Av. Agropolis, 34398
Montpellier Cedex 5, France

Kuwait Institute for Scientific
Research

Aridland agriculture and
greenery

www.kisr.edu.kw
Address: P.O. box 24885 Safat,
13109, Kuwait

Abou BakerBelkaid
University

Forest resources

www.univ-tlemcen.dz
Address: 22, Rue Abi Ayad
Abdelkrim Fg Pasteur B.P 119
13000, Tlemcen, Algeria

Hassiba Benbouali, Chlef Agronomy www.univ-chlef.dz

University Address: B.P 78C , Ouled Fares
Chlef 02180, Algeria

Instituto de Bioingenieria, Bio-energy www.bioingenieria.umh.es

Universidad Miguel
Herndndez

Address: Av. de la Universidad
s/n.03202 Elche, Spain

Ben-Gurion University of the
Negev

Life sciences

http://in.bgu.ac.il
Address: P.O.B. 653 Beer-Sheva,
Israel

Faculty of biological sciences,
University of Science and
Technology Houari
Boumediene

Plant ecology

www.usthb.dz

Address: University of Science
and Technology Houari
Boumediene, BP 32 El-Alia 16111
Alger, Algeria

Institut d’Etudes Politiques de
Lyon

Economics of sustainable
development

www.sciencespo-lyon.fr
Address: 14 Avenue Berthelot,
69007 Lyon, France



http://www.um5.ac.ma
http://www.uca.ma
http://www.andzoa.ma
http://www.etudiant.ma/etablissements/enfi
http://www.etudiant.ma/etablissements/enfi
http://www.eauxetforets.gov.ma
http://www.cirad.fr/en
http://www.kisr.edu.kw
http://www.univ-tlemcen.dz
http://www.univ-chlef.dz
http://www.bioingenieria.umh.es
http://in.bgu.ac.il
http://www.usthb.dz/
http://www.sciencespo-lyon.fr
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Appendix Il Genetic Resources of Argan in Morocco

Important traits
Cultivar* | Seed crushing | Fruit production (kg) Oil yield (%) | Cultivation location
Ao-4V Easy 100 55.03 Aoulouz
Ao-7V Easy 110 53.92 Aoulouz
Ao-12R Easy 200 56.22 Had Dra
Hd-2V Easy 100 54.10 Had Dra
Hd-4v Easy 150 54.19 Had Dra
Hd-8R Easy 200 58.40 Had Dra
Bi-8V Easy 120 54.20 Biougra
Bi-15V Easy 200 53.11 Biougra
Bi-13R Easy 160 53.31 Biougra
La-1V Easy 120 56.33 Lakhsas
La-2V Easy 120 55.58 Lakhsas
La-11V Easy 240 54.43 Lakhsas
La-7R Easy 130 54.52 Lakhsas
La-9R Easy 100 55.06 Lakhsas

AUnregistered cultivar in the official catalog
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Chapter 3 )
Brazil Nut (Bertholletia excelsa Bonpl.) e
Breeding

Aisy Botega Baldoni, Licia Helena de Oliveira Wadt,
and Cassia Angela Pedrozo

Abstract Brazil nut (Bertholletia excelsa Bonpl.), member of the Lecythidaceae
family, is a native monotypic tree species which occurs in the Amazon Region and
is important for its economic, social and environmental values. The tree bears fruit
containing seeds known as Brazil nuts, Pard nuts or Amazon nuts. Most production
comes from the natural forest with the yield of fruits and seeds highly variable from
year to year. Brazil nut cultivation has yet to reach significant levels, due to propaga-
tion problems and to the lengthy period of time before the tree reaches maximum
production levels; in addition, until now low productivity has been experienced in
cultivated trees. Studies to increase overall production, precocious production and
improvement of nut qualities are prime objectives of Brazil nut cultivation. For a
perennial species, predominantly cross-pollinating and dependent upon specific
pollinators, information about genetic diversity is the first step on which to base
future programs of improvement. Genetic studies of molecular markers are contrib-
uting to basic knowledge of the tree and to its conservation, which are important to
guarantee the economic value and perpetuation of the species.
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3.1 Introduction

3.1.1 Botanical Classification and Distribution

The Brazil nut (Bertholletia excelsa Bonpl.) is a tree species embedded in the cul-
ture of the indigenous communities of the Amazon Region. It is an endemic species
distinguished by its economic, social and environmental values. The tree bears large
fruits containing multiple seeds which are the Brazil nuts (castanhas do Brasil) of
commerce; also referred to as Pard nuts or Amazon nuts. The Portuguese gave their
term for chestnut, castanha, to the common name of the tree and its nuts. Bertholletia
excelsa belongs to the botanical class Angiospermae, subclass Magnoliopsida, order
Lecythidales and family Lecythidaceae (Ribeiro et al. 1999). The genus Bertholletia
was considered to be within the Myrtaceae family until 1825, when the Lecythidaceae
was given familial status and Bertholletia placed in it. The Brazil nut tree is mono-
typic, with only a single species, although in the past botanists disagreed about its
classification (Mori and Prance 1990a). Souza (1963) referred to this divergence
and commented that botanically Brazil nut is classified as Bertholletia excelsa;
although Miers in 1874 described another species collected in Amazonas State
which he named B. nobilis. Nevertheless, Mori and Prance (1990a) argued that such
a classification was based only on characteristics that are not valid to differentiate
species of Lecythidaceae, and considered B. nobilis to be a synonym of B. excelsa.

According to Corréa (1931), Bertholletia excelsa is described as follows: trunk
cylindrical, smooth and unbranched to the crown; bark dark and fissured; branches
curved at their ends; leaves sparse, alternate, petiolated (the petiole cylindrical-
canaliculated), oblong or oblong-ovate, short acuminate, undulating, dark green,
glabrous on the upper surface and pale beneath, glaucous, reticulate-veined and
with a medial vein slightly velvety on the upper part.

The tree occurs in non-flooding (terra firme) forests throughout the Amazon
Basin (Prance 1990). The environmental conditions where this species naturally
grows are limited to areas of annual rainfall of 1400-2800 mm year~' and an annual
water balance deficit for 2—7 months (Diniz and Bastos 1974). In the Eastern
Amazon, studies report that Bertholletia excelsa is clumped in groves of 50-100
adults (Mori and Prance 1990a; Miiller et al. 1980; Peres and Baider 1997). More
recently Scoles et al. (2011) reported average adult densities of 6.3-9.2 trees ha='.
In Acre State, Brazil and the Madre de Dios Region, Peru, in the western Amazon,
populations are distributed irregularly with densities of 1.01 adult trees per ha™!
(Wadt et al. 2008); 0.50 adult trees ha=! (Thomas et al. 2017) and 0.54-0.75 trees
ha=! (Rockwell et al. 2015).

At maturity, Brazil nut trees are canopy emergent, with an estimated lifespan of
500-1000 years and can reach a height of 50 m (Camargo et al. 1994; Mori and
Prance 1990a; Vieira et al. 2005). The tree is monoecious and self-incompatible
(O’Malley et al. 1988; Wadt et al. 2015).

Brazil nut tree flowers are arranged in erect terminal panicles, measuring about
3 cm in diameter, and are zygomorphic pedunculate with 6 fleshy petals, white,



3 Brazil Nut (Bertholletia excelsa Bonpl.) Breeding 59

grayish white or ocherous white. They have 80-130 stamens; the stigma may be
long or short (Corréa 1931; Moritz 1984). Each flower has 5-6 locules, with a total
of 20-25 ovules (Maués and Oliveira 1999).

The fruit is a type of seed capsule (a pyxidium) globose-depressed, nearly spher-
ical, the remainder of the calyx being visible on the upper portion; the shell is thick,
woody, hard, brown in color and replete with resinous cells (Corréa 1931). Fruits
measure 10-12.5 cm x 10-12.5 c¢m, but can reach 16 x 14 cm (Mori and Prance
1990a), and weight 1-2 kg, each containing approximately 10-25 seeds (Mori and
Prance 1990a; Zuidema 2003). They reach maturity and synchronously fall on aver-
age 12—14 months after successful pollination (Maués 2002; Reis 2015). Fruit pro-
duction is highly variable among individuals (Kainer et al. 2007), and variable from
year to year (Kainer et al. 2014). Seeds remain inside the fallen fruits until extrac-
tion by humans or animals.

3.1.2 Importance

The extracted nuts (botanically, the seeds) from natural populations are collected by
families living in or near tropical forests in Bolivia, Brazil and Peru, constituting
almost the sole supply to satisfy the over USD $166 million international market in
unshelled Brazil nuts (FAOSTAT 2013). Uniquely, Brazil has increasingly diverged
from its historical and nearly sole focus on international markets; almost three-
fourths of the 2016 Brazilian harvest, valued at USD $30 million (IBGE 2016),
went to internal domestic markets (Toledo et al. 2016). For harvesters, who almost
exclusively extract nuts from sustainable sources, protected areas or indigenous
lands, Brazil nut income can represent as much as 43% of total annual household
income (Duchelle et al. 2011). This long-lived forest giant is often a key component
of conservation strategies, particularly in modern-day protected areas across the
Amazon Basin (Guariguata et al. 2017).

According to the Brazilian Institute of Geography and Statistics IBGE 2016),
Brazil nuts rank second in importance among commercial nonwood forest product
in Northern Brazil, only exceeded by acai (Euterpe spp.) fruits. Around the world,
Brazil nuts are known for their high nutritional value, being rich in protein, fiber,
vitamins, lipids, minerals and elements which act as antioxidants, most notably
selenium (Kornsteiner et al. 2006; Prance and Mori 1979). This trace element is
recommended in the prevention of cancer and cardiovascular diseases, but there are
instances that eating a single Brazil nut may exceed the recommended daily intake
of selenium, according to studies conducted at the Federal University of Lavras
(Embrapa 2016).

Brazil nuts are eaten directly as a snack food or consumed as an ingredient in
processed products such as chocolate bars, cakes, bisquits, sweet deserts and in
mixed nuts (Collinson et al. 2000; Ferberg et al. 2002). The nuts are also utilized to
extract oil and in the production of Brazil nut milk, the latter a component in certain
regional dishes (MMA/SUFRAMA/SEBRAE/GTA 1998).
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3.2 Cultivation and Traditional Breeding

3.2.1 Current Agricultural Challenges

Production of Brazil nuts in Brazil in 2016 amounted to about 35,000 mt (IBGE
2016), the majority of this production coming from forest extraction (extractivismo)
carried out by families in the Amazon Region, an activity that serves as an important
income source for thousands of families of that region (Angelo et al. 2013; CIFOR
2009; Enriquez 2008). Nevertheless, sustainable forest extraction faces serious
challenges, not only with respect to social and ecological aspects of the activity, but
also in economic terms (Aguiar 2014).

Brazil has been losing world market share in the production and quality of Brazil
nuts produced, compared to Peru and Bolivia. The latter country is the world’s cur-
rent leader in both production and exports of Brazil nuts (FAO 2016), although Peru
is gaining with respect to the export market (Figs. 3.1 and 3.2).

Since the early 1990s in Brazil, production of Brazil nuts has experienced peri-
ods of decline and recovery, but with a general downward trend up to the 2000s,
when the production curve began to ascend (Fig. 3.1).

The principal bottleneck being experienced in the Brazil nut market has been and
continues to be, in part, unsanitary processing conditions, principally leading to
aflatoxin caused by fungi and fecal coliform contamination. It is necessary to make
significant efforts to modify and improve all of the production steps. This represents
not only a local issue but also to meet international export standards which threaten
the economic survival of the activity.

In 2003, the European Union (EU) banned the import of unshelled Brazil nuts
from Brazil because of contamination as a result of unsanitary conditions of the
production process. In reaction to this, the Ministry of Agriculture, Livestock and
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(Source: FAO 2016)
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Fig. 3.2 History of unshelled Brazil nut exports by Brazil, Peru and Bolivia 1990-2013. (Source:
FAO 2016)

Food (MAPA) issued a series of processing standards with the objective of regulat-
ing sanitary certification of the product, which included detailed procedures for
each stage of processing and export shipment (Wadt and Kainer 2009).

Studies of Brazil nut mycotoxins by Calderari et al. (2013) and Taniwaki et al.
(2017) provided basic information to develop strategies for contamination control
of the product. This led to the establishment of national and international regula-
tions regarding the maximum acceptable limits of mycotoxin in the Brazil nuts.
Based on these results, Brazil succeeded in having the Codex Alimentarius FAO-
WHO (www.fao.org/fao-who-codexalimentarius/about-codex/en/) modified to
increase the maximum levels of total aflatoxins to 15 pg per kg of product before
processing, and to 10 pg of total aflatoxins per kg of the retail product. The EU
then revised its regulations accordingly permitting the resumption of Brazil nut
imports (Alisson 2017).

Within the scope of the National Project for Public and Private Actions for
Biodiversity (PROBIO II), a set of directives and technical recommendations were
promulgated for best management practices in the organic and sustainable extrac-
tion of Brazil nuts (MAPA/ACS 2012). This initiative complemented public poli-
cies to foster more productive forest extractives in Brazil. These objectives are
reflected in the National Plan for the Promotion of Product Chains and Socio-
biodiversity (PNPSB), the Program of Food Acquisition (PAA), the Policy of
Guaranteed Minimum Prices (PGPM), the Federal Program for Community and
Family Forestry (MFCF) and standard legislation dealing with products originating
from sustainable organic extractives.

In the scenario of reduced production, rigorous sanitary requirements and
increased demand on the part of consumers, the cultivation of Brazil nuts has stirred
interest among the agro-extrativists and businessmen. However, the lack of selected
and recommended genetic material creates a bottleneck to the expansion of planta-
tion cultivation.
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3.2.2 Cultivation Methods

Studies envisioning commercial Brazil nut cultivation were initiated in the 1970s by
various research institutions in northern Brazil, particularly Embrapa Eastern
Amazonia (CPATU), in Belém, Para. The focus of these studies can be summarized
as: improvement of the germination rate of seeds, cultivation techniques and graft-
ing to create short and precocious plants (Locatelli and Souza 1990; Moreira 1994;
Miiller et al. 1995; Nascimento et al. 2010).

The production of Brazil nut seedlings is carried out when the objective is to
plant trees for timber or for grafting stock. Nevertheless, the emergence of plantlets
is slow and ununiform, and under normal conditions can take 12—18 months (Miiller
1982). According to Reis et al. (1979), this limitation may be explained by the pres-
ence of undifferentiated embryos. In addition, the Brazil nut shell or integument is
tough, and has low water permeability, which impedes the seed development of the
embryonic axis. Thus, removal of the integument is a necessary practice, and one
recommended by Miiller (1982), to make germination uniform and speed up emer-
gence. Using this process, plantlet emergence begins about the third week after
seeding (Miiller 1982; Miiller and Freire 1979; Pedrozo et al. 2017).

Grafting techniques should be utilized when the objective is fruit production, as
it provides, among other advantages, precocity of production because under condi-
tions of cultivation initial fruiting requires 8—10 years (Miiller et al. 1995). More
time is required before the trees reach a stable level of fruit production. In the case
of grafted plants, fruiting can begin at around 4 years of age and provide regular
production from age 7 (Miiller et al. 1980, 1995).

The grafting method commonly used for Brazil nut is bud graft (Fig. 3.3), which
when carried out in the field, has various limitations that increase the time and cost

Fig. 3.3 (a) Brazil nut tree recently grafted, (b) Budding at 45 days after grafting in the field, (¢)
A grafted Brazil nut about 18 months after grafting in the field. (Photos by Céssia Angela Pedrozo)
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of the process to obtain grafted seedlings. Carvalho and Nascimento (2016) envi-
sioned the development of an alternative method to produce grafted seedlings in the
nursery, looked into the viability of using cleft graft. This method has realized about
75% successful grafts.

Despite past research efforts and current investigations, the productivity of culti-
vated trees is low, possibly because of problems of limited genetic variability and
incompatibility of clones, as well as the long period of time required for the plants
to reach their maximum production potential, suggests that Brazil nut tree cultiva-
tion be restricted to agroforestry systems (Homma 1989; Homma et al. 2014;
Nascimento et al. 2010). Brazil nut monoculture may not have the productivity to
sustain itself economically.

In Brazil, thus far only a few commercial plantings of Brazil nut exist. The oldest
are in Pard and Amazonas; in Mato Grosso and Rondonia it is also possible to find
a few plantings. A majority of the more recent Brazil nut plantings have as their
main objective forest restoration; nut production is considered of secondary impor-
tance. Fazenda Agropecudria Aruana, in the municipality of Itacoatiara AM, has the
largest planting of Brazil nut trees, with 318,000 grafted trees for nut production,
along with 939,000 trees for timber production (Agropecudria Aruand S/A 2018).

3.2.3 Propagation by Tissue Culture

Given the difficulties of Brazil nut propagation, by producing plantlets from seed or
by vegetative propagation using grafting, tissue culture can be considered an impor-
tant tool to be studied in the improvement of the species. Nevertheless, tissue cul-
ture studies are scarce and still in initial stages for Brazil nut; they have basically
consisted of research to establish suitable protocols for in vitro regeneration by
micropropagation and somatic embryogenesis (Santos et al. 2013; Serra et al. 2000;
Veltilari and Quisen 2012; Vieira et al. 2008, 2009). In general, it has not yet been
possible to develop an efficient protocol for in vitro propagation of Brazil nut
because of the great difficulties encountered with asepsis of the tissue used. The
results reported by Carvalho (2012) are the most promising. Low contamination of
immature seeds was achieved by imersion in 70% alcohol for 1 min, followed by
imersion in 5% calcium hypochlorite for 30 min. In the study, a higher percentage
of callogenesis was realized by using a culture medium containing 2 mg/L 2,4-D
and 3.2 mg/L TDZ.

3.2.4 Strategies for Improvement

The Brazil nut tree is a predominantly cross-pollinating species (O’Malley et al.
1988), which depends upon insects for fruit set (Maués 2002). Cultivation has not
reached significant levels due, in part, to difficulties of propagation and the
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relatively long time period for the trees to achieve their maximum nut production
level, along with the low productivity of cultivated trees up to now (Homma et al.
2014; Nascimento et al. 2010). Propagative material currently used to plant Brazil
nut is principally sourced from native mother trees whose genetic origin is unknown.
However, the difficulties previously mentioned can be minimized, among other fac-
tors, by training workers in seedling production and by the availability of productive
and precocious varieties, which also produce good quality nuts. Plant improvement
actions are extremely necessary so that the propagative material is of the highest
genetic quality available and also suitable for growth under different systems of
cultivation. Nevertheless, up to now, there do not exist clones of varieties recom-
mended for the Brazil nut tree. Currently, MAPA has identified and registered only
a single cultivar, without having reliable data about its productivity and plant char-
acteristics and, moreover, no information about the process used in its selection.

Recommendations of varieties and/or clones, derived from genetic improvement,
will allow good future economic viability in the commercial cultivation of Brazil
nuts (Pimentel et al. 2007), whether as monoculture or in mixed systems. Besides
productivity and juvenility, there must also be considered, during the selection pro-
cess, morphological characteristics of fruits and seeds, as well as the physical and
chemical properties of the seeds.

Moritz (1984) demonstrated the occurrence of self-incompatibility in Brazil nut,
finding that pollination between trees from the same clone resulted in low fruit pro-
duction. In terms of grafting practices, Miiller et al. (1980) recommended that sci-
ons from at least 5 different mother trees be used to guarantee good fruit production.
However, there is no scientific evidence to support such a recommendation and, in
studies recently published by Embrapa, they have utilized at least 20 mother trees
for the establishment of clonal gardens and clonal seed orchards.

Due to the fact that Brazil nut is a perennial species, and fruit and seed produc-
tion is quite variable from year to year (Kainer et al. 2007; 2014; Tonini and Pedrozo
2014), the selection of superior genotypes is a laborious task, requiring that trees be
evaluated over several harvests to confirm long-term productive capability (Pedrozo
et al. 2015). This factor discourages effective participation of the private sector in
the development of Brazil nut tree cultivars.

According to a study by Tonini and Pedrozo (2014) of an area of native Brazil
nut trees in Roraima, the production of both fruits and seeds varies between years,
populations and trees. Pedrozo et al. (2015), Assis (2016) and Baldoni et al. (2017a)
demonstrated that, depending upon the population, it may be necessary to wait until
the trees are 9 years old before they can be evaluated for genotypes linked to high
fruit production. Brazil nut trees that produce nuts of good quality, and are high
producers consistently over the years are of great interest for the production of seed-
lings of high genetic quality.

Bringhurst (1983) proposed four steps to achieve improvement of Brazil nut tree
production: (1) identification of superior phenotypes within native populations; (2)
field propagation of selected plants; (3) development of cultivation practices to
increase the performance of the selected plants; (4) crossing between selected
plants, followed by the selection of superior progenies. Mother trees should be
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Fig. 3.4 Brazil nut. (a) Diversity of pore size in fruits, (b) Unshelled nuts, (¢) Kernels and (d)
Seedlings. (Photos by Cassia Angela Pedrozo)

selected on the basis of overall health, high productivity and good morphological
characteristics of both fruits and nuts (Corvera and Suri 2008; Peiia 2008).

The first initiative to improve Brazil nut began in the 1960s, by Embrapa Eastern
Amazon, formerly the Institute of Research and Agriculture and Livestock
Experimentation of the North (IPEAN), (Pinheiro 1970), in which selections were
made of 28 native Brazil nut trees which exhibited high production. Some of the
mother trees were planted in clonal gardens to supply propagative materials, but no
information was published with respect to the outcome of this initiative. In the
2000s, a program of Brazil nut improvement was initiated by the Peruvian Institute
for Peruvian Amazon Research (ITAP), Iquitos. Similarly, in 2012, Brazil estab-
lished Embrapa Brazil nut research units in the states of Amapa, Acre and Roraima;
later adding Mato Grosso. The first activities of these programs consisted of pre-
improvement studies, where mother trees were characterized, evaluated and selected
on the basis of fruit production, which initiated the creation of clonal gardens and
seed gardens in several Amazonian states. The objective was to provide selected
genotypes as a source of propagative material. After determining the superiority of
the selected mother trees, they would be used in crossbreeding experiments.

Besides data on production, researchers at IIAP and Embrapa gathered informa-
tion on molecular characterization, morphology of the tree, fruit and nut, and the
physical and chemical properties of the seeds of selected trees. Morphological vari-
ability (Fig. 3.4) has been observed in Brazil nut fruits and seeds, such as size and
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weight, as well as variation relative to rates of germination and seedling growth in
the nursery (Camargo et al. 2010; Giustina et al. 2017; Pedrozo et al. 2017; Pefia
2008; Rocha et al. 2016; Teixeira et al. 2015), These results suggest the possibility
of gains for these characters by means of genetic improvement.

3.3 Germplasm Biodiversity and Conservation

3.3.1 Germplasm Diversity

Brazil nut trees occur naturally in almost the entire Amazon Region, being found in
Bolivia, Peru, Brazil, the three Guianas and southern Venezuela in the Rio Negro
area (Corréa 1931; Mori and Prance 1990a). Given this broad distribution, Brazil
nut is adapted to a wide gradient of rainfall amounts and seasonality (Davidson
et al. 2012), probably in response to natural selection and its historical geography.
Species adapted to different environments, generally exhibit wide genetic
variability.

In the case of Brazil nut, there are two schools of thought with regard to its wide
distribution. One is based on natural seed dispersal of the species by water or ani-
mals; the other is human action by Pre-Columbian native peoples in Brazil nut man-
agement which favored its regeneration in the form of stands originating from the
planting of the trees. (Shepard and Ramirez 2011; Thomas et al. 2014).

Shepard and Ramirez (2011) considered that the expansion of Brazil nuts
occurred across its current broad geographic range rapidly and recently, being influ-
enced to a certain extent by selection and incipient domestication. Genetic studies
of chloroplast DNA have revealed low genetic variability within populations sug-
gesting a dissemination of the species from an original narrowly-restricted
population.

Another study of the distribution and genetic variability of Bertholletia excelsa
in the Brazilian Amazon substantiates that the distributional pattern of genetic
diversity of nine populations cannot be explained solely by gene flow and local
adaptation (Sujii et al. 2015). The authors suggest that Pleistocene glaciation in the
southern part of the continent brought about drier and slightly cooler climatic condi-
tions in the Amazon Region which could have led to a contraction of the natural
geographic distribution of B. excelsa (Thomas et al. 2014; Van der Hammen 1974).
In addition, subsequent human dispersal of Brazil nuts could have expanded its
distribution and genetic variability, but no research has been done on induced
genetic variation.

Practically all recent genetic studies of Brazil nut indicate less genetic diversity
(H.) than that reported for other Amazonian species, with the absence of endogamy,
preferential fertilization and genetic evidence confirming self-incompatibility
(Baldoni et al. 2017b; Santos et al. 2017; Sujii et al. 2015; Wadt et al. 2015). Baldoni
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et al. (2017b) found a pattern of isolation by distance, suggesting cross-pollination
among nearby individuals and restricted seed dispersal. Wadt et al. (2015) studied
the crossing rate of Brazil nut in different environments (pasture, planted trees, for-
est). They found that the collection of Brazil nuts for conservation purposes should
be made preferentially from native trees because in that situation there was observed
the least variation in size of the progeny. On the basis of recommendations of the
foregoing authors and the wide occurrence of Brazil nut in the Amazon Basin, what-
ever germplasm conservation strategy is adopted should include collections from
the largest number of populations possible, with at least 30 individuals per popula-
tion (Silva 2014), in an attempt to maintain intrapopulation variability, as stated by
Sujii (2011). These measures are important to avoid loss of fertility in fruit
production.

3.3.2 Germplasm Collections

Embrapa Western Amazon in 1997-1999 led the initiative to establish a germplasm
bank for Brazil nut in Acre State. However, the germplasm bank was never estab-
lished despite mother trees having been identified and their seed collected (Wadt
and Kaimer 2009).

Embrapa Eastern Amazon had a small collection of Brazil nut accessions, regis-
tered with the MMA (Ministry of Environment) under accreditation number
038/2010-SECEX/CGEN. This collection was established in 1969 in an experimen-
tal area of the agency in Belém (1°27°21" S Lat., 48°30'6” W Long). To this day, the
collection is composed of the ten accessions collected in 1966, from an area of natu-
ral occurrence in the municipalities of Alenquer and Oriximind in Pard.

Another germplasm bank was established in the Saracd-Taquera National Forest,
Oriximind, Pard. This collection was part of a project carried out by INPA (National
Institute for Amazonian Research), whose objectives, besides the germplasm bank,
were to characterize, quantify and conserve the genetic variability of Brazil nut
through the accessions constituting the bank. About 500 Brazil nut seedlings were
planted, at a spacing of 12 x 12 m, intercalated with seedlings of pioneer forest spe-
cies with a 3 x 2 m spacing. Collections were made in 35 areas of natural occur-
rence, extending over 8 regions of the Amazon: Costa Marques RO; Itacoatiara AM;
Oriximind PA; Xapuri AC; Barreirinha AM; Tapaud AM; Novo Aripuand AM and
Laranjal do Jari AP.

Recently, in 2012, Embrapa Roraima initiated a pre-breeding Brazil nut project,
as a follow on to the genetic improvement of Brazil nut for fruit production project
(Céd SEG 02.13.05.015.00.00). In these projects selections were made of mother
trees with high productivity in 7 states of the Brazilian Amazon: Acre, Amazonia,
Amapd, Mato Grosso, Pard, Rondonia and Roraima. Six working collections were
established, as either clonal seed orchards or clonal gardens.
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3.4 Molecular Breeding

Molecular techniques are viewed as supplementing genetic improvement programs,
permitting an acceleration of the process and the creation of genotypes with promis-
ing characteristics (Brasileiro and Carneiro 2015). In pre-breeding, when there are
envisioned the identification of genes and/or characteristics in populations which
have not been previously subjected to any improvement process, molecular tech-
niques have made significant advances. The availability of genetic diversity is fun-
damental to the genetic improvement of any species, and the knowledge of this
diversity in natural populations is the first step to be taken (Nass 2011). For
Bertholletia excelsa, pre-breeding genetic research provides a solid basis for future
programs of improvement and conservation. This is important for the perpetuation
of the species, given that in Brazil the tree is currently classified as Vulnerable on
the official Ministry of Environment list of species threatened with extinction.

Studies of genetic diversity in natural populations of Bertholletia excelsa began
in 1988 using isozymes. These revealed the low genetic differences between the
populations sampled (Buckley et al. 1988). It is not believed that this represents an
example of genetic erosion, but simply the result of the low capacity of the marker
used to evaluate genetic diversity; besides, the sampling in this study was narrow.

Genetic studies using molecular markers of DNA, RAPD (random amplified
polymorphism DNA) and AFLP (amplified fragment length polymorphism), pro-
vided a better understanding of the genetic diversity between and within popula-
tions of Bertholletia excelsa in the Brazilian Amazon, considering both native forest
populations and commercial plantations. Genetic variation within a population was
greater than the variation between populations (Coelho 2013; Kanashiro et al.
1997). In addition, it was possible to separate the trees of populations into groups
according to their geographic origin (Coelho 2013; Serra et al. 2006). Tropical for-
est tree species generally exhibit a high proportion of polymorphic loci along with
high levels of genetic diversity, the majority of the genetic variation contained
within populations and not between them (Hamrick 1994), as has been observed for
B. excelsa in the molecular studies cited.

Pre-breeding genetic research and conservation have utilized molecular micro-
satellites, also known as SSRs (simple sequence repeats) and STRs (short tandem
repeats). These are repeated sequences that vary in tandem with 1-6 base pairs and
are classified according to the size of the repeat units and location in the genome.
These markers are highly polymorphic, codominant, and the DNA sequences that
flank them normally are preserved between individuals of the same species (Caixeta
et al. 2016). For Bertholletia excelsa, 19 polymorphic microsatellites were devel-
oped (Reis et al. 2009; Sujii et al. 2013), along with a protocol for DNA extraction
(Giustina et al. 2018a). These studies have permitted a deeper understanding of the
genetic diversity of the species (Cabral et al. 2017; Giustina et al. 2017; Santos et al.
2017; Sujii et al. 2015; Vieira 2014). This research also encompassed other regions
such as Amazonian Peru (Redtegui-Zirena et al. 2009). In addition, it was possible
to determine that the genetic diversity within progenies of half-siblings was less as
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compared with the diversity between progenies from different mother trees (Giustina
et al. 2017). Maintenance of genetic diversity within populations is important to
assure seed production in quantities sufficient for extractivist exploitation as well as
to perpetuate the species in its natural environment (Santos et al. 2017; Sujii et al.
2015; Vieira 2014).

Population fragmentation reduces effective population size and increases the
spatial isolation between them, causing increased genetic drift, rates of endogamy
and a reduction in genetic flow (Melo 2012; Young and Boyle 2000).

The genetic structure of a species is defined by the distribution of its genetic vari-
ability, between and within populations, which is the result of mutation, selection
and genetic drift (Wadt 2001). To know the genetic structure of Bertholletia excelsa
within its natural populations contributes a base for programs of conservation and
management. Fragmentation of populations reduces the effective size of the popula-
tion and increases spatial isolation among them, leading to an increase in genetic
drift, rates of endogamy and reduced gene flow (Melo 2012; Young and Boyle 2000).

The distribution of genetic variability in natural populations is defined by the
mode of reproduction, breeding system, population size, geographic distribution
and gene flow (Hamrick 1983). The breeding system is defined by the way in which
individuals, populations or species recombine their genetic variability in each gen-
eration to produce progeny, be it autogamous, allogamous or mixed. Knowledge of
the particular system is implicit in the furtherance of genetic conservation, genetic
improvement and reforestation programs (Goodwillie et al. 2005; Sebbenn 2006).

Bertholletia excelsa is considered to be an allogamous species, which depends
upon pollination by bees of the genera Bombus, Xylocopa and Centris for fruit pro-
duction, and on animals, principally the cutia rodent (Dasyprocta spp.) for seed
dispersal and reproduction (Cavalcante 2008; Maués 2002; Miiller et al. 1995;
O’Malley et al. 1988). Anthropomorphic dispersal is also suggested for this species,
taking into account its inefficient natural dispersal mechanisms and discontinuous
distribution (Shepard and Ramirez 2011).

An early isozyme study of Brazil nut demonstrated the prevalence of cross-
pollination along with a low level of endogamy (O’Malley et al. 1988). Microsatellite
markers were employed in important studies comparing different Brazil nut popula-
tions with different levels of anthropogenic interventions. A study of three Brazil
nut tree populations with different levels of anthropomorphic interventions in the
Brazilian Amazon — natural forest, isolated trees in pastures and plantations —
revealed that the seeds produced by these populations originated from cross-
fertilization between different parents. By an estimate of the index of progeny
fixation and of adult trees there was observed a selection for heterozygous individu-
als. The study demonstrated that in efforts of genetic conservation or reforestation
with Bertholletia excelsa, seed collection should be carried out in natural popula-
tions, to guarantee greater genetic variability (Wadt et al. 2015).

Evaluation of other Brazil nut populations in the Brazilian Amazon confirmed
the results of the previous paragraph; and the correlated cross-fertilization showed
that seeds sampled at the population level were predominantly composed of half-sibs
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(66%) and full-sibs (20%); in some cases, cross-fertilization presented inbreeding
(Giustina et al. 2018Db).

Gene flow can be defined as the movement of genes from one population to
another, that is, the evolutionary change in the allele frequency, brought about by
the movement of gametes between populations of the same species (Slatkin 1987).
An understanding of the evolutionary history and population dynamics of a species
is an important step towards its conservation. Genetic variability at low levels asso-
ciated with genetic structure, the life history of a species and the reproductive sys-
tem represent the first stage of the extinction of a species, subspecies or population
group (Caballero et al. 2010).

Microsatellite molecular markers were also utilized to study gene flow in
Bertholletia excelsa, considering the importance of this study, inasmuch as fruit
production depends upon the natural activities of pollinators. The distances tra-
versed by pollen, by the pollinator, varies from 36 to 2060 m. Both seed and pollen
demonstrate a dispersal pattern from isolated locations, indicating a high frequency
of crossbreeding between nearby trees and seed dispersal near the mother tree.
Fragmentation of Brazil nut tree populations results in a significant reduction in
gene flow (Baldoni et al. 2017b). No other information on this subject relative to
Brazil nut has been published.

Some initiatives to use SNP (single nucleotide polymorphism) molecular mark-
ers, considered to be a new generation of molecular markets, have emerged for the
study of Bertholletia excelsa (Inglis et al. 2011).

Besides molecular markers, other tools are being utilized to better understand the
species. Studies have been done to determine the chromosome numbers of
Bertholletia excelsa. Mori and Prance (1990b) identified n = 17, while a more recent
study by Sodré and Karsburg (2009) determined n = 13. Additional research in this
area is required to confirm the correct number of chromosomes in Brazil nut. This
is once again an example of the need for further study to fill in the information gaps
which exist surrounding this species.

3.5 Conclusions and Prospects

Bertholletia excelsa is widely distributed across terra firme forests in the Amazon
Basin and most of the Brazil nut production is extracted from natural forests. Its
commercialization represents an important source of income to thousands of
Amazon people. Therefore its conservation is of utmost importance not only to the
local communities that collect and commercialize the nuts, but also to a fair, effi-
cient and productive supply chain from the local collectors to the national and inter-
national consumers.

Nowadays, there is a general concern about whether forest tree populations have
sufficient genetic diversity to adapt to rapid climate change. Some preliminary stud-
ies have also indicated that Brazil nut fruit production is impacted by climatic oscil-
lations, but the question of how the physiological investment in growth versus fruit
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production is influenced by climate conditions remains open. It is expected that
climate change would affect tree health and fruit production. In the face of a reduc-
tion in Brazil nut supply due to climate change, the risk assessment to the local
economy is also necessary to develop sound mitigation strategies. One of the strate-
gies to minimize the risk of a future lack of production would be to cultivate the tree,
but despite basic studies already carried out, there are no areas of significant
cultivation.

This is due, among other factors, to the lack of selected genetic material; culti-
vated varieties of Brazil nut do not yet exist. In this sense, some research initiatives
focused on pre-breeding and genetic improvement of Bertholletia excelsa have
arisen in order to obtain cultivated trees which are productive, more precocious and
produce nuts of high physical and nutritional quality. In addition to genetic improve-
ment, the identification of the most critical areas for Brazil nut tree conservation and
the development of practical recommendations for seed sampling, breeding and
reforestation strategies are of high relevance. It is hoped that the results of these
initiatives are coordinated with the production of propagative materials of high
genetic quality leading in the direction of future strategies of tree improvement and
conservation of genetic resources, which are so important to the perpetuation of the
species.

Acknowledgement We thank Dennis V. Johnson for the English translation of the manuscript.

Appendix I: Research Institutes Relevant to Brazil Nut

Specialization and research
Institution activities Website

Embrapa — Brazilian Agricultural Research Agricultural research www.embrapa.br
Corporation

References

Agropecudria Aruana SA (2018) Produtos. http://agropecuariaaruana.wordpress.com/produtos/.
Accessed 20 Apr 2018

Aguiar GP (2014) Competitividade do setor exportador brasileiro de castanha-do-brasil.
Dissertation, Universidade Federal do Parana, Curitiba, Brazil

Alisson E (2017) Pesquisa possibilita controlar a contaminagdo de castanhas-do-pard por mico-
toxinas. Agéncia FAPESP. http://agencia.fapesp.br/pesquisa_possibilita_controlar_a_contami-
nacao_de_castanhasdopara_por_micotoxinas/25615/. Accessed 22 June 2018

Angelo H, Pompermayer RS, Almeida NA et al (2013) Custo social do desmatamento da Amazdnia
Brasileira: o caso da castanha-do-brasil (Bertholletia excelsa). Ciéncia Florestal 23(1):183-191


http://www.embrapa.br
http://agropecuariaaruana.wordpress.com/produtos/
http://agencia.fapesp.br/pesquisa_possibilita_controlar_a_contaminacao_de_castanhasdopara_por_micotoxinas/25615/
http://agencia.fapesp.br/pesquisa_possibilita_controlar_a_contaminacao_de_castanhasdopara_por_micotoxinas/25615/

72 A. B. Baldoni et al.

Assis VRA (2016) Melhoramento genético de Bertholletia excelsa: selecao, producao de mudas e
sistema reprodutivo. Dissertation, Universidade Federal do Acre, Rio Branco, Brazil

Baldoni AB, Tonini H, Tardin FD et al (2017a) Minimum number of measurements for evaluating
Bertholletia excelsa. Genet Molec Res 16(3):16039783

Baldoni AB, Wadt LHO, Campos T et al (2017b) Contemporary pollen and seed dispersal in natu-
ral populations of Bertholletia excelsa (Bonpl.). Genet Molec Res 16(3):1-14

Brasileiro ACM, Carneiro VTC (2015) Manual de transformagdo genética de plantas, 2* Edi¢do
revisada e ampliada. Embrapa-SPI/Embrapa-Cenargen, Brasilia

Bringhurst RS (1983) Breeding strategy. In: Janick J, Moore JN (eds) Methods of plant breeding.
Purdue University Press, West Lafayette, pp 147-153

Buckley DP, O’Malley DM, Apsit V et al (1988) Genetics of Brazil nut (Bertholletia excelsa
Humb. & Bonpl. Lecythidaceae). Genetic variation in natural populations. Theor Appl Genet
76:923-928

Caballero A, Rodriguez-Ramilo ST, Avila V et al (2010) Management of genetic diversity on sub-
divided populations in conservation programmes. Conserv Genet 11:409-419

Cabral JC, Baldoni AB, Tonini H et al (2017) Diversity and genetic structure of the native Brazil
nut tree (Bertholletia excelsa Bonpl.) population. Genet Molec Res 16(3):16039702

Caixeta TE, Oliveira ACB, Brito GB et al (2016) Tipos de Marcadores Moleculares. In: Borém A,
Caixeta E (eds) Marcadores Moleculares, 1st edn. Vigosa, pp 10-93

Calderari TO, lamanaka BT, Frisvad JC et al (2013) The biodiversity of Aspergillus section Flavi
in Brazil nuts: from rainforest to consumer. Intern J Food Microbiol 160(3):267-272

Camargo PB, Salomao RP, Trumbore S et al (1994) How old are large Brazil-nut trees (Bertholletia
excelsa) in the Amazon? Sci Agric 51:389-391

Camargo FF, Costa RB, Resende MDV et al (2010) Variabilidade genética para caracteres mor-
fométricos de matrizes de castanha-do-brasil da Amazoénia Mato-Grossense. Acta Amazon
40(4):705-710

Carvalho SMS (2012) Cultivo in vitro de sementes imaturas de Bertholletia excelsa
H.B.K. Dissertation, Universidade Federal de Rondonia, Porto Velho, Brazil

Carvalho JEU, Nascimento WMO (2016) Enxertia da castanheira-do-brasil pelo método de garfa-
gem no topo em fenda cheia. Comunicado técnico, 283. Embrapa CPATU, Belém

Cavalcante MC (2008) Visitantes florais e poliniza¢do da castanha-do-brasil (Bertholletia excelsa
H.&B.) em cultivo na Amazonia central. Dissertation, Universidade Federal to Ceard, Fortaleza,
Brazil

CIFOR (2009) Best Brazil nut practice in Bolivia. Center for International Forestry Research,
Bogor

Coelho LM (2013) Diversidade genética em populagdes de castanheira-do-Brasil (Bertholletia
excelsa H.B.K.). Dissertation, Universidade Federal do Amazonas, Manaus, Brazil

Collinson C, Burnett D, Agreda V (2000) Economic viability of Brazil nut trading in Peru.
University of Greenwich. Report 2520, NRET

Corréa MP (1931) Dicionario das plantas tteis do Brasil e da exdética cultivada. Ministério da
Agricultura, Rio de Janeiro, pp 129-131

Corvera R, Suri W (2008) Base tecnoldgica y genética del germoplasma de castafia (Bertholletia
excelsa H,B,K) en la regién de Madre de Dios. Instituto de Investigacién de la Amazonia
Peruana

Davidson EA, Aradjo AC, Artaxo P et al (2012) The Amazon basin in transition. Nature
481:321-328

Diniz TDAS, Bastos TX (1974) Contribui¢do ao conhecimento do clima tipico da castanha do
Brasil. Boletim Técnico. Inst Pesq Exper Agropec Norte 64:59-71

Duchelle AE, Cronkleton P, Kainer KA et al (2011) Resource theft in tropical Forest communities:
implications for non-timber management, livelihoods, and conservation. Ecol Soc 16:4

Embrapa (2016) Quantidade se selénio nas castanhas-do-brasil varia de acordo com regido.
Noticias Seguranga Alimentar, Nutricdo e Satude, 2903/16. https://www.embrapa.br/busca-de-
noticias/-/noticia/11010983/quantidade-de-selenio-nas-castanhas-do-brasil-varia-de-acordo-
com-regiao. Accessed 22 June 2018


https://www.embrapa.br/busca-de-noticias/-/noticia/11010983/quantidade-de-selenio-nas-castanhas-do-brasil-varia-de-acordo-com-regiao
https://www.embrapa.br/busca-de-noticias/-/noticia/11010983/quantidade-de-selenio-nas-castanhas-do-brasil-varia-de-acordo-com-regiao
https://www.embrapa.br/busca-de-noticias/-/noticia/11010983/quantidade-de-selenio-nas-castanhas-do-brasil-varia-de-acordo-com-regiao

3 Brazil Nut (Bertholletia excelsa Bonpl.) Breeding 73

Enriquez G (2008) Desafios da sustentabilidade da Amazonia: biodiversidade, cadeias produtivas
e comunidades extrativistas integradas. Dissertation, Universidade de Brasilia, Brasilia, Brazil

FAO (2016) Food and Agriculture Organization of United Nations. http://www.fao.org/faostat/
en/#compare. Accessed 20 May 2018

FAOSTAT (2013) Food and Agriculture Organization of the United Nations Statistics. Producao e
valor da producdo da Castanha-do-brasil sem casca: Brasil, Bolivia e Peru. http://www.fao.org/
faostat/en/#data/TP/visualize. Accessed 20 July 2017

Ferberg I, Cabral LC, Gongalves EB, Deliza R (2002) Efeito das condi¢Ges de extra¢do no rendi-
mento e qualidade do leite de castanha-do-brasil despeliculada. B.CEPPA 20(1):75-88

Giustina LD, Baldoni AB, Gregolin FS et al (2017) Agrupamento de progénies de diferentes
matrizes de castanheira-do-brasil quanto a germinac@o e desenvolvimento inicial. Rev Cient
Intelleto 2(2):35-44

Giustina LD, Cabral JC, Baldoni AB et al (2018a) Protocol adaptation for Brazil nut (Bertholletia
excesla Bonpl.) DNA extraction. Internat J Curr Res 10(02):65270-65275

Giustina LD, Baldoni AB, Tonini H et al (2018b) Hierarchical outcrossing among and within
fruits in Bertholletia excelsa Bonpl. (Lecythidaceae) open-pollinated seeds. Genet Molec Res
17(1):16039872

Goodwillie C, Kalisz S, Eckert CG (2005) The evolutionary enigma of mixed mating systems in
plants: occurrence, theoretical explanations, and empirical evidence. Annu Rev Ecol Evol Syst
36:47-79

Guariguata MR, Cronkleton P, Duchelle AE et al (2017) Revisiting the ‘cornerstone of Amazonian
conservation’: a socioecological assessment of Brazil nut exploitation. Biodivers Conserv
26:2007-2027. https://doi.org/10.1007/s10531-017-1355-3

Hamrick JL (1983) Distribution of genetic within and among natural forest population. In:
Shonewald-Cox CM, Chambers CM, Chamber ST et al (eds) Genetics and conservation: a
reference for managing wild animal and plant populations. Benjamin/Cummings, Menlo Park,
pp 335-348

Hamrick JL (1994) Genetic diversity and conservation in tropical forest. In: Drysdale M, John S,
Yapa AC (eds) Proceedings of the international symposium on genetic conservation production
of tropical forest tree seed. Asean-Canada Forest Tree Seed Center, pp 1-9

Homma AKO (1989) A extragdo de recursos naturais renovaveis: o caso do extrativismo vegetal na
Amazonia. Dissertation, Universidade Federal de Vicosa, Vicosa, Brazil

Homma AKO, Menezes AJEA, Maues MM (2014) Castxanheira-do-pard: os desafios do extrativ-
ismo para os plantios agricolas. Bol Mus Para Emilio Goeldi Ciénc Nat Belém 9(2):293-306

IBGE (2016) Instituto Brasileiro de Geografia e Estatistica. Producao da extragdo vegetal e da
silvicultura 31. https://biblioteca.ibge.gov.br/visualizacao/periodicos/74/pevs_2016_v31.pdf.
Accessed 20 May 2018

Inglis P, Ciampi A, Azevedo VCR (2011) Construction of Brazil nut (Bertholletia excelsa:
Lecythidaceae) cambium normalized cDNA libraries for 454 next generation sequencing from
IUFRO tree biotechnology conference 2011: from genomes to integration and delivery Arraial
d’Ajuda, Bahia, Brazil. 26 June-2 July 2011

Kainer KA, Wadt LHO, Staudhammer CL (2007) Explaining variation in Brazil nut fruit produc-
tion. Forest Ecol Manag 250:244-255

Kainer KA, Wadt LHO, Staudhammer CL (2014) Testing a silvicultural recommendation: Brazil
nut responses 10 years after liana cutting. J Appl Ecol 51:655-663

Kanashiro M, Harris SA, Simon SA (1997) RAPD diversity in Brazil nut (Bertholletia excelsa
Humb. And Bonpl., Lecythidaceae). Silvae Genet 46(4):219-223

Kornsteiner M, Wagner K, Elmadfa I (2006) Topopherols and total phenolic in 10 different nut
types. Food Chem 98:381-387

Locatelli M, Souza VF (1990) Castanha-do-brasil: caracteristicas agrondmicas, producdo de mudas
e propagacio vegetativa. Circular Técnica, 17. Embrapa UEPAE de Rondénia, Porto Velho

MAPA/ACS (2012) BRASIL — Ministério da Agricultura, Pecudria e Abastecimento. Castanha-
do-Brasil: Bertholettia excelsa H.B.K. Série: Boas préticas de manejo para o extrativismo sus-
tentavel organico. MAPA/ACS, Brasilia


http://www.fao.org/faostat/en/#compare
http://www.fao.org/faostat/en/#compare
http://www.fao.org/faostat/en/#data/TP/visualize
http://www.fao.org/faostat/en/#data/TP/visualize
https://doi.org/10.1007/s10531-017-1355-3
https://biblioteca.ibge.gov.br/visualizacao/periodicos/74/pevs_2016_v31.pdf

74 A. B. Baldoni et al.

Maués MM (2002) Reproductive phenology and pollination of the Brazil nut tree (Bertholletia
excelsa Humb. & Bompl. Lecythidaceae) in eastern Amazonia. In: Kevan P, Imperatriz-Fonseca
VL (eds) Pollinating bees — the conservation link between agriculture and nature. Ministério do
Meio Ambiente, Brasilia, pp 245-254

Maués MM, Oliveira FC (1999) Fenologia reprodutiva e entomofauna polinizadora da castanheira-
do-Brasil (Bertholletia excelsa) Humb. e Bonpl.Lecythidaceae) na Amazoénia Oriental.
Documentos, 123: EMBRAPA-CPATU, Belém, pp 25-30

Melo ATO (2012) Fluxo génico e estrutura genética espacial de Cabralea canjerana (Vell.) Mart.
(Meliaceae) em fragmentos florestais de Mata Atlantica. Dissertation, Universidade Federal de
Goias, Goiania, Brazil

MMA/SUFRAMA/SEBRAE/GTA (1998) Castanha: produtos potenciais da Amazonia. Prismatic,
Brasilia, p 106

Moreira P (1994) Recomendagdes técnicas para formacdo de mudas de castanha-do-brasil
(Bertholletia excelsa HBK). Documentos, 18. Embrapa CPAFAC-Acre, Rio Branco

Mori SA, Prance GT (1990a) Lecythidaceae — II. The zygomorphic-flowered new world genera.
Flora Neotropica Monogr 21(2):1-376

Mori SA, Prance GT (1990b) Taxonomy, ecology and economic botany of the Brazil nut
(Bertholletia excelsa Humb. & Bonpl.: Lecythidaceae). Adv Econ Bot 8:130-150

Moritz A (1984) Estudos bioldgicos da floracao da castanha-do-brasil. (Bertholletia excelsa Humb.
and Bonpl.; Lecythidaceae). Documentos 28. CPATU, Belém

Miiller CH (1982) Quebra de dorméncia da semente e enxertia em castanha-do-brasil. Embrapa
CPATU, Embrapa-CPATU. Documentos, 16, Belém

Miiller CH, Freire FCO (1979) Influéncia de fungicidas na conservagao e na germinacao de amén-
doas de castanha-do-brasil. EMBRAPA CPATU (Embrapa-CPATU. Comunicadotécnico, 26),
Belém

Miiller CH, Rodrigues IA, Miiller AA et al (1980) Castanha-do brasil: I. Resultados de pesquisa.
Miscelanea 2. EMBRAPA-CPATU, Belém

Miiller CH, Figueiredo FJC, Kato AK et al (1995) A cultura da castanheira. Cole¢do Plantar, 23.
Centro de Pesquisa Agroflorestal da Amazonia Oriental, Belém

Nascimento MON, Carvalho JEU, Miiller CH (2010) Castanha-do-brasil (Bertholletia excelsa
H.B.). Série Frutas Nativas Funep Jaboticabal SP

Nass LL (2011) In: Lopes MA, Favero AP, Ferreira MAJF et al (eds) Pré-melhoramento vegetal.
Embrapa Informacao Tecnoldgica, Brasilia

O’Malley DM, Buckley DP, Prance GT et al (1988) Genetics of Brazil nut (Bertholletia excelsa
Humb. & Bonpl: Lecythidaceae). Theor Appl Genet 76(6):929-932

Pedrozo CA, Tonini H, Schaefer SM et al (2015) Repeatability of fruits and seeds production
and selection of Brazil nut genotypes in native populations in Roraima. Revista Arvore
39(5):863-871

Pedrozo CA, Costa EKL, Oliveira VXA et al (2017) Emergéncia de plantulas e desenvolvimento
de mudas de matrizes selecionadas de castanha-do-brasil. Bolet Pesq Desenvol 44. Embrapa
Roraima, Boa Vista

Pefia J (2008) Identificacion y caracterizacion fenotipica de drboles plus de "castafia", Bertholletia
excelsa H.B.K. (Lecythidaceae) en el Departamento de Madre. de Dios. Dissertation,
Universidad Nacional Agraria, La Molina, Lima, Perd

Peres CA, Baider C (1997) Seed dispersal spatial distribution and population structure of Brazil
nut trees (Bertholletia excelsa) in southeastern Amazonian. J Trop Ecol 13:595-616

Pimentel LD, Wagner Janior A, Santos CEM et al (2007) Estimativa de viabilidade econdmica no
cultivo da castanha-do-brasil. Inform Econ 37(6):26-36

Pinheiro E (1970) Plano Nacional de Pesquisas com a cultura da castanha-do-para (Bertholletia
excelsa H.B.K.) (melhoramento genético e cultural). Ministério da Agricultura, Belém

Prance GT (1990) Bertholletia. In: Mori SA, Prance GT (eds) Lecythidaceae. Part II The
zygomorphic-flowered new world genera. Flora Neotropica, vol 21, no 2. New York Botanical
Garden, New York, pp 114-118



3 Brazil Nut (Bertholletia excelsa Bonpl.) Breeding 75

Prance GT, Mori SA (1979) The actinomorphic-flowered new world Lecythidaceae. Lecythidaceae
part 1. Flora Neotrop 21(1):1-270

Redtegui-Zirena E, Renno JF, Vallejos FC et al (2009) Evaluacion de la variabilidad genética de
la castana Bertholletia excelsa en la regiéon de Madre de Dios (Pertl), mediante marcadores
microsatélites. Folia Amazon 18(1-2):41-50

Reis SF (2015) Formagdo e desenvolvimento de frutos de Bertholletia excelsa Bonpl.
(Lecytidaceae). Dissertation, Universidade Federal do Acre, Rio Branco, Brazil

Reis GG, Carvalho LEU, Miiller CH (1979) Calibracao do teste de tetrazdlio para sementes de
castanha-do-brasil, vol 17. Embrapa-CPATU, Comunicado Técnico, Belém, 9 p

Reis AMM, Braga AC, Lemes MR et al (2009) Development and characterization of microsatel-
lite markers for the Brazil nut tree (Bertholletia excelsa) Humb. & Bonpl. (Lecytidaceae). Mol
Ecol Res 9(3):920-923

Ribeiro JELS, Nelson BW, Silva MD et al (1999) Reserva Florestal Ducke: diversidade e com-
posicdo da flora vascular. Acta Amaz 24:19-30

Rocha VD, Lima JS, Bispo RB et al (2016) Caracterizagdo biométrica de frutos e sementes de
castanheira-do-brasil na Amazodnia Mato-Grossense. Enciclopédia Biosfera, Centro Cientifico
Conhecer 13(24):186

Rockwell CA, Guariguata MR, Menton M et al (2015) Nut production in Bertholletia excelsa
across a logged forest mosaic: implications for multiple forest use. PLoS One 10:¢0135464

Santos MRA, Ferreira MGR, Carvalho SMS (2013) Callus induction in Bertholletia excelsa
immature seeds. J Biotech Biodivers 4(4):283-289

Santos RSO, Campos T, Martins K et al (2017) Estrutura genética de duas populagdes naturais
de Bertholletia excelsa Bonpl. sob explorac¢do no Vale do Rio Acre. Biota Amaz 7(3):37-40

Scoles R, Gribel R, Klein GN (2011) Crescimento e sobrevivéncia de castanheira (Bertholletia
excelsa Bonpl.) em diferentes condicdes ambientais na regido do rio Trombetas, Oriximind,
Para. Bol Mus Para Emilio Goeldi Ciénc Nat 6:273-293

Sebbenn AM (2006). Sistema de reproducdo em espécies arboreas tropicais e suas implicagdes
para a selecdo de arvores matrizes para reflorestamentos ambientais. In: Higa AR, Silva
LD. Pomares de sementes de espécies florestais nativas. Curitiba: FUPEF, p. 93-138

Serra AGP, Paiva R, Paiva PDO (2000) Anilises bioquimicas de calos formados de explantes foli-
ares de castanha-do-brasil (Bertholletia excelsa H. B. K.). Ciénc Agrotec Lavras 24(4):833-840

Serra AGP, Paiva R, Paiva E et al (2006) Estudo da divergéncia genética em castanha-do-brasil
(Bertholletia excelsa) utilizando marcadors moleculares RAPD (random amplified polymor-
phic DNA). Magistra 18(1):42-47

Shepard GH Jr, Ramirez H (2011) “Made in Brazil”: human dispersal of the Brazil nut (Bertholletia
excelsa, Lecythidaceae) in ancient Amazonia. Econ Bot 65(1):44-65

Silva VS (2014) Sistema reprodutivo e diversidade genética de Bertholletia excelsa em diferentes
ambientes no estado do Acre. Dissertation, Universidade Federal do Acre, Rio Branco, Brazil

Slatkin M (1987) Gene flow and the geographic structure of natural populations. Science
236:787-792

Sodré E, Karsburg IV (2009) Caracterizagdo morfolégica dos cromossomos de Bertholletia
excelsa H.B.K. 2°Jornada Cientifica de UNEMAT, Barra dos Bugres, Mato Grosso, Brazil

Souza AH (1963) Castanha do Para: estudo botanico quimico e tecnoldgico. Edi¢oes Servigo de
Informac@o Agricola. Ministério da Agricultura, Rio de Janeiro. Estudos Técnicos 23:1-69

Sujii PS (2011) Diversidade e estrutura genética de Bertholletia excelsa uma espécie da amazo-
nia de ampla distribuicdo. Dissertation, Universidade Estadual de Campinas, Campinas, Sdo
Paulo, Brazil

Sujii PS, Inglis PW, Ciampi AY et al (2013) Isolation and characterization of microsatellite mark-
ers for Bertholletia excelsa (Lecythidaceae) population genetic analysis. Genet Mol Res
12(4):5278-5282

Sujii PS, Martins K, Wadt LHO et al (2015) Genetic structure of Bertholletia excelsa populations
from the Amazon at different spatial scales. Conserv Genet 16:955-964



76 A. B. Baldoni et al.

Taniwaki MH, Frisvad JC, Ferranti LS et al (2017) Biodiversity of mycobiota throughout the
Brazil nut supply chain: from rainforest to consumer. Food Microbiol 61:14-22

Teixeira RA, Pedrozo CA, Costa EKL et al (2015) Correlagdes e divergéncia fenotipica entre
genotipos cultivados de castanha-do-brasil. Scientia Forestalis 43(107):523-531

Thomas E, Caicedo CA, Loo J et al (2014) The distribution of the Brazil nut (Bertholletia excelsa)
through time: from range contraction in glacial refugia, over human-mediated expansion, to
anthropogenic climate change. Bol Mus Para Emilio Goeldi Ciénc Nat 9(2):267-291

Thomas E, Valdivia J, Caicedo CA et al (2017) NTFP harvesters as citizen scientists: validating
traditional and crowdsourced knowledge on seed production of Brazil nut trees in the Peruvian
Amazon. PLoS One 12:e0183743. https://doi.org/10.1371/journal.pone.0183743

Toledo RA, Gomes CS, Gomes PC et al (2016) Panorama nacional da cadeia de valor da castanha-
do-brasil. Imaflora -Instituto de Manejo e Certificagdo Florestal e Agricola, Piracicaba, Sdo
Paulo, Brazil, 60p

Tonini H, Pedrozo CA (2014) VariacGes anuais na produg@o de frutos e sementes de castanheira-
do-brasil (Bertholletia excelsa Bonpl. Lecythidaceae) em florestas nativas de Roraima. Revista
Arvore 38(1):133-144

Van der Hammen T (1974) The Pleistocene changes of vegetation and climate in tropical South
America. J Biogeogr 1(1):3-26

Veltilari MCD, Quisen RC (2012) Cultivo in vitro de espécies florestais tropicais — controle de
contaminag¢@o e estabelecimento de castanha-do-brasil (Bertholletia excelsa). In: Morais
RR, Boijink CL, Silva KE, Quisen RC (eds) Anais da VIII Jornada de Iniciacao Cientifica da
Embrapa Amazonia Ocidental- Manaus: Embrapa Amazdnia Ocidental, 87 p. Documentos 99

Vieira FS (2014) Diversidade genética e estrutura populacional de popula¢des naturais de castanha
do Brasil (Bertholletia excelsa B.). Dissertation, Universidade do Estado de Mato Grosso, Alta
Floresta, Mato Grosso, Brazil

Vieira S, Trumbore S, Camargo PB et al (2005) Slow growth rates of Amazonian trees: conse-
quences for carbon cycling. Proc Natl Acad Sci 102:18502-18507

Vieira FS, Rossi AAB, larema L et al. (2008) Ajuste de protocolo para micropropagacdo de
Bertholletia excelsa Bonpl. (Lecythidaceae). 2° Jornada Cientifica da UNEMAT, Universidade
do Estado de Mato Grosso, Brazil

Vieira FS, Rossi AAB, larema L et al. (2009) Efeito de fitorreguladores na regeneragdo de
Bertholletia excelsa Bonpl. in vitro. 2° Jornada Cientifica da UNEMAT, Universidade do
Estado de Mato Grosso, Brazil

Wadt LHO (2001) Estrutura genética de populagdes naturais de pimenta longa (Piper hispidi-
nervum C. DC.), visando seu uso e conservagao. Dissertation, USP ESALQ, Piracicaba, Sao
Paulo, Brazil

Wadt LHO, Kaimer KA (2009) In: Borém A, Lopes MTG, Clement CR (eds) Domesticac@o e
melhoramento: espécies amazonicas. Universidade Federal de Vicosa, Vigosa, pp 297-317

Wadt LHO, Kainer KA, Staudhammer C et al (2008) Sustainable forest use in Brazilian extractive
reserves: natural regeneration of Brazil nut in exploited populations. Biol Conserv 141:332-346

Wadt LHO, Baldoni AB, Silva VS et al (2015) Mating system variation among populations, indi-
viduals and within and among fruits in Bertholletia excelsa. Silvae Genetica 64:5-6

Young AG, Boyle TJB (2000) Forest fragmentation. In: Young AG, Boyle TJB, Boshier D (eds)
Forest conservation genetics — principles and practice, vol 1. CABI, Oxon, pp 456481

Zuidema PA (2003) Demography and management of the nut tree (Bertholletia excelsa). PROMAB,
Programa Manejo de Bosques de la Amazonia Boliviana. Scientific Series 6, Riberalta, Bolivia


https://doi.org/10.1371/journal.pone.0183743

Chapter 4
Cashew Nut (Anacardium occidentale L.)
Breeding Strategies

Check for
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Abstract Cashew nut (Anacardium occidentale L.) is a tropical, cross-pollinating
tree native to South America. Vietnam ranks first in global production of cashew
nuts with shells. World average productivity stands at 8136 hg/ha, but in most
cashew-growing countries production is below the world average. Low yield is
because of lack of soil profile correction, irrigation and pest control and prevalence
of orchards of trees grown from seed selections and grafted genotypes. The tree
bears male (staminate and bisexual), hermaphrodite and pistillate flowers on the
same panicle. Only, 4-6% of flowers are pollinated and reach maturity to bear fruit,
the rest are shed away at various stages of development. Generally, the gene pool
expands through hybridization with different adaptive values, as long as the hybrids
are able to produce segregating progeny in subsequent generations. Evidence of
hybrid vigor with an increase of up to 153% in nut yield has been noted as compared
to plants derived from out-crossed pollination. Uniform planting materials is a very
important input for crop productivity. Cashew improvement programs include
development of new commercial varieties having dwarf/semi-dwarf canopy, large
nut size with higher shelling percentage, higher kernel grade and tolerance to biotic
and abiotic stresses. A hybridization method has been standardized for breeding
cashew varieties. Technologies like molecular markers, mutation breeding, molecu-
lar breeding, in vitro approach and transgenic breeding and other techniques are
expediting the process of analyzing and assessing traits. With the advancements in
genetics and molecular biology, genetic engineering has become the primary issue
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in molecular breeding. The present chapter highlights the propagation methods,
improvement through conventional breeding, molecular genetic diversity, molecu-
lar breeding and conservation strategies.

Keywords Cashew nut - Conservation of genetic resources - Genetic assessment -
Molecular breeding - Propagation

4.1 Introduction

Cashew (Anacardium occidentale L.) is an important tropical tree of the family
Anacardiaceae and is native to the northern parts of South America. Cashew was
introduced to Africa and Asia by European explorers during the sixteenth century.
In 2015, world production of cashew nuts with shells reached 5.27 million mt.
Vietnam is the leading producer. At present, India is the primary country for pro-
cessing and exporting of cashew nut kernels and also occupies the secondary posi-
tion in production and consumption. The world average productivity of cashew nuts
with shells in 2015 was 8136 hg/ha (FAOSTAT 2015); in most cashew-growing
countries, production is lower than the world average. There is also an increasing
exploitation of high value byproducts, particularly those made of cashew nut shell
liquid. Cashew cultivation and potential production is of major value for marginal
smallholder farmers. It is cultivated in the tropical regions of Latin America, Asiatic
and African zones (Johnson 1973). Cashew has been widely accepted, becoming a
major export commodity crop in many countries. Production of cashew nuts with
shells worldwide is equally distributed between Africa and Asia, whereas about
2 million mt of cashew apples are produced in South America and Brazil (FAO
2013a). The cashew industry plays an important role in the economic development
of countries like Vietnam, India, Nigeria and Ghana and is considered a key con-
tributor to the agricultural economy. The production of cashew has been steadily
increasing over the recent years, showing an increase in cultivated area which
exceeded 5.3 million ha in 2012 (FAO 2013b, c). It is estimated that India requires
1.3-1.4 million mt of cashew nuts with shells per annum in order to meet the
demand of their existing processing capacity. In 2012, India imported 822 thousand
mt of cashew nuts with shells (FAOSTAT 2015). Aliyu (2005) reported that the low
productivity of cashew per hectare is attributed to traditional breeding only. There is
still to be understood the various methods of vegetative propagation including
micropropagation. There are different types of crop management, processing tech-
niques and equipment requirements that have not been fully investigated, thus limit-
ing their potential application. Exploitation of cashew nut shell liquid as green
sources for use in the production of biorenewable chemicals, materials and energy
has now been outlined (Mgaya et al. 2019). Cashew trees are considered useful for
purposes of soil conservation, afforestation and development of waste lands.
Therefore, it is necessary to identify the emerging areas of research in cashew.
This chapter highlights the distribution, propagation, breeding strategies, conser-
vation approach and molecular diversity analysis of cashew, an important cash crop.
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4.2 Botanical Description

Cashew (Anacardium occidentale L.) is an evergreen tree in the Anacardiaceae fam-
ily. The Anacardiaceae has 60-74 genera and about 400-600 species (Bailey 1961;
Brizicky 1962; Khosla et al. 1973; Mitchell and Mori 1987). The genus Anacardium
has 8 species, but only A. occidentale has economic value due to its edible hypocarp
(cashew apple) and nutritious kernel. The roots are generally both spreading and
deep. The pattern of root distribution depends on soil type, level of crop nutrition,
type of planting, age of trees and irrigation. During cashew nut germination, the
radical develops quickly and becomes a tap root; further growth produces fibrous,
lateral roots. The tap root system gradually becomes a complex structure of massive
roots spreading laterally and deeply into the soil. Abdul Salam and Peter (2010)
reported that in shallow laterite soils, cashew tree roots extended up to 3 m laterally
around the tree and 1 m into the soil. Seedlings having both tap and lateral roots can
best withstand transplantation, whereas young seedlings with poorly developed root
systems fail to establish themselves during the summer season (Abdul Salam and
Peter 2010). The trunk is irregular and short; initial branches grow close to the
ground. Cashew leaves are elliptic to obviate, with a notched tip, very green with
smooth margins. Leaves are arranged in a spiral manner toward the end of the stem
on a small stalk. There are 3—14 leaves on each terminal stem which mature after
20-25 days (Johnson 1973; Ohler 1979; Lim 2012). Flowers are arranged in pani-
cles and constitute both male and hermaphrodite flowers. The panicles have 5 to 11
lateral branches and are 26 cm long. Both male and hermaphrodite flowers bear a
single large stamen and 5-9 smaller ones. About 200-1600 flowers per panicle are
reported by various researchers (Aliyu and Awopetu 2008; Moncur and Wait 1986;
Northwood 1966). Cashew is susceptible to some 10 fungal diseases. Ghini et al.
(2011) reported that the two most important diseases are anthracnose foliar blight
and fruit rot caused by Colletotrichum gloeosporioides Penz. & Sacc. and gummo-
sis of the twigs and trunk caused by Lasiodiplodia theobromae (Pat.) Griffon &
Maubl.); these fungi cause severe damage in all cashew-producing countries.
Martin et al. (1997) reported that flowering occurs at the new periphery of the
tree canopy during the vegetative phase, followed by a dry period of 30-60 days.
Individual flowers are small, with a small crown of 5 yellowish-green sepals and
reddish petals. Rout and Dasmohapatra (unpublished data) reported that the flowers
are small with a crown of 5 yellowish-green sepals and reddish petals when grown
in the eastern part of India. The cashew tree bears an accessory hypocarpium and the
true fruit itself, the seed or nut. The hypocarpium is oval or, alternatively, pear-
shaped. Enlargement of the pedicel and the receptacle of the flower develop to form
this part of the fruit, which is popularly known as the cashew apple. Fully ripe, it is
either a yellow or red structure about 5—11 cm long. Later at the base of the apple, a
single kidney-shaped drupe develops, 3-5 cm in length. Within Anacardium occi-
dentale there are two distinct morphological groups, either the common type or
dwarf type. Height of the adult plant reaches 8—14 m in height and a crown that
extends to at least 20 m (Johnson 1973; Ohler 1979). Normally, the cashew plants
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bear flowers in the third year from transplanting. Generally, the minimum age for
stable production is about 8 years, but more commonly 12—14 years. The dwarf-
type plants reach no more than 5 m in height, with a homogenous canopy 5-6.5 m
wide. Dwarf-type plants have a shorter juvenile phase and also flower within
6—7 months. They reach marketable production in their second or third year from
transplanting (Barros 1995; Barros et al. 2002). The performance of the production
was obtained in dwarf types and selected in both Brazil and India. Barros et al.
(2002) reported that the dwarf type bearing yield averages 1200 kg/ha/year, while
the common type produces 379 kg/ha/year, At ripening, the fruits of the different
genotypes vary in appearance (Fig. 4.1). Two products such as cashew nut and apple
(fruit) are produced from the plant and used for their delicacy and nutritional value.
Fruits contain rich in vitamin C and minerals. The fruits were also classified based
on color grown in coastal belt of Odisha, India. The weight of the apple ranged
between 59.88 g in Kanaka and 102.88 g in Vengurla-7. The length was varying
between 4.86 cm (Ullal-2) and 8.73 cm (Priyanka). Juice percentage in fruits and
TSS content was maximum in UN-50 (76.00% and 21.06% respectively (Lakshmana
et al. 2018).

Fig. 4.1 Different cashew genotypes grown in the southern and eastern parts of India. (Photos by
G.R. Rout and R. Dasmohapatra)
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4.3 Propagation

4.3.1 Conventional Propagation

There are two primary methods adopted to grow cashew worldwide, propagated
either by seeds directly in the field or transplanting nursery-raised plantlets. Azam-
Ali and Judge (2001) reported that seedlings have a delicate root system hence
transplanting may have a negative impact. They also reported that depending on soil
type, seeds are placed at a depth of 5-10 cm. Sowing 2 or 3 seeds together is done
to avoid gaps between plants in the field (Ohler 1979). There is limited published
research on propagation of cashew through layering. Azam-Ali and Judge (2001)
noted that the layering method was gradually being abandoned; as the layer plants
are not easily transplanted in all the cases. They also noted that the most successful
methods for vegetative propagation in cashew was air layering, providing the oppor-
tunity to achieve plantations from clonal material with high yield. For the selection
of desirable phenotypes, propagation through grafting was used as an alternative.
Different rootstocks of varying age were also tested to reduce the graft mortality;
both Anacardium rhinocarpus and A. spruceanum are useful as rootstock. This
method was proven to have the highest influence of grafting success. Wedge graft-
ing performs better than apical side and side grafting (Mahunu et al. 2009). Apart
from these traditional cashew grafting techniques, inarching has also been used
(Azam-Ali and Judge 2001). In many cases, grafting success is dependent on cli-
mate, in particular the mean of the minimum temperature and the number of rainy
days per month. The monsoon period in India is most suitable for softwood grafting
with a success rate of more than 60% (Swamy et al. 1990).

Generally, there have not been formal breeding programs applied to cashew, so
planting materials are obtained from either seeds or vegetative organs from elite
trees. In the last five decades, exploration of the genetic diversity of cashew has
expanded through germplasm acquisition programs, and also by promoting
exchanges among India, South America and Africa (Aliyu and Awopetu 2007). It is
reported that there is genetic variation in cashew genetic resources, either by intro-
duction of genetic materials from different geographical origins or materials
obtained from possible genetic introgression that coexisted earlier. Mneney et al.
(2001) indicated that many researchers have exploited the available genetic pool of
cashew around the world to identify economically-valuable traits from elite parental
lines and also to exploit heterosis.

4.3.2 Micropropagation

Different biotechnology tools such as embryo culture, meristem culture, cell culture
and somatic hybridization through protoplasts have been used in crop improvement
programs of many tropical and subtropical plant species. There are very limited
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reports on in vitro clonal propagation of cashew. In vitro cultivation of plant cells is
a tool for improving their totipotency as reported initially by Haberlandt (1902).
The cultivation of isolated cells in synthetic nutrient media is an entirely new
approach. At the moment, these new emerging methods are not only used in scien-
tific research but have also gained wide practical application in plant breeding, espe-
cially in producing virus-free planting materials. Philip and Unni (1984) reported
that cashew is propagated through seeds with high levels of genotypic and pheno-
typic variability. However, conventional breeding techniques for the improvement
of Anacardium occidentale have been hampered due to its outcrossing nature. There
has been very limited success with vegetative propagation through air layering,
mound strolling, grafting or cutting in cashew. Modern techniques like micropropa-
gation and embryo cultures allow for quick multiplication of elite genotypes.
Cashew is recalcitrant to in vitro culture techniques and very limited success has
been achieved so far (Barghich and Alderson 1983; Mantell et al. 1998). Many
researchers have succeeded in developing calli from cashew explants (Falcone and
Leva 1987; Leva and Falcone 1990; Sy et al. 1991). Furthermore, the calli devel-
oped into small globular protuberances and showed somatic embryo-like structures
(Das et al. 1996; Jha 1988; Leva and Falcone 1990; Litz et al. 1984). D’Silva and
D’Souza (1992) reported that in vitro rooting and its survivability in soil conditions
remain a severe constraint. Some researchers have reported the direct somatic
embryogenesis from mature and immature cotyledonary nodes and embryonic axes,
but regeneration of complete plantlets has not yet been achieved (Aliyu and Awopetu
2005; Hedge et al. 1990, 1991). Mantell et al. (1998) reported that explant browning
is a serious constraint to micropropagation of cashew due to the presence of second-
ary metabolites which oxidize and cause browning and necrosis of explants (Das
et al. 1996; Jha 1988). Meanwhile, different approaches have been tested to solve
the browning problem of cashew explants by application of activated charcoal or
antioxidants (Bessa and Sardinha 1994a, b; Das et al. 1996; Jha 1988; Lievens et al.
1989; Sardinha et al. 1993; Sy et al. 1991). Das et al. (1996) reported that frequent
subculture of cotyledonary nodes into fresh medium with activated charcoal for
7 days increased the viability from 15% to 60%. Either frequent transfer of explants
or inclusion of activated charcoal and incubation in the dark for 1 week increased
the survival of explants to 90%. Sardinha et al. (1993) reported that the addition of
280 mM of ascorbic acid in the growth medium reduces the browning of the medium
and the subsequent necrosis of explants without inhibiting in vitro bud develop-
ment. The addition of activated charcoal in the culture medium or incubation in the
dark for 7 days also had a positive effect on shoot proliferation, but shoot initiation
was drastically decreased (Mantell et al. 1998). It was observed that explants col-
lected from young germinated seedlings or juvenile explants were most suitable for
clonal propagation of cashew. Mantell et al. (1998) noted that repeated pruning of
adult elite trees to be used as source of explants led to better growth in vitro. The age
of the explants is the important factor that affects axillary culture of cashew (Mantell
et al. 1998). Cashew shoots of mature plants have not been used as explant sources
due to the recalcitrance problems. Pierik (1990) reported that the responses of adult
tree can be improved through partial rejuvenation of the shoots. It has also been
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achieved through micrografting of adult phase meristems onto seedling rootstock.
Lievens et al. (1989) and Leva and Falcone (1990) reported promising results
obtained with explants collected from seedlings from 6 months to 3 years of age.
Lievens et al. (1989) observed that shoot induction and multiplication on liquid
Murashige and Skoog (1962) (MS) medium with BAP improved axillary bud devel-
opment. In some cases, agar impurities have been found to cause problems of
browning of explants. MS salt is the most suitable for shoot bud development and
plantlet regeneration as reported by Das et al. (1996) and Aliyu and Awopetu (2005).
Mantell et al. (1998) reported that MS medium with reduced salts showed optimal
response on shoot development in vitro. Earlier, D’Silva and D’Souza (1992) had
reported that sucrose concentration has a significant effect on shoot bud develop-
ment. A higher concentration of sucrose (more than 40 g/I) has a negative impact on
shoot bud development according to Mantell et al. (1998). The combination of glu-
cose or maltose appeared to enhance both bud sprouting and number of nodes per
culture (D’Silva and D’Souza 1992; Mantell et al. 1998). Different types and con-
centrations of plant growth regulators used in culture media play critical roles in the
induction of in vitro differentiation (D’Silva and D’Souza 1992). Sardinha et al.
(1993) and Bessa and Sardinha (1994a) reported that about 65-94% of bud break
takes place in culture medium without a growth regulator. A relatively high dose of
cytokinins has been used for in vitro bud development of cashew (Das et al. 1996;
D’Silva and D’Souza 1992; Leva and Falcone 1990; Lievens et al. 1989). However,
only zeatin riboside at a concentration of 5 mg/l stimulated axillary bud develop-
ment as reported by Leva and Falcone (1990). Kinetin or 2-isopentyladenine in
combination with 0.1 mg/l NAA has a positive effect on shoot bud proliferation, but
the presence of TDZ and BAP resulted in death of the explants (Lievens et al. 1989).

Mantell et al. (1998) observed that explants cultured continuously in the pres-
ence of cytokinins experienced decreased bud sprouting and shoot elongation,
which are unsuitable factors to achieve shoot multiplication. Several studies on
shoot development from axillary buds of cashew required a two-step procedure. The
first step is the addition of high doses of cytokinin to induce bud development, fol-
lowed by a second low concentration of cytokinin deployed for shoot elongation.
The use of gibberellic acid (GA;) in the medium enhanced bud sprouting and shoot
elongation in cashew, but inhibits rooting of the derived plantlets (Leva and Falcone
1990; Lievens et al. 1989; Mantell et al. 1998). Boggetti (1997) reported that root-
ing abilities were reduced in cashew explants cultured in rooting medium supple-
mented with GA;. Root initiation from microshoots derived from nodal explants
appeared to be less successful than those from cotyledonary nodal explants (Aliyu
and Awopetu 2005), because of their more meristematic/juvenile character and
active morphogenic stage. D’Silva and D’Souza (1992) reported that the combina-
tion of 2.9 mM TAA and 4.9 mM IBA induces 80.3% rooting in shoots derived from
cotyledonary node. Microshoots treated with 5 mg/l NAA induced only 25% root-
ing (Leva and Falcone 1990) and 2 mg/l IBA reported only 30% rooting (Lievens
etal. 1989). Mantell et al. (1998) achieved 42% rooting in microshoots derived from
nodal explants of 1-year-old plants treated with 100 mM of IBA for 5 days. Das
et al. (1996) reported the induction of rooting from cotyledonary node-derived
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microshoots using Agrobacterium rhizogenes. Jasik et al. (1996) and Boggetti
(1997) achieved induction of rooting from node-derived microshoots of cashew
using various wild and disarmed Agrobacterium strains.

4.4 Conventional Breeding

4.4.1 Breeding Approaches

Anacardium occidentale L. is an important commercial crop in the tropics and also
contributes to social and economic development in various countries (Bezerra et al.
2007; Masawe 2009). It is a diploid with 2n = 42. Cashew nut yields are low because
of lack of soil correction, irrigation and pest control and prevalence of orchards of
trees grown from seeds instead of selected, grafted and productive genotypes (Aliyu
2012a, b; Oliveira 2007; Rossetti and Montenegro 2012). Many researchers report
that inadequate pollination is playing an important role in low productivity of
cashew (Freitas 1997, Freitas et al. 2002; Holanda-Neto et al. 2002; Reddi 1987) in
addition to other factors.

Increased production is a fundamental goal of plant improvement. But in addi-
tion, cashew, being primarily an export-oriented crop, it is also necessary to give
high priority to the development of varieties and hybrids with export-grade
kernels.

Cashew is a cross-pollinating tree crop (Eradasappa and Mohana 2016; Free and
Williams 1976; Palaniswami et al. 1979; Pavithran and Ravindranathan 1974). The
tree bears male staminate (Fig. 4.2a), bisexual, hermaphrodite and pistillate flowers
(Fig. 4.2b) on the same panicle (Ascenso and Mota 1972; Kumaran et al. 1976a, b;

Fig. 4.2 (a) Male cashew flower with an undehisced pink anther, (b) Hermaphrodite cashew
flower with a long pistil and short stamen. (Source: Eradasappa and Mohana 2016)
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Rao and Hassan 1957; Thimmaraju et al. 1980). Abnormal flower types have also
been recorded by a number of researchers (Joseph 1979; Mota 1973; Northwood
1966; Kumaran et al. 19764, b). Cashew plants require at least 4-5 months to com-
plete sequential anthesis in the panicle (Pavithran and Ravindranathan 1974). Male
flowers provide pollen grains for the female part of bisexual flowers for pollination
and fruit set. Although the total number of flowers in a panicle varies from 200 to
1600, over a flowering period of 70-90 days, less than 10% of those are bisexual
flowers. The structure of a hermaphrodite flower includes stamens with short fila-
ments, only half the length of the style, which makes self-pollination difficult and
favors cross-pollination. About 85% of the flowers are fertilized under standard
conditions, only 4-6% of them reach maturity to bear fruits, with the remaining
flowers shed at various stages of development. Earlier, it was reported that pollina-
tion takes place by wind (Aiyadurai and Koyamu 1957; Haarer 1954; Rao and
Hassan 1957). However, Reddi (1991) and Frietas and Paxton (1996) reported that
pollination is by insects. Furthermore, insects like flies (Roubik 1995), moths
(Kevan 1975) and bees (Bhattacharya 2004; Paiva et al. 2009; Freitas and Paxton
1996; Heard et al. 1990) have been viewed as the major cashew pollinators, but little
information is available about the effective pollinators and use of honeybees for
pollination (Freitas 1994). Sundararaju (2000, 2003, 2011) reported that in coastal
regions of Karnataka, India, the pollinator activities on cashew were low. However,
halictid and honey bees, constantly visit fresh flowers. Among them, the halictid
bee, (Pseudapsis oxybeloides) was dominant and mainly collects pollen from male
flowers as well as nectar from hermaphrodite flowers in visits of 2-5 seconds/flower.
Rao and Hassan (1957) reported that peak anthesis is between 0900 and 1100 hours.
Hermaphrodite flowers start opening from 0900 to 1000 and continue until
1300 hours. Staminate flowers open from 0900 and continue until about 1500 hours.
Damodaran et al. (1965, 1966) reported that staminate flowers open very early in the
morning and continue until about 1600 hours. Perfect flowers open mostly between
1000 and 1200 hours. It was reported that over 85% of male flowers opened before
1100 hours, while over 80% of perfect flowers opened between 1000 and 1300 hours
(Damodaran et al. 1979). Wunnachit and Sedgley (1992) reported two stages of
flower opening per day, one in early morning and another around midday.
Eradasappa et al. (2014) noted a pollen fertility range of 53.2-96.4% in varieties
of cultivated species of Anacardium occidentale, whereas in the wild species A.
microcarpum, A. othonianum and A. pumilum, it was 92.3, 90.5 and 93.8%, respec-
tively. Generally, gene pools expand through hybridization with different adaptive
values, providing the hybrids are able to produce segregating progeny in subsequent
generations (Stebbins 1974). Evidence of hybrid vigor with an increase of up to
153% in the nut yield, as compared to plants derived from outcrossed pollinations,
was reported by Damodaran (1975). Manoj and George (1993) and Cavalcanti et al.
(2000) reported the prevalence of heterosis in hybrids of cashew with respect to nut
yield, nut weight and kernel weight. Roy et al. (2018) reported that more than 90%
heritability was found in characters like canopy area, total numbers of laterals, flow-
ering laterals, duration of flowering, sex ratio and weight of cashew apple.
Furthermore, Santos et al. (2010) reported the identification of QTLs (quantitative
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trait loci) and MAS (marker-assisted selection) which are of great interest in breeding
programs with regard to fruit quality. Physicochemical characteristics including
total titrable acidity, phenolics, oligomeric total soluble solids and vitamin-C con-
tents were analyzed in the mapped cashew population. They were detected by QTL
intervals and multiple QTL mapping with high phenotypic variation in the segregat-
ing F1 generation for all traits, and also identified 18 QTLs linked with fruit qual-
ity (Santos et al. 2011). QTLs are promising for marker-assisted selection since they
have the greatest phenotypic effects and contribution to phenotypic variation. The
first genetic map of cashew was published by Cavalcanti and Wilkinson (2007).
QTLs for yield-related traits such as nut weight, male and hermaphrodite flowers
have been identified by Cavalcanti et al. (2007). The traits were identified in 71 F1
genotypes of the cross CCP 1001 x CP 96; 3 QTLs were detected for nut weight, 4
for male flowers and 4 for hermaphrodite flowers. They also suggested that QTLs
accounted for 3.8—13% of the total phenotypic variance and had phenotypic effects
of 31.8-34.2%. The effective potential for marker-assisted selection of the QTL hf-2f
and hf-3 m is great and the percentage of phenotypic variation higher than that of
the others.

Buso et al. (2011) studied the variability in analytical performance among the
tested microsatellite markers. They reported that marker AOBR48 proved to have
the highest polymorphic information content. Out of the 100 new markers, 11
showed segregation of alleles from the female parent in the F1 population, while 21
markers showed segregation of alleles from the male parent. Segregation of alleles
from both parents in the F1 population was fully informative by only 3 markers.
About 29 markers were mapped in this population and 11 markers were positioned
in the male and female maps. Aliyu and Awepetu (2007) reported 59 accessions of
cashew derived from both local and exotic populations of Nigeria, to assess the
extent of variability and pattern of genetic diversity among these populations. They
found that 4 distinct morpho-genetically diverse clusters on the basis of multivariate
analyses. The groupings formed appeared to be a function of origin, genetic and/or
agronomic affinity of the selections and ecogeographical distribution. They also
noted that 2 major clusters have been formed. One major cluster having Brazilian
populations, the other major cluster having local clones and Indian selections with
its unique fruiting and tree-growth habits. The clustering pattern is clearly reflected
at the subcluster levels which is the affinity of each genetic population. Fruit char-
acters are the most discriminating parameters for delineating cashew at the varietal
level on the basis of PCA (principal component analysis) and potency indices.
Mzena et al. (2018) reported that the genetic variability among the genotypes based
on plant height, nut size, canopy diameter, number of nuts, number of kernels, ker-
nel weight and yield. The genotypes trait (GT) biplot analysis help to rank the geno-
types with respect to agro-morphological attributes. They found there was correlation
of yield with number of nuts (r = 0.908), number of kernels (r = 0.918), canopy
height (r = 0.372). Moreover, there was insignificant correlation between yield and
either nut weight, kernel weight or percentage outturn. This information will help to
breeders on developing linkage mapping and implementing selection strategies.
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4.4.2 Breeding Objectives and Constraints

Uniform planting material is an essential input for crop productivity to achieve high
yield. The main objectives of a cashew improvement program should include devel-
opment of new commercial varieties having dwarf/semi-dwarf canopy, large nut
size with higher shelling percentage, higher kernel grade and tolerance to biotic and
abiotic stress. Some researchers suggest that a cashew breeding program should be
broken down into five objectives for improvement. First, to develop varieties and
hybrids with export grade kernels, large nuts, yield of more than 10 kg/tree/year and
a greater fruit setting percentage of up to 18%. Second, to develop plants having
dwarf stature with a compact canopy, short flowering phase to reduce the chances of
losing crops due to pest infestation and also to minimize the cost of harvesting nuts.
Third, to select trees with a high frequency of bisexual flowers and also emphasize
the importance of staminate flowers to provide more efficient pollen production so
that trees with mixed phase and also high sex ratio are preferred as parents over
types which have distinct male and hermaphrodite phases. Fourth, to develop variet-
ies which show field tolerance to the tea mosquito bug (Helopeltis theivora). Fifth,
to select germplasm having a minimum of 28% shelling percentage in cashew ker-
nels and also to develop varieties with high nutritive value of the kernels.

Paiva et al. (2009) suggested that the breeding of cashew through either clonal
improvement (through selecting and evaluating the cloned plants with desired traits)
or population movement (selection by evaluating of progenies from selected plants
with desired characteristics) or population improvement followed by clonal selec-
tion. They also suggested that diversified genetic materials should be considered to
the extent possible, not only because clones may not be adaptable to certain ecosys-
tems, but also to avoid the creation of genetic vulnerability. The polycross method
is an alternative for improving allogamous species, especially those with small her-
maphroditic flowers. This method yields results similar to those obtained through
biparental crosses. It was first applied in cashew breeding in 1978 aimed at develop-
ing dwarfism, precocity and high nut yield and weight (Barros et al. 1984).

The hybridization method has been standardized for breeding varieties in cashew
by various researchers. Cavalcanti et al. (1997) used hybridization and reported the
differences among genotypes and their crosses in relation to early nut yield.
Subsequently, they detected significant variation with regard to the different traits
such as plant height, number of nuts, nut yield, canopy diameter and nut and kernel
weight (Cavalcanti et al. 2000). Winter et al. reported highly heterozygous hybrids
typically exhibited enhanced vigor. Damodaran (1975) reported that plants obtained
from outcrossed pollination have hybrid vigor with increments of up to 153%.
Manoj and George (1993) reported the occurrence of heterosis in cashew in relation
to nut yield, nut weight and weight of the kernel. Bhat and Kumarn (1998) showed
that the paper-roll method of hybridization was better than other methods. The main
strategies are to develop of dwarf and semi-compact hybrids for high density plant-
ing systems, development of hybrids with high yield and large/medium nut size.
Cavalcanti et al. (2003) identified that traits like plant height, canopy diameter, and
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number of nuts, nut yield, nut weight and weight of kernel have also been increased.
Advances in technology have put many more tools into the hands of breeders.
Technologies like molecular markers, mutation breeding, molecular breeding,
in vitro approach and transgenic breeding, bioinformatics and other techniques are
expediting the process of analyzing and assessing traits (Paiva et al. 2009).

Transgenic breeding is complementary to conventional breeding. With the
advancements in genetics and molecular biology, genetic engineering has become
one of the essential issues in molecular breeding. Regeneration of transformed plant
from tissue/organ is still the key factor which seriously restricts the enhancement of
crops through genetic transformation. Sharma et al. (2000) reported that the stable
putative regeneration system, target genome and a vector to carry the gene, a candi-
date gene, and modification of foreign DNA to enhance its expression, identification
and characterization of transformed cell with aspirant plants at the molecular levels
are prerequisites to genetic transformation. Genetic engineering offers an additional
source of diversity through which breeders can develop new resistant varieties and
introduce genes which confer resistance. Kiran Nivas et al. (2007) reported a method
to introduce insect resistance into cashew trees by transformation, to increase yield
and reduce the pesticide load on the environment. They used Agrobacterium tume-
Jaciens strain EHA-105 with plasmid pBIN m-gfp5-ER for stable transformation
and selection of transformants by using the nptll (kanamycin resistance) marker.
Successful transformation was also confirmed with PCR amplification of trans-
formed plants developed in vitro using GFP specific primers.

Plant breeding is acknowledged to be a key factor for adaptation of cropping
systems to climate change. As a whole, breeding for climate change focuses on
genes with large effects on heavy metal, cold, submergence, flooding and drought
tolerance, but phenology and stress tolerance are highly polygenic. The most vital
elements of a cropping system and its adaptation to climate change are: breeding
cycles that provide farmers with a new cultivars developed in and for the current
climate; selection of elite germplasm from other agroclimatic regions that currently
experience conditions likely to occur in the target region as a result of climate
change; evaluation of potential new cultivars under the range of climate conditions
they are likely to encounter in commercial cultivation; and seed systems that deliver
new varieties to farmers quickly to replace them with changing climate. Climate
change severely affects crops in most countries; the systems for delivering these
adaptation tools are inadequate. Samal et al. (2003) noted that classical phenotype
traits are useful; although the efficiency of selection may be influenced by environ-
mental effects or by developmental stages. The environmental effect can also be
minimized by appropriate experimental breeding design. Moreover, cashew breed-
ing is mostly based on selection of useful traits like nut size, nut weight, and sex
ratio, length of panicle and yield performance, as reported by Mneney et al. (2001).
Several new varieties have been already developed and crop improvement continues
to address new challenges of biotic and abiotic stresses. The greatest cashew diver-
sity is reported to exist in the various coastal ecosystems. Due to high heterozygos-
ity coupled with cashew’s allogamous nature, plantations have segregated seedling
progeny with enormous variability with respect to yield, nut size and growth habit.
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As a result, there exist natural recombinants having certain desired high-yielding
traits in them, which are identified as plus trees for conservation.

4.5 Germplasm Conservation Approaches

Germplasm conservation is one of the emerging areas closely linked to plant
improvement programs. Conservation of plant genetic resources can be achieved
either in situ or ex situ, or by a combination of the two. Particularly in India, cashew
is mainly grown along the West Coast in the states of Maharashtra, Karnataka,
Kerala, Goa, Tamil Nadu, Andhra Pradesh and West Bengal; and Odisha along the
East Coast. To a very limited extent it is grown in northeastern India, the Andaman
and Nicobar Islands and Chattisgarh union territories. Cashew is an important hor-
ticultural crop in the country, earning a substantial amount of foreign exchange with
the export of over 95,000 mt of cashew kernels, as reported by Bhaskara Rao (2000).
As cashew is a cross-pollinated crop and highly heterozygous, segregation has
resulted in large variations within plantation populations (Bhaskara Rao and Bhat
1996; Bhaskara Rao and Swamy 1994). Since 1986, cashew germplasm collection
and conservation has been carried out at the National Research Centre for Cashew,
Puttur, Karnataka. A total of 419 clonal accessions have been collected and con-
served in the National Centre in India.

Mantell et al. (1998) reported that MS medium with reduced salts helps in opti-
mal development of shoot production. Earlier, D’Silva and D’ Souza (1992) reported
that there was significant effect of sucrose concentrations on the number of develop-
ing buds in vitro. Minimal concentrations of sucrose, as well as nutrient composi-
tion, enhance long-term in vitro culture for conservation. Frequent change in culture
and transfer to low concentration of nutrient medium without growth regulators
enhanced conservation effectiveness. Castro et al. (2011) characterized 46 acces-
sions of cashew collected in the savanna and maintained under long-term field con-
servation, all of which exhibited high phenotypic variability. Keller et al. (2011)
reported that storage of genetic material at a low temperature is the safest and most
cost-effective method to maintain vegetatively-propagated germplasm or to store
recalcitrant seeds. Embryo encapsulation, slow-growth dormant bud culture through
in vitro and cryopreservation have valuable methods for conservation of valuable
genetic resources.

4.6 Molecular Diversity Analysis

During the sixteenth century, cashew was introduced into India in the Goa region
and Malabar Coast of Kerala. Wide variation was observed within accessions
derived from seed due to the cross-pollinating nature of the crop. Germplasm char-
acterization has been made through morphological as well as molecular levels for
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further program improvement. The cashew plant has a high content of phenol and
tannin which hinder the extraction of quality genomic DNA from leaf tissues for
molecular studies. Rout et al. (2002) established a method of plant DNA extraction
from high tannin content leaf tissues of cashew for molecular studies. Archak et al.
(2003) reported DNA profiling of 24 selections and 11 hybrids with increased yield
and excellent nut characters. They used both randomly amplified polymorphic DNA
(RAPD) and inter simple sequence repeats (ISSR) markers to identify genotypes for
a breeding program. A total of 94 DNA fragments were generated which differenti-
ated all the varieties. There was no correlation between the relationships based on
molecular data and the pedigree of the varieties. Differences in the average similar-
ity coefficients between selections and hybrids was very low, indicating hybridiza-
tion. Samal et al. (2003, 2004) noted the genetic relationships of 25 varieties of
cashew, collected from India on the basis of phenotypic characters and RAPD mark-
ers. They found 80 distinct DNA fragments with a range of 0.2-3.0 kb by using 11
selected random decamer primers. Cluster analysis clearly showed 25 varieties of
cashew grouped into 2 major clusters based on similarity indices. They reported that
Ullal-3 and Dhana (H-1608) showed the highest similarity indices (87%) among the
20 varieties. They also indicated that Vengurla-2 has very close similarity (85%)
with variety Vridhachalam-3 (M-26/2). Genotypes Vengurla-2 and Vengurla-3 were
not grouped into a single cluster but Vengurla-4 has 82% similarity to Vengurla-3.
Aliyu and Awepetu (2007) reported the pattern of diversity among 59 cashew acces-
sion breeding populations, assessed using protein-isozyme markers. All the acces-
sions grouped into 6 clusters, indicating moderate diversity among Nigerian cashew
collections. The clustering pattern was depended on the ecogeographical origin of
the accessions. Closer genetic affinity was observed between Indian and local clonal
populations. Dasmohapatra et al. (2014) studied the molecular and agro-
morphological assessment of Indian cashew genotypes and found wide genetic
variation with regard to nut yield, nut weight, shelling percentage, height and trunk
girth of the potentially superior genotypes. Table 4.1 shows the phenotypic variation
among 25 genotypes with regard to nut yield, nut weight, shelling percentage and
apple weight. A wide variation was noted with regard to fruit quality, fruit color, nut
weight, shelling percentage, and nut yield and apple weight. Maximum and mini-
mum plant height was observed in variety Chintamani-1 and Ullal-1, respectively,
with a 0.65 CD value. The CD value of nut weight and nut yield was 0.532 and
0.452, respectively (Table 4.1). Nut yield and weight were significantly different
between the 25 genotypes. The shelling percentage varied from 26% to 35% in dif-
ferent genotypes. The color of the apple and apple weight also vary in different
genotypes of cashew (Fig. 4.3).

Identification of a cashew genotype and its genetic relationships is difficult due
to the lack of morphological and floral traits. Significant variation exists among the
genotypes due to cross-pollination. DNA profiles of 25 cashew genotypes with 20
random primers were generated with 103 consistent DNA amplified bands with a
range of 100-2500 bp. Out of 103 DNA fragments, 19 were monomorphic and the
minimum and maximum amplification fragments were generated in primers OPC-
18 and OPN-06, respectively. The pattern of RAPD profiles generated by the primers
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Fig. 4.3 Fruits of 25 cashew genotypes. See Table 4.1 for genotypes description. (Photos by
G.R. Rout and R. Dasmohapatra)

OPC 18, OPC 04 and OPA 20 are presented in Fig. 4.4. The polymorphic informa-
tion content (PIC) showed a variation of 0.32-0.90, with an average PIC value at
0.64 and the marker index (MI) range of 0.54-8.80 with an average of 2.95. Among
the 9 DNA fragments amplified by primer OPA 07, 2 unique bands (300 bp and 900
Kb) were observed in varieties BPP-6, Ullal-1 and Ullal-4, which clearly distin-
guished them from other genotypes. Similarly, another unique band of 800 bp was
observed in genotypes Vengurla-4 and Madakkathara with primer OPC 04. They
also reported that a total of 116 DNA amplifications with a range of 200-2500 bp
were detected among the 25 genotypes using 14 ISSR primers. ISSR primers AM 2
and UBC 872 produced the maximum 13 amplification bands followed by UBC
827. The minimum number of bands was noted in UBC 825 and the average number
of bands per primer was 8.21. Out of a total of 116 ISSR fragments, 104 bands
(89.6%) were polymorphic. The level of polymorphism generated by ISSRs (89.6%)
was more than that of the RAPD primer (81.5%). The pattern of ISSR profiles pro-
duced by primers UBC 872, UBC 827 and AM-2 are shown in Fig. 4.5. Combining
the RAPD and ISSR markers, a total of 219 bands were detected, out of which 188
bands (85.8%) were polymorphic, with an average of 5.52 polymorphic markers per
primer. The maximum polymorphism was observed both in RAPD and ISSR mark-
ers with a high level of genetic variation existing within the genotypes because of
different genetic sources of origin.
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Fig. 4.4 RAPD profile of 25 cashew genotypes generated by using primers OPC 18 (a), OPC 04
(b) and OPA-20 (c). M, kb molecular weight ladder, 1: BBSR-1, 2: Jagannath, 3: Balabhadra, 4:
BPP-4, 5: BPP-6, 6: BPP-8 (H-2/16), 7: Ullal-1, 8: Ullal-3, 9: Ullal-4, 10: Chintamani, 11: NRCC-
2,12: Vengurla-1, 13: Vengurla-4, 14: H255, 15: Madakkathara-1 (BLA-39-4), 16: Madakkathara-2,
17: Dhana (H-1608), 18: Kanaka (H-1598), 19: Priyanka (H-1591), 20: H -68, 21: Amrutha, 22: K
22-1, 23: Bhaskara, 24: Vridhachalam-3 (M-26/2), 25: Jhargram. (Source: Dasmohapatra et al.

2014)

The pair-wise comparison of genetic similarity of the 25 genotypes ranged from
a maximum of (0.87) between Ullal-1 and Vengurla-1, to a minimum of (0.48)
between Bhaskara and Priyanka in the combining of two DNA markers. Genotypes
developed through selection showed the maximum genetic variation. A dendrogram
plotted using cumulative data of the similarity coefficient derived from RAPD and
ISSR profiles is presented in Fig. 4.6 (Dasmohapatra et al. 2014). On the basis of the
similarity matrix, there were 2 major clusters with 62% similarity. There were 5
genotypes represented in Cluster-I, whereas 19 genotypes were represented in major
cluster-II. Major cluster-Il was further divided into 2 minor clusters, III and
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Fig. 4.5 ISSR profile of 25 cashew genotypes generated by using primers UBC 872 (a), UBC 827
(b), AM- 2 (¢). M, kb molecular weight ladder, 1: BBSR-1, 2: Jagannath, 3: Balabhadra, 4: BPP-4,
5: BPP-6, 6: BPP-8 (H-2/16), 7: Ullal-1, 8: Ullal-3, 9: Ullal-4, 10: Chintamani, 11: NRCC-2, 12:
Vengurla-1, 13: Vengurla-4, 14: H255, 15: Madakkathara-1 (BLA-39-4), 16: Madakkathara-2, 17:
Dhana (H-1608), 18: Kanaka (H-1598), 19: Priyanka (H-1591), 20: H -68, 21: Amrutha, 22: K
22-1, 23: Bhaskara, 24: Vridhachalam-3 (M-26/2), 25: Jhargram. (Source: Dasmohapatra et al.
2014)

IV. Minor cluster III contained 1 genotype, Jagannath, with 0.66 similarity and
minor cluster I'V represented 18 genotypes with 2 sub-minor cluster groups, V and
VI. Sub-minor cluster V contained 14 genotypes and VI with 4 genotypes, showed
a similarity index of 0.77-0.87. However, sub-minor cluster V further divided into
2 groups, VII and VIII. Cluster VII has 2 genotypes Balabhadra and BPP-4, with
76% similarity among themselves. A total of 12 genotypes were represented in clus-
ter VIII, having 2 groups, IX and X. Cluster IX represented 2 genotypes (Ullal-3 and
NRCC-2) with 75% similarity. Cluster X having 10 genotypes, has 2 groups XI and
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Fig. 4.6 Dendrogram generated from cumulative RAPD and ISSR profile data depicting relation-
ship among the 25 cashew genotypes presented in Table 4.1. (Source: Dasmohapatra et al. 2014)

XII. Cluster XI has 1 genotype (Dhana) and cluster XII has 9 genotypes with 2
clusters, XIII and XIV. Cluster XIII has 6 genotypes with 87% maximum similarity
between Ullal-1 and Vengurla-1, as these genotypes were identified through selec-
tion. Cluster XIV has 4 genotypes with 83% similarity between Amrutha and
Bhaskara.

Genotypes developed from different sources (origin/regions) were found repre-
sented in different clusters, indicating a correlation between their morphological
attributes and molecular groupings because of the selection of genotypes through
crossbreeding. Dhanaraj et al. (2002) and Thimmappaiah et al. (2009) also reported
a high percentage of genetic variation among the genotypes. Sika et al. (2015) used
SSR markers for genetic characterization of cashew cultivated in Benin. A total of
146 polymorphic bands were produced with low genetic diversity (Shannon
index = 0.04) and produced 3 clusters based on their genetic variations. Jena et al.
(2017) reported the genetic diversity analysis among 12 varieties of cashew nut on
the basis of morphometric, yield performance and DNA markers. They used the
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Dice dissimilarity coefficient to discriminate cultivars on the basis of plant growth,
flowering, fruit and nut characters. Out of 35 decamer primers, 15 primers gener-
ated informative polymorphism (average 79.18%). Both morphometric descriptors
and RAPD markers proved their effectiveness in distinguishing the different culti-
vars in the cashew germplasm of India.

Sethi et al. (2016) used 15 RAPD primers to study the genetic diversity of 20
cashew hybrids and their 8 parents. They found 1742 alleles with an average of 62.2
alleles per genotype, with 87.8% polymorphism. On average 7.66 bands were pro-
duced with a range of 4—15 fragments per primer. They observed that hybrids H-6
and D-19 maintained a high level of average genetic dissimilarity with the rest of the
tested genotypes. The hybrids comprising the most divergent genetic group showed
significantly above-average productivity and these could enrich the cashew gene
pool. Thimmappaiah et al. (2016) used different DNA markers (RAPD, ISSR, SSR)
to detect the genetic similarity among 40 cashew genotypes. They found 71.8%
polymorphism in RAPD, 87.5% in the case of ISSR and 93.3% in terms of SSR
markers, which indicated high genetic variation existing among the tested geno-
types. PIC (polymorphic information content) and MI (marker index) indicated that
SSR and ISSR markers are highly informative. The average genetic similarity was
0.53, 0.63 and 0.76, respectively, revealed predominance of high genetic similarity
rather than diversity. The genetic similarity co-efficient with combined markers
showed a range of 0.46—0.86, with an average similarity of 0.66, also indicating
narrow genetic distances and low diversity occurring between the varieties. The
high genetic similarity (0.86) found between V-7 and BPP-5 indicates their close
relationship and low genetic divergence. The low similarity (0.46) observed between
Ullal-1 and Jhargram-1 indicates high genetic divergence with these varieties
(Thimmappaiah et al. 2016). Both RAPD and ISSR markers detected high genetic
similarity (0.95) between genotypes Goall/6 and VRI-3 and also high genetic
diversity between Jhargram-1 and Ullal-1, and Jhargram-1 with Chintamani-1. A
dendrogram constructed using the data regenerated by 3 markers showed 10-12
similar groupings except for some minor differences. There was little correspon-
dence in the molecular groupings observed between the genotypes originated from
the same region or similar morphology. The unique markers may be useful to iden-
tify genotypes for breeding programs.

4.7 Conclusions and Prospects

Cashew is a cash crop of major global interest and has been expanding in interna-
tional markets over recent decades. The crop is mainly cultivated in tropical coun-
tries. Among the main producers of cashew nuts, emerging countries like Vietnam,
India, Nigeria and Ghana have economies which significantly rely on the cashew
industry. Cashew has the potential to enhance societal development in local com-
munities by empowering the most vulnerable groups which are involved in cashew
production. By considering the growing population and the increase in smallholder
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agriculture, sustainable production of any cropping system, including cashew, needs
to address enhanced productivity together with maintaining the stability of other
ecosystems. Cashew breeding programs are involved in plant introduction, progeny
testing, individual selection and hybrid breeding. The selection of individual hybrid
combinations is of great importance for any breeding program. Development of
genetic maps for identifying QTLs in cashew and an integrated approach combining
conventional and molecular breeding techniques and tools will help advance cashew
improvement programs. The collection of core germplasm and its conservation are
of utmost importance. Therefore, more research needs to be carried out to under-
stand the governance of the cashew nut production chain for livelihood support to
vulnerable groups of people.

Appendices

Appendix I: Research Institutes Concerned with Cashew

Contact
information and
Institution Specialization and research activities | website
Odisha University of Agriculture | Agricultural Biotechnology, http://ouat.ac.in
& chchnology, Bhubaneswar, Research on Crop improvement,
India Postharvest Technology/Horticultural
research
Appendix II: Genetic Resources of Cashew
Cultivar Important traits Cultivation location
BBSR-1 Shelling percentage Eastern part of India
Jagannath High yield Eastern part of India
Balabhadra High yield, canopy Eastern part of India
structure
BPP- 4 Nut yield, apple weight | Eastern and southern part of India
BPP- 6 Nut yield, apple weight | Eastern and southern part of India
BPP- 8 Nut yield, apple weight | Eastern and southern part of India
Ullal-1 Trunk girth, nut weight | Northern, eastern and southern parts of
India

(continued)
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Cultivar Important traits Cultivation location

Ullal-3 Nut weight Northern, eastern and southern parts of
India

Ullal-4 Nut weight Northern, eastern and southern parts of
India

Chintamani- 1 High yield, canopy Eastern part of India

structure

NRCC-2 Nut weight Southern part of India

Vengurla-1 Nut weight Southern part of India

Vengurla-4 Nut weight Southern part of India

Vengurla — 7(H255) Nut weight Southern part of India

Madakkathara —1 Shelling percentage Eastern and southern part of India

(BLA-39-4)

Madakkathara —2 High shelling percentage | Eastern and southern part of India

(NDR-2-1)

Dhana (H-1608) High yield Western and southern part of India

Kanaka (H-1598) High yield Western and southern part of India

Priyanka (H-1591) Nut weight Western and southern part of India

Vengurla —6 (H-68) Nut weight Western and southern part of India

Amrutha (H-1597) Nut weight Eastern part of India

K-22-1 Nut weight Northern, eastern and southern parts of
India

Bhaskara Shelling percentage Northern, eastern and southern parts of
India

Vridhachalam-3 Shelling percentage Northern, eastern and southern parts of
India

Jhargram-1 Nut weight Northern, eastern and southern parts of
India

References

Abdul Salam M, Peter KV (2010) Cashew, a monograph. Studium Press Pvt. Ltd, New Delhi

Aiyadurai SG, Koyamu K (1957) Variations in seedling trees of cashew. South Indian Hortic
5:153-156

Aliyu OM (2005) Application of tissue culture to cashew (Anacardium occidentale L.) breeding:
an appraisal. Afr J Biotech 4(13):1485-1489

Aliyu OM (2012a) Development of the flow cytometric protocol for ploidy analysis and determi-
nation of relative nuclear DNA content in cashew (A. occidentale L.). Am J Biochem Mol Biol
2(4):200-215

Aliyu OM (2012b) Genetic diversity of Nigerian cashew germplasms. In: Caliskan M (ed) Genetic
diversity in plants. InTech Open Access Publisher, Rijeka, pp 128—138

Aliyu OM, Awopetu JA (2005) In vitro regeneration of hybrid plantlets of cashew (Anacardium
occidentale L.) through embryo culture. Afr J Biotech 4(6):548-553

Aliyu OM, Awopetu JA (2007) Multivariate analysis of cashew (Anacardium occidentale L.)
germplasm in Nigeria. Silvae Genet 56:170-179

Aliyu OM, Awopetu JA (2008) Studies of flowering pattern in cashew (Anacardium occidentale
L.). Nigerian J Genet 18(1):29-35



100 S. Palei et al.

Archak S, Gaikwad AB, Gautam D et al (2003) DNA fingerprinting of Indian cashew (Anacardium
occidentale L.) varieties using RAPD and ISSR techniques. Euphytica 230:397-404

Ascenso JC, Mota MI (1972) Studies on the flower morphology of cashew (Anacardium occiden-
tale L). Agron Mogamb 6:107-118

Azam-Ali SH, Judge EC (2001) Small-scale cashew nut processing. Food and Agriculture
Organization, FAO, Rugby. http:// www.anacardium.info/IMG/pdf/Small-scale

Bailey LH (1961) Manual of cultivated plants. Mac Millan, New York

Barghich M, Alderson PG (1983) In vitro culture in cashew (Anacardium occidentale L.). Acta
Hortic 131:49-60

Barros LM (1995) Botanica, origem e distribui¢do geogréfica. In: Aratjo JPP, Silva VV (eds)
Cajucultura: modernas tecnicas de producio. EMBRAPA/CNPAT, Fortaleza, pp 55-72

Barros LM, Aratjo FE, Almeida JIL, Teixeira LMS (1984) A cultura do cajueiro ando. EPACE,
Fortaleza (EPACE Documentos 3)

Barros LM, de Paiva JR, Cavalcanti JJV, Aratjo JPP (2002) Cajueiro. In: Bruckner CH (ed)
Melhoramento de fruteiras tropicais. Editora UFV, Vicosa, pp 159-176

Bessa AMS, Sardinha RMA (1994a) Propagagio vegetative do cajueiro (Anacardium occidentale
L.) atraves da cultura in vitro de microestacas. Abstracts of XIII Congresso brasileiro de fruti-
cultura 1:257-258

Bessa AMS, Sardinha RMA (1994b) Produgido multipla de rebentos de cajueiro (Anacardium
occidentale L..) na base das microestacas in vitro. Abstracts of XIII Congresso brasileiro de
fruticultura 1:259-260

Bezerra MA, Lacerda CFD, Gomes Filho E et al (2007) Physiology of cashew plants grown under
adverse conditions. Braz J Plant Phys 19(4):449-461

Bhat MG, Kumara PM, Thimmappaiah (1998) Pollination technique in cashew. The Cashew
12:21-26

Bhattacharya A (2004) Flower visitors and fruit set of Anacardium occidentale. Ann Bot Fennici
41:385-392

Bhaskara Rao EVV (2000) Technological options available for improved production from new
cashew orchards. In: Mohanty KK, Lenka PC, Patnaik AK (eds) State level seminar on cashew-
selected articles on cashew. Orissa State Cashew Development Corporation Ltd, Bhubaneswar,
pp 12-15

Bhaskara Rao EVV, Bhat MG (1996) Cashew breeding - achievements and priorities. Proceedings
of the seminar on crop breeding in cashew. KAU, Kerala, pp 47-53

Bhaskara Rao EVV, Swamy KRM (1994) Genetic resources of cashew. In: Chadha KL, Rethinam
P (eds) Advances in horticulture, Plantation and spice crops. Part 1, vol 9. Malhotra Publishing
House, New Delhi, pp 79-97

Boggetti B (1997) Development of micropropagation and potential genetic transformation system
for cashew (Anacardium occidentale L.). Wye College, University of London, PhD thesis

Brizicky GK (1962) The genera of Anacardiaceae in the southeastern United States. J Arnold
Arbor 43:359-365

Buso G, Lamas N, Cavalcanti JJ, Ferreira MA (2011) Development, characterization and use of
microsatellite markers for genetic analysis of cashew tree (Anacardium occidentale). BMC
Proc 5(7):P157

Castro ACR, Sobreira OV Jr, Bordallo PN et al (2011) Morphological variability of cashew from
the Brazilian savannah. Acta Hortic 918:863-869

Cavalcanti JJV, Wilkinson MJ (2007) The first genetic maps of cashew (Anacardium occidentale
L.). Euphytica 157(1-2):131-143

Cavalcanti JJV, Pinto CABP, Criséstomo JR, Ferreira DF (1997) Capacidade de combinagdo do
cajueiro (Anacardium occidentale L.) em relacdo a produgdo precoce de castanha. Revista
Ceres Vicosa 44:466—472

Cavalcanti JJV, Pinto CABP, Cris6stomo JR, Ferreira DF (2000) Anélise dialélica para avaliagido
de hibridos inter populacionais de cajueiro. Pesq Agropec Brasil 35:1567-1575

Cavalcanti JJV, Criséstomo JR, Barros LM, Paiva JR (2003) Heterose em cajueiro ando precoce.
Ciéncia e Agrotecnologia 27:565-570


http://www.anacardium.info/IMG/pdf/Small-scale

4 Cashew Nut (Anacardium occidentale L.) Breeding Strategies 101

Cavalcanti JJV, de Resende MDYV, Cris6stomo JR et al (2007) Genetic control of quantitative traits
and hybrid breeding strategies for cashew improvement. Crop Breed Appl Tech 7(2):186—195

Dasmohapatra R, Rath S, Pradhan B, Rout GR (2014) Molecular and agro-morphological assess-
ment of cashew (Anacardium occidentale L.) genotypes of India. J Appl Hortic 16(3):215-221

Damodaran VK (1975) Hybrid vigour in cashew (Anacardium occidentale L.). Agric Res J Kerala
13:195-196

Damodaran VK, Abraham J, Alexander KM (1965) The morphology and biology of the cashew
flower I — Flowering habit, flowering season, morphology of the flower and sex ratio. Agric
Res J Kerala 3:23-28

Damodaran VK, Abraham J, Alexander KM (1966) The morphology and biology of the cashew
flower II - Anthesis, dehiscence, receptivity of stigma, pollination, fruit set and fruit develop-
ment. Agric Res J Kerala 4:78-84

Damodaran VK, Vilaschandran T, Valsalakumari PK (1979) Research on cashew in India. KAU,
Trichur

Das S, Jha TB, Jha S (1996) In vitro propagation of cashew nut. Plant Cell Rep 15(8):615-619

Dhanaraj A, Bhaskara Rao EVV, Swamy KRM et al (2002) Using RAPDs to assess the diversity
in Indian cashew (Anacardium occidentale L.) germplasm. J Hortic Sci Biotech 77(1):41-47

D’Silva I, D’Souza L (1992) In vitro propagation of (Anacardium occidentale L.). Plant Cell
Tissue Organ Cult 29:1-6

Eradasappa E, Mohana GS (2016) Role of pollination in improving productivity of cashew — a
review. Agric Rev 37:61-65

Eradasappa E, Mohana GS, Thimmappaiah SPL (2014) Pollen fertility in cultivated and wild spe-
cies of cashew. J Plant Crops 42:268-271

Falcone AM, Leva AR (1987) Prove preliminari sulla morfogenesi in colture di anacardio. Riv
Agric Subtrop Tropic 81:117-125

FAOSTAT (2015) Production and trade of cashew nut with shell. http://faostat3.fao.org/browse/Q/
QCI/E and http://faostat3.fao.org/download/T/TP/E

Food and Agriculture Organization — FAO (2013a). http://faostat3.fao.org/faostat-gateway/go/to/
browse/Q/QC/E

Food and Agriculture Organization — FAO (2013b) Dietary protein quality evaluation in human
nutrition — report of an FAO expert consultation. http://www.fao.org/ag/humannutrition/35978

Food and Agriculture Organization — FAO (2013c). http://faostat3.fao.org/faostat-gateway/go/to/
download/P/PP/E

Free JB, Williams IH (1976) Insect pollination of Anacardium occidentale L., Mangifera indica L.,
Blighia sapida Koeng and Persea americana Mill. Trop Agric 53:125-139

Freitas BM (1994) Beekeeping and cashew in north eastern Brazil; the balance of honey and nut
production. Bee World 75:160-168

Freitas BM (1997) Changes with time in the germinability of cashew (Anacardium occidentale)
pollen grains found on different body areas of its pollinator bees. Rev Bras Biol 57:289-294

Freitas BM, Paxton RJ (1996) The role of wind and insects in cashew (Anacardium occidentale)
pollination in NE Brazil. J Agric Sci 126:319-326

Freitas BM, Paxton RJ, Holanda-Neto JP (2002) Identifying pollinators among an array of flower
visitors, and the case of inadequate cashew pollination in NE Brazil. In: Kevan P, Imperatriz
Fonseca VL (eds) Pollinating bees - the conservation link between agriculture and nature -
Ministry of Environment / Brasilia, pp 229-244

Ghini R, Bettiol W, Hamada E (2011) Diseases in tropical and plantation crops as affected by cli-
mate changes: current knowledge and perspectives. Plant Pathol 60:122—132

Haarer AE (1954) The cashew (Anacardium occidentale Linn) nut. World Crops 6:95-98

Haberlandt G (1902) Kulturversuchemitisolierten Pflanzenzellen. Sitzungsber. Akad. Wiss Wien
Math-Naturwiss KI. Abt J 111:69-92

Heard TA, Vithanage V, Chacko EK (1990) Pollination biology of cashew in the northern territory
of Australia. Aust J Agric Res 41:1101-1114

Hedge M, Kulasekaran M, Jayasankar S, Shanmugavelu KG (1991) In vitro embryogenesis in
cashew (Anacardium occidentale L.). Indian Cashew J 21:17-25


http://faostat3.fao.org/browse/Q/QC/E
http://faostat3.fao.org/browse/Q/QC/E
http://faostat3.fao.org/download/T/TP/E
http://faostat3.fao.org/faostat-gateway/go/to/browse/Q/QC/E
http://faostat3.fao.org/faostat-gateway/go/to/browse/Q/QC/E
http://www.fao.org/ag/humannutrition/35978
http://faostat3.fao.org/faostat-gateway/go/to/download/P/PP/E
http://faostat3.fao.org/faostat-gateway/go/to/download/P/PP/E

102 S. Palei et al.

Hedge M, Kulasekaran M, Shanmugavelu KG, Jayasankar S (1990) In vitro culture of cashew
seedlings and multiple plantlets from mature cotyledons. Indian Cashew J 20:19-24

Holanda-Neto JP, Freitas BM, Bueno DM, Aratijo ZB (2002) Low seed/nut productivity in cashew
(Anacardium occidentale): effects of self-incompatibility and honeybee (Apis mellifera)
behaviour. J Hortic Sci 77:226-231

Jasik J, Boggetti B, Caricao G, Mantell S (1996) Characterization of morphology and root for-
mation in the woody perennial shrub Solanum aviculare. Forst. expressing rolABC genes of
Agrobacterium rhizogenes. Plant Sci 57:175-184

Jena RC, Samal KC, Pal A et al (2017) Genetic diversity among some promising Indian local
selections and hybrids of cashew nut based on morphometric and molecular markers. Int J Fruit
Sci 16:69-93

Jha TB (1988) In vitro morphogenesis in cashew nut (Anacardium occidentale L.). Indian J Exp
Biol 26:505-507

Johnson D (1973) The botany, origin, and spread of the cashew Anacardium occidentale L. ] Plant
Crops 1:1-7

Joseph KT (1979) The cashew flower. Indian Cashew J 12:7-9

Keller ERJ, Senula A, Zanke C et al (2011) Cryopreservation and in vitro culture — state of the art
as conservation strategy for genebanks. Acta Hortic 918:99-111

Kevan PG (1975) Pollination and environmental conservation. Environ Conser 2:293-298

Khosla PK, Sareen TS, Mehra PN (1973) Cytological studies on Himalayan Anacardiaceae.
Nucleus 4:205-209

Kiran Nivas S, Kumar Menon V, Hegde S et al (2007) Agrobacterium-mediated transformation
of Anacardium occidentale L. (cashew) using GFP marker system. Acta Hortic 738:467-471

Kumaran PM, Vimala B, Murthy KN (1976a) On occurrence of pistillate and neutral flowers in
cashew. J Plant Crops 4:82—-84

Kumaran PM, Nayar NM, Nambiar MC et al (1976b) Cashew-varietal improvement. Central
Plantation Crops Research Institute, Annual report for 1975, Kasaragod, India

Lakshmana NP, Sachin S, Math M et al (2018) Studies on cashew apples of different varieties
under coastal zone of Karnataka. Int J Agric Sci 10:5842-5844

Leva AR, Falcone AM (1990) Propagation and organogenesis in vitro of Anacardium occidentale
L. Acta Hortic 280:143-145

Lievens C, Pylyser M, Boxus P (1989) Clonal propagation of Anacardium occidentale by tissue
culture. Fruits 44:553-557

Lim TK (2012) Anacardium occidentale. In: Lim TK (ed) Edible medicinal and non-medicinal
plants, vol 1. Springer, Dordrecht, pp 45-68

Litz RE, Knight RJ, Gazit S (1984) In vitro propagation in Anacardium occidentale L. Sci Hortic
22:233-240

Mahunu GK, Adjei PY, Asante AK (2009) Comparative studies on ages of rootstock seedlings and
grafting methods in cashew (Anacardium occidentale L.). Ghana J Hortic 7:11-17

Manoj PS, George TE (1993) Heterosis in cashew (Anacardium occidentale L.). The Cashew 7:7-9

Mantell SH, Boggett B, Bessa AMS et al (1998) Micropropagation and micrografting methods
suitable for safe international transfer of cashew. In: Proceedings of international cashew and
coconut conference, 1997 — Dar es Salaam, pp 95-107

Martin PJ, Topper CP, Bashiru RA et al (1997) Cashew nut production in Tanzania: constraints and
progress through integrated crop management. Crop Prot 16(1):5-14

Masawe PAL (2009) Modern agro-practices in cashew. J Sci Technol Manag 2(2):1-8

Mgaya J, Shombe GB, Masikane SC et al (2019) Cashew nut shell: a potential bio-resource for
the production of bio- sourced chemicals, materials and fuels. Green Chem 21(6):1186-1201

Mitchell JD, Mori SA (1987) The cashew and its relatives (Anacardium: Anacardiaceae). Mem
New York Bot Gard 42:1-76

Mneney EE, Mantell SH, Bennett M (2001) Use of random amplified polymorphic DNA (RAPD)
markers to reveal genetic diversity within and between populations of cashew (Anacardium
occidentale L). J Hortic Sci Biotech 76:375-383

Moncur MW, Wait AJ (1986) Floral ontogeny of the cashew Anacardium occidentale L.
(Anacardiaceae). Sci Hortic 30(3):203-211



4 Cashew Nut (Anacardium occidentale L..) Breeding Strategies 103

Mota MI (1973) Flower abnormalities in cashew (Anacardium occidentale L.). Agroen Mocamb
7:21-35

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays in tobacco tissue
cultures. Physiol Plant 15:473-497

Mzena GP, Kusolwa PM, Rwegasira GM et al (2018) Agro-morphological characterization of seg-
regating population of cashew (Anacardium occidentale). Res J Agric For 6(4):1-12

Northwood PJ (1966) Some observations on the flowering and fruit-setting in the cashew
(Anacardium occidentale L). Trop Agric (Trin) 43:35-42

Ohler JG (1979) Cashew. Koninklijkinstituutvoor de Tropen; Teskin, Zutphen Co. Amsterdam

Oliveira FNS (2007) Sistema de produgdo para manejo do cajueiro comum e recuperagio de
pomares improdutivos. In: Embrapa Agroindustria Tropical, 2nd edn. Sistema de Produgio,
Fortaleza

Paiva JR d, Barros L de M, Cavalcanti JJV (2009) Cashew (Anacardium occidentale L.) breed-
ing: a global perspective. In: Jain SMS, Priyadarshan PM (eds) Breeding plantation tree crops:
tropical species. Springer, New York, pp 287-321

Palaniswami V, Shahul Hameed A, Vijayakumar M (1979) Vegetative propagation in cashew-work
done at Vridhachalam. In: Bhaskara Rao EVV, Hameed Khan H (eds) Proceedings of the inter-
national cashew symposium, India. Acta Horti 327:67-70

Pavithran K, Ravindranathan PP (1974) Studies on the floral biology in cashew, Anacardium occi-
dentale L. J Plant Crops 1:32-33

Pierik RLM (1990) Rejuvenation and micropropagation. Newsl Int Assoc Plant Tissue Cult
62:11-12

Phillip VJ, Unni PN (1984) In vitro propagation of cashew crop improvement. In: Bhaskara Rao
EVYV, Khan HH (eds) Cashew research and development. CPCRI, Kasargod, pp 77-82

Rao VNM, Hassan MV (1957) Preliminary studies on the floral biology of cashew (Anacardium
occidentale L.). Indian J Agric Sci 27:277-288

Reddi EUB (1987) Under-pollination: a major constraint of cashew nut production. Proc Indian
Natl Sci Acad 53:249-252

Reddi EUB (1991) Pollinating agent of cashew-wind or insects? Indian Cashew J 20:13-18

Rossetti AG, Montenegro AAT (2012) Substituicdo de copa: uma alternativa para recuperar
pomares de cajueiro improdutivos ou de baixa produtividade. Circular Técnica 43. Embrapa
Agroindustria Tropical, Fortaleza

Roubik DW (1995) Pollination of cultivated plants in the tropics, Agricultural Services Bulletin
No. 118. FAO, Rome

Rout GR, Samal S, Nayak S et al (2002) An alternative method of plant DNA extraction of cashew
for randomly amplified polymorphic DNA (RAPD) analysis. Gartenwissenschaft 67(3):1-4

Roy A, Dora DK, Sethi K et al (2018) Studies on variability of different cashew landraces in
Bhubaneswar. Int J Curr Microbiol App Sci 7(12):433-438

Samal S, Lenka PC, Nanda RM et al (2004) Genetic relatedness in cashew (Anacardium occi-
dentale L.) germplasms collections as determined by randomly amplified polymorphic
DNA. Genet Resour Crop Evol 51:161-166

Samal S, Rout GR, Lenka PC (2003) Analysis of genetic relationships between populations of
cashew (Anacardium occidentale L.) by using morphological characterization and RAPD
markers. Plant Soil Environ 49:176-182

Santos FHC, Cavalcanti JJV, Silva FP (2010) Detection of quantitative trait loci for physical traits
of cashew apple. Crop Breed Appl Biotech 10:101-109

Santos FHC, Cavalcanti JJV, Silva FP (2011) QTL detection for physicochemical characteristics
of cashew apple. Crop Breed Appl Biotech 11:17-26

Sardinha RMA, Bessa AMS, Blake J et al (1993) Selection of superior genotypes of cashew
(Anacardium occidentale L.) in Guinea-Bissau and the development of in vitro techniques for
their propagation. Final Scientific Report EU. Contract No. TS2 —A- 0167

Sethi K, Lenka PC, Tripathy SK, Mohanty P (2016) Assessment of molecular genetic diversity and
identification of elite cashew hybrids. Int J Hortic 6(2):1-10

Sharma HC, Sharma KK, Seetherma N, Ortiz R (2000) Prospects for using transgenic resistance to
insects in crop improvement. Electron J Biotech 3(2):76-95



104 S. Palei et al.

Sika KC, Adoukonou-Sagbadja H, Ahoton L et al (2015) Genetic characterization of cashew
(Anacardium occidentale L) cultivars from Benin. J Hort 2:3-17

Stebbins GL (1974) Processos de evolug@o origanica. USP, Sao Paulo

Sundararaju D (2000) Foraging behaviour of pollinators on cashew. The Cashew 14:17-20

Sundararaju D (2003) Occurrence of bee fauna and extent of pollination in insecticide sprayed
ecosystem of cashew. J Palynol 39:121-125

Sundararaju D (2011) Diversity of bee pollinators and flora in cashew. J Hortic Sci 6(1):52-55

Swamy KRM, Singh R, Mohan E (1990) Correlation of success in softwood grafting cashew with
weather parameters. South Indian Hortic 38(6):297-300

Sy MO, Martinelli L, Scienza A (1991) In vitro organogenesis and regeneration in cashew
(Anacardium occidentale L.). Acta Hortic 289:267-268

Thimmaraju KR, Narayana Reddy MA, Suryanarayana Reddy BG, Sulladmath UV (1980) Studies
on the floral biology of cashew (Anacardium occidentale L.). Mysore J Agric Sci 14:490-497

Thimmappaiah SD, Moahana GS et al (2016) Fingerprinting of released varieties of cashew based
on DNA markers. Vegetos Int J Plant Res 29:4—12

Thimmappaiah WG, Santhosh DS, Melwyn GS (2009) Assessment of genetic diversity in cashew
germplasm using RAPD and ISSR markers. Sci Hortic 120:411-417

Wunnachit W, Sedgley M (1992) Floral structure and phenology of cashew in relation to yield.
J Hortic Sci 67:769-777



Chapter 5
Chestnut (Castanea spp. Miller) Breeding
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Abstract The chestnuts and chinquapins are a group of about seven species of trees
and shrubs in the genus Castanea. They are of considerable importance ecologically
in all the areas of their natural occurrence, and the chestnuts especially are of great
economic value for their lumber and for their nut crop wherever they are cultivated.
Two catastrophic diseases, chestnut blight caused by the ascomycete fungus
Cryphonectria parasitica (Murr.) Barr and Phytophthora root rot (ink disease)
caused primarily by the soil-borne oomycetes Phytophthora cinnamomi Rands and
P. cambivora (Petri) Buisman, have severely impacted chestnut in Europe and North
America. Therefore, much of the breeding work continues to focus on breeding for
resistance to these two diseases. The most serious insect pest of Castanea is the
Asian chestnut gall wasp, Dryocosmus kuriphilus Yasumatsu. Variation in host tol-
erance to D. kuriphilus has led to development of new gall-resistant chestnut culti-
vars. Interspecific hybridization offers great opportunity to combine the most
favorable traits found in the ample genetic diversity of the genus through introgres-
sion into locally-adapted populations. Chestnut breeders in eastern Asia have made
great strides towards improvement of chestnut fruit quality and crop yields, and
researchers in all chestnut growing regions have made gains in disease resistance by
using molecular markers and other genomic tools to assist selection. Biotechnologies
that include transmissible hypovirulence as a biocontrol for chestnut blight, tissue
culture and other micropropagation techniques, and genetic engineering and trans-
formation technologies are complementary to classical plant breeding programs.
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5.1 Introduction

The chestnuts and chinquapins are a group of tree and shrub species in the genus
Castanea Miller of the Fagaceae. Depending on taxonomic treatment, 7—13 lower
taxa are recognized within the genus (Mellano et al. 2012; Nixon 1997; Pereira-
Lorenzo et al. 2016; Worthen et al. 2010). Chestnut researchers commonly recog-
nize the following lower taxa: C. crenata Siebold & Zucc. (Japanese chestnut), C.
mollissima Blume (Chinese chestnut), C. henryi Rehder & E.H. Wilson (willow leaf
or pearl chestnut), and C. seguinii Dode from eastern Asia; C. sativa Mill. (European
or sweet chestnut) from Europe and western Asia; C. dentata Borkh. (American
chestnut), C. pumila (L.) Mill. var. pumila (Allegheny chinquapin), and C. pumila
(L.) Mill. var. ozarkensis (Ashe) G.E. Tucker (Ozark chinquapin) from eastern
North America (Conedera et al. 2004a; Johnson 1988; Pereira-Lorenzo et al. 2016;
Pridnya et al. 1996; Worthen et al. 2010). In English-speaking countries, the com-
mon name chinquapin is often used in reference to Castanea species that typically
produce one pistillate flower/nut per cupule, whereas the common name chestnut is
applied to species that typically produce three pistillate flowers/nuts per cupule. The
term chinquapin is also applied to other Fagaceae trees in Quercus, Chrysolepis and
Castanopsis; chinquapin is derived from chechinquamins—John Smith’s seven-
teenth century transliteration of the word used by some indigenous peoples of
Virginia to refer to C. pumila var. pumila (Barbour 1986). The native and introduced
Castanea species found growing throughout the world today are listed in Table 5.1,
and their areas of natural occurrence are mapped in Fig. 5.1.

Castanea species are important nut crop and timber producers throughout most
of their native and introduced ranges, and have been for many thousands of years
(Avanzato and Bounous 2009). The major exception being in eastern North
America, where introduced pests and pathogens severely limit cultivation of the
native species. Nevertheless, the North American Castanea species were ecologi-
cally, economically and culturally important in eastern North America prior to the
introduction of chestnut blight and Phytophthora root rot disease (ink disease)
(Anagnostakis 2001; Crandall et al. 1945; Roane et al. 1986). As a result, C. den-
tata and C. pumila are the focus of extensive research and restoration breeding
programs (Jacobs et al. 2013; Steiner et al. 2017; Thomas et al. 2015; Westbrook
et al. 2019; Worthen et al. 2010).

Although there is still much debate about the history of artificial selection and
domestication of Castanea species around the globe, evidence for selection of
chestnut in East Asia and Western Europe dates back many thousands of years
(Avanzato and Bounous 2009; Conedera et al. 2004b). In every case, our human
ancestors were able to utilize the abundant annual production of fruits from wild
chestnut trees, and to alter their environments (using fire, for example) in ways that
benefitted both the trees and themselves (Avanzato and Bounous 2009; Krebs et al.
2004). LaBonte et al. (2018) provide genomic evidence for the ancient domestica-
tion of C. mollissima in China. From Pleistocene refugia in the Caucasus, parts of
Italy and Switzerland, and probably also the Iberian Peninsula, C. sativa expanded
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Table 5.1 Castanea germplasm resources; naturally occurring and introduced species and their
areas of primary distribution

Species Distribution

Naturally-occurring species

C. crenata Japan, Korea

C. dentata Eastern North America, Appalachian region

C. henryi Central and Eastern China

C. mollissima widely distributed in central and eastern China
C. pumila var. alabamensis Southeastern USA interior uplands

C. pumila var. ozarkensis Ozark Plateau, USA

C. pumila var. pumila Southeastern plateaus and Coastal Plain, USA

(C. alnifolia, ashei, C. floridana, C. | Deep South, Gulf Coast and Florida, USA
paucispina)®

C. sativa Europe, Asia Minor, the Caucasus

C. seguinii Eastern China

Introduced species

C. crenata Eastern USA, California, New Zealand, France, Italy,
Spain

C. dentata Midwestern USA, California, Oregon, New Zealand

C. henryi Rare (only in cultivation)

C. mollissima Widely distributed in eastern North America

C. pumila sensu lato Rare (only in cultivation)

C. sativa California, Oregon, Washington (naturalized), Australia,
New Zealand, Chile

C. seguinii Rare (only in cultivation)

“These taxa may not be supported by modern phylogenetic evidence

rapidly to cover an area from the Caspian Sea to the Atlantic Ocean (Conedera
et al. 2004; Krebs et al. 2004). Squatriti (2013) reviews evidence that improved
cultivars selected from naturally occurring populations of C. sativa were being
propagated by grafting in tenth century Italy. Pereira-Lorenzo et al. (2018) used
microsatellite markers to investigate the role of graft propagation of local ecotypes
in the domestication of C. sativa. They documented also the great age of some sur-
viving grafts; the two oldest living trees they studied in Spain were grafted in the
years 1427 and 1479. In Italy two ancient grafts of cv. Marrone Fiorentino were
dated to 1650 and 1700. In contrast, while it is well established that the North
American Castanea species were widely used by ancient peoples, convincing evi-
dence has not been produced to support a history of artificial selection or domestica-
tion for Castanea in North America (but see Abrams and Nowacki 2008). Day
(1953) describes early archeological evidence of C. dentata culture in New England,
but no real documentation for selection or improvement prior to the nineteenth
century.

Two major diseases—chestnut blight and Phytophthora root rot—have impacted
chestnut growing globally, and most severely in Europe and North America. The
chestnut blight pandemic began in Bronx, New York in 1904, caused by the
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Fig. 5.1 Native and naturalized distributions of Castanea species worldwide. (a) Distributions of C.
crenata, C. mollissima, C. henryi and C. seguinii in east Asia. Note: distributions of C. mollissima,
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Fig. 5.1 (continued) C. seguinii and C. henryi are largely sympatric in eastern China. (b)
Distribution of C. sativa in Europe. (¢) Distributions of C. dentata, C. pumila var. pumila and C.
pumila var. ozarkensis in eastern North America. (Source: Maps created by Erin Taylor using the
distribution shapefiles of Fei et al. (2012) for Asian and European species and Little (1977) for
North American species. Distribution of C. crenata in the Korean peninsula digitized by Erin
Taylor using occurrence data from Barstow (2018))

ascomycete fungus Cryphonectria parasitica (Murr.) Barr, and within 50 years of
its discovery had almost completely destroyed the American chestnut. Chestnut
blight subsequently caused grave damage to the European chestnut throughout its
native range (Anagnostakis 1987; Robin and Heiniger 2001). Phytophthora root
rot—called ink disease in Europe—is caused primarily by the soil-borne oomycetes
Phytophthora cinnamomi Rands and P. cambivora (Petri) Buisman, and has been a
major limiting factor in chestnut culture in Europe and North America for at least
200 years (Crandall et al. 1945; Vettraino et al. 2005).

The most injurious insect pest of Castanea is the Asian chestnut gall wasp,
Dryocosmus kuriphilus Yasumatsu. The gall former oviposits in buds during mid-
summer, and the larvae deform shoots and leaves at budbreak the following spring,
cause drastic crop losses and, in severe cases, death of the tree. The insect is native
to China but was accidentally introduced to Korea and Japan, and then into North
America and Europe. Variation in host tolerance to D. kuriphilus has led to develop-
ment of new gall-resistant chestnut cultivars.
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In this chapter, we review historical developments and recent advances in chest-
nut breeding for chestnuts as a nut crop, and for restoration of the American chest-
nut as a functioning member of Appalachian forest communities. We note progress
and improvements in nut quality, crop yields and, most importantly, in achieving
host tolerance to chestnut blight, Phytophthora root rot, and Asian chestnut gall
wasp. We also identify important unanswered questions and areas of inquiry that are
likely to benefit chestnut breeders in the future.

5.2 Cultivation and Traditional Breeding

Chestnut trees have been cultivated for thousands of years for their sweet, edible
nuts, and were valued for their wood and other products by traditional cultures in
Europe, Asia and eastern North America (Avanzato and Bounous 2009; Davis
2003). Migrating peoples have carried chestnuts well beyond their areas of natural
occurrence, as far as Chile in South America (Grau 2003), southeastern Australia
(Casey and Casey 2009), New Zealand (Klinac and Knowles 2009) and the West
Coast of North America (Craddock 2009). Chestnuts dried and ground into flour
were once a staple food in Mediterranean kitchens, and especially so in the moun-
tainous regions of Turkey, Portugal, Spain, France and Italy, and on the island of
Corsica where chestnut culture became a veritable chestnut civilization (Cherubini
1981; Pereira-Lorenzo et al. 2009a, b; Smith 1950; Soylu et al. 2009; Squatriti
2013). Almost every material need was provided for by the chestnut tree, not just
food but also timber, poles, wicker, tannin and fuel from the chestnut coppice, bed-
ding for animals and even medicinal astringents from the leaves (Bourgeois 1992;
Bruneton-Governatori 1984; Pitte 1986). Along with the grapevine and the olive
tree, the European chestnut is one of the great pillars upon which Mediterranean
civilization was built (Bellini and Nin 2009; Bignami and Salsotto 1983). The
Romans transported chestnut trees to all parts of their empire and chestnut culture
later underwent a tremendous expansion during the late classical and early medieval
period (Cherubini 1981; Conedera et al. 2004a, b; Jarman et al. 2019, Squatriti
2013). Chinese and Japanese chestnut trees played similar and no less important
roles in the civilizations of China, Korea and Japan (Qin and Feng 2009; Saito
2009). A storehouse full of dried chestnuts represented food security — and wealth.
Chestnuts were insurance against drought, flood, siege and any of the many other
calamities that could befall an agriculture based on annual grain crops (Bruneton-
Governatori 1984; Pitte 1986; Smith 1950; Squatriti 2013). Chestnut trees come
very close to representing the archetypal tree crop (Smith 1950; Vieitez et al. 1996).
They are very long lived; examples of Castanea sativa in Europe are known to be
more than 1000 years old (Bounous 2002; Vieitez et al. 1996). And even at that great
age, they continue to provide annual harvests of delicious, nutritious, easily gath-
ered, easily stored food. Because a mature chestnut orchard resembles a temperate
hardwood forest, in both structure and function, it provides significant ecological
benefits with consequences far beyond merely producing a fruit (Vieitez et al. 1996).
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The tree offers habitat to myriad animal species and acts as the foundation of its
community. It anchors soils to steep slopes that would otherwise be almost com-
pletely unsuitable for other forms of agriculture (Smith 1950). The chestnut grove
moderates the local climate by shading the understory, and transpiring water into
the atmosphere. It serves as host for symbiotic relationships with fungi, including
the choice edible Cantharellus cibarius and Boletus edulis mushrooms whose har-
vest provides a highly valued forest product to the land’s stewards (Vieitez et al.
1996). These mutualistic symbionts join the ranks of other chestnut forest fungi
involved in decomposition and recycling, mobilizing deep soil nutrients and miner-
als into the humus layers. The landscape value of the chestnut grove is almost
unequalled by that of any other forest type (Bounous and DeGuarda 2002; Vieitez
et al. 1996) possibly because the grove is evocative of a simpler, quieter past, when
our relationship with nature was closer to the regular cycles of sun and moon and
season (Fig. 5.2).

The result of centuries of cultivation and selection by growers is thousands of
named varieties of Castanea crenata, C. mollissima, C. sativa, and their hybrids
(Anagnostakis 2012; Miller et al. 1996; Pereira-Lorenzo et al. 2012; Rutter et al.
1991; Worthen et al. 2010). Dr. Sandra Anagnostakis, at the Connecticut Agricultural
Experiment Station, maintains and updates the registry of chestnut cultivar names
on her CAES web page: https://portal.ct.gov/CAES/ABOUT-CAES/Staff-
Biographies/Sandra-L-Anagnostakis (Anagnostakis 2019).

Fig. 5.2 The mature chestnut orchard provides many of the same ecosystem services as the tem-
perate hardwood forest. When the trees are widely spaced and pruned up, a rich grassland com-
munity can develop in the understory. (Photo by J.H. Craddock)
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The history of chestnut breeding was recently reviewed by Pereira-Lorenzo et al.
(2016) in their very thorough paper on interspecific hybridization. They discuss
germplasm and genetic resources, and genetic diversity and mating systems for the
major Castanea species, as well as the development of molecular markers and
genome-wide approaches to improve selection for desired traits in hybrid progenies.
There is a greater focus on cultivar and rootstock development in the review by
Pereira-Lorenzo et al. (2012). A history of chestnut breeding in the United States is
well illustrated in the review by Anagnostakis (2012) of work begun by Walter Van
Fleet in 1894 (Van Fleet 1914). Worthen et al. (2010) provide an excellent historical
and theoretical context for breeding and selecting Castanea dentata for resistance to
Cryphonectria parasitica using modern population genetic and genomic tools.
Recently, Westbrook et al. (2019) provided genomic and quantitative genetic evi-
dence that phenotypic selection can be used to move alleles conferring disease resis-
tance from Asian Castanea species into an American chestnut genetic background
(Figs. 5.3,5.4 and 5.9).

World chestnut production today is increasing. Global chestnut production (nuts
and lumber products) declined precipitously in the late nineteenth and early twenti-
eth centuries from a conspiracy of circumstances that included two world wars, two
catastrophic diseases (chestnut blight, ink disease), the movement of invasive pests
(such as the Asian chestnut gall wasp Dryocosmus kuriphilus), changing patterns of
settlement and employment (increased urbanization, mechanization of farm labor)
and changes in the world’s economy and diet (Avanzato and Bounous 2009). But,
the situation for chestnut is now improving after reaching a global nadir in the 1970s
(Conedera et al. 2004b). Evidence of renewed interest since the 1990s is the number
and frequency of international scientific meetings on chestnut worldwide (see the
list of Acta on the ISHS web page). The availability of new, improved cultivars
means that growers can now choose varieties resistant to the major pests and dis-
eases that have plagued chestnut for much of the past century.

5.3 Germplasm Characterization and Conservation

The difficulty of conservation of Castanea genetic resources is compounded by
chestnut blight, Phytophthora root rot, insect pests and habitat changes. Wild
Castanea resources in situ are still plentiful but in every case there is special con-
cern for genetic erosion. The Caucasus Biosphere Reserve in the (Republic of)
Georgia harbors naturally occurring populations of C. sativa in an area thought to
be close to the species’ center of diversity. Similarly, the Great Smoky Mountains
National Park in Tennessee and North Carolina represents a reservoir of diversity
close to the area of greatest abundance for C. dentata. However, C. parasitica and
Phytophthora cinnamomi and P. cambivora, and Dryocosmus kuriphilus are peren-
nial threats to that germplasm. In situ conservation depends therefore not only on
the political integrity of the Reserve and the Park, but also on the phytopathological
conditions present at those locations. There is no such system of parks or reserves
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Fig. 5.3 Canker severity on American chestnut hybrids, following inoculation with Castanea
parasitica strain EP155 (virus-free) and two isogenic hypovirulent strains (CHV1-EP713 and
CHV 1-Euro7). Host response varies from susceptible to resistant. The susceptible phenotypes are
shown on the left. The resistant phenotypes are on the right. The top row are half-sibling B,F,s
(2nd backcross F, hybrids). The bottom row are full-sibling B3s (3rd backcross F; hybrids).
(Photos by J.H. Craddock)
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Fig. 5.4 Roguing susceptible progeny. In backcross breeding for Castanea parasitica resistance,
American chestnut backcross hybrid progeny are inoculated in their 5th year, and selections are
made from years 6 to 10. This selected third backcross tree had adequate blight tolerance, and the
tree form and leaf and twig morphology of its C. dentata ancestors. (Photo by J.H. Craddock)

in place to conserve germplasm of C. pumila var. pumila or C. pumila var. ozarken-
sis, so conservation is largely the responsibility of engaged citizens and private,
non-governmental organizations like The American Chestnut Foundation. Ex situ
conservation is also fraught with difficulties. The same diseases and pests conspire
to destroy collections of susceptible germplasm, whether it is grown on its own
roots or grafted onto Phytophthora-resistant rootstocks. The costs and challenges
of maintaining collections of grafted plants is exacerbated by the phenomenon of
delayed graft failure, which is particularly problematic for some C. mollissima
genotypes and for interspecific graft combinations. A list of institutions that cur-
rently maintain and/or have access to Castanea germplasm resources is listed in
Appendix I.

5.3.1 Genetic Variation

Germplasm characterization and conservation in the genus Castanea has been an
active part of chestnut breeding in Europe, Asia and North America (Alexander
et al. 2005; Bolvansky and Tarinova 2009). Government and university research
programs in each of these regions are currently involved in germplasm conservation
(Bounous 2002; Mellano et al. 2018). An important tool in germplasm conservation



5 Chestnut (Castanea spp. Miller) Breeding 115

Fig. 5.5 Open pollination and controlled pollination can be used to produce seed from selected
hybrids. In this illustration, hand pollinations are being used to intercross selected 3rd backcrosses
to produce 3rd backcross F2 (B;F,) seed for Tennessee seed orchards. (Photo by J.H. Craddock)

work has been the use of molecular methods to decipher genetic relationships
among cultivars, and within and among species. And because the wild species are
an important source of variation for breeding programs, many research efforts have
focused on elucidating genetic variation in natural populations (reviewed by Pereira-
Lorenzo et al. 2012, 2016; Worthen et al. 2010).

Values reported for within genus estimates of diversity allow us to rank the spe-
cies: Castanea mollissima is apparently the most highly diverse, and this is maybe
not surprising considering its enormous geographic range and the supposed great
age of its populations, followed closely by C. pumila sensu lato and C. pumila var.
ozarkensis. An intermediate level of diversity is exhibited by populations of C. cre-
nata (Nishio et al. 2011b) and C. sativa (Mattioni et al. 2013). The structure of this
diversity within C. sativa varies strongly with geography and is indicative of gene
flow from east to west (Mattioni et al. 2013). Within species, diversity for C. sativa
is generally much higher in the eastern (older) populations in the Caucasus, and
generally much lower in the western (younger) populations, particularly in those
most strongly influenced by clonal propagation of cultivars such as found in Italy.
Castanea dentata is apparently lowest in species-level diversity (Huang et al. 1994;
Kubisiak and Roberds 2006). However, the values reported by Huang et al. (1994)
and Kubisiak and Roberds (2006) may not accurately represent the variation present
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in the southernmost regions of its range due to the low number of samples they col-
lected. Chloroplast haplotype diversity in southerly populations of C. dentata are
remarkably high, and chloroplast haplotype sharing has been documented between
C. dentata and C. pumila (Shaw et al. 2012).

5.3.2 Japan

Castanea crenata is native to Japan (Fig. 5.1) and has been cultivated there for thou-
sands of years. Descriptions of the oldest named cv. Chokoji appear in the literature
in the late 1500s (Saito 2009). Cultivar development probably began with selection
of wild chestnuts (Kotobuki 1994), but accelerated with urgency in the 1940s after
the accidental introduction of gall wasp Dryocosmus kuriphilus from China. By the
1950s the gall-wasp resistant cvs. Tanzawa, Tsukuba and Ishizuchi were released.
Ginyose, an older variety, was also recognized as resistant. Eventually the gall for-
mer adapted to the widely planted new varieties by overcoming their resistance.
But, because of effective biocontrol of galls by the parasitoid Torymus sinensis,
these cultivars are still grown today. Despite their adaptation to the soils and climate
of Japan, and their high yields of very large chestnuts (the largest fruit of any chest-
nut species), these cultivars unfortunately suffer from a trait that was thought to
characterize all forms of C. crenata — the nuts themselves are very difficult to peel
and they have a thick, adherent, astringent and unpalatable pellicle. Hybridization
efforts with the easy to peel C. mollissima from China did produce some cultivars —
Riheiguri is one example — but for the most part the Chinese-Japanese hybrids were
either not well adapted to the Japanese growing conditions or the nuts were of infe-
rior quality. New screening techniques for rapid evaluation of pellicle peelability
(Shoda et al. 2006) allowed for the discovery and release of the easy peeling cv.
Porotan (Saito 2009) and a short list of other cultivars and selections (Takada et al.
2019). The genetics of the easy-peeling trait were worked out by pedigree analysis
of the of the original crosses of two difficult-to-peel types, a half-diallel cross of
Porotan and two other difficult-to peel cultivars, and a subsequent test cross of
Porotan by its difficult-to-peel father and great grandfather Tanzawa (Takada et al.
2012). The authors conclude that the easy-peeling pellicle trait in C. crenata is con-
trolled by a major recessive allele at a single locus. Takada et al. (2012) designated
the easy-peeling locus P/p and offer evidence that the Tsukuba genotype is homo-
zygous dominant (PP), the Tanzawa genotype is heterozygous (Pp), and the Porotan
genotype is homozygous recessive (pp). They posit that the underlying mechanism
of P/p in C. crenata may be different than the mechanisms underlying easy peeling
in C. mollissima. This is based, in part, on the observation that all nuts produced by
Porotan are easy to peel regardless of the pollen used to produce the nuts (Takada
et al. 2010). This is in contrast with nuts produced by some easy to peel cultivars
and hybrids of C. mollissima that are pollen-dependent, in other words, they pro-
duced difficult to peel nuts when pollinated by C. crenata but were easy to peel
when pollinated by C. mollissima.
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5.3.3 Korea

Castanea crenata also occurs naturally in Korea (Fig. 5.1). Although there is some
speculation that Korean native chestnuts are hybrids between C. mollissima and C.
crenata, and several taxon names have been proposed, most Korean cultivars are
morphologically similar to their Japanese counterparts and many named cultivars
are known (Kim 2006). Several Japanese cultivars of C. crenata were introduced to
Korea subsequent to the appearance of the gall wasp Dryocosmus kuriphilus and are
still widely grown there. Breeding efforts in Korea have focused on gall wasp resis-
tance, chestnut blight resistance, and nut quality. Kim et al. (2005) announced the
release of Daehan, a new blight-resistant, gall-wasp resistant cultivar with very high
yields of large, good-quality nuts. The cross was made in 1980, preliminary selec-
tion was completed by 1990, advanced and regional trials were completed in 2003
and the cultivar was named Daehan in 2004 (Kim et al. 2005).

Variation in other agronomic and ornamental characteristics of Castanea cre-
nata are also under selection by breeders (Kim et al. 2014, 2017; Saito 2009).
Red leaves and red burs occur in some types and a new red bur cultivar was
recently released in Korea (Kim et al. 2014).

5.3.4 China

Castanea mollissima is by far the most important of the Chinese species, as a nut
crop, and from a breeding point of view (He et al. 2015). Vast amounts of morpho-
logical, physiological and genetic variation exists within the species (Huang 1998;
Pereira-Lorenzo et al. 2016). Naturally occurring populations of C. mollissima are
difficult to study because of the extent of alteration of the Chinese landscape by
humans, and because the species exists almost entirely in cultivation (LaBonte et al.
2018). The other wild species in China include C. henryi and C. seguinii, and to a
much lesser extent C. crenata (Fig. 5.1). Germplasm characterization of the Chinese
species has recently included the complete chloroplast genome of C. mollissima
cultivars (Zhu et al. 2019b), and complete chloroplast genome sequences for C.
henryi (Gao et al. 2019) and C. seguinii (Zulfigar et al. 2019). The response of C.
mollissima to infestation by Dryocosmus kuriphilus was investigated by transcrip-
tome analysis (Zhu et al. 2019a).

The ranges of Castanea henryi and C. seguinii largely overlap with that of C.
mollissima, but they are found mostly in the wild state, or rarely cultivated locally
(Fig. 5.1). Potentially useful genetic variation in tree form and habit, inflorescence
type and phenology, and resistance to major diseases and pests exists in these two
taxa (Gao et al. 2019; Zulfiqar et al. 2019). Castanea henryi is mostly important for
its production of timber and other wood product, although the fruits, produced as a
single nut per bur, are frequently found in markets throughout its range (Qin and
Feng 2009). Some ecotypes of the naturally shrubby C. seguinii bloom more or less
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continuously throughout the growing season, with bisexual catkins at every node
along the branch, and thus may have ripening fruits and fully-blooming flowers
present on a single plant at the same time (Rutter et al. 1991). Castanea seguinii is
regularly coppiced for firewood, but the new shoots are very precocious and will be
bearing nuts, which are sold in local markets, within a year or so of cutting (Rutter
et al. 1991).

Hundreds of named varieties of Castanea mollissima are known and grown in
China, the world’s largest producer of chestnuts. Great variation exists regionally
and many authors divide the cultivars into five separate regional groups: North,
Northwest, Southwest, Southeast, and the Yangtze Valley Group. In the far north-
east, adjacent to Korea, cultivars of C. crenata are grown. Many cultivars are propa-
gated by grafting but seed propagation is also widespread. Cultivars in China are
characterized by geographic origin (by regional group, by province or by growing
area within province), fruit size and shape, quality, type and content of starches,
density of kernels, and a long list of other agronomic characters and processing
abilities. Yang et al. (2015) screened chestnut cultivars from ten different ecological
regions. They tested a battery of compositional and nutritional factors and found
cultivar differences and regional differences. In general, cultivars from the central
regions (Hubei province) had higher total carbohydrate content. Cultivars from the
deep south (Guandong and Zheijiang provinces) had the highest protein and poly-
phenol contents. Cultivars originating in the mid-south (Hunan) were highest in
flavonoids and simple sugars, but lowest in fat content. A few of the best-known
Chinese cultivars of C. mollissima are listed in Table 5.2.

5.3.5 Europe

Germplasm resources and characterization of European populations of Castanea
sativa (Fig. 5.1) have been thoroughly studied and reviewed by Pereira-Lorenzo
et al. (2006a, b, 2010, 2011, 2012). Mattioni et al. (2008) used genomic tools to
investigate the active role of humans, over the past 9000 years, in determining not
only the modern European distribution of C. sativa, but also the genetic structure of
populations in naturalized forests, coppice stands (intensively managed for wood
production), and chestnut orchards (managed for nut production). The species has
ample genetic and adaptive variation across its wide geographic and climatic range,
reflecting many distinct ecotypes (Casasoli et al. 2004, 2006; Martin et al. 2009;
Villani et al. 2009). Boccacci et al. (2004) used SSRs developed in Quercus to type
C. sativa cultivars. Costa et al. (2005) report the results of Portuguese chestnut
germplasm characterization using SSRs. Variation exists in many traits of agro-
nomic importance, including disease resistance (Vettraino et al. 2005). Native resis-
tance to Dryocosmus kuriphilus in C. sativa has been reported recently in populations
of grafted trees of the red salernitan ecotype (RSE) growing in the very important
chestnut producing region of Campania, Italy (Nugnes et al. 2018). RSE is probably
a group of closely related, morphologically similar cultivars including Mercoliana,
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Table 5.2 Some examples of important commercially-grown chestnut cultivars, their species, and
the areas of their principal cultivation

Cultivar Type and important traits Area of cultivation
Amarelal C. sativa Tc Portugal

Amarelante C. sativa Tc Spain

Arima C. crenata Tc Japan, Korea

Belle Epine C. sativa Tc France

Benton Harbor C. mollissima Ft Michigan

Bouche de Betizac Euro-Japanese PRR, ACGW, Cp | Europe, Western USA
Bouche Rouge C. sativa Tc France

Bournette Euro-Japanese hybrid PRR, Cp Europe, Western USA
Colossal Euro-Japanese hybrid CMS California, Oregon, Michigan
Comballe C. sativa Tc France

Dabanhong C. mollissima Tc Northern China
Daebo Chinese-Japanese hybrid ACGW | Korea

Eaton Complex hybrid Cp Eastern USA

Gideon C. mollissima Cp Prr Eastern USA

Ginyose C. crenata Tc, ACGW Japan, Korea
Guihuaxiaoli C. mollissima Tc Cp PRR Southern China
Hongyou C. mollissima Tc Cp PRR Northern China
Ishizuchi C. crenata ACGW Cp Prr Japan, Korea

Injerta C. sativa Tc Spain

Jinfeng C. mollissima Cp PRR Northern China
Jiujiazhong C. mollissima Tc China, widely grown
Judia C. sativa Tc Portugal

Labor Day C. crenata Ft Cp PRR Michigan

Longal C. sativa Tc Portugal, Spain
Marigoule Euro-Japanese hybrid Cp PRR Europe, Western USA

Marron d’Olargues

C. sativa Tc

France

Marrone di Chiusa Pesio*

C. sativa M!* Tc

Italy, California

Martainha C. sativa Tc Portugal
Nanking C. mollissima Cp PRR Eastern USA
Negral C. sativa Tc Spain
Okkwanng C. crenata Cp PRR Korea
Pallumina® C. sativa Tc® Southern Italy
Parede C. sativa Tc France

Payne C. mollissima Cp PRR Eastern USA
Porotan C. crenata Ep Cp PRR Japan

Precoce di Roccamonfina

C. sativa Tc

Campania Region, Italy

Precoce Migoule

Euro-Japanese hybrid Cp PRR

Europe, Western USA

Qing C. mollissima Cp PRR Eastern USA
Riheiguri Chinese-Japanese hybrid Cp PRR | Japan, Korea
Sandae C. crenata Cp PRR Korea

Sleeping Giant Complex hybrid Cp PRR Eastern USA

(continued)
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Table 5.2 (continued)

Cultivar Type and important traits Area of cultivation
Tanzawa C. crenata Cp PRR Japan, Korea
Tsukuba C. crenata Cp PRR Japan, Korea
Verdeal C. sativa Tc Portugal

Important Traits: ACGW Resistance to Asian chestnut gall wasp, CMS cytoplasmic male sterility,
Cp Resistance to Cryphonectria parasistica, Ep Easy-Peel, Ft freeze tolerance, M! Highest quality
Marrone cultivar, PRR Phytophthora root rot resistance, ¢ traditional cultivar

“The many Italian Marrone cultivars are all very similar, homogeneous genetically, and are differ-
entiated primarily by provenance; famous examples include Marrone di Val di Susa, M. di Luserna,
M. di Caprese Michelangelo, M. di Castel de Rio, M. di Marradi, etc

"Marketed under the trade name Castagna di Montella IGP (see text for details)

Rossa di San Mango, Verdola and Palummina which differ, curiously, in their
response to the gall former. The observation of resistance in RSE was based on
lower oviposition rates, higher rates of larval mortality, fewer galls formed and
smaller galls with higher rates of predation by Torymus sinensis. Prior to this report,
there have been only two other indications of potentially resistant C. sativa culti-
vars; Pugnenga from Cuneo, and Savoye, from France (Sartor et al. 2015). The
cultivar Palummina is marketed as, and protected by, and is the principal component
of the Castagna di Montella IGP protected area, one of the oldest, most recognized
and most prestigious denominations of geographic origin in Italy (Regione
Campania 2015). Some of the C. sativa and hybrid cultivars most widely grown in
Europe are listed in Table 5.2.

5.3.6 North America

There are currently recognized two species of Castanea naturally occurring in
North America: C. dentata, the American chestnut, and C. pumila sensu lato, the
perplexingly variable chinquapins (Craddock 1998; Miller et al. 1996; Perkins
2016; Rutter et al. 1991) (Fig. 5.1). Chinquapins vary widely in leaf shape and ves-
titure, tree stature, habit and form, across a wide geographic area. Along the Atlantic
and Gulf coastal plains, most individuals are multi-stem shrubs maturing at less
than 5 m tall. In the fire-prone sand hills of northern Florida, there are populations
of C. pumila that mature at less than 2 m tall, forming 20-m wide or even larger
thickets — each thicket composed apparently of a single, stoloniferous genet whose
horizontal stems grow flat upon the ground and root themselves into the ground as
they grow (Fig. 5.6). In the Appalachian Mountains, chinquapins are taller and more
frequently fewer-stemmed. Some forms in northern Alabama reach heights of 10 m.
The tallest chinquapins, in the pre-blight era, were recorded from the Ozark uplands
of Arkansas and Missouri, and have been designated as a distinct taxon, C. pumila
var. ozarkensis. The defining characteristic of C. pumila sensu lato is that it typically
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Fig. 5.6 Trailing chinquapins. At the extreme southernmost edge of its natural distribution,
Castanea pumila assumes the habit of a stoloniferous shrub about 1 m tall, that forms large thickets
up to 20 m (or greater) diameter, each apparently composed of a single genet. This photo was taken
in Suwannee County, Florida and shows two adjacent genets that differ in height. Southern eco-
types of C. pumila have been assigned to several different taxa since their nineteenth century
descriptions, but here we place them in C. pumila sensu lato pending further phylogenetic analysis
at the population level. (Photo by J.H. Craddock)

produces a single nut per involucre, and that the involucre opens along a single
suture into two valves (Fig. 5.7).

Only Castanea dentata was ever of any real economic importance, as a valuable
source of excellent timber and for its delicious and nutritious nuts (Jaynes 1979;
Smith 1950). Castanea dentata can grow to be a large tree, while C. pumila is a
highly variable but usually shrubby, small tree (Paillet 1993). Both species had and
continue to have important ecological functions in the forests of the eastern United
States (Oak 2002, 2006; Southgate 2006). The chestnut blight pandemic, caused by
Cryphonectria parasitica, completely removed C. dentata from its ecological niche
in the forest canopy within 50 years of its first discovery in New York in 1904
(Anagnostakis 1987; Roane et al. 1986; Smith 2000). The rot-resistant remains of
fallen giant American chestnut trees may still be found throughout eastern North
America. But chestnuts are not extinct; the blight fungus only kills the shoots, not
the roots. Although it continues to sprout new shoots from the bases of blight-killed
stems, survival of the species varies greatly from site to site (Griffin 2000).
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Fig. 5.7 The pistillate
inflorescence of Castanea
pumila will bear up to
9-12 (or more) cupules.
Each cupule develops into
a prickly involucre
containing a single nut.
(Photo by J.H. Craddock)

Populations of Castanea dentata persist as understory shrubs, suppressed by
shade and eventually by blight (Griffin 1992; Parker et al. 1993). Many of the sur-
viving specimens appear as clumps of multiple stems arising from a common root
system (clones), although the connections are not always evident. The largest stems
are often heavily cankered with blight and usually die before nuts are produced,
however, individuals do rarely escape blight long enough to bloom (McWilliams
et al. 2006; Stephenson et al. 1991). Surviving American chestnut trees, such as
those frequently encountered in the mountains, are valuable for many reasons.
Their potential as parents in a backcross breeding restoration program will confer
local adaptation to the hybrids and ensure conservation of the native population’s
genetic diversity (Hebard 2006). Even rarer are large surviving American chestnut
trees (LSAs), characterized by swollen cankers with abundant callus. These very
rare LSA individuals likely survive due to a combination of favorable circum-
stances including infection with attenuated (hypovirulent) strains of the blight fun-
gus, ideal site conditions, and possibly a modicum of blight resistance (Fulbright
1999; Griffin 2000; Kolp et al. 2017). Overall, genetic diversity in C. dentata
appears to be less than that of the other native species C. pumila sensu lato, and
much lower than that of the Chinese chestnut, C. mollissima (Dane et al. 1998;
Huang et al. 1994; Worthen et al. 2010).

The apparent distribution of genetic diversity in Castanea dentata is such that
most of the variation can be found within populations, as is true for metapopulations
of many wind-pollinated species that occur over broad ranges (Kubisiak and
Roberds 2006), although recent work has shown much greater diversity in the
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southernmost populations, indicative of gene flow from southwest to northeast
along the main axis of the Appalachian Mountains (Binkley 2008; Gailing and
Nelson 2017; Li and Dane 2013; Shaw et al. 2012). The dominance of C. dentata in
the forest canopy followed by its almost complete disappearance has caused major,
long-term changes to the structure and health of the eastern North American forests
(Oak 2002, 2006). Understanding the reproductive biology and natural ecology of
C. dentata will be essential for its successful reintroduction (Dalgleish et al. 2016;
Phelps et al. 2006; Wang et al. 2013). From a floristics perspective C. dentata is
separated from C. pumila primarily by the number of pistils per cupule (Fig. 5.8). In
the absence of flowering shoots the shrubby, understory post-blight form and habit
of the two taxa can be confounding (Shaw et al. 2012).

Many authors have suggested that interspecific hybridization has played a role in
forming the highly diverse North American chinquapins (Binkley 2008; Camus
1929; Dode 1908; Elias 1971; Kubisiak and Roberds 2006; Li and Dane 2013; Little
1977; Nixon 1997; Shaw et al. 2012). Chloroplast haplotype sharing between spe-
cies does occur in areas of sympatry for Castanea dentata and C. pumila in the
southern Appalachian region (Binkley 2008; Li and Dane 2013; Perkins 2016; Shaw
et al. 2012), however, the relative importance of interspecific hybridization versus
retention of polymorphisms predating speciation has not been investigated.

Fig. 5.8 The pistillate inflorescences of Castanea are contained in prickly involucres (the cupules)
that typically bear three pistils, and are found at the base of the bisexual catkins. Illustrated here
are the pistillate flowers of C. dentata at full bloom (peak of pollen receptivity). (Photo by
J.H. Craddock)
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The commercial chestnut industry in North America is based entirely on intro-
duced germplasm (Craddock 2002, 2009; Craddock and Pellegrino 1992). Nut pro-
duction is divided into two very separate geographic regions with very different
climates, soils and cultures: The East and the West (Nave 1998). The native and
introduced Castanea species found growing in North America today are listed in
Table 5.1. The native species C. dentata, and C. pumila, which occur naturally only
in the East, are not important as nut crops. Commercial cultivars available through
the nursery industry are listed in Table 5.2. Distribution of cultivars varies by region:
in the West, the most widely-grown cultivars of C. sativa and Euro-Japanese hybrids
are of recent introduction. Craddock and Pellegrino (1992) list the cultivars they
successfully sent through the required 2-year post-entry quarantine. Of those on the
list, Marigoule, Bouche de Bétizac and several Italian Marrone cvs. are now grown
commercially in Washington, Oregon, California and Michigan. In the East, variet-
ies and hybrids of C. mollissima dominate (Craddock et al. 2005). Some varieties,
however, are grown only to a very limited extent (one or two growers). California
and the Pacific Northwest states of Oregon and Washington produce chestnuts in an
area of ideal climate, free of chestnut blight, and free of most of the major insect
pests that plague chestnut growers in the East (Table 5.3). The single most important
cultivar in the western region is the Euro-Japanese variety Colossal, which is vigor-
ous and very productive. Chestnut flour made from dried Colossal is available com-
mercially. Several western growers are topworking Colossal orchards to the recently
introduced Italian Marrone varieties because of the higher nut quality of the Marrone
types. Michigan represents a chestnut growing area typical of the American
Midwest: very cold winters and hot, humid summers. Although Colossal is grown
to a limited extent in the Midwest, it does not have suitable blight resistance for
sustained harvests. Most Midwestern production is based on C. mollissima.
Traditionally, most orchards were planted as seedling trees, which vary greatly in all
agronomic characters. Newer orchards include grafted trees of improved cultivars.
Problems of limited availability of nursery stock and delayed graft failure of the

Table 5.3 Some injurious insect pests of chestnut

Common name Order Family Species

Chestnut codling moth Lepidoptera Tortricidae Cydia splendana

Asian chestnut gall wasp Hymenoptera Cynipidae Dryocosmus kuriphilus
Chestnut weevils Coleoptera Curculionidae Curculio spp.

Clearwing moth Lepidoptera Sesiidae Synanthedon vespiformis
Fire ants® Hymenoptera | Formicidae Solenopsis spp.*
Granulate ambrosia beetle Coleoptera Scolytidae Xylosandrus crassiusculus
Gypsy moth Lepidoptera Eribidae Lymantria dispar
Japanese beetle Coleoptera Scarabeaidae Popillia japonica
Polyphemus moth Lepidoptera Saturniidae Antheraea polyphemus
Shothole borers Coleoptera Scolytidae Scolytus spp.
Yellownecked caterpillar Lepidoptera Notodontidae Datana ministra

“More likely to attack chestnut growers than chestnut trees
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grafted trees have slowed the development of the Midwestern commercial chestnut
industry. The University of Missouri Center for Agroforestry has had extensive
chestnut cultivar trials underway since 1996. Recent work on cultivar evaluation has
uncovered several promising cultivars of C. mollissima (Hunt et al. 2004). Shing has
large nuts and is exceedingly vigorous and productive. Qing, Payne, Eaton,
Homestead and Sleeping Giant all have great commercial potential (Metaxas 2013).
In the Appalachian region, where there is still considerable nostalgia for the
American chestnut, several cultivars of C. mollissima have been developed locally,
including Amy, Gideon, Kohr, Mossbarger and Peach. Chinese chestnut is also
employed in agroforestry and silvopasture applications in the small farms of
Appalachia (Lovell et al. 2018) (Fig. 5.9).

The introduction of Asian chestnut gall wasp into Georgia in the 1970s effec-
tively destroyed the chestnut orchard industry there, but populations of the para-
site are apparently now under biocontrol due to the parasitoid wasp Torymus
sinensis. However, the Southeast has produced several outstanding cultivars of
merit, most notably Nanking. Metaxas (2013) presents results of a formal chest-
nut cultivar evaluation and breeding program at the University of Tennessee at
Chattanooga (Fig. 5.10). Qing, Shing and Payne appear outstanding among the
Castanea mollissima cultivars for precocity and yield. Qing and Payne
(Fig. 5.11a) are compact plants and Shing is extremely vigorous. Gideon may be

Fig. 5.9 Sheep are particularly well suited to the chestnut orchard, and in a managed silvopasture
system, can contribute significantly to a diversified farm economy. (Photo by J.H. Craddock)
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Fig. 5.10 The Euro-Japanese cv. Marigoule was used in crosses with Castanea mollissima cv.
Gideon in an effort to combine the good tree form and high yields of cv. Marigoule with the better
disease resistance and excellent fruit quality of Gideon. (Photo by J.H. Craddock)

Fig. 5.11 Castanea mollissima cv. Payne produces an excellent quality nut on a semi-dwarf tree
that may be suitable for high density orchard plantings (a). Castanea mollissima cv. Gideon pro-
duces regular crops of an excellent quality, medium sized nut. The cultivar is widely adapted for
cultivation across eastern North America (b). (Photos by J.H. Craddock)
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the best all-around cultivar (Fig. 5.11b) for the eastern United States. Colossal
showed great promise for precocity and nut size among the hybrid cultivars but
soon proved too susceptible to chestnut blight. Eaton and Sleeping Giant have
produced very attractive and good-flavored nuts although Eaton may not have
adequate blight tolerance and has suffered from delayed graft failure in Tennessee
(Metaxas 2013).

5.4 Cytogenetics

Early investigations of genetic differences between Castanea species involved
cytogenetic methods. Jaynes (1962) performed chromosome counts in accessions
representing each Castanea species and nine interspecific hybrids. He found that
all Castanea species and most of the interspecific hybrids had a somatic chromo-
some number of 2n = 2x = 24. However, triploidy and aneuploidy were observed
in two interspecific hybrids resulting from crosses between Castanea species
from North America and Eastern Asia (Jaynes 1962). More recently, work by
Islam-Faridi et al. (2009, 2011, 2016) has revealed evidence of structural chro-
mosomal differences between Castanea species. Islam-Faridi et al. (2011) found
that the satellite region distal of the major 18S-28S ribosomal DNA (rDNA)
locus in C. mollissima is larger than its counterpart in C. dentata. By using flores-
cence in situ hybridization (FISH) to investigate a hypothesized reciprocal trans-
location between chestnut species, Islam-Faridi et al. (2016) found evidence that
the C. mollissima cv. Vanuxem is heterozygous for a translocation involving link-
age groups (LG) H and L.

In addition to the cytogenetic work indicating structural chromosomal differ-
ences between Castanea species, Sisco et al. (2014) recently shed light on cyto-
plasmic genome variation among chestnut species. Male sterility in chestnut was
observed in the progeny of many intra- and interspecific crosses in the genus
(Jaynes 1963, 1964; McKay 1942; Omura and Akihama 1980; Soylu 1992). In
North America, male sterility has presented an obstacle to the introgression of
disease resistance from C. mollissima to C. dentata because the male sterile phe-
notype has been observed in F;, BC; and BC, progeny descended from interspe-
cific crosses between C. dentata and C. mollissima (Shi and Hebard 1997; Sisco
et al. 2014) (Fig. 5.12). As a result, chestnut breeders involved in breeding C.
dentata for blight resistance were limited in crossing designs that would produce
male-fertile progeny. By analyzing noncoding chloroplast DNA sequences from
the parents and progeny of 17 F, and BC, crosses involving C. dentata, C. mollis-
sima and C. crenata in various combinations, Sisco et al. (2014) found that male
sterility in interspecific hybrids was correlated perfectly with the D chloroplast
haplotype of C. dentata. Interestingly, C. dentata trees containing non-D chloro-
plast haplotypes (e.g. M and P chloroplast haplotypes) did not produce male-
sterile progeny when crossed with C. mollissima. Trees with these non-D
haplotypes were primarily found in the southern half of the range of C. dentata.



128 J. H. Craddock and M. T. Perkins

Fig. 5.12 The longistaminate catkins in Castanea dentata usually reach anthesis before the bisex-
ual catkins do, and before the stigmas of the pistillate flowers are pollen receptive (a and b).
Cytoplasmic male sterility in interspecific hybrids is frequently encountered with certain cytotype/
genotype combinations. Many American x Chinese hybrids exhibit completely male-sterile, asta-
minate catkins, as shown here in a B,F, at full bloom (¢ and d). (Photos by J.H. Craddock)

Based on the association of the male-sterile and male-fertile phenotypes
(Fig. 5.12) with distinct chloroplast haplotypes of C. dentata, the authors posited
that the sterility observed in hybrids between C. dentata and east Asian Castanea
spp. is cytoplasmic male sterility (CMS), resulting from an interaction between
mitochondrial genes inherited from C. dentata and nuclear genes inherited from
C. mollissima. The findings of Sisco et al. (2014) were of practical value to
chestnut breeders because they demonstrated that (1) substantial cytoplasmic
diversity of phenotypic significance exists across the range of C. dentata and (2)
because male sterility in crosses between C. dentata and Asian Castanea spp. is
of the CMS type, male-fertile hybrids can be produced by using D cytotype C.
dentata as the male parent in crosses with East Asian Castanea spp. or by using
M or P cytotype C. dentata in any combination with East Asian Castanea spp.
(Sisco et al. 2014).
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5.5 Molecular Breeding

5.5.1 Genetic and Genomic Methods in Chestnut Breeding

The recent availability of molecular genetic and genomic tools has allowed investi-
gators to address several recurring questions in the field of chestnut breeding. What
is the genetic architecture of resistance to the various pathogens of chestnut? Are
genes that confer resistance to one pathogen tightly linked to genes controlling
resistance to other pathogens or other desired phenotypes? Can selection strategies
informed by molecular genetic and genomic methods produce desired phenotypes
more quickly than breeding programs based entirely upon phenotypic selection?
Over the past few decades researchers have used quantitative trait locus (QTL) map-
ping to identify genomic regions controlling several traits of importance for chest-
nut breeders and growers—namely, resistance to chestnut blight, resistance to
Phytophthora root rot, nut traits and adaptive traits (Kubisiak et al. 1997, 2013;
Nishio et al. 2018b; Santos et al. 2017b; Zhebentyayeva et al. 2014). Comparative
genomic and transcriptomic studies have proposed candidate genes for disease
resistance (Barakat et al. 2009, 2012; Kubisiak et al. 2013; Serrazina et al. 2015).
And, most recently, the availability of genomic resources is beginning to make pos-
sible the use of genomic selection in chestnut breeding (Nishio et al. 2018a; Steiner
et al. 2017; Westbrook et al. 2019). Nishio et al. (2018b) report genetic maps and
QTLs for eight traits based on analysis of single nucleotide polymorphisms (SNPs)
and simple sequence repeats (SSRs) in two breeding populations of Castanea cre-
nata cultivars and selections. They showed very strong effects for QTLs associated
with harvest date and pericarp splitting, and predict that marker-assisted selection
can greatly improve breeding efficiency (Nishio et al. 2018b). Pereira et al. (2012)
have reviewed the integration of new biotechnologies into chestnut breeding includ-
ing molecular markers for selection at the genome level. Historically, isoenzymes,
random amplified polymorphic DNAs (RAPDs) and amplification fragment length
polymorphisms (AFLPs) were used. More recently SSRs and SNPs have come to
the fore. SSR and SNP depend on four primary sources of genomic information:
expressed sequence tags (ESTs); genomic DNA libraries enriched for repeating
sequences; bacterial artificial chromosomes (BACs) and, increasingly, whole
genome sequences (Fang et al. 2013).

5.5.2 Molecular Approaches for Blight Resistance Breeding

In North America, molecular breeding approaches have been used solely within the
context of Castanea dentata restoration efforts (Burnham et al. 1986; Diskin et al.
2006; Westbrook 2018a, b; Westbrook et al. 2019; Wheeler and Sederoff 2009;



130 J. H. Craddock and M. T. Perkins

Worthen et al. 2010). In an early paper describing his plan to use the backcross
method to introgress blight resistance from C. mollissima into C. dentata, Burnham
(1988) proposed that restriction fragment length polymorphisms (RFLPs) could be
used to accelerate the breeding program by selecting backcross progeny that most
closely resemble the genotype of the C. dentata recurrent parent, then subjecting
the marker-selected progeny to phenotypic selection for chestnut blight resistance.
Bernatzky and Mulcahy (1992) expanded upon the proposal to use marker-assisted
selection (MAS) in C. dentata breeding by highlighting the need for genetic link-
age maps that can be used to identify DNA markers linked to the genes controlling
blight resistance.

Kubisiak et al. (1997) were the first in North America to use genetic mapping to
assist chestnut breeding efforts. They used isozyme, RFLP and random amplified
polymorphic DNA (RAPD) markers to create a genetic linkage map for an F, fam-
ily derived from two F, crosses between Castanea dentata and C. mollissima and
used phenotypic data from inoculation of the F, progeny with chestnut blight fun-
gus to identify seven genomic regions that appeared to condition a resistance
response in the host. Only three of the seven regions were found to have an inter-
mediate to large effect on resistance. The study of Kubisiak et al. (1997) was
encouraging to chestnut breeders because it provided evidence that high levels of
blight resistance could be conferred by a limited number of genomic regions, thus
indicating that introgression of blight resistance from C. mollissima into C. dentata
may be a realistic objective.

Taking advantage of new genomic resources, Kubisiak et al. (2013) proposed a
list of candidate genes for blight resistance that are located within the three QTL
intervals identified in the earlier work of Kubisiak et al. (1997). By comparing a
genetic map of Castanea mollissima with the peach (Prunus persica (Rosaceae))
reference genome assembly, Kubisiak et al. (2013) found multiple segmentally
homologous regions in the peach genome that span the three blight resistance QTLs
in chestnut. The authors found that two of these regions in the annotated peach
genome sequence contain genes for resistance to powdery mildew disease. Kubisiak
et al. (2013) posited that the orthologous relationships supported by syntenic posi-
tions and sequence similarities between peach and chestnut suggest that these
genomic regions may contain a set of conserved (prior to the divergence of Fagaceae
and Rosaceae) genetic elements whose products respond to fungal invasion.

The development of Castanea mollissima genomic resources (Cannon et al.
2017; Sisco et al. 2005) by plant breeders has positioned the Chinese chestnut as a
model organism for the study of evolution of woody plants and their relationships to
other more closely related herbaceous species. Staton et al. (2015) used the refer-
ence genome to focus on disease resistance QTLs of potential importance to chest-
nut breeders and compare them to sequence data from other species. The unexpected
levels of synteny preservation found among unrelated tree species imply that life
history may play a more important role than has previously been recognized (Staton
et al. 2015).

Recently, genomic selection has been proposed to accelerate recovery of blight
resistance in The American Chestnut Foundation’s (TACF) backcross breeding
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program (Steiner et al. 2017; Westbrook 2017, 2018a, b). In the past, TACF has used
progeny testing to identify advanced backcross (BC;F,) trees possessing high levels
of blight resistance to supply seed for forest plantings. At current rates of progeny
testing, it is expected to take 50 years to complete selection on the 5000 mother trees
in TACF’s seed orchards (Westbrook 2017). Genomic selection, however, can
greatly accelerate the process when used with accurate prediction models (Westbrook
et al. 2019) (Figs. 5.13 and 5.14). Westbrook et al. (2019) used a genotyping by
sequencing (GBS) approach to develop and apply a genomic prediction model to
populations of segregating B;F, American chestnut hybrids. They used a training
population of more than 7000 B;F; progeny of more than 500 open-pollinated,
selected B;F,s. The B;F,s were descended from two Castanea mollissima sources of
resistance (cvs. Clapper and Graves) and were planted in a seed orchard experimen-
tal design which had been screened by inoculation with two strains of C. parasitica
(SG2-3, Ep155) and culled (Hebard 1994, 2006). The genomic predictions of prog-
eny canker severity were as accurate as phenotypic estimates for Clapper B;F,s, but
heritability was too low for the descendants of cv. Graves (Westbrook et al. 2019).
Westbrook et al. (2019) conclude that the forthcoming chromosome-scale reference
genome for C. dentata, combined with the genotypes for thousands of backcross
individuals currently in the TACF state chapter programs, will greatly facilitate the
elucidation of the C. mollissima contributions to blight resistance.

Fig. 5.13 American chestnut hybrid seed orchard. A minimum of 20 genetic families (non-first
cousin lines) of B;F, hybrid seeds are planted at very high density (0.6 m x 1.2 m) in 150-tree plots,
in anticipation of high selection pressure. Genomic prediction of Castanea parasitica tolerance,
which is currently under development, will allow us to choose the very best 2-5 trees per 150-tree
plot. The fully selected seed orchard should contain 40-100 blight tolerant trees with C. dentata
morphology. (Photo by J.H. Craddock)
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Fig. 5.14 Three stages of selection in an American chestnut seed orchard. The BsF, trees in the
foreground are at the end of their first growing season after planting at very high density (0.3 m x
2 m). In the middle ground are 3-year-olds that have been inoculated with virus-free isolates of
Castanea parasitica. The taller trees in the background are 6-year-olds that were selected for C.
parasitica tolerance, tree form, and C. dentata leaf and twig morphological characters. (Photo by
J.H. Craddock)

5.5.3 Molecular Approaches for Phytophthora Root Rot
Resistance Breeding

Amid the growing realization that Phytophthora root rot (PRR) is an important
obstacle to growth of chestnut in the southern United States, multiple groups
began investigation of the genetic architecture of PRR resistance in the first
decade of the twenty-first century. Kubisiak (2010) presented a major effect
QTL for PRR resistance on chestnut linkage group (LG) E in BC, progeny
derived from crossing a PRR-susceptible Castanea dentata individual with a C.
dentata-mollissima F, descended from the C. mollissima cv. Nanking source of
PRR resistance. In a study of multiple BC, and BC, mapping populations
descended from PRR resistance sources C. mollissima cv. Nanking and C.
mollissima cv. Mahogany, Zhebentyayeva et al. (2014) identified a major effect
QTL for PRR resistance on LG_E, providing further support of the hypothesis
of a limited number of genomic regions controlling PRR resistance.
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Because PRR is also a major impediment to cultivation of Castanea sativa in
Europe, genetic and genomic tools have been used to understand and employ PRR-
resistance in breeding of this species (Robin et al. 2006). Santos et al. (2015b,
2017b) developed and used SSR and SNP markers to map QTLs for PRR resistance
in two F; families derived from interspecific crosses between the PRR-susceptible
species C. sativa and the PRR-resistant species C. crenata. Santos et al. (2017b)
identified QTLs for PRR resistance on LG_E and LG_K, which was consistent with
preliminary results obtained by Zhebentyayeva (pers comm to Santos (2017b))
from descendants of crosses between C. dentata and C. mollissima. Santos et al.
(2017b) hypothesized that the finding of common resistance QTLs within C. cre-
nata and C. mollissima may indicate shared resistance mechanisms to fungal or
fungal-like pathogens across the Castanea genus.

In Europe, comparison of the root transcriptomes of PRR-susceptible Castanea
sativa and PRR-resistant C. crenata after inoculation with Phytophthora cinnamomi
resulted in the identification of 283 genes that are differentially expressed in
response to the pathogen. Santos et al. (2017a) filtered this list of 283 differentially
expressed genes to identify 8 candidate genes for resistance to P. cinnamomi. Using
digital polymerase chain reaction (dPCR), Santos et al. (2017a) identified one gene,
Cast_Gnk2-like, that best discriminates between susceptible and resistant geno-
types. Santos et al. (2017a) also found that pre-formed defenses are crucial for the
resistance of C. crenata to P. cinnamomi infection.

Perkins et al. (2019) report on the discovery of new sources of host resistance to
Phytophthora cinnamomi in the TACF backcross breeding program (Fig. 5.15).
They screened ten interspecific hybrid families in a nursery setting, and although the
primary scope of their effort was introgression of disease resistance into Castanea
dentata for ecological restoration purposes, the first backcross progeny used in the
trial all descend from C. mollissima cultivars of merit: Amy, Byron, Gideon,
Lindstrom-99, Payne and Petersburg and so on may be of interest in the develop-
ment of new nut cultivars with the flavor profile of C. dentata (Perkins et al. 2019).

5.5.4 Genetic Resources for Understanding Insect Resistance

Alma (2002) lists more than 40 kinds of insects and mites known to cause damage
to Castanea species. They attack the roots, bark, twigs, leaves and fruits. Some of
the most injurious pests are listed in Table 5.3. On a global scale, the chestnut gall
wasp, Dryocosmus kuriphilus is surely the one insect that causes the most damage
to chestnut production; when introduced from China to Japan in the 1940s, it caused
drastic reductions in the harvest of C. crenata (Saito 2009), and soon after its dis-
covery in the state of Georgia, USA, commercial production based on C. mollissima
was almost completely wiped out (Payne et al. 1983). Its accidental introduction to
Italy was quickly followed by a similar, catastrophic drop in yield — some areas in
Cuneo Province lost the entire crop within a few years of infestation (Brussino et al.
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Fig. 5.15 Resistance to Phytophthora cinnamomi can be determined by screening trees in con-
tainers during their first year of growth in the nursery. Resistant progeny are then transplanted into
PRR symptomatic orchards for screening against Cryphonectria parasitica. Phenotypic selection
at the F; and BC, generations was sufficient to improve the average PRR resistance for these lines
(Perkins et al. 2019). These first backcross American hybrids descend from a 2004 cross of a wild
type Tennessee C. dentata x C. mollissima cv. Gideon. The selected F;s were backcrossed to other
wild type Tennessee C. dentata in 2014. (Photo by J.H. Craddock)

2002; Sartor et al. 2015). A biocontrol, based on the parasitoid wasp Torymus sinen-
sis, native to China, is currently deployed in Japan, Korea, Italy and USA, but the
gall wasp remains problematic; episodic infestations continue to impact harvests
worldwide, and the pest continues to spread in Europe (Ferracini et al. 2019;
Gehring et al. 2018; Quacchia et al. 2008; Sartor et al. 2015). The best long term
control may be genetic host resistance to infestation. Variation in gall wasp toler-
ance was first explored in the 1940s in Japan (Oho and Shimura 1970), and several
gall-wasp resistant selections of C. crenata were released as cultivars in the 1950s
(Saito 2009; Shimura 1972). Despite the continued ravages of the insect and its
apparent ability to overcome resistance, Tsukuba, Tanzawa, Ishizuchi and Ginyose
are still the most widely grown cultivars in Japan today (Pereira-Lorenzo et al.
2012; Saito 2009). The better, more resistant cvs. Kunimi and Shiho, were released
in the 1980s but they are not so widely grown because about the time of their first
availability the gall wasp parasitoid 7. sinensis was released and began effecting
biocontrol of D. kuriphilus. Since the 1990s, the focus of the Japanese chestnut
breeders has returned to improvements in nut quality, particularly ease of pellicle
removal in cultivars of C. crenata (Nishio et al. 2013; Saito 2009).
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Dini et al. (2012) report on the discovery of a possibly novel mechanism for gall
wasp resistance in the Euro-Japanese hybrid Bouche de Bétizac. They describe
what they interpret to be a hypersensitive response in swelling buds to infestation by
Dryocosmus kuriphilus. They used 3,3’-diaminobenzidine (DAB) in an assay for
in vivo production of H,0,, itself an indicator of the stress-response glycoproteins
germin and germin-like proteins (GLPs). GLPs are markers for stress response gene
products and have oxalate oxidase (OxO) activity related to programmed cell death
and the hypersensitive response (HR). They observed a positive DAB response in all
buds of the resistant cv. Bouche de Bétizac but in none of the buds of the susceptible
cv. Madonna, regardless of infestation state. They detected production of putative
GLP using Real Time PCR. The observed hypersensitive response in Bouche de
Bétizac has allowed the cultivar to remain free of galls after more than 10 years of
exposure (Dini et al. 2012).

The molecular basis of Castanea mollissima responses to Dryocosmus kuriphi-
lus infestations was very thoroughly investigated by Zhu et al. (2019a) through tran-
scriptomic analysis of differentially-expressed genes during the different
gall-formation stages in the life cycle of the wasp. In response to attack by the gall
former, plant responses included plant hormone signaling, changes in transcription
products, stimulation of Ca**-mediated signal transduction pathways, and activation
of secondary metabolic and other stress induced changes. The authors conclude that
the genes involved represent C. mollissima gall defense genes (Zhu et al. 2019a).

5.5.5 Deciphering the Genetics of Agronomic and Nut Traits

The genetic architecture of important agronomic and nut traits in Castanea crenata
and C. mollissima has been investigated by researchers in Japan, China and the
USA. Researchers at the NARO Institute of Fruit Tree and Tea Science, Japan, used
genetic linkage mapping and pedigree analysis to understand genetic control of nut
traits (Nishio et al. 2011a, 2014b). The easy-peeling pellicle trait in the C. crenata
cv. Porotan, the only commercial cultivar of C. crenata that possesses this trait, was
investigated by Nishio et al. (2013) and Takada et al. (2019). Nishio et al. (2013)
found that the easy-peeling pellicle was conferred in their C. crenata breeding pop-
ulations by a recessive allele at a single gene. They also identified multiple SSR
markers tightly linked to this locus. The difficulty of pellicle removal in C. crenata
is a major disadvantage for commercial use of the species; thus, the SSR markers
developed by Nishio et al. (2013) and the germplasm discovered by Takada et al.
(2019) are currently being used to breed new C. crenata cultivars with easy-peel
nuts (Nishio et al. 2018a, b; Takada et al. 2019).

With MAS for easy-peeling pellicles currently in use at the Institute of Fruit
Tree and Tea Science, an additional objective of the breeding program is to release
cultivars with easy-peeling pellicles and different nut harvesting dates from
Castanea crenata cv. Porotan (Nishio et al. 2018b). For this purpose, Nishio et al.
(2018b) used QTL mapping to study the genetic control of several important agro-
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nomic and nut traits in C. crenata: nut harvest date, nut weight, pericarp splitting,
peach moth (Conogethes punctiferalis) infestation, number of burs per tree, num-
ber of nuts per tree, trunk diameter and yield per tree. One significant QTL each
was identified for nut weight, peach moth infestation, number of burs per tree,
number of nuts per tree, trunk diameter and yield per tree, while multiple signifi-
cant QTLs were identified for both harvest date and pericarp splitting. The percent-
age of total phenotypic variance explained by the QTLs for harvest date and
pericarp splitting was high (47.5-60.8% and 33.4-41.7%, respectively) and the
SSR and SNP markers used in the study are expected to have immediate use for
MAS in C. crenata breeding (Nishio et al. 2018b). Next, Nishio et al. (2018a)
revisited study of many of these traits using a genome-wide association study on 99
phenotypically diverse C. crenata cultivars. Of the 12 total QTLs identified, 4 were
associated with harvest date, 4 with nut weight, 3 with peach moth infestation and
1 with pericarp splitting. Accuracies of genomic selection were high for nut harvest
(0.841) and moderate for peach moth infestation (0.604), indicating that genomic
selection may reduce the cost of phenotypic evaluation of these traits by allowing
selection at the seedling stage.

Microsatellite-based paternity analyses, using SSRs, allowed Nishio et al.
(2014a, 2019) to estimate the effective pollen dispersal distance for cross-
pollination in orchards of Castanea crenata cultivars. Because many Japanese
chestnut cultivars are difficult to peel, and because it is difficult to separate the
easy-peel nuts of cv. Porotan from the difficult-to-peel types after they have been
harvested, the recommendation is to plant cv. Porotan alone in solid rows or blocks
so that the easy-peel nuts can be harvested separately. The authors note that the
effective pollen distance is not very far and thus suggest that the pollinizer varieties
should be in adjacent rows or staggered in the row of the main cultivar (Nishio
et al. 2014a, 2019).

QTL mapping has been used to facilitate marker-assisted selection in Castanea
mollissima breeding programs in China where the desired traits mostly concern nut
quality and harvest date. Ji et al. (2018) used the genotyping-by-sequencing method
to construct a high density linkage map and identify QTLs for five nut traits. Three
of the QTLs were associated with single nut weight, two were associated with nut
thickness, five with nut width, one for nut height, and six QTLs associated with
ripening period (Ji et al. 2018).

5.5.6 Future Prospects in Molecular Breeding of Chestnut

Despite the recent advances listed above, several important questions remain
unanswered. Do the same genes control blight resistance in different chestnut spe-
cies? Do the same genes control blight resistance in different cultivars within the
same species? Are there different alleles encoding blight resistance within the
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Fig. 5.16 The prickles on the bur of the American chestnut may be the longest, proportionately, of
any species (a). The fruits of Castanea dentata are typically covered in silky hairs (b). (Photo by
J.H. Craddock)

same loci? Are there different loci for Phytophthora root rot resistance across dif-
ferent species and cultivars? What about viruses? Although the focus of many
molecular studies in chestnut have been on breeding for disease resistance, several
other important traits that vary in interesting ways may be amenable to molecular
breeding approaches. These include nut crop yield, bud-bust phenology, tree
architecture, and drought tolerance, nut flavors, nut higher lipid contents, nut mor-
phology (Fig. 5.16). Moreover, untapped genetic potential exists in North
American species. The excellent taste of American chestnuts and Ozark chinqua-
pins, related to their lipid contents (Senter et al. 1994), and adaptation to fire dis-
turbance in coastal chinquapins are traits of potential agronomic/culinary utility.
Genetic study of the stoloniferous shrub (<1 m) plant architecture of the Castanea
pumila coastal ecotype might facilitate production of a high-quality nut crop.
Hybridization of trailing chinquapin with disease-resistant East Asian species that
produce large chestnuts could produce dwarf cultivars suitable for intensive, high-
density cultivation.

5.6 Biotechnology

Biotechnologies, including biological controls, tissue culture techniques, genetic
engineering and genomic marker systems, have great potential to advance restora-
tion of Castanea dentata in eastern North America and to improve chestnut culture
worldwide. The contributions, prospects and limitations of novel biotechnologies to
forest tree breeding have been reviewed by Higgman et al. (2016) and by Tuskan
et al. (2018).
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5.6.1 Induced Mutation Breeding

Chestnut breeding using induced mutations was attempted in the USA after the
chestnut blight pandemic decimated Castanea dentata populations in the twentieth
century. Starting in the 1950s, multiple breeding programs irradiated thousands of
C. dentata nuts and scions with the goal of generating blight-resistant mutants
(Diller and Clapper 1965; Samman and Thor 1975; Singleton and Dietz 1974).
Large plantings containing irradiated seedlings and their progeny were established
in five U.S. states. However, no blight-resistant mutants were identified (Burnham
1988). Dietz (1978) attempted induced mutation breeding using ionizing radiation
to achieve resistance to C. parasitica. Some of his irradiated trees, and some of their
intercrossed progeny still exist in orchard plantings in Maryland, and are main-
tained by The American Chestnut Foundation (Burnworth 2002). Recent examina-
tion of surviving trees by Craddock (pers obs) indicated canker severity well within
the range of C. dentata wild type trees infected with hypovirulent strains of C. para-
sitica, with no real evidence of increased resistance in irradiated trees or their prog-
eny. Interest in American chestnut irradiation programs began to dwindle in the
1980s (Curry 2014).

5.6.2 Hypovirulence

Biological control of chestnut blight is based on transmissible hypovirulence, a phe-
nomenon marked by the reduced virulence of the pathogenic fungus, rendering the
fungus less damaging to the host plant (Grente 1965). Effective biocontrol was first
observed on Castanea sativa in Italy (Biraghi 1950a, b) although the nature of the
causal agent was not determined for more than 20 years. A dsRNA virus transmits
the hypovirulent phenotype and the viral RNA can transform normal lethal cankers
into slower-growing superficial bark cankers that do not kill the tree (Curkovié-
Perica et al. 2017; Grente and Berthelet-Sauret 1978; Peever et al. 1997; Roane
et al. 1986). In the 1970s hypoviruses were found in Michigan associated with
recovering stands of C. dentata (Roane et al. 1986), although some of the Michigan
hypovirulent strains were associated with mutations in the C. parasitica mitochon-
drial DNA (Fulbright 1999). By slowing the growth of the fungus, the virus allows
the tree to live and bear fruit (Griffin 2000).

The biology of hypovirulence has been studied and reviewed extensively
(Anagnostakis et al. 1998; Baidyaroy et al. 2000; Chen and Nuss 1999; Dierauf
et al. 1997; Fulbright 1999; Griffin et al. 2006; MacDonald and Double 2006;
Monteiro-Vitorello et al. 2000). Hebard et al. (1984) showed that host resistance in
Castanea is a key factor allowing expression of hypovirulence (superficial cankers
with reduced canker expansion). Barriers to virus transmission, one of the chief
limitations to effective biocontrol, can be overcome using biotechnologies (Choi
et al. 2012; Double et al. 2017; Zhang and Nuss 2016).
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5.6.3 Genetic Engineering

The marriage of in vitro culture and molecular biology of trees, including chest-
nut, was reviewed by Chang et al. (2018). Beginning around the same time as the
American Chestnut Foundation’s backcross breeding program, scientists at the
State University of New York’s College of Environmental Science and Forestry
(SUNY-ESF) and collaborators have pursued a genetic engineering approach to
increase blight resistance in Castanea dentata (Chang et al. 2018; Steiner et al.
2017). An important breakthrough in this area occurred with development of a
method to establish C. dentata somatic embryo cultures (Caraway et al. 1994;
Merkle et al. 1991). Newhouse et al. (2014) used in vitro methods to study het-
erologous expression of oxalate oxidase in transformed C. dentata that show
high levels of tolerance to C. parasitica infection. In vitro homologous expres-
sion of a CsCh3 chitinase in transformed somatic embryos of C. sativa with
potential resistance to C. parasitica was reported by Corredoira et al. (2012,
2016). The use of somatic embryos facilitated the design of an effective transfor-
mation system for C. dentata (Andrade et al. 2009, Polin et al. 2006; Xing et al.
1999). The main blight tolerance gene chosen by researchers in this area is a
gene encoding oxalate oxidase, which catalyzes the degradation of oxalate into
H,0, and CO, and is produced in a variety of unrelated plants, such as straw-
berry, beet, peanut, apricot and most cereal grains (Chang et al. 2018; Steiner
et al. 2017). Oxalate production by some plant pathogenic fungi, including the
chestnut blight fungus, induces a programmed cell death response in plant tissue
that is required for disease development (Hebard and Shain 1988; Kim et al.
2008). Based on observations that virulent strains of C. parasitica produce
greater quantities of oxalate than hypovirulent strains (Chen et al. 2010; Havir
and Anagnostakis 1983), the oxalate oxidase gene was chosen as a lead candi-
date gene for transformation (Chang et al. 2018). Tests of transgenic C. dentata
plants expressing the oxalate oxidase transgene have shown that these plants
exhibit enhanced resistance to C. parasitica and transmit blight resistance to a
portion of their progeny (Newhouse et al. 2014; Zhang et al. 2013). The first field
trials of transgenic C. dentata were planted in 2006 under a permit from the
United States Department of Agriculture, Animal Plant Health Inspection
Service (USDA-APHIS) (Steiner et al. 2017). There is some concern in the sci-
entific community about public resistance to a transgenic approach (Barnhill-
Dilling and Delborne 2019). Researchers at SUNY-ESF are currently in the
process of seeking deregulation of the best-performing transgenic lines through
USDA-APHIS (Chang et al. 2018).

Researchers in the United States have proposed that genetic engineering can be
merged with backcross breeding to create Castanea dentata populations that com-
bine most, if not all, of the following attributes: (1) blight resistance from the OxO
transgene, (2) Phytophthora root rot resistance introgressed from the East Asian
Castanea species, (3) blight resistance introgressed from the East Asian Castanea
species, (4) adaptation to local environmental conditions from a diverse set of C.
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dentata recurrent parents and (5) an effective population size sufficiently large as to
be at minimal long-term risk of extinction due to inbreeding and genetic drift
(Steiner et al. 2017; Westbrook 2018a, b). The long-term breeding goal for C. den-
tata in North America is unique in that resistance to two diseases must be intro-
gressed into wild populations to facilitate restoration of the species (Westbrook
et al. 2019; Worthen et al. 2010).

Biotechnology research on chestnut in Europe and Asia is fundamentally dif-
ferent from that in North America because the main emphasis is on cultivar
development and preservation, rather than species restoration. As a result, more
effort has been spent on micropropagation and preservation of superior geno-
types than on transformation. One very effective use of micropropagated mate-
rial in plant breeding is the ability to clone hybrid progeny before screening.
Santos et al. (2015a, 2017a) used plantlets generated by in vitro propagation to
study the genetics of resistance to ink disease. The ability to clone progenies,
before screening, is a powerful tool for selection for disease resistance (Santos
et al. 2015a). Researchers in Europe are also in the process of using genetic
engineering to increase resistance to both blight and ink disease in C. sativa.
Corredoira et al. (2012) engineered C. sativa to overexpress a native thaumatin-
like protein gene (CsTLI), which encodes a protein that was earlier shown to
possess in vitro antifungal activity against Trichoderma viride and Fusarium
oxysporum. A gene from C. sativa was used to transform hybrid poplars by
Moreno-Cortez et al. (2012). They used the C. sativa RAVI gene which is
homologous to an Arabidopsis TEM gene. The transgenic poplars overexpressed
CsRAVI and showed early formation of current-growing-season branching, a
possibly adaptive trait the authors consider important to biomass production
(Moreno-Cortez et al. 2012).

5.7 Conclusions and Prospects

Chestnut researchers and growers now have at their disposal new tools, new
techniques, new information and better access to genetic resources that should,
in the near future, permit great gains in the movement towards several impor-
tant breeding objectives: increased resistance to the most limiting chestnut dis-
eases, tolerance to the most troublesome pests and improvements in fruit quality
and yields. Cutting-edge gene editing technologies such as those based on the
CRISPR/Cas9 systems may have tremendous applications for chestnut
(Hdggman et al. 2016; Tuskan et al. 2018). The American Chestnut Foundation
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Fig. 5.17 These third backcross American chestnut hybrids were bred from some of the southern-
most populations of Castanea dentata. They exhibit good tree form, adequate blight resistance,
and represent a potentially very important germplasm resource for adaptive variation as the species
copes with climate change. (Photo by J.H. Craddock)

is currently funding range-wide, and genome-wide sampling in an effort to
document adaptive variation in Castanea dentata that may be useful to the spe-
cies as it confronts rapid climate change (Westbrook 2018a, b; Westbrook et al.
2019), and conversations have begun within the scientific community about
possible assisted migration as a conservation strategy (Fig. 5.17). Habitat mod-
elling to predict future geographic ranges can be based on current and historic
occurrence data for the trees and for their pathogens and pests (Phillips et al.
2006; Wang et al. 2010, 2013). Application of the knowledge presented here
offers great opportunities to improve forest stands of chestnut for the sustain-
able production of high-quality lumber and other forest products in East Asia,
North America and in Europe.
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Appendix I: Research Institutes Relevant to Chestnut

Institute

Specialization and research
activities

Contact information, including
website

The American Chestnut
Foundation, Asheville, NC,
USA

American chestnut
restoration

Dr. Jared Westbrook
email: chestnut@acf.org
website: https://www.acf.org/

American Chestnut Research
and Restoration Project,
SUNY College of
Environmental Science and
Forestry, Forest
Biotechnology Working
Group

Syracuse, NY, USA

Basic and applied research
that will lead to the
development of a blight-
resistant American chestnut
tree.

Perform cutting edge
research that will enhance
our understanding of forest
tree biology and lead to
improved productivity and
biodiversity of our forested
ecosystems

Dr. William A. Powell

email: wapowell @esf.edu
website: https://www.esf.edu/
chestnut/

Beijing Advanced Innovation
Center for Tree Breeding by
Molecular Design

Beijing University of
Agriculture Beijing, China

Genetics and molecular
breeding of tree crops

Dr. Ling Qin
email: ginlingbac@126.com

Centre for Research and
Technology of Agro-
Environment and Biological
Sciences

University of Trds-os-Montes
e Alto Douro Vila Real,
Portugal

Chestnut physiology, abiotic
and biotic stresses, and
breeding

Dr. José Gomes-Laranjo
email: jlaranjo@utad.pt
web: https://www.citab.utad.pt/

Chattanooga Chestnut Project,
University of Tennessee at
Chattanooga, TN, USA

Cultivar development,
American chestnut
restoration, genetic diversity
and evolution of North
American Castanea species

Dr. J. Hill Craddock

email: hill-craddock @utc.edu
website: https://www.utc.edu/
biology-geology-environmental-
science/profiles/faculty/wmn758.

php



https://www.acf.org/
https://www.esf.edu/chestnut/
https://www.esf.edu/chestnut/
https://www.citab.utad.pt/
https://www.utc.edu/biology-geology-environmental-science/profiles/faculty/wmn758.php
https://www.utc.edu/biology-geology-environmental-science/profiles/faculty/wmn758.php
https://www.utc.edu/biology-geology-environmental-science/profiles/faculty/wmn758.php
https://www.utc.edu/biology-geology-environmental-science/profiles/faculty/wmn758.php
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Institute

Specialization and research
activities

Contact information, including
website

Chestnut Research and
Development Centre
Chiusa Pesio, Italy

Research on several topics
related to chestnut
cultivation, including
chestnut germplasm,
advanced propagation
techniques, optimization of
cultural practices, pests and
diseases management,
nursery and extension
services

Prof. Gabriele Beccaro

email: centro.castanicoltura@
unito.it

web:
http://www.centrocastanicoltura.
unito.it/

Dept. of Biological Sciences
Mississippi State University
Starkville, MS, USA

Molecular interactions of
plant pathogenic fungi and
their hosts, particularly
between chestnut blight
fungus and the American
chestnut

Dr. Angus Dawe

email: dawe @biology.msstate.edu
website: https://www.biology.
msstate.edu/people/staff.
php?id=ald662

Dept. of Biological Sciences
University of Notre Dame
Notre Dame, IN, USA

Population dynamics, spatial
genetic structure, gene flow,
adaptive genetic variation
and spontaneous
interspecific hybridization

Dr. Jeanne Romero-Severson
email: jromeros @nd.edu
website: https://biology.nd.edu/
people/jeanne-romero-severson/

Department of Crop
Production and Engineering
Projects

High Polytechnic School
Lugo Campus University of
Santiago de CompostelalL.ugo
Spain

Research in chestnut with
morphological and
molecular markers, genetic
diversity evaluation,
identification and catalogue
of local cultivars,

Dr. Santiago Pereira-Lorenzo
email: santiago.pereira.lorenzo @
usc.es

website: http://www.usc.es/en/
departamentos/prodvexg/
profesores/
pereiralorenzosantiagopublicacion

Dept. of Plant and
Environmental Sciences
Clemson University
Clemson, SC, USA

Diseases caused by
Phytophthora spp. and rust
diseases, with current work
on root rot of chestnut

Dr. Steven Jeffers

email: sjffrs@clemson.edu
website: https://www.clemson.
edu/cafls/faculty_staff/profiles/
sjtfrs

Dept. of Plant Biology
Michigan State University
East Lansing, MI, USA

Interactions between
American chestnut, its blight
pathogen, and intracellular
hyperparasites that alter
pathogen virulence

Dr. Andrew M. Jarosz

email: amjarosz@msu.edu
website: https://plantbiology.
natsci.msu.edu/directory/
andrew-m-jarosz/

Division of Plant and Soil
Sciences

West Virginia University
Morgantown, WV, USA

Biological control of
chestnut blight using
transmissible hypovirulence

Dr. William L. MacDonald
email: macd@wvu.edu

website: https://www.davis.wvu.
edu/faculty-staft/directory/
william-macdonald

Faculty of Agriculture
Dept. of Horticulture
Ondokuz Mayis University
Samsun, Turkey

Evaluation of chestnut
hybrids for cultivar and
rootstock characteristics,
postharvest treatment of
chestnuts

Prof. Dr. Umit Serdar

email: userdar @omu.edu.tr
website: https://personel.omu.edu.
tr/tr/userdar



http://www.centrocastanicoltura.unito.it/
http://www.centrocastanicoltura.unito.it/
https://www.biology.msstate.edu/people/staff.php?id=ald662
https://www.biology.msstate.edu/people/staff.php?id=ald662
https://www.biology.msstate.edu/people/staff.php?id=ald662
https://biology.nd.edu/people/jeanne-romero-severson/
https://biology.nd.edu/people/jeanne-romero-severson/
http://www.usc.es/en/departamentos/prodvexg/profesores/pereiralorenzosantiagopublicacion
http://www.usc.es/en/departamentos/prodvexg/profesores/pereiralorenzosantiagopublicacion
http://www.usc.es/en/departamentos/prodvexg/profesores/pereiralorenzosantiagopublicacion
http://www.usc.es/en/departamentos/prodvexg/profesores/pereiralorenzosantiagopublicacion
https://www.clemson.edu/cafls/faculty_staff/profiles/sjffrs
https://www.clemson.edu/cafls/faculty_staff/profiles/sjffrs
https://www.clemson.edu/cafls/faculty_staff/profiles/sjffrs
https://plantbiology.natsci.msu.edu/directory/andrew-m-jarosz/
https://plantbiology.natsci.msu.edu/directory/andrew-m-jarosz/
https://plantbiology.natsci.msu.edu/directory/andrew-m-jarosz/
https://www.davis.wvu.edu/faculty-staff/directory/william-macdonald
https://www.davis.wvu.edu/faculty-staff/directory/william-macdonald
https://www.davis.wvu.edu/faculty-staff/directory/william-macdonald
https://personel.omu.edu.tr/tr/userdar
https://personel.omu.edu.tr/tr/userdar
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Institute

Specialization and research
activities

Contact information, including
website

Forest Health Research and
Education Center
University of Kentucky
Lexington, KY, USA

Conservation and restoration
of forested ecosystems using
genetics-based biological
research, social science
research, and educational
outreach on factors affecting
tree and forest health

Dr. C. Dana Nelson

email: dananelson @fs.fed.us
website: http://www2.ca.uky.edu/
Forestry/threc/index.html

Institute of Botany, Jiangsu
Province and Chinese
Academy of Sciences
Nanjing, China

Genetics and breeding of C.
mollissima

Dr. Guomin Geng,

email: 13951970164@163.com
website: http://old.cnbg.net/
English/Yjx/formindex.aspx

ISHS Chestnut Working
Group

Coordinates chestnut
research worldwide

Chairman: Dr. José Gomes
Laranjo

email: jlaranjo@utad.pt
web: https://www.ishs.org/
chestnuts

NARO Institute of Fruit Tree
and Tea Science
Tsukuba, Japan

Cultivar development,
production systems,
integrated pest management,
elucidation of fruit
functionality, regulatory
mechanisms governing fruit
quality

Dr. Toshihiro Saito

email: www.naro.affrc.go.jp
website: http://www.naro.affrc.
go.jp/english/fruit/

Research Institute on
Terrestrial Ecosystems
Italian National Research
Council

Porano, Italy

Population genetics and
genomics of C. sativa

Dr. Fiorella Villani

email: fiorella.villani @ibaf.cnr.it
website: https://www.cnr.it/en/
institute/125/
research-institute-on-terrestrial-
ecosystems-iret

The Schatz Center for Tree
Molecular Genetics
Pennsylvania State University
University Park, PA, USA

Research and training in
forest genetics related
projects in the areas of
genomics, conservation
genetics, and biotechnology

Dr. John Carlson

email: jec16@psu.edu

website: https://ecosystems.psu.
edu/research/centers/schatz

Scientific-Research Centre of
Agriculture
Thilisi, Georgia

In situ and ex situ
management of C. sativa
genetic resources in Georgia

Dr. Zviad Bobokashvili

email: bobokashvili @hotmail.
com

website: http://srca.gov.ge/en

Shandong Provincial Key
Laboratory of Fruit Tree
Biotechnology Breeding,
Shandong Institute of
Pomology

Tai’an, China

Genetic diversity and
breeding of C. mollissima,
home of the national
chestnut germplasm
repository of China

Dr. Qingzhong Liu

email: qzliu@sdip.cn

website: http://www.saas.ac.cn/
saas/?content-6497.html



http://www2.ca.uky.edu/Forestry/fhrec/index.html
http://www2.ca.uky.edu/Forestry/fhrec/index.html
http://old.cnbg.net/English/Yjx/formindex.aspx
http://old.cnbg.net/English/Yjx/formindex.aspx
https://www.ishs.org/chestnuts
https://www.ishs.org/chestnuts
http://www.naro.affrc.go.jp
http://www.naro.affrc.go.jp/english/fruit/
http://www.naro.affrc.go.jp/english/fruit/
https://www.cnr.it/en/institute/125/research-institute-on-terrestrial-ecosystems-iret
https://www.cnr.it/en/institute/125/research-institute-on-terrestrial-ecosystems-iret
https://www.cnr.it/en/institute/125/research-institute-on-terrestrial-ecosystems-iret
https://www.cnr.it/en/institute/125/research-institute-on-terrestrial-ecosystems-iret
https://ecosystems.psu.edu/research/centers/schatz
https://ecosystems.psu.edu/research/centers/schatz
http://srca.gov.ge/en
http://www.saas.ac.cn/saas/?content-6497.html
http://www.saas.ac.cn/saas/?content-6497.html
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Institute

Specialization and research
activities

Contact information, including
website

Sistemas Agrdrios e Florestais
e Sanidade Vegetal

Instituto Nacional de
Investigacdo Agraria e
Veterindria

Lisbon, Portugal

Forest genetics, molecular
biology and genomics of
woody species including C.
sativa, and understanding
resistance of Castanea spp.
to Phytophthora

Dr. Rita Lourengo Costa

email: rita.Icosta@iniav.pt
website: http://www.iniav.pt/gca/
index.php?id=1410

South China Botanical Garden
Chinese Academy of Sciences
Guangzhou, China

Plant ex situ conservation
and inventory, plant
conservation genetics

Dr. Hongwen Huang

email: huanghw @mail.scbg.ac.cn
website: http://english.scbg.cas.
cn/

Southern Institute of Forest
Genetics, US Forest Service
Saucier, MS, USA

Genetics/genomics of
disease resistance, genetic
diversity of American
chestnut

Dr. C. Dana Nelson

email: dananelson @fs.fed.us
website: https://srs.fs.usda.gov/
sifg/FERMCharterFINAL.html

Swiss Federal Institute for
Forest, Snow and Landscape
Research WSL

Cadenazzo, Switzerland

WSL explores the dynamics
of the terrestrial
environment, and the use
and protection of natural
habitats and cultural
landscapes.

Dr. Marco Conederaemail: marco.
conedera@wsl.ch
web: https://www.wsl.ch/en.html

Tree Genetics and Breeding
Lab, Aristotle University of
Thessaloniki

Thessaloniki, Greece

Genetics and epigenetics of
C. sativa, breeding and
micropropagation of C.
sativa,

Prof. F.A. Aravanopoulos,
email: aravanop @for.auth.gr
https://users.auth.gr/~aravanop/
index_en.html

Unité Mixte de Recherche
Biodiversité, des Geénes aux
Communautés

Institut National de la
Recherche Agronomique
Bordeaux, France

Genetic determinism of
diseases of chestnut;
interactions between gall
wasp, C. parasitica and
endophytic fungi; evolution
of C. parasitica and its
hypovirus

Dr. Cécile Robin

email: robin@bordeaux.inra.fr
https://www6.bordeaux-aquitaine.
inra.fr/biogeco_eng/Staff/
Staff-directory/Q-Z/Robin-Cecile

USDA Forest Service
Hardwood Tree Improvement
and Regeneration Center,
Department of Forestry and
Natural Resources

Purdue University

West Lafayette, IN, USA

Genetics of forest trees
including development and
use of DNA markers and
sequence data to study
genetic variability, evolution
and spatial distribution of
variability, breeding trees for
plantations and species
restoration

Dr. Keith Woeste,
email: woeste @purdue.edu
website: https://htirc.org/

Appendix I1: Chestnut Genetic Resources

Information is presented in Table 5.2.


http://www.iniav.pt/gca/index.php?id=1410
http://www.iniav.pt/gca/index.php?id=1410
http://english.scbg.cas.cn/
http://english.scbg.cas.cn/
https://srs.fs.usda.gov/sifg/FERMCharterFINAL.html
https://srs.fs.usda.gov/sifg/FERMCharterFINAL.html
https://www.wsl.ch/en.html
https://users.auth.gr/~aravanop/index_en.html
https://users.auth.gr/~aravanop/index_en.html
https://www6.bordeaux-aquitaine.inra.fr/biogeco_eng/Staff/Staff-directory/Q-Z/Robin-Cecile
https://www6.bordeaux-aquitaine.inra.fr/biogeco_eng/Staff/Staff-directory/Q-Z/Robin-Cecile
https://www6.bordeaux-aquitaine.inra.fr/biogeco_eng/Staff/Staff-directory/Q-Z/Robin-Cecile
https://htirc.org/
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Chapter 6
Hazelnut (Corylus spp.) Breeding

Roberto Botta, Thomas J. Molnar, Veli Erdogan, Nadia Valentini,
Daniela Torello Marinoni, and Shawn A. Mehlenbacher

Abstract Hazelnut is an economically important tree nut whose production is
mostly destined to the confectionery industry with a demand that currently exceeds
supply. Its cultivation remains substantially based on named selections from local,
wild vegetation. Public breeding programs were not initiated until the 1960s and
only two, both in the USA, are in operation today that are relatively large. Oregon
State University has produced new cultivars with Gasaway resistance to the fungus
Anisogramma anomala, causal agent of eastern filbert blight (EFB), a major disease
in North America; these cultivars are being widely planted. In China, cold-hardy
hybrid cultivars from Corylus heterophylla and C. avellana were recently released
and are planted in northeastern China. In the past 25 years, molecular markers have
facilitated a much better understanding of genetic diversity in the genus Corylus,
aided the construction of linkage maps and allowed for marker-assisted selection for
disease resistance. The genome of C. avellana was sequenced and assembled, and
DNA markers identified from the transcriptome, providing the basis for the isolation
of important genes, including those related to nut quality and adaptive and
phenological traits. Many new genotypes expressing eastern filbert blight (EFB)
resistance have been identified in the germplasm, and subsequent linked DNA
markers developed, allowing new approaches to breeding for durable resistance.
Micropropagation is routinely used in the USA, Chile and Italy for multiplication,
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but work with other in vitro techniques is less advanced. Genetic engineering has
not been developed in hazelnut due to regeneration difficulties from somatic tissues
but recent advances have established a protocol for organogenesis. More research is
being carried out to assemble a high-quality hazelnut genome and achieve somatic
embryogenesis. The results from this research will provide knowledge and tools
enabling the isolation of genes and molecular markers, and the application of
genome editing techniques to hazelnut.

Keywords Breeding - Climatic adaptation - Disease resistance - Genetic diversity
- Linkage map - Marker-assisted selection - Nut quality

6.1 Introduction

Hazelnuts have been used by humans as a food since ancient times. Specialized
cultivation has developed more recently across the Mediterranean Basin, based on
the species Corylus avellana, and later in other areas of the world, including China
where C. heterophylla and its hybrid selections with C. avellana are grown.
Currently, hazelnut is an important tree nut whose success is due to the strong
demand for nuts from the confectionary industry.

In spite of this situation, the cultivation is still based on ancient cultivars selected
from the wild and most of the world production is from two countries: Turkey and
Italy. The breeding programs initiated in the 1960s were aimed at improving yield
and nut quality, climatic adaptation and resistance to diseases.

The objective of this chapter is to present the state of the art concerning the
hazelnut breeding carried out in the world with particular emphasis on advancements
based on use of modern technologies. The chapter will present information on
genetic resources available within the genus Corylus, major breeding goals for
hazelnut, results obtained by current and past breeding programs as well as breeding
and molecular techniques currently available.

6.1.1 Botanical Classification and Distribution

Hazelnuts (other common names are cobnut and filbert) belong to the order Fagales,
family Betulaceae, subfamily Coryloideae, genus Corylus L. and are native to the
temperate zones of the northern hemisphere (Europe, Asia Minor, Asia, North
America). Other families in the order Fagales include Juglandaceae [e.g., Juglans
(walnut), Carya (pecan and hickory)] and Fagaceae [e.g., Fagus (beech), Castanea
(chestnut) and Quercus (oak)]. The number of species within the genus Corylus
varies between 9 and 25, depending on the taxonomic authority, with current
revisions based on morphological, molecular and hybridization studies suggesting
13 major species assigned to 4 subsections (Molnar 2011). Two species occur in
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Europe and Asia Minor (C. avellana L., C. colurna L.), three in North America (C.
americana Marshall, C. cornuta Marshall, C. californica Marshall), and one in the
Himalayas (C. jacquemontii Decaisne). The remaining species are endemic to
eastern Asia and include C. chinensis Franchet, C. fargesii (Franch.) C.K. Schneid.,
C. ferox Wallich, C. heterophylla Fisher, C. kweichowensis Hu, C. yunnanensis
A. Camus and C. sieboldiana Blume (Whitcher and Wen 2001). Of these, 8 are
shrubby species due to the continuous production of shoots (suckers) from the
crown of the plant, and 5 are tree species (Table 6.1). Subsection Corylus includes
5 species whose major similarity is the leafy, overlapping involucre (husk) covering
the nut (C. avellana, C. americana, C. heterophylla, C. kweichowensis, and C.
yunnanensis); subsection Colurnaea includes 4 species that grow as single-
stem trees (C. colurna, C. chinensis, C. fargesii and C. jacquemontii); subsection
Siphonochlamys includes 3 species with tubular, bristle-covered involucres (C.
cornuta, C. californica and C. sieboldiana); subsection Acanthochlamys solely
includes C. ferox, which is unique in the genus having a chestnut (Castanea sp.)-like
involucre covered in spines (Erdogan and Mehlenbacher 2000a, b; Whitcher and
Wen 2001). Corylus fargesii (likely syn. of C. papyraceae Hickel) has yet to be
officially placed in a subsection, likely to be Colurnaea (Molnar 2011).

Table 6.1 Hazelnut species and their geographic distribution

Species ‘ Common name ‘ Distribution
Shrubs with leafy husks
C. avellana European hazel | Europe, Caucasus, western Asia

American Eastern North America

hazel

C. americana

C. heterophylla | Siberian hazel
C.

kweichowensis

Northeast China, Japan, Korea, Russian far east

Middle-southern China (Sichuan, Hunan, Hubei, Anhui,
Guizhou, Shaanxi, Henan and Zhejiang provinces)

Guizhou hazel

C. yunnanensis | Yunnan hazel
Shrubs with bristly husks

China (Sichuan and Yunnan provinces)

C. cornuta Beaked hazel | Appalachian Mountains (USA) to Gaspe peninsula (Quebec)
to central British Columbia (Canada)
C. californica | California Southern British Columbia (Canada) to central California
hazel (USA)
C. sieboldiana | — Japan, Korea, northeast China, Russian far east
Trees with single stems

C. colurna

Turkish tree
hazel

Balkans, Turkey and Republic of Georgia

C. jacquemontii

Indian tree

Northern India and Pakistan

hazel

C. chinensis Chinese tree Middle-southern China (Sichuan, Hunan, Hubei, Anhui,
hazel Guizhou, Shaanxi, Henan and Zhejiang provinces)

C. fargesii Paperbark tree | Middle-southern China (Sichuan, Hunan, Hubei, Anhui,

hazel

Guizhou, Shaanxi, Henan and Zhejiang provinces)

Tree with chestnut-like bur

C. ferox

Tibetan hazel

South-central China to Tibet, Bhutan and Nepal
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Fig. 6.1 Geografic distribution of Corylus species. C. heterophylla includes C. kweichowensis and
C. yunnanensis which are considered by some taxonomists to be botanical varieties of C.
heterophylla. (Source: Bassil et al. 2013)

All Corylus species (Fig. 6.1) bear edible nuts but their size and seed (kernel)
traits vary considerably. Corylus avellana is the major species cultivated for the
commercial production of the kernel.

Corylus avellana, also known as the European hazelnut, has a natural geographi-
cal distribution that extends in Europe and western Asia from Portugal, Ireland,
Orkney Islands, Norway, Sweden, Russia, Kazakhstan, Iran, Iraq, Syria, Lebanon,
Greece, Italy and Spain. It is naturally occurring from sea level up to 1500 m eleva-
tion. It is common in mixed hardwood forests, and along paths and rural roads. It
was more recently introduced for cultivation in North America and China, and in the
Southern Hemisphere, primarily in Chile. Corylus avellana is a very polymorphic
species based on its morphology. It has been divided into subgroups that were con-
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sidered as separate species by some authors: C. maxima Mill., C. pontica Koch. and
C. colchica (Kasapligil 1972). However, experts now agree that these species should
be placed within C. avellana since they show continuous variation in morphology,
hybridize readily and overlap in geographic distribution; further, DNA fingerprint
data cluster C. maxima and C. avellana together supporting a common species ori-
gin (Erdogan and Mehlenbacher 2000a, 2002; Mehlenbacher 1991a; Rovira 1997,
Thompson et al. 1996).

The wide distribution of Corylus avellana underlines its large genetic and mor-
phological variability and climatic adaptation. However, its profitable area of culti-
vation is limited to mild climates in temperate regions, often characterized by their
proximity to the sea or other large bodies of water. As distance increases from favor-
able areas, yield and kernel quality typically decreases. In addition, some cultivars
may show variation in adaptation to local ecological conditions. For example, a
recent study showed the Spanish cv. Negret and multiple Turkish cultivars were
more sensitive to adverse conditions than other cultivars from Europe and the USA,
including cvs. Willamette, Pauetet and Tonda di Giffoni (Erdogan and Ozdemir
2018). Further, hazelnut has a chilling requirement that must be satisfied for catkin
elongation, female flower development and leaf budburst (Mehlenbacher 1991b),
presenting challenges to proper development and/or consistent production in some
regions.

Corylus avellana plants are 3—7 m tall, have broad foliage (simple, alternative
leaves), and a shrub-like growth habit (bush) that is constituted by a variable number
of stems that are generated by the continuous emission of suckers (basal shoots),
developed from adventitious buds in the area of the root collar. The youngest suckers
are on the outside of the clump.

Hazelnuts are a wind-pollinated, monoecious species that exhibit a sporophytic
self-incompatibility system. The male (staminate) flowers are arranged in cylindrical
inflorescences called catkins (Figs. 6.2 and 6.3). Each catkin produces more than 5
million wind-dispersed (anemophilous) pollen grains. The female flowers are
gathered in inflorescences (7-12 flowers) inside the mixed vegetative buds.
Staminate and pistillate flowering times may not overlap, and cultivars can be
homogamous, protogynous or protandrous depending on the cultivar and the region
itis grown. Flowering takes place during the winter months (December to March in
the Northern Hemisphere), and dates of peak bloom can fluctuate by several weeks
each year depending on localized weather patterns. At time of bloom, the pistillate
flower consists of a rudimentary ovary with two short styles ending with a red-
colored stigma emerging from the bud scales of a mixed floral and vegetative bud.
After pollination, the stigma dries while the formation of the ovary begins at the
time of leaf budburst (March) and is completed at the end of May/early June when
fertilization of the pollen nucleus and egg cell occurs.

Recognized species have been described by several authors (Aiello and Dillard
2007; eFloras 2009; Farris 2000; Kasapligil 1972; Mehlenbacher 1991a; Molnar
2011; Thompson et al. 1996).

Corylus americana, the wild American hazelnut, is native to a wide area span-
ning much of eastern North America. Several C. americana cultivars have been
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Fig. 6.2 Elongated catkins
and female inflorescences
at bloom. (Photo by

R. Botta)

Fig. 6.3 Clasping husk (involucre) representative of Turkish cultivars. Nuts do not drop freely at
maturity and are hand harvested. (Photo by R. Botta)
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selected from the wild that produce relatively large-size nuts with acceptable qual-
ity; however, plants of the species produce tiny nuts with thick shells reducing their
appeal as a commercial crop. Wild American hazelnuts were harvested in the past
for local consumption and sale. The species is the natural host of Anisogramma
anomala (Pack) E. Miiller, the fungus that causes the disease EFB. Corylus
americana is generally highly tolerant of EFB, with plants developing only small
cankers or none at all (Capik and Molnar 2012). Hybrids of C. americana and C.
avellana show promise for expanding hazelnut production into colder regions of
North America (Molnar 2011).

Corylus colurna, the Turkish tree hazel, is native to Turkey, the Balkan Peninsula
and the Caucasus. It is also grown across parts of Europe and North America as an
ornamental shade tree where it naturally forms an attractive pyramidal crown and
displays interesting scaly, corky bark and heavily textured leaves. Its small, thick-
shelled nuts are collected from the wild and consumed and sold locally, including
for use in making candy. The trees are also valued for their high-quality timber.
They can also be used as non-suckering rootstocks of the cultivated hazelnut C.
avellana.

Corylus heterophylla, the Siberian hazel, is native to a wide area that spans parts
of China, Japan, Korea and eastern Russian. This species is similar to C. americana
in many traits, including their small nuts with thick shells, while also holding
promise for breeding widely adapted interspecific hybrid cultivars. Selections exist
that are extremely cold-hardy and tolerant of drought, especially those from
northeast China where snowless winters and —30 °C temperatures are common.
Further, selections exist that drop the nuts from the involucres at maturity, a
commercially valuable trait, which is unlike most C. americana.

Corylus kweichowensis and C. yunnanensis are very similar to C. heterophylla
but are adapted to different areas and climates. Corylus kweichowensis lacks the
stolons of C. heterophylla and grows in clumps of stems; C. yunnanensis is adapted
to subtropical conditions and has very pubescent leaves.

Corylus cornuta, the beaked hazel, grows wild across much of the northern USA
and southern Canada into regions where winter temperatures drop to —50 °C. This
species has very early maturing nuts and a very stoloniferous, spreading-growth
habit. It is known to be one of the first to recover after wildfires. It can naturally
develop into dense thickets, a trait useful for soil reclamation and for wildlife habitat
but not beneficial to most commercial orchards.

Corylus californica is found growing in the coastal mountains of the Pacific
Northwest of North America. It has only been utilized as a food source to a minor
extent due to its small, thick-shelled nuts, which are very early maturing. Its early
maturity, plus its lack of stolons and shorter husks, may make it more useful for
breeding than C. cornuta, if cold hardiness is not a primary objective.

Corylus sieboldiana (C. mandshurica), a shrubby Asian hazel, grows across
much of eastern and northern Asia, including the Russian Far East, Japan, Korea,
and central and northeastern China. The species is considered to be very cold-hardy,
with many traits similar to C. cornuta and C. californica; however, its nut maturity
date is later (Erdogan 1999). This species is less abundant than C. heterophylla in
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the overlapping areas of distribution because it requires fertile soils, rich in organic
matter and moisture. Nuts are harvested and consumed locally but the species is less
interesting for breeding than C. heterophylla due to the long clasping husk which
have needlelike hairs and tiny nuts.

Corylus chinensis, the Chinese tree hazel, is distributed across southern China
where it is found as scattered trees on moist, forested mountain slopes. It grows as
large, single-trunk trees, 2040 m tall with trunk diameters up to 2 m. Its bark is
considerably thinner and smoother than C. colurna. Its nuts are tiny and very thick
shelled and covered in thick fleshy involucres. Its timber has been used in China for
furniture and paneling. Seedling trees were found to be very fast growing and
resistant to EFB in trials at Rutgers University, thus may hold value as non-suckering
rootstock (Molnar unpublished).

Corylus jacquemontii, the Indian tree hazel. The species is native to parts of
northeast Afghanistan, northern India, northern Pakistan and western Nepal where
it can be found at 1900-3000 m elevation. The species grows as single trunk trees,
12—15 m tall. Its bark is thinner and less corky than C. colurna. Its small (up to
1.5 cm), thick-shelled nuts have been reported to be easier to remove from the
involucre than C. colurna. Nuts are harvested from the wild and sold in local
markets.

Corylus fargesii, the paperbark tree hazel, is a single-trunk tree up to 25 m tall.
The unique peeling bark of older stems and trunk are similar to that of river birch
(Betula nigra L.). The species is distributed throughout mountain valleys of the
Henan, Sichuan, Hubei, Shangxi, Gangsu and Guizhou provinces of China.
Morphological examination suggests C. fargesii be placed in subsection Colurnaea,
although further investigation is needed to clarify its taxonomic position. Corylus
fargesii is likely a synonym for C. papyraceae Hickel.

Corylus ferox, the Tibetan hazel, is native to the eastern Himalaya from Bhutan,
northeast India, northern Myanmar and Nepal to parts of the Yunnan, Sichang and
Xizang provinces of China. It can be found at 1700-3800 m elevation. It grows as a
small to medium size tree (6—9 m, occasionally to 16 m tall and 30 cm in diameter)
with smooth bark. Its nuts develop in clusters of 3—6 in spiny, cup-shaped involucres
very similar to spiny chestnut (Castanea L.) burrs. Corylus ferox var. thibetica
(Batal.) Franch. has less pubescence on the base of the involucre than C. ferox and
lacks pubescence on buds and immature stems. It is native to the Gansu, Guizhou,
Hubei, Ningxia, Shaanxi, Sichuan, Xizang and Yunnan provinces of China, growing
at 1500-3600 m elevation.

6.1.2 Economic Importance and Producing Countries

The hazelnut is currently rated fifth in the world for surface area harvested (about
672,000 ha in 2017; FAO 2019) among the cultivated tree nut species, after cashew,
walnut, almond and pistachio. The average annual production (data 2012-2017;
FAO 2019) of in-shell hazelnuts is about 865,000 mt and is concentrated mainly in
two countries: Turkey (570,000 mt) and Italy (104,000 mt). Other significant
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Fig. 6.4 World area harvested (ha) and production (t) of in shell hazelnuts in the period 1961—
2017. (FAO (2019))

producing countries are the USA (34,000 mt), Azerbaijan and Republic of Georgia
(33,000 and 31,000 mt, respectively), and China (25,000 mt). Hazelnuts are also
cultivated in Chile, Spain, France, Romania, Serbia and Russia. On average, the
commercial value of production exceeds USD 2 billion per year, but world market
prices vary between years due to fluctuations in volume of production in Turkey,
which depends on the climatic trends and possible impacts from spring frosts in the
Black Sea Region. Currently, the kernel market represents about 93% of the world
market for hazelnut with the remaining sold as in-shell nuts.

Hazelnuts are mostly destined to the confectionary industry where kernels are
roasted and used to produce a large number of foods such as creams (nut butters),
candies, baked-goods and other snacks. Due to the strong demand of kernels for the
confectionary and baked-goods industry, the surface area planted and tonnage
harvested have shown a trend of continuous growth from 1961 to 2017 (FAO 2019),
and there are new plantings of significant size in multiple countries, including Italy,
the USA, Chile and several in eastern Europe (Fig. 6.4).

6.1.3 Domestication, Selection and Early Improvements

Hazelnut use by humans spans the geographic range of Corylus and dates back at
least 8400 years BC in western and central Europe, North America and China
(Holstein et al. 2018). At the end of the last ice age, hazelnut was one of the first
shrubby plants to move from southern to northern Europe. Between 7500 and
5500 years BC, they were abundant in the forests of the boreal regions, up to the
British Isles and part of Scandinavia. At that time, hazelnut was considered an
important food in the human diet, as testified by findings from Mesolithic and
Neolithic sites in Sweden, Norway and Denmark.
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The genus Corylus is believed to be named for the involucre that surrounds the
nut, which resembles a helmet that in classical Greek language is called corys. The
species name avellana is thought to derive either from the name of the location
Abellina in the Middle East, a center of early production, or from Abella (currently
Avella), which is a town in Campania (region of southern Italy) where hazelnuts
were also historically grown. Cato (II century BC), in Chapter VIII of the De re
rustica, used the word avellanas to designate hazelnuts, while Pliny the Elder (first
century AD) in book XV of the Naturalis Historia (77-79 AD) uses the term
abellinas. According to Pliny, the cultivated hazelnut comes from Abellina in the
Middle East, corresponding to today’s Damascus Valley. The plants were then
brought to the Black Sea region (Ponto) and later to Greece. From Greece they were
introduced to Campania and orchards were established at Abella, a town located
near Mt. Vesuvius.

The first historical evidence of commercial trade of hazelnuts was reported in
Turkey and dates back to the Middle Bronze age (c. 1950-1830 BC; Fairbairn et al.
2014). In the western Mediterranean Basin, Campania, current Italy, is considered
the oldest center of hazelnut cultivation (Trotter 1921). Archaeological findings
show that the cultivation was present at least from the fifth to the fourth centuries
BC. However, the earliest evidence of specialized hazelnut cultivation in Italy can
be found in documents (contracts between growers and landowners) of the high
Middle Ages (800-900 AD; Botta and Valentini 2018).

In the traditional area of cultivation across the Mediterranean Basin, in particular
in Turkey, Italy and Spain, production still relies on traditional cultivars that were
selected from the local, wild vegetation. Major cultivars are Tombul, Fosa and Palaz
in Turkey; Negret in Spain and Tonda Gentile delle Langhe (TGdL, syn. Tonda
Gentile, Tonda Gentile Trilobata), Tonda di Giffoni and Tonda Romana in Italy. The
origin of these cultivars is poorly documented, but their success was established in
the twentieth century when the confectionary industry defined the quality standards
required for processing.

In Northeastern China, Corylus heterophylla is naturally found widespread in
forests, and its nuts have been traditionally harvested from the wild and used as a
food since ancient times. Evidence of its cultivation dates back to 1100-600 years BC
(The Book of Songs) but the development of management methods to increase yield
and harvest efficiency of the wild populations is recent. In the twenty-first century
specialized cultivation (currently over 50,000 ha) is based on hybrids between C.
heterophylla and C. avellana (named Ping’ou hybrids), which express increased
yield and nut quality over the native species parent and improved cold tolerance
over the European (Wang et al. 2018).

6.1.4 Modern Breeding Activities

Major modern breeding programs started in Italy, France and the USA in the 1960s,
and in China and in Turkey in the early 1980s (Table 6.2). In Europe, the aims were
to improve productivity and adaptability, and maintain or increase kernel quality for
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Table 6.2 Public hazelnut breeding programs since 1960 and current status

Current
Country | Location Project Leader | status Releases and selections
China Economic Forestry | Weijian Liang | Continuing | Bokehong, Daweli, Jinling,
Research Institute. | Xie Ming Pingdinghuang, Yuzhui and 14
Dalian, Liaoning numbered selections
China China Research Guixi Wang Continuing | 4 cvs. (Liaozhen 1, Liaozhen 2,
Institute of Liaozhen 4, Liaozhen 9); more
Forestry, Chinese than 10 selections in trials
Academy of (including cultivars and
Forestry, Beijing pollinizers)
France | INRA Bordeaux Eric Germain | Terminated | Fercoril-Corabel®, Feriale,
Ferwiller
Italy University of Piero Continuing | Daria, UNITO 101, UNITO 119,
Torino Romisondo (small) UNITO 3L, UNITO G1, UNITO
Giovanni Me L35; 4 Tonda Gentile delle
Nadia Valentini Langhe clones; suckerle§s
rootstocks under evaluation
Roberto Botta
Italy University of Valerio Continuing | Madonnella, Romanella (under
Tuscia, Viterbo Cristofori (small) evaluation)
Italy University of Agostino Terminated | Tonda Francescana®, Tonda
Perugia Tombesi Etrusca, Volumnia (I, II, III, IV);
Daniela 12 Tonda Romana clones
Farinelli
Romania | University of Mihai Botu Continuing | Arutela, Cozia, Natval, Primaval,
Craiova (small) Romavel, Roverd, Uriase de
Vilcea, Vilcea 22, Valverd
Spain IRTA Mas Bové, Mena Mas Terminated | none
Reus
Turkey | Hazelnut Research | Ahmet Okay Terminated | Allah Verdi, Giresun Melezi,
Institute, Giresun Okay-28; 14 Tombul clones
under evaluation
USA Oregon State Shawn Continuing | 11 cultivars, 12 pollinizers, 3
University Mehlenbacher ornamentals (Table 6.3)
USA Rutgers University. | Thomas Continuing | 6 selections in trials
New Jersey Molnar

industrial use. There were

also efforts to

cultivars for table use (in-shell market).

improve the quality and productivity of

Italy The University of Torino released four selections from the crossing
Cosford x Tonda Gentile delle Langhe (Daria, UNITO 101, UNITO 119, UNITO
3L) and one from Payrone x Tonda Romana (UNITO G1), which are proposed as
new cultivars and pollinators of cv. Tonda Gentile delle Langhe, while bearing nuts
of comparable quality (Valentini and Me 1999); one additional selection is proposed
for the in-shell market (UNITO L35, Tonda Gentile delle Langhe x Lansing,
Valentini et al. 2001a). Four clones of Tonda Gentile delle Langhe were also released
as tested true-to-type improved material for new orchards (UNITO-ADI17,



168 R. Botta et al.

UNITO-MT4, UNITO-MTS5, and UNITO-PD6). Current work is focused on non-
suckering rootstocks obtained from Corylus colurna and C. avellana. At the
University of Tuscia in Viterbo, two selections (Madonnella and Romanella) with
kernels suitable for confectionary uses are under evaluation (Tombesi et al. 2017).
The University of Perugia has released two cultivars derived from the crossing
Tonda Romana x Tonda di Giffoni (Tonda Francescana® and Tonda Etrusca), four
selections derived from o.p. of Tonda Romana or Tonda di Giffoni named (Volumnia
I, II, III, TV; Tombesi et al. 2017) and 12 clones of Tonda Romana.

France INRA (Institut National de la Recherche Agronomique) Bordeaux breed-
ing program started in the 1960s and terminated in the early 1990s. Three releases
from the program include Fercoril-Corabel® (Fertile de Coutard o.p.), a cultivar for
the in-shell market (Germain 1989), Ferwiller, a pollinizer (Hall’s Giant x Tonda
Romana) and Feriale [Imperiale de Trebizonde (=Kargalak) x Butler] for the kernel
market.

Romania The breeding program started at SCDP (Statiunea De Cercetare
Dezvoltare PT. Pomicultura) Valcea in the early 1980s (today affiliated with the
University of Craiova) and continues. Three cultivars for in-shell market were
released named Valcea 22 (selected clone of Kargalak), Cozia (Hall’s Giant o.p.)
and Uriase de Valcea (Ennis x Purple Filbert); five cultivars for the kernel market
named Romavel (Hall’s Giant o.p.), Arutela (Hall’s Giant x TGdL), Valverd
(mutation of cv. Red Lambert), Primval (Hall’s Giant o.p.) and Natval (Valcea
22 x Ennis) and one ornamental cultivar (Roverd, Red Lambert x Daviana) (Botu
et al. 2009; Vicol et al. 2013).

Turkey The Hazelnut Research Institute in Giresun initiated a breeding program
by crossing the cvs. Tombul and Kargalak in 1981, and from these efforts released
cvs. Giresun Melezi and Okay 28. Another cultivar named Allah Verdi, originating
from a chance seedling or local selection, was also released. Currently, 14 Tombul
clones are being evaluated in replicated trials (Balik et al. 2018).

USA Hazelnut genetic improvement efforts started in the early 1900s in the eastern
USA. In 1919, J.FE. Jones, of Lancaster, PA, made the first reported Corylus
americana x C. avellana crosses using the wild selection Rush as the C. americana
parent and a number of European cultivars. Although no cultivars were released
from his efforts, Rush continued to be used as a parent plant by C.A. Reed of the
Bureau of Plant Industry, USDA Beltsville, MD and G.H. Slate of the New York
State Agricultural Experiment Station in Geneva, N'Y. From 1928 to 1930, Reed and
Slate each developed additional hybrids using Rush x C. avellana cultivars and
oversaw their subsequent evaluation (Slate 1969). While further breeding was not
continued, from these efforts the New York F1 hybrids (NY 616, NY 398, NY 110,
etc.) were selected, of which a number are still available from nurseries and are held
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in the germplasm collection of the USDA, Corvallis, OR. Additionally, throughout
the 1930s and 1940s, C. Weschcke of River Falls, WI, used C. americana Winkler
from Iowa to develop many additional interspecific hybrids (Weschcke 1953, 1963).
While no cultivars were released, improvements were made in the populations of
hybrid trees, especially in adaptation to the cold climate of Wisconsin and resistance
to EFB. Seeds from surviving trees in Weschcke’s planting were later used to
continue hybrid breeding efforts by P. Rutter of Canton, MN (Rutter 1987), which
continue to this day. From this work, seedlings have been disseminated widely
throughout the Upper Midwest, USA (Demchik et al. 2011). Notably, the Arbor Day
Foundation (Nebraska City, NE) established 5000 seedlings from Rutter in 1996,
and from this planting several consistently high yielding, EFB-resistant selections
have been identified (Capik and Molnar 2012). More recently, additional clonal
selections of Weschcke-Rutter origin are under replicated evaluation across
Wisconsin and Minnesota by the Upper Midwest Hazelnut Development Initiative
(Braun et al. 2018). Further efforts to develop hybrid hazelnuts are also in progress
by the Hybrid Hazelnut Consortium that includes Oregon State University, Rutgers
University, the University of Nebraska, Lincoln/Nebraska Forest Service and the
Arbor Day Foundation. This group pools plant genetic resources, land and other
infrastructure to collaboratively develop improved EFB-resistant hybrid hazelnuts
for adaptation to colder regions around the USA (Molnar and Capik 2012a).

USA At Oregon State University (OSU), a major effort for the genetic improve-
ment of hazelnut was initiated in 1969, with an emphasis on suitability to the
blanched kernel market and resistance to Anisogramma anomala, the cause of
EFB. The program has 27 releases to date, including 12 cultivars (Fig. 6.5), 12 pol-
linizers and 3 ornamentals. The most interesting are listed (Table 6.3). At Rutgers
University, New Jersey (eastern USA) hazelnut evaluation and breeding efforts
began in 1996 with a primary objective to identify and developed improved germ-
plasm and cultivars resistant to EFB and adapted to the cold climate of the north-
eastern USA (Molnar et al. 2005, 2018a). Four Corylus avellana breeding selections
are expected to be released in 2020.

China Interspecific breeding activities, started in 1980 in northeastern China
(Dalian, Liaoning Province), were aimed at obtaining selections with the cold
hardiness of Corylus heterophylla and the improved yields and nut quality of C.
avellana, with the interspecific hybrids subsequently named Ping’ou hybrids. In
1999, five cultivars were released that included Pingdinghuan, Bokehong, Dawei,
Jinling and Yuzui (Xie et al. 2005). Since 2000, 14 selections were chosen for
widespread planting in China. Ping’ou hybrids are reported to have improved cold
resistance and high yields (Wang et al. 2018). Further work is aimed at obtaining
cold-hardy pollenizers and breeding for southern areas based on hybridizing C.
kweichowensis and C. avellana.
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Fig. 6.5 Nuts of Corylus avellana cv. McDonald recently released by OSU. (Photo by
R. McCluskey)

6.2 Cultivation and Breeding Goals

The steady increase in the planted area and the strong demand for hazelnuts of supe-
rior quality for the confectionary industry have influenced both cultural practices
and cultivar choice. This is particularly true for new orchards. However, in regions
of ancient cultivation, such as those on the Black Sea coast, there are still topo-
graphic, social, economic and environmental constraints that slow down innovation
and adoption of new practices. In addition, climatic change and the expansion of the
crop into new areas of the world, such as in the southern hemisphere, are influencing
breeding objectives and cultural needs.

6.2.1 Current Cultivation Practices

Hazelnut cultivars are highly heterozygous and clonally propagated. Most cultivars
have a monoclonal origin but some older cultivars, such as Tombul in Turkey, are
comprised of collections of different clones with similar phenotypes. Clonal
propagation of hazelnut has historically been carried out by utilizing the rooted
suckers that are naturally produced around the crown of the plant. In commercial
nurseries, it has mainly been propagated by mound layerage. Propagation by the
rooting of stem cuttings is also possible but not very common, since the practice can
be very challenging with the percentage of well-rooted cuttings that develop into
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Table 6.3 Hazelnut cultivars from Oregon State University and year of release

Cultivar ‘ Year of release References

Nut producers

PollyO (USPP)* 2018 -

McDonald (USPP) 2014 Mehlenbacher et al. (2016)
Wepster (USPP) 2013 Mehlenbacher et al. (2014)
Dorris (USPP) 2012 Mehlenbacher et al. (2013)
Tonda Pacifica (USPP) 2010 Mehlenbacher et al. (2011a)
Jefferson 2009 Mehlenbacher et al. (2011b)
Yamhill 2008 Mehlenbacher et al. (2009)
Sacajawea 2006 Mehlenbacher et al. (2008)
Clark 1999 Mehlenbacher et al. (2001)
Lewis 1997 Mehlenbacher et al. (2000)
Pollinizers

Felix (USPP) 2012 Mehlenbacher et al. (2018a)
York (USPP) 2012 Mehlenbacher et al. (2018a)
Theta 2009 Mehlenbacher et al. (2012)
Gamma 2002 Mehlenbacher and Smith (2004)
Epsilon 2002 Mehlenbacher and Smith (2004)
Ornamentals

Burgundy Lace (USPP) 2016 Mehlenbacher et al. (2018b)
Red Dragon (USPP) 2008 Mehlenbacher and Smith (2009)

AUSPP denotes cultivars protected by a United States Plant Patent

plants suitable for planting in an orchard found to be variable, depending on
genotype, phenological stage of the cutting and environmental factors (Contessa
et al. 2011; Cristofori et al. 2010). Today, micropropagation is routinely used in
Oregon, USA, and is increasing in use elsewhere, but also remains challenging due
to requiring expensive facilities and special expertise, especially as hazelnut has
proven to be more difficult than many other species to propagate in vitro.

Grafting can also be used to propagate hazelnuts. Grafting onto seedlings of
Corylus colurna (Fig. 6.6) generally results in a suckerless tree (removal of suckers
is a constant requirement and expense for hazelnut orchards). The interspecific C.
colurna x C. avellana clonal rootstocks Dundee and Newberg produce few suckers
and vigorous trees. Approximately 5% of hazelnut orchards were planted with trees
grafted on C. colurna rootstock in Oregon. They are older than 30 years in Oregon
at present and considered as healthy and productive as plants on their own roots.

Cultivar choice takes into account multiple factors, but the major ones are envi-
ronmental adaptation, local traditions and market destination, which today is pri-
marily the confectionary industry. Today, only a small number of cultivars with
optimal traits for the industry (production of high-quality, round-shaped kernels),
are available and planted worldwide. They include the Italian cvs. Tonda Gentile
delle Langhe, Tonda di Giffoni and Tonda Romana, of which the first is less
productive than the others and the latter has less pellicle removal after kernel
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Fig. 6.6 Hazelnut cv.
Tonda Gentile delle
Langhe grafted onto
Corylus colurna seedling
rootstocks in Italy. (Photo
by R. Botta)

roasting. Another cultivar that is still planted outside Europe for its adaptability,
large nut size, and high yield is Barcelona (syn. Castanyera, Fertile de Coutard), but
which is hindered by the lower quality of the kernel and thick shell of the nut.
Recent releases from Oregon State University combine the high quality kernels of
Tonda Gentile delle Langhe with improved yields and EFB resistance. In Turkey,
late spring frosts often cause serious crop losses, especially in the eastern Black Sea
region. Although there is almost no land available for new plantings, some growers
push the growing limits up to 1000 m elevation with the late leafing cv. Cakildak to
minimize frost damage. This cultivar is also preferred at middle and higher elevations
around Ordu, although it is low in flavor. Some existing orchards are renewed in a
small extent (<1%) with the high quality Tombul in Giresun and west of Trabzon,
and with Fosa and Giresun Yabanisi, a local grower selection, at low and higher
elevations, respectively, in other parts of Trabzon. Recently, a grower selection
called Yomra is also being planted in renewals in the plains of Samsun. No scientific
data have been published to date, but late leafing and vigorous growth are its
highlights. However, the name Yomra may cause some confusion since there is
already an existing cultivar with the same name, which is a synonym of Fosa.
Orchards in the Western Black Sea region (Bartin, Zonguldak, Diizce, Sakarya
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Kocaeli, Bolu) consist of mixed cvs. such as Karafindik, Mincane, Cakildak and
Fosa but mostly Tombul has been planted in recent renewals.

Due to their self-incompatibility, the main production cultivars are grown
together with genetically-compatible pollinizers chosen to shed pollen at the time of
the female flowers of the main cultivars are receptive. The percentage of pollinizers
required to have a proper pollination is at least 10% of the orchard trees, generally
with two pollinizer cultivars planted per orchard, each with different bloom periods,
to ensure the dissemination of cross-compatible pollen.

Hazelnut orchards are planted with trees at regular spacing. Spacing depends on
plant vigor, which can be cultivar specific, and the training system. In Turkey,
hazelnuts are traditionally grown as a clump called an ocak consisting of about 6
trees established in a circle of about 1.2 m in diameter (Fig. 6.7). Ocaks are spaced
in the field on a grid of 4 x 4 m or 4 x 5 m on sloping land with shallow soils and
6 x 6 m on level areas with deep soils. In Western Europe (Italy, Spain, France)
single trees are planted at distances of 4-6 m within the row (2.5-3 m in case of
double-density) and 5-6 m between rows. In Oregon, standard spacing is 6 x 6 m,
while double-density is 3 x 6 m. When the double-density field layout is chosen, the
intention is to remove every other tree when the tips of the branches of neighboring
trees begin to touch, 8—12 years after planting.

Fig. 6.7 Ocak planting system in Turkey, which consists of about six trees planted in a circle
(Photo by V. Erdogan)
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Fig. 6.8 Free-vase training system used in the Langhe district, Italy. (Photo by R. Botta)

The traditional training scheme favors the natural development of the plant into
a bush, but limits the number of main trunks to 4-5. This form is achieved by
desuckering the plant 3-5 times a year mechanically or more efficiently using an
herbicide to kill the young shoots (15-20 cm). In modern orchards, plants with a
single stem are often preferred for easier management (Fig. 6.8). In this case, a
single shoot is trained to develop strong scaffold branches at about 1-1.5 m from the
crown, beginning from the first year of planting and with all suckers removed during
the season.

The tendency to produce suckers varies among cultivars; however, since most
can produce 100-150 suckers per year, desuckering is an expensive operation that
accounts for 15-25% of total cultural costs, depending on the technique used. The
use of low/non-suckering rootstocks, selected from Corylus colurna and its hybrids,
can permanently reduce the need for desuckering. Other pruning practices are
carried out manually or mechanically and start when the plant crowns are closing
and there is a risk of reduced penetration of light in the canopy. In the Black Sea
region, a rejuvenation pruning is typically done to the ocak when stems get old,
weak and fail to bear, which can be between 25-40 years of age. The orchard floor
is managed either by maintaining the soil surface clean from weeds or leaving a
grass strip between rows that is cut short before harvesting.

A well established and well managed orchard initiated with disease-free, healthy
plant material, in a suitable environment, may not require treatments against
pathogens. However, orchards are not always free of pathogen concerns. These can
include: virus (apple mosaic virus, AMV) and bacteria, such as Pseudomonas
avellanae (Psallidas) Janse et al. (agent of bacterial twig dieback) and Xanthomonas
arboricola pv. corylina (Miller et al.) Vauterin et al. (bacterial blight), whose
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infection can be prevented using copper salts; fungi such as Piggottia coryli (Desm.)
B. Sutton (anthracnose), Cytospora corylicola Sacc. (cytospora canker) and
Erysiphe corylacearum U. Braun & S. Takam., the agent of powdery mildew similar
to Phyllactinia guttata (Wallr. ex Fr.) Lév., but more aggressive, recently spread in
The Republic of Georgia and Turkey. A special mention concerns the fungus
Anisogramma anomala, native to eastern North America but now present in the
Pacific Northwest, which causes EFB, a serious threat to plant survival. While
management that includes scouting for infected stems, heavy pruning and fungicide
applications can help reduce the impacts of EFB, these efforts are expensive and not
always fully effective. Thus, breeding for resistance to the pathogen is considered
the most sustainable approach for the management of the disease. Considerable
efforts are underway at Oregon State University and Rutgers University to develop
new hazelnut cultivars expressing durable resistance (Mehlenbacher 2018; Molnar
et al. 2018a).

Arthropod pests also require special attention and may necessitate interventions
one or more times during the year to avoid yield loss and a reduction in kernel
quality. The main pests in general are big bud mite (Phytoptus avellanae Nal.), nut
weevil (Curculio nucum L.) and the true bugs. The true bug group includes
indigenous species such as Gonocerus acuteangulatus Goeze, Coreus marginatus
L., Palomena prasina L. and Nezara viridula L. and the introduced species of Asian
origin Halyomorpha halys Stal (brown marmorated stink bug). This insect is now
present in the USA, as well as parts of Europe, the Caucasus and Turkey, and has
become a major pest due to its polyphagy, gregarious behavior, ability of adults to
attack hazelnuts throughout the season (Bosco et al. 2018; Hedstrom et al. 2014)
and the lack of specific parasitoids. Further, the filbertworm (Melissopus latigerranus
Wals.), present only in North America, causes damage to nuts similar to that of the
nut weevil, but to date it is easily controlled by pesticides.

Nut maturity is reached in August to October depending on the cultivar, area of
cultivation and elevation. At harvest time, the nuts fall to the ground, either free or
in the husk. However, nuts are still collected by hand in areas when the topography
or other factors do not allow machine harvesting, such as in Turkey where they are
harvested by hand from the plant while still in the husk. In this case, the husk is
removed by hand or machine (patoz) after first drying for 3-5 days. In all cases, nuts
require drying to a moisture content of about 10%, which correspond to <6%
moisture in the kernel, to be suitable for storage and/or sale. Drying has been
traditionally carried out in the farmyard with nuts spread out in a thin layer under
the sun for 4-5 days. However, rains and high humidity can hinder the drying
process, causing delays and deterioration of the kernels. Today, electrical or heated
forced-air dryers are used to provide more consistent results and are considered vital
in the proper postharvest management of hazelnuts.

Dry nuts can be stored at room temperature for over 8 months in the shell without
significant quality loss (Ghirardello et al. 2013); kernels can be preserved up to
1 year in a storage room at 2—4 °C. In Turkey, in-shell hazelnuts may be stored for
as long as 24 months in climate-controlled warehouses, allowing storage of the crop
for an extended period when it exceeds domestic and/or international demands.
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6.2.2 Current Agricultural Problems and Challenges

Hazelnut is currently in a state of significant expansion of the surface area planted
and harvested worldwide, including land outside of traditional production regions.
This increase in production in new regions, compounded by the expected impacts of
climate change, prioritizes the need to identify and/or develop new cultivars suitable
for different growing environments, including those more tolerant to heat stress and
drought as well as wide temperature fluctuations. In addition, the attention of
authorities and public opinion towards the sustainability and impacts of agricultural
systems indicates that cultivation techniques must be directed to address desires to
reduce chemical use, pollution due to fertilizers, water and fossil fuel consumption
and CO2 emissions. The logistical and economic challenges associated with
assembling and managing sufficient hand labor in the agricultural sectors of Western
countries is another major problem that is changing cultivation techniques, driving
an increase in mechanization (also expected to become relevant in the future in all
hazelnut-producing countries). Further, in many existing situations, for example in
old production centers such as the Black Sea region, orchard age (>100 years) and
small farm size (1-2 ha) and limited access to various inputs, make further
mechanization unlikely, and have led to reduced yield and lower farm income.

Hazelnut is considered a relatively low impact crop with low input requirements;
in many countries it has been grown prevalently in areas where major crops, such as
cereals or other high-value fruit species, cannot be grown with profit, due to a less
than ideal environmental (soil type, no possibility of irrigation) and/or orographic
(hills) conditions. Yet, further steps can be taken to expand upon this valuable aspect
of hazelnut production through the adoption of innovative and more sustainable
methods of cultivation, based also on cultivars deemed more tolerant to environmental
constrains and biotic factors, including pest and pathogens of severe impact. To
reach these goals without losing quality and yield, the use of biotechnological tools
and a greater understanding of hazelnut genetics in support of traditional techniques
should prove highly advantageous.

6.2.3 Breeding Goals

Breeding goals may change depending on environmental conditions and the pres-
ence of various pathogens or pests in the different hazelnut growing regions around
the world. The major goals are summarized in the following list.

Vegetative traits
Common goals

— Reduced sucker emission
— Upright trees with moderate vigor
— Late vegetative budbreak to avoid spring frosts
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Specific goals

Cold hardiness (especially of the catkins) for expanding the crop to northern
areas with severe winters

Low chilling requirement for expanding the crop to subtropical regions
Tolerance to adverse soil conditions, such as high/low pH and heavy soil
Improved tolerance to drought:

Reproductive traits
Common goals

Early bearing (precocity)

Abundant male (pollenizer) and female flowering

High flower fertility

Self-compatibility

High yield

Early nut maturity

Short period of nut fall (concentrated drop at maturity)

Husk not clasping to allow nut to drop free at maturity (ease of mechanical
harvest)

Well-sealed nut shell (lack of split sutures)

High percent kernel (thin shells)

Low percentage of nuts with defects (blanks, twin kernels, shrivels, poorly-
filled nuts, moldy kernels, black tips, brown-stained nuts)

Kernels uniform in size and round shape

Long storage life (oil less prone to rancidity)*

High nutritional and nutraceutical valuex

Kernel market

Round nut and kernel shape

Small to medium size kernel, 13—15 mm in diameter with low percent of bro-
ken kernels after shelling

Ease of pellicle removal after kernel roasting

Good flavor after kernel roasting

In-shell market (table consumption)

Large nut size

Attractive and intact (no splits) nut shell; shell lacks pubescence (clean and
shiny not dull)

Kernel with good flavor

Little or no fiber on the pellicle of the kernel

Pest and pathogens
Resistance/tolerance to major pests

Big bud mite (Phytoptus avellanae)
Nut weevil (Curculio nucum)
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Resistance/tolerance to major diseases

— Eastern filbert blight (Anisogramma anomala)

— Anthracnose (Piggottia coryli)*

— Cytospora canker (Cytospora corylicola)+

— Powdery mildew (Erysiphe corylacearum)s

— Bacterial blight (Xanthomonas arboricola pv. corylina)

— Bacterial twig dieback (Pseudomonas syringae pv. coryli)s

Ornamental attributes for garden use

— Contorted and weeping stems

— Red/purple or yellow leaves

— Pink/red fall color

— Dissected, lobed or truncated leaves
— Frilly involucres

— Attractive peeling bark

+Traits still to be tested for genetic variability within genus Corylus and that are
currently not pursued breeding goals.

Most traits of interest are polygenic and some of them have medium to high heri-
tability (Table 6.4). Self-incompatibility, red leaf color and EFB resistance from cv.
Gasaway and several other sources are traits inherited in a simple dominant
Mendelian manner. Other traits known to be simply inherited are: contorted growth
habit, the cutleaf trait, cream-colored pollen and yellow style color, but are recessive
(Mehlenbacher 2018).

6.3 Germplasm Biodiversity and Conservation

Hazelnut biodiversity is very high due to its natural range of distribution, spanning
different climate and soil types. Several authors have studied the genetic structure of
wild and cultivated germplasm.

6.3.1 Cultivar Characterization, Germplasm Diversity
and Phylogeny

Identification and correct naming of accessions and analysis of genetic diversity in
wild populations and germplasm collections (ex situ, in situ) are important in the
management and exploitation of plant genetic resources (Boccacci et al. 2013).
Morphological and phenological descriptors are influenced by environmental
factors and are often unreliable indicators to discriminate cultivars; moreover, when
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Table 6.4 Narrow-sense Yao and Mehlenbacher (2000)*
heritability of traits in Trait «Valentini et al. (2004)
gﬁzeﬁz}tﬂﬁlizgf e(i fZI‘(())(I)I(l))Y a0 Big bud mite susceptibility | 0.78x

Time of leaf budbreak 0.72 + 0.05

Time of catkin elongation | 0.68 + 0.05

Time of stigma exertion 0.58 + 0.05

Husk length 0.82 +0.07

Relative husk length 0.91 + 0.06

Nuts per cluster 0.67 +0.11

Time of nut maturity 0.86 +0.11

Nut length 0.68 + 0.05

Nut width 0.78 + 0.05

Nut depth 0.89 + 0.05

Shape index 0.65 +0.10

Nut weight 0.63 + 0.04

Kernel weight 0.67 + 0.05

Percent kernel 0.87 +0.07

Fiber amount 0.56 + 0.09

Blanching ability 0.64 + 0.07

Kernel compression index | 0.88 + 0.08

“Point estimate + standard error

plants are not yet bearing, cultivar identification based on plant traits can be very
difficult (Boccacci et al. 2005).

DNA markers, due to their high discriminating power at a relatively low cost,
have proven to be a convenient method to accurately identify hazelnut cultivars,
clarify cases of homonymy and synonymy, study the origin of the cultivated
varieties, determine parentage and assess genetic relationships among cultivars.
RAPDs (random amplified polymorphic DNA), AFLPs (amplified fragment length
polymorphism) and especially SSRs (simple sequence repeats) have been extensively
used for germplasm characterization.

RAPD markers were used to construct maps (Table 6.5) and to select markers
linked to the incompatibility S-locus (Pomper et al. 1998) and to the trait of
resistance to EFB found in Gasaway (Mehlenbacher et al. 2004). Studies using
AFLP and ISSR markers have been limited and include work by Chen et al. (2005),
Ferrari et al. (2005), Kafkas et al. (2009) and Martins et al. (2014). Microsatellite or
SSR molecular markers were developed at OSU and at the University of Torino
(Bassil et al. 2005a, b; Boccacci et al. 2005; Giircan and Mehlenbacher 2010a, b;
Giircan et al. 2010a) and have been routinely used for germplasm characterization,
since they have significant advantages over other types of markers. Some 720 SSR
markers have been developed to date, from enriched libraries, ISSR fragments,
transcriptome sequences and genome sequences (Bhattarai and Mehlenbacher
2018). Moreover, SSR markers identified in Corylus avellana are transferable
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Table 6.5 Studies carried out on the genetic diversity of Corylus using nuclear simple sequence

repeat (SSR) markers
No. nSSR
loci Germplasm
Reference analyzed |evaluated Main results
Boccaccietal. |16 78 cvs. from various | The study confirmed several synonyms
(2006) germplasm described in the literature, and new cases of
repositories synonymy were identified. The parentage of

some North American cvs. (Butler, Ennis,
Royal) and the French cv. Fercoril-Corabel
was investigated. An evident differentiation
of the northern European cvs. from the
southern European ones and from the
Turkish cv. was highlighted

Boccaccietal. |16
(2008)

33 Spanish cvs.
including local
germplasm and 18
minor cvs. from
northeastern Spain

A high level of genetic diversity was
observed in 33 genotypes, although a high
number of them showed a close genetic
relationship. Negret-type cvs. were found to
be distinct from Negret, and some cvs.
within this germplasm appeared to be
seedlings of Negret. The 18 minor cvs.
showed unique profiles and no new case of
synonymy was detected

Gokirmak et al. | 21
(2009)

270 accessions from
USDA Collection in
Corvallis (OR) USA

Of the 270 accessions analyzed, 198 had
unique fingerprints while 72 were
duplicates. The genetic dendrogram
revealed four major geographical groups:
Central European, Black Sea, English and
Spanish-Italian

Bassil et al. 12
(2009)

29 cvs. from USDA
collection in Parlier
(CA) USA

SSR markers were used to fingerprint trees
in the Corvallis (OR) backup collection,
established in Parlier (CA) and the results
were compared to the fingerprints of the
same accessions in the Corvallis collection.
This work allowed for the elimination of
misidentified accessions and for further
refinement of the fingerprinting set

Boccacci and 16
Botta (2010)

75 accessions from
Spain, Italy, Turkey
and Iran

A set of SSR loci was selected and
proposed as molecular descriptors for
hazelnut. Genetic differentiation among
cvs. from different regions was significant;
statistical analysis indicated that hazelnuts
were domesticated independently in the
four areas, suggesting that present cvs. have
multiple origins

(continued)



6 Hazelnut (Corylus spp.) Breeding
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No. nSSR

loci Germplasm
Reference analyzed |evaluated Main results
Giircan et al. 12 117 cvs. from Genetic diversity was investigated in
(2010b) Turkey, Republic of | accessions from three countries and

Georgia, Azerbaijan

compared with cvs. from Spain and Italy. A
high level of genetic diversity was observed
in the Black Sea accessions. A moderate
shift in allelic frequencies was seen
between accessions from the Black Sea and
the Spanish-Italian accessions. SSR
analysis identified the putative parents of
two Turkish cvs.

Campa et al. 13
(2011)

40 wild hazelnuts
collected in northern
Spain, and 76
cultivated hazelnuts
(62 local selections
and 14 reference
cvs.)

Microsatellite analysis revealed
considerable diversity and a high level of
differentiation between the locally
cultivated forms and the remaining
materials. The results indicate that
hazelnuts accessions from northern Spain
can be divided in three groups: accessions
clearly differentiated within the Spanish-
Italian gene pool, accessions derived from
hybridization, and accessions probably
derived through exchange with other
geographical areas

Erfatpour etal. |15
(2011)

90 samples from
Northern Iran

A population of 90 hazelnut plants from the
Talesh Mountains (Guilan province,
northern Iran) was studied. A dendrogram
was generated by UPGMA clustering
method that placed the 90 samples into 7
main groups. A high genetic diversity was
found in the studied population

Sathuvalli and |21
Mehlenbacher
(2012)

154 accessions (87
C. americana and 67
C. americana x C.
avellana hybrids)

A high level of genetic diversity was
observed in the American accessions. The
plants used were grown in field collections
at the USDA-ARS-NCGR, the hazelnut
breeding program at Oregon State
University and the Arbor Day Farm,

USA. Seven major groups resulted from a
genetic dendrogram: European cvs. and cv.
Rush hybrids, two groups of Arbor Day
Farm hybrids, three groups of C. americana
accessions, and a mixed group of hybrid
and American accessions. The genetic
diversity among the American hazelnut
accessions is useful in breeding hybrids that
will allow expansion of hazelnut production
into eastern North America

(continued)
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No. nSSR

loci Germplasm
Reference analyzed |evaluated Main results
Bassil et al. 7 114 Corylus Among 23 SSRs tested, seven were highly
(2013) accessions including | polymorphic and used to perform neighbor-

11 species and 44
interspecific hybrids

joining clustering and structure analysis.
The results supported inclusion of C.
maxima within the large polymorphic
species, C. avellana. Moreover, the results
indicated that C. californica is a distinct
species rather than a botanical variety of C.
cornuta

Boccaccietal. |10
(2013)

118 accession
including 42
southern Europe
unique landraces, 57
reference cvs. and 19
wild accessions

Analysis of genetic relationships and
population structure indicated the existence
of three primary centers of diversity in the
Mediterranean basin: northwestern Spain
(Tarragona) and southern Italy (Campania)
in the West and Black Sea (Turkey) in the
East. Moreover, the data suggest the
existence of secondary gene pools in the
Iberian (Asturias) and Italian (Liguria,
Latium) peninsulas

Muehlbauer 17
et al. (2014)

323 unique
accessions including
EFB-resistant and
tolerant germplasm
of uncertain origins

Microsatellite markers were used to
investigate the genetic diversity and
population structure of 323 unique
accessions, in comparison with reference
accessions representing a wide diversity of
Corylus cvs. breeding selections and
interspecific hybrids. Results indicated that
EFB resistance is relatively widespread
across the genus Corylus and showed 11
consensus groups with EFB-resistant or
tolerant accessions in all

Martins et al. 16
(2015)

58 accessions
including 19
landraces, 13 wild
accessions from
Portugal and 26
reference cvs.

High level of polymorphism was found. A
neighbor-joining dendrogram showed a
clear separation of the wild genotypes from
the landraces and reference cvs. This study
provided new insights on the origin of
Portuguese landraces. The high genetic
diversity found among wild genotypes may
indicate that Portugal was a refuge during
the last ice age and reinforce the idea that
Portugal may also have been a natural
reservoir for the wild genotypes

(continued)
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No. nSSR
loci Germplasm
Reference analyzed |evaluated Main results
Zong et al. 10 348 C. mandshurica | SSRs were applied to evaluate the genetic
(2015) individuals among diversity and population structure. SSR
12 populations in markers expressed a relatively high level of
China genetic diversity. The results of genetic
dendrogram and structure analysis
suggested that C. mandshurica populations
fell into two main clusters: group I
accessions were located in Northeast China,
and group II accessions were in North
China
Brown et al. 7 850 wild hazels from | High-resolution microsatellite markers were
(2016) 29 sites in Ireland used to analyze levels and patterns of
(25 sites across genetic diversity in the species. The results
Northern Ireland indicate that hazel populations exhibit high
along with 4 sites in | levels of genetic diversity along with low
the Republic of levels of population differentiation,
Ireland) suggesting extensive gene flow
Oztiirk et al. 49 102 accessions of This study examined molecular genetic
(2017) Slovenian diversity and population structure. In
germplasm, general, cvs. and wild accessions clustered
including 54 wild separately. An association mapping panel
accessions and 48 composed of cvs. and wild accessions had
CVS. considerable variation for the nut and kernel
quality traits. 49 SSR markers were
significantly associated with nut and kernel
traits
Demchik et al. | 10 1140 individuals This study used molecular markers to
2018 sampled from 25 investigate genetic diversity in 25
populations across populations across central-north USA
Wisconsin, lowa, states. Results showed a very high genetic
Minnesota and North | diversity within populations and some
Dakota, USA tendency toward population differentiation.
Genetic distance among the populations
was not correlated with geographic
distance. Selection of individuals for use in
breeding should be based primarily on
phenotype, including individuals of
genetically differentiated populations

across the genus as well as in related genera in the Betulaceae family (Giircan and
Mehlenbacher 2010b). SSR markers were used to fingerprint cultivars, identify
synonyms, determine parentage and assess genetic relationships among cultivars;
they were also used to investigate the genetic diversity and structure in collections
and wild populations, or compare local cultivars and wild hazelnuts (Table 6.5).
According to several studies (Boccacci and Botta 2009, 2010; Gokirmak et al.
2009; Giircan et al. 2010a), Corylus avellana was domesticated independently in
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six different areas: the British Islands, central Europe, Spain, Italy, the Black Sea
region and Iran. The results reported by Boccacci et al. (2013) indicate the existence
of three main germplasm groups in the Mediterranean Basin, corresponding to three
putative domestication areas: northwestern Spain (Tarragona), southern Italy
(Campania) and the Black Sea region (Turkey). Secondary gene pools were observed
in the Iberian (Asturias) and Italian (Latium, Liguria) peninsulas, where local
cultivars were domesticated from wild forms and/or from crossings with introduced
ancient domesticated varieties.

Studies of hazelnut genetic diversity show that there is a huge amount of genetic
variability in Corylus avellana; to date about 500 cultivars have been described in
the literature (Mehlenbacher 2018). Mislabeling and the existence of synonyms and
homonyms are important challenges for germplasm conservation that can in most
cases be solved using a set of SSR markers; however, SSRs have a limitation of not
being able to identify closely-related cultivars derived from clonal variation
(Valentini et al. 2014), and other marker types are required. Phenotypic variability
existing among clones of major cultivars, in response to clonal propagation for
many decades if not centuries, underlines the necessity to carry out clonal selection
work and genetic certification. At the University of Torino, Italy, studies on clonal
variation within cv. Tonda Gentile delle Langhe are being carried out. Preliminary
results show the presence of some 130,000 polymorphisms (mostly SNPs) between
clones (unpublished data).

The chloroplast genome has a lower evolutionary rate than the nuclear genome;
therefore, chloroplast SSRs (cpSSRs) can provided insight into origin and diffusion
of the species. CpSSRs analysis was used for investigating the post-glacial migration
of wild Corylus avellana populations in Europe (Palmé and Vendramin 2002),
studying the origin and diffusion of hazelnut cultivars in the Mediterranean Basin
(Boccacci and Botta 2009; Martins et al. 2013) and the phylogeographical
relationships in Corylus species (Bassil et al. 2013) (Table 6.6).

A single, most common chlorotype was found in very high frequency across
northern and central Europe suggesting probable migration from the Pyrenees
following the most recent ice age. In contrast, a higher diversity of chlorotypes were
identified in refugia in southern Italy, the Balkans and northern Portugal. This work
and others support the understanding that Corylus avellana appears to have had
three domestication areas: Mediterranean, Turkish and Iranian. Further, among the
Corylus genus, the greatest species diversity is found in Asia, particularly in China,
suggesting this region is its center of origin (Mehlenbacher 2018).

Finally, EST-SSRs are powerful tools for linkage map construction, comparative
mapping, marker-assisted selection and evolutionary studies. In silico identification
and characterization of unique SSRs derived from Betulaceae ESTs was carried out
to develop conserved orthologous markers for genetic analysis of different
Betulaceae species. Ten EST-SSR from Betula pendula Roth (Giircan and
Mehlenbacher 2010b) and 24 EST-SSR from Alnus glutinosa L., Betula pendula
Roth, Betula platyphylla Suckaczev (Boccacci et al. 2015) were characterized in
Corylus spp. The EST-SSRs developed in these studies increase the number of SSR
markers currently available for C. avellana, representing not only suitable marker
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Table 6.6 Studies of chloroplast diversity in Corylus based on simple sequence repeat markers

No.
cpSSR
loci No.
Reference | analyzed | Plant material chlorotypes | Main results
Palmé and |3 248 C. avellana 7 A most common chlorotype (A) was
Vendramin wild individuals found in 76% of the individuals and in
(2002) from 26 most geographical areas except in the
locations across southeastern Europe. One chlorotype
Europe (B), present in only 4% of the
individuals, was found in Spain,
Germany, France and Corsica.
Additional chlorotypes (C, D, E and
F) were found in southern and central
Italy, Corsica and the Balkans. The
pattern of chloroplast haplotypes
divide Europe into two main areas:
northern and western Europe, and
Italy and the Balkan area
Boccacci 4 75 C. avellana 4 A single most common chlorotype
and Botta cvs. from Spain, was present in all groups. Results
(2009) Italy, Turkey and suggest hazelnut was domesticated
Iran independently in three areas: the
Mediterranean, Turkey and Iran with
limited germplasm exchange with the
western to eastern Mediterranean
Basin. Moreover, the results suggest
considerable exchange of germplasm
between Italy and Spain, which
probably occurred during Roman
times
Martins 4 35 C. avellana 11 A dominant chlorotype was
etal. (2013) accessions, frequently found in landraces and
including 3 cvs., cultivars. Four chlorotypes were
19 Portuguese found only in wild hazelnuts. The
landraces and 13 results suggest that northern Portugal
wild plants was a refugium for hazel during the
last ice age
Bassiletal. |6 114 Corylus 21 Six cpSSRs were polymorphic in
(2013) accessions Corylus species and generated 21

representing 11
species and 44
interspecific
hybrids

distinct chlorotypes.

The phylogeographical relationships
in the 11 Corylus species support Asia
as a refugium where several hazelnut
lineages survived during glaciation
and from which Corylus species
continued to evolve through the
Mediterranean to Europe, and across
the Atlantic and/or the Bering land
bridge to North America
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for genotyping and population genetic analyses, but representing ideal markers for
genetic and comparative mapping and marker-assisted selection in hazelnut.

6.3.2 Genetic Resources Conservation Approaches

Conservation of hazelnut germplasm is carried out prevalently ex situ, in collections
where hazelnut cultivars and landraces are planted in replicates (see Appendix 1).
Tissue cryopreservation studies were carried out using seed embryo axes (Reed
et al. 1994) but no strategies of conservation in vitro are being currently used.

6.3.3 Cytogenetics

The chromosome number of the genus is 2n = 22, although with small karyotypic
differences (Guo et al. 2009; Thompson et al. 1996). The genome size of Corylus
avellana was estimated 378 Mbp (empirically determined by flow cytometry at the
USDA-ARS-NCGR in Oregon in 2012; Rowley et al. 2018).

Observations carried out during meiosis indicate that the decreased pollen fertil-
ity (40-70%) observed in some cultivars, including Barcelona, Negret, Tonda di
Giffoni, Segorbe and Tonda Gentile delle Langhe, is related to the presence of recip-
rocal translocations (Salesses 1973; Salesses and Bonnet 1988). While only half of
the pollen is expected to be viable due to the unbalanced gametes that result from
the irregular meiosis, the productivity of these cultivars is not reduced in a notice-
able way. However, abnormalities like this should be considered carefully as they
can have significant effects in a breeding program. In addition, reciprocal transloca-
tions complicate the construction of genetic maps (Lehmensiek et al. 2005); in fact,
linkage relationships in a translocation heterozygote are altered, as recombination
between loci may be significantly reduced, particularly close to the translocation
breakpoints.

During the development of maps for a progeny Tonda Gentile delle Langhe X
Hall’s Giant, Torello Marinoni et al. (2018) were able to disentangle pseudo-linkage
between markers applying a bioinformatic approach (Farré et al. 2011). In this
work, the markers around the translocation breakpoints were identified and the two
chromosomes arms of each linkage group involved in the translocation in Tonda
Gentile delle Langhe were aligned with the corresponding LGs of Hall’s Giant.

These findings indicate that to bolster future breeding strategies and to better
understand the impact of the reciprocal translocation on yield, it is worthwhile to
expand the study on the occurrence of these genetic modifications to a broader
range of cultivars, observing the effect on pollen and embryo sac fertility.
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6.4 Traditional Breeding and Role of Biotechnologies

Despite its sporophytic self-incompatibility system, Corylus species are rather well
amenable to breeding, especially in comparison to other temperate nut crops of
world importance. Generation times are relatively short (3—6 years to first flowering
in C. avellana, maybe longer in other species of the genus); plants are smaller in
size; female inflorescences stay receptive to pollen for multiple weeks and are easy
to isolate from foreign pollen; staminate flowers are simple to emasculate and pollen
is abundant, easily collected and can be stored for up to 1 year; and hand crosses can
produce significant numbers of seeds (Thompson et al. 1996). Considering its
commercial nut attributes and high level of phenotypic and genotypic variability, it
is expected that most genetic improvement efforts will continue to be centered on
the use of cultivated and wild germplasm of C. avellana, with other species used as
donor parents to contribute desired traits as needed using a backcrossing strategy.

6.4.1 Traditional Breeding Methodologies

Hazelnut breeding methodologies include setting breeding objectives, the collection
and evaluation of germplasm, selection of eligible parents, crossing between
selected parents, collection of seeds, and then the growing of seedlings in the
greenhouse and later in the field for evaluation. At this stage, although still in its
infancy for hazelnut, marker-assisted selection can be used to help identify genotypes
carrying a specific trait. Typically, in fall of the first year, plants are transplanted to
the open field to begin initial screening and selection. They begin to flower after
4-5 years, and the first nuts can be evaluated and individuals with non-ideal traits
subsequently eliminated; however, a complete selection/evaluation cycle takes
about 8 years from germination, as multiple years are needed to determine single-
plant performance across seasons. Selected, superior genotypes at this point could
enter replicated clonal yield trials to assess their performance in the longer term and
across locations, and/or could be selected for use in continued breeding efforts.

In an ideal scenario, the release of a new cultivar requires 17—-18 years from the
year the cross was performed. However, despite this long timeline, since hazelnut
shows a high level of heterozygosity, the selections of first generation progeny may
not provide all the desired traits in one individual and continued breeding is
necessary. This is particularly true when the introgression of a needed character or
trait, such as resistance to EFB, requires starting from a parent with poor quality
nuts and/or other attributes detrimental to commercial production. This timeline can
become even greater when considering traits under multigenic control. Thus, the
use of wild materials in breeding should be considered very carefully, with attention
on also using the best available, diverse recurrent parents. Fortunately, the high
genetic diversity within cultivated Corylus avellana and the only very recent
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breeding of the crop in general presents great opportunities for systematic improve-
ment across many traits.

6.4.1.1 Flower Biology and Controlled Pollination

Hazelnuts are monoecious and wind-pollinated. They flower during the winter and
are dichogamous. The dates of bloom range from early December to March
depending on the genotype, geographic location and year. Reproduction is limited
by a sporophytic self-incompatibility system, which in Corylus avellana, the species
most studied in this regard, is controlled by a single locus designated as the S-locus
with 33 alleles (Mehlenbacher 2014). The stigmatic surface is the site of the
incompatibility reaction. Dominance or codominance of the alleles is expressed in
the pollen, whereas all known S-alleles are codominant in the pistil (Mehlenbacher
1997; Mehlenbacher and Thompson 1988). Interestingly, female flowers can stay
receptive to fertilization for up to 3 months. Self-pollination of most cultivars results
in null or very low nut set. Partial self-compatibility was reported in some cultivars,
such as Montebello (syn. Nocchione), Tombul, Palaz, Cakildak, Kalinkara, Sivri
and a few offspring of Montebello (Cakir and Genc 1971, Mehlenbacher 2014;
Mehlenbacher and Smith 1991). Self-incompatibility also exists in other Corylus
species (Erdogan and Mehlenbacher 2001).

A useful first step in planning the crosses is to determine the S alleles of the
potential parents to be sure that the desired combination is compatible. In autumn,
before any pollen is released and pistillate flowers have not yet emerged, the plant
selected as a female parent must be isolated to exclude foreign wind-borne pollen.
The entire tree can be covered in a pollen-proof structure (Fig. 6.9), or when smaller
amounts of seed are desired, pollen-proof bags can be placed over individual limbs.
Before covering, the plant must be emasculated (clipping off the catkins). Although
most will set few or no nuts with their own pollen, emasculations help avoid
potential uncontrolled pollination and simplifies the procedure by reducing large
clouds of self-pollen that would be present in the isolation chamber or bags. Pollen
is collected from a selected male parent plant by removing catkins from the tree just
after they have begun to elongate and while turgid, bright yellow anthers remain
visible, preferably in the morning prior to pollen release. Once collected, they are
placed indoors in a still room on clean white paper at 15-20 °C to promote anther
dehiscence, typically overnight. The next morning, pollen is gently shaken from the
catkins onto the paper then poured into glass or plastic vials and stored in a freezer
at —18/=20 °C until its use for pollination. The pollen can be manually applied on
a windless day and preferably when humidity is very high, using a paintbrush or a
fingertip. The pollen-proof chamber can be removed at the end of the female
flowering period when the stigmas are dry and dark brown colored.



6 Hazelnut (Corylus spp.) Breeding 189

Fig. 6.9 The setting up of a pollen-proof structure around the female parent tree destined for use
in a controlled cross. (Photo by S.A. Mehlenbacher)

6.4.1.2 Seed Management and Germination

Nuts are collected from the crossed plant before they fall to the ground, typically
when the nuts can be easily separated from the husk, which is about the time the
shells turn at least partially brown. They are stored in mesh bags and put into a
cooler at 4 °C for about 3 months. In November, nuts are soaked for 2-3 days in a
bucket of water, changing the water after 24 h. After soaking, the nuts are provided
a moist chilling (stratification) treatment, for example using an equal volume of
moistened vermiculite in a plastic box, covered with a polyethylene bag, and stored
in a cooler at 4 °C for 3—5 months. In March, the box is left at room temperature
(18-20 °C) for a week to promote germination. Note that germination can be aided
by soaking nuts with carefully cracked shells in gibberellic acid (50-100 ppm) for
12-24 h. Seeds that show root tips are planted into containers with a substrate
composed of peat and perlite (3:1 ratio) and placed in a greenhouse until autumn.
By late summer, seedlings reach about 1 m tall, are hardened outdoors for a few
weeks and then are transplanted to the field.
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6.4.1.3 Field Planting

In the fall, young plants are transplanted to the open field for initial screening and
selection. Most consider the best time for planting seedlings to be mid-October to
early-November; plants grow vigorously and have high survival rates during the
second year due to the considerable root growth that can occur during the first
autumn and early spring prior to the heat of summer. The spacing for seedlings trees
is at least 1 m in the row and 3 m between rows. With closer spacing, it becomes
difficult to separate nuts from adjacent trees, light exposure can be insufficient and
it becomes challenging to move equipment through the field.

6.4.1.4 Selection

Seedlings are regularly observed for the most important traits following evaluation
systems developed with international cooperation (Bioversity International 2008;
Thompson et al. 1978; UPOV 1979). Evaluation of traits follows the timeline
described in Table 6.7, with a hierarchy of minimum standards set for each trait by
the breeder that is adjusted based on expectations of each progeny and breeding
line, with rigorous culling practiced to eliminate poor performers as they become
evident. Superior individual seedlings expressing desirable traits, identified in the
progeny row trials, are propagated by mound layering and subsequently evaluated
in primary replicated clonal yield trials for important agronomic and nut traits using
a single-tree plot design with 5-10 replications of each selection and well-known
control cultivars.

Table 6.7 Main objectives of Objective Age at evaluation

hazelnut breeding and age of Bud mite resistance 4

tree at evaluation .
EFB resistance 1#
Precocity 4-5
Early maturity 5-8
Free-falling nuts at harvest | 5-8
Round nut shape 4-5
Few nut and kernel defects | 4-16
High percent kernel 4-5
Easy kernel blanching 5-8
High yield 4-16

Source: adapted from Molnar (2011)
“Using marker assisted selection if segregating for
the Gasaway R-gene
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6.4.2 Hybridization

Despite that the interspecific hybridization potential within Corylus is high (Erdogan
and Mehlenbacher 2000b; Thompson et al. 1996), strategies used for improving
hazelnut have been mostly based on intraspecific crossings of C. avellana. This
focus is due to its far superior nut quality, yield and other commercial production
characteristics when compared to the non-cultivated species in the genus. In general,
successful hybrids can be easily obtained between members of the same subsection,
while crosses between the different subsections are more restricted, but still possible
in many cases (Table 6.8; Erdogan and Mehlenbacher 2000b; Molnar 2011). While
some species intercross freely, some can be crossed with difficulty, some can be
crossed only in one direction (unilateral incompatibility) and the others cannot be
crossed in either direction. Unsuccessful interspecific crosses may result in low or
zero seed set, a high frequency of blanks, abnormal embryos, reduced germination,
and/or stunted seedling vigor, chlorosis or death. In general, crosses involving C.
avellana were more successful when it was the pollen parent (Erdogan and
Mehlenbacher 2000b). Compatibility between C. jacquemontii, C. fargesii and C.
ferox and several other hazelnut species have yet to be evaluated.

Desirable and economically useful traits lacking or difficult to find in Corylus
avellana that could be of interest to improve cultivars include (Table 6.9): non-
suckering growth habit, tolerance of alkaline soils, extreme precocity, early maturing
nuts, extreme cold hardiness, drought and heat tolerance, ornamental attributes,
unique incompatibility alleles and novel sources of resistance to EFB. Several
attractive ornamental attributes are present in the genus including contorted/twisted
stems, pendulous/weeping branches, red/purple and yellow/golden leaves, highly
dissected leaves (cut-leaf habit), lobed and truncated leaf habits (C. heterophylla),
bright pink and red fall color (C. americana), frilly involucres (C. americana) and
attractive peeling bark (C. fargesii).

Corylus jacquemontii, C. chinensis, C. fargesii, and C. ferox (not reported in the
table) are interesting for their non-suckering tree form and for ornamental attributes;
however, they have small, thick-shelled nuts with husks that retain the nuts at
maturity, and a limited germplasm base currently available.

Within the Corylus genus, three species have been used most prevalently in
breeding with C. avellana: C. colurna, C. americana and C. heterophylla.

Corylus colurna is considered interesting for its stress tolerance, vigor, and single
stem growth habit. In particular, the use of non-suckering trees, either directly or as
rootstocks, would reduce the need for herbicides and/or hand labor for desuckering
plants in commercial orchards. Seedlings of C. colurna have been successfully used
as rootstocks for C. avellana (Cerovic et al. 2009; Ninic-Todorovic et al. 2012),
showing good graft compatibility and subsequent growth, although its use is compli-
cated by poor germination rates of the seed and slow growth of the plants in the
nursery, as well as reported transplanting problems (Lagerstedt 1976). Today, hun-
dreds of plants grafted on unselected seedlings of C. colurna are produced in Serbia,
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and propagation studies are performed in Turkey; however, data on the performance
of the grafted trees in the medium and long term are not yet available. Significant
opportunities likely exist to identify specific seed sources as well as select clonal C.
colurna for improved non-suckering rootstocks of C. avellana.

Corylus colurna can also be used in interspecific hybridization programs, espe-
cially in terms of developing vigorously growing, stress-tolerant, non-suckering
clonal rootstocks (Lagerstedt 1975, 1990). Corylus colurna and its hybrids have
also shown resistance to EFB and big bud mites (Chen et al. 2007; Coyne et al.
1998; Farris 1978, 2000; Lunde et al. 2000), demonstrating their potential value for
breeding. However, it is rather difficult to hybridize C. colurna and C. avellana;
trials by Erdogan and Mehlenbacher (2000b) indicate that when attempting to make
the cross, C. colurna should be used as the female parent and breeders should
perform large numbers of pollinations but expect a lot of blank shells and only a
small number of hybrid seedlings.

Released selections were obtained mostly by growing large numbers of open-
pollinated seed either of Corylus colurna or C. avellana. For example, in 1990, the
clonal rootstocks Newberg (USOR 1-71) and Dundee (USOR 15-71) were released
by OSU. They were selected as chance interspecific hybrids in 1971 from a nursery
planting comprised of several thousand open-pollinated seedlings of C. colurna
(Lagerstedt 1990). Unfortunately, Newburg and Dundee are susceptible to EFB and
have had poor success in Oregon, but their use is still under investigation in Europe
(where EFB is not present).

Corylus americana, the wild American hazelnut, is adapted to a wide area of
North America east of the Rocky Mountains spanning many climatic zones and soil
types including some very cold regions. It is also the natural host of Anisogramma
anomala, the pathogen that causes EFB, and has been shown to be resistant or
highly tolerant to the disease. Fortunately, C. americana crosses readily with C.
avellana and hybrids are highly fertile and amenable to advanced generation
breeding. Efforts have been ongoing since the early 1900s to use C. americana in
hybrids with C. avellana to develop EFB-resistant hybrids adapted to colder regions
(Fig. 6.10), as discussed previously. The challenge to breeding improved plants is
the tiny, thick-shelled nuts of the wild species, it is very shrubby, spreading growth
habit, and its tendency to tightly hold the nuts in their thick, fleshy husks at maturity.
Fortunately, interspecific hybrids are intermediate in most traits between the parental
species, and backcross hybrids to C. avellana show continued progress in the
improvement of production traits and nut quality. However, recent studies show
challenges exist in maintaining EFB resistance in advanced generation backcross
hybrids, except for the case when single dominant R-genes are present, for example
from C. americana cv. Rush (Bhattarai et al. 2017; Molnar and Capik 2012b).
Studies to examine the transmission of EFB resistance from a wide diversity of C.
americana parents as well as in the F2 generation are ongoing in multiple locations
in the USA (Molnar et al. 2018b).

Corylus heterophylla is the most widely utilized wild Corylus resource in China.
It crosses readily with C. avellana; therefore, it holds great value for use in
interspecific hybrid breeding for enhancing climatic adaptation, especially
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Fig. 6.10 Interspecific
hybrid (Corylus americana
x C. avellana) under
selection in Wisconsin for
expanding the climatic
adaptation of hazelnut.
(Photo by

S.A. Mehlenbacher)

considering the cold and dry winters of eastern China to which it is native (Tables
6.8 and 6.9). Named the Ping’ou hybrids, crosses of C. heterophylla x C. avellana
are considered the most important Corylus germplasm for cultivation in China. Five
cultivars (Bokehong, Dawei, Jinling, Pingdinghuan, Yuzhui) and 14 breeding
selections have been chosen for widespread planting in the region. They are divided
into three groups according to their cold hardiness, but in general are reported to
express strong cold tolerance (—20 °C to —38 °C) and a high yield potential (3—4 mt/
ha) with individual nut weights in a range of 1.5-3.5 g, depending on the cultivar or
selection. Currently, Ping’ou hybrids account for more than 90% of the hazelnut
production in China, with the total cultivated area reported to be about 50 thousand
ha in 2016 (Wang et al. 2018).
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6.4.3 Clonal Selection

The assumption of clonal selection is that point and indel mutations have accumu-
lated in clonally propagated old cultivars, and that superior plants can be identified
among the different clones surveyed. The variability observed includes differences
in yield, phenology and nut traits, such as percent kernel, ease of pellicle removal
and presence of double seeds.

Clonal selection has been carried out with success in several leading hazelnut
cultivars: Gironell and Negret in Spain (Rovira et al. 1997); Tonda Gentile delle
Langhe (Valentini et al. 2001b), Tonda Romana (Tombesi et al. 2017) and Tonda di
Giffoni in Italy (Petriccione et al. 2010); in Imperiale de Trebizonde, Tonda Gentile
delle Langhe, Red Lambert and Cosford in Romania (Botu et al. 2005); in Uzunmusa,
Palaz, Kalinkara, Cakildak and Tombul in Turkey (Balik et al. 2018; Islam 2003;
Islam and Ozgiiven 2001).

6.4.4 Role of Biotechnology

Biotechnology offers a wide range of techniques to support breeding. In the case of
hazelnut, advancements in this field have been slower than for other nut crops. One
reason for this is due to the limited number of genetic studies and their dispersion in
the world, hindering the possibility of building large consortia for sharing the cost
of complex projects, such as the fine mapping of traits and genome sequencing.
Another reason is the recalcitrant nature of the species when grown in vitro for
obtaining somatic embryogenesis and as a precursor for subsequent genetic
engineering.

In recent times, the reduction of associated costs and widespread access to the
technologies has favored genome sequencing and development of SNP (single
nucleotide polymorphism) markers for fine mapping. The role of biotechnology is
thus becoming more relevant in molecular breeding of hazelnut with interesting
perspectives for the development of MAS (marker-assisted selections) for a range of
traits and the identification and manipulation of genes of resistance or susceptibility
to pathogens. Building this capacity is a fundamental step needed to expedite
research on adaptation to stressful environmental factors and for transitioning into
the use of genetic engineering.

6.5 Molecular Breeding

In perennial tree species a major constraint for breeding is the long juvenility period
that delays the observations of reproductive traits. Other difficult traits to detect are
those for disease resistance/susceptibility that require standardized methods and
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replicates. In these cases, molecular breeding can provide tools to accelerate and
improve accuracy.

6.5.1 Molecular Marker-Assisted Breeding

The first efforts in molecular breeding of hazelnuts were carried out at Oregon State
University to develop maps and molecular markers associated with resistance to
EFB, a trait controlled by a dominant allele at a single locus found in the obsolete
pollinizer cv. Gasaway. To identify the gene responsible for resistance, a map-based
cloning effort was initiated in a population of 138 seedlings from the cross of OSU
252.146 x OSU 414.062, which segregates for resistance (Table 6.10). The first map
published by Mehlenbacher et al. (2006) placed the S (incompatibility) locus and
Gasaway R-gene on LG (linkage group) 5 and LG 6, respectively. This map was
further developed in subsequent years until obtaining highly saturated maps for the
two parents containing: 270 SSR/RAPD markers and 1741 SNPs (maternal map)
and 199 SSR/RAPD markers and 1468 SNPs (paternal map) (Rowley et al. 2018).
Chromosome walking was also initiated using primers designed from 8 RAPD
markers linked to EFB resistance, which utilized screening a bacterial artificial
chromosome (BAC) library and a polymerase chain reaction-based pooling and
subpooling strategy. From this, a high-resolution genetic map and a physical map of
the resistance region were constructed, including 51 markers. The region was
sequenced and the coding sequences annotated. In 7 contigs <1 ¢cM from the
resistance locus, 233 genes were predicted and blasted against sequences in
GenBank (BLASTP). Two of the putative genes were identified as members of the
p-loop NTPase and F-box superfamilies, which were previously shown to have
disease resistance properties. The work produced 44 new DNA markers linked to
the EFB resistance gene and narrowed the resistance region to a single BAC in
which five genes had a 100% match in the transcriptome (Sathuvalli et al. 2017).
Further mapping, complementation and expression tests of the genes in the BAC
sequences are needed to confirm which confer resistance to EFB.

Using common SSR markers, the maps for Tonda Gentile delle Langhe x Hall’s
Giant (Beltramo et al. 2016) and for a progeny from southern Russia segregating for
EFB resistance (Honig and Molnar pers. comm), were aligned with the reference
map for OSU 252.146 x OSU 414.062.

Beltramo et al. (2016) and Torello Marinoni et al. (2018) developed their map on
the same progeny for the detection of quantitative trait loci for vegetative traits
(Table 6.10). Torello Marinoni et al. (2018) constructed saturated maps of the two
parent cultivars, including in each map about 1200 SNPs and a set of SSR markers
for LG identification (Fig. 6.11). From this study, a strong QTL region was detected
for time of vegetative budburst. Further work has also been done for QTL analysis
of other characters, including male and female flowering time and nut and seed
traits (unpublished data).
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Table 6.10 Molecular linkage maps and association maps developed in hazelnut

Pedigree or type of Agronomic trait
Reference material used Markers targeted Main Results
Mehlenbacher | OSU RAPD and Pollen-stigma The S-locus was
et al. (2006) 252.146 x OSU SSR incompatibility. placed on
414.062 (138 (maternal Resistance to chromosome 58S,
individuals) map: 249 eastern filbert where 6 markers
RAPD and blight (EFB) linked within a
20 SSR distance of 10 cM
markers; were identified. A
paternal map: locus for resistance
271 RAPD to EFB was placed
and 28 SSR on chromosome 6R,
markers) and 2 markers
strictly linked were
identified
Giircan et al. OSU SSR 81 new SSR markers
(2010a) 252.146 x OSU from enriched
414.062 (138 libraries were added
individuals) to the map published
by Mehlenbacher
et al. (2006)
Beltramo et al. | Tonda Gentile SSR (152) Vigor. Sucker 15 QTLs were
(2016) delle habit. Time of leaf |identified for the
Langhe x Hall’s budburst examined traits. Of
Giant (163 them, 10 were major
individuals) QTLs, including a
stably expressed
region on LG_02 of
maternal map for
time of leaf budburst
Colburn et al. OSU SSR 53 new SSR markers
(2017) 252.146 x OSU from transcriptome
414.062 (138 sequences were
individuals) added to the map
published by
Mehlenbacher et al.
(2006)
Bhattarai and OSU SSR 101 new tri-
Mehlenbacher | 252.146 x OSU nucleotide SSR
(2017) 414.062 (138 markers from the C.
individuals) avellana cv.

Jefferson genome
sequence were
added to the map
published by
Mehlenbacher et al.
(2006)

(continued)
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Table 6.10 (continued)
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Pedigree or type of

Agronomic trait

Reference material used Markers targeted Main Results
Oztiirk et al. 40 wild accessions | AFLP (11) Nut and kernel Association mapping
(2017) and 24 cvs. from | SSR (49) traits (length, of wild and
the Slovenian thickness, nut cultivated hazelnut
national hazelnut caliber, kernel accession grown in
collection weight, shape Slovenia; 49 SSR
uniformity) markers were
significantly
associated with nut
and kernel traits
Torello Tonda Gentile SSR and Time of leaf 29 QTLs for time of
Marinoni et al. | delle SNP budburst leaf bud burst were
(2018) Langhe x Hall’s (maternal detected, confirming
Giant (213 map: 20 SSR the stably expressed
individuals) markers and region on LG_02 of
1216 SNPs; the maternal map
paternal map: detected by
19 SSR Beltramo et al.
markers and (2016). A reciprocal
1192 SNP) translocation was
detected in cv. Tonda
Gentile delle Langhe
between two
non-homologous
chromosomes
Rowley et al. OoSuU SSR, RAPD | Pollen-stigma Two high-density
(2018) 252.146 x OSU and SNP incompatibility. genetic maps
414.062 (138 (maternal Resistance to representing a
individuals) map: 270 eastern filbert five-fold increase in
SSR/RAPD | blight marker density over
markers and previous map.
1741 SNPs; Various major genes
paternal map: have been mapped,
199 SSR/ including resistance
RAPD to EFB and genes
markers and related to
1468 SNPs) self-incompatibility
Bhattarai and OoSuU SSR 132 new nucleotide
Mehlenbacher | 252.146 x OSU SSR markers with
(2018) 414.062 (138 repeat motifs of 4, 5
individuals) or 6 bp from the C.

avellana cv.
Jefferson genome
sequence were
added to the map
published by
Mehlenbacher et al.
(2006)

(continued)
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Table 6.10 (continued)

Pedigree or type of Agronomic trait
Reference material used Markers targeted Main Results
Frary et al. 390 accessions (16 | SSR (30) Agro- A total of 145 QTLs
(2019a) cvs., 232 landraces morphological were detected with
and 142 wild traits (44) the largest
plants) from the proportions
Turkish national identified for
hazelnut collection involucre (26%) and
inflorescence (14%)
morphology
Frary et al. 390 accessions (16 | SSR (30) Nut and kernel A total of 78
(2019b) cvs., 232 landraces traits (25) significant marker-
and 142 wild trait associations for
plants) from the nut (24%) and kernel
Turkish national (26%) appearance,
hazelnut collection nut quality (19%),
shell thickness
(16%) and yield-
related (15%) traits
were detected in the
population

The first association mapping effort was carried out by Oxztiirk et al. (2017) on 54
wild accessions and 48 cultivars from the Slovenian hazelnut national collection
using AFLP and SSR markers. A total of 64 accessions were also characterized for
10 nut and 7 kernel traits. Phenotypic and molecular data were related to identify
markers linked to the traits. Their results showed 49 SSR markers significantly asso-
ciated with nut and kernel traits.

Further association mapping work was carried out to determine the genetic con-
trol of 44 agro-morphological traits (Frary et al. 2019a) and 13 nut and 12 kernel
traits (Frary et al. 2019b) in 390 Corylus avellana accessions from 9 provinces in
the Black Sea region of Turkey. Loci associated with these characteristics were
mapped using a set of 30 simple sequence repeat loci.

6.5.2 Functional Genomics

Transcriptome studies and genome sequencing were carried out at OSU using the
EFB-resistant cv. Jefferson (OSU 703.007) (Rowley et al. 2012). In total, 6.8 Gb of
hazelnut transcriptome data obtained by Illumina RNA-seq technology from leaves,
catkins, bark and seedlings of Jefferson, were assembled de novo into 28,255
contigs with an average length of 532 bp and an N50 of 961 bp. Sequence
comparisons using BLASTX and gene ontology (GO) showed high similarity of the
predicted proteins to sequences in related plants, with 80.8% having similarity to
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Fig. 6.11 Genetic maps of the Corylus avellana cvs. Tonda Gentile delle Langhe (TGdL) and
Hall’s Giant (HG), aligned on the basis of markers developed on common scaffolds. (Torello
Marinoni et al. 2018)
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sequences of grape (Vitis vinifera L.), poplar (Populus trichocarpa Torr. & A. Gray)
and castor bean (Ricinus communis L.).

Further transcriptomic studies were carried out in Corylus heterophylla and were
aimed at the identification of cold tolerance genes in floral buds (Chen et al. 2014)
and to detect genes involved in ovule abortion and development during fruit growth
in hazelnut (Cheng et al. 2015).

The Corylus heterophylla floral bud transcriptome was sequenced using Illumina
sequencing technology, de novo assembled and annotated. A total of 40,941
unigenes were identified, and 30,549 were annotated in the NCBI Non-redundant
(Nr) protein database. A total of 17,207 unigenes were mapped onto 128 pathways
using the KEGG database. A set of candidate genes potentially involved in cold
tolerance were identified. The expression patterns of the selected genes during four
stages of cold acclimation suggested that these genes might be involved in different
cold responsive stages in C. heterophylla floral buds. The work provides abundant
information and material for future studies on the molecular mechanism of hazelnut
floral bud’s response to cold stress.

The presence of blank nuts across species of the genus Corylus is a very common
phenomenon, often associated with embryo abortion that may cause serious yield
losses in C. heterophylla and C. avellana. In a study by Cheng et al. (2015), de novo
transcriptome sequencing and RNA-seq analysis were conducted in C. heterophylla
using the Illumina HiSeq 2000 technology. Two digital gene expression libraries
were constructed, one for a normally developing ovule and one for an empty
(abortive) ovule. Transcriptome sequencing and assembly results revealed 55,353
unigenes. After annotation gene expression differences in developing and abortive
ovules were identified using digital gene expression profiling. In abortive ovules,
compared with developing ovules, 1637 and 715 unigenes were significantly
upregulated and downregulated, respectively. The results provide fundamental
genetic information that will improve the understanding of the molecular
mechanisms of abortive ovule formation in hazelnut.

More recently, the Corylus avellana genome of cv. Jefferson was sequenced at
93x coverage using Illumina technology (Rowley 2016; Rowley et al. 2018). The
draft genome assembly produced 36,641 genomic contigs and 36,090 predicted
genes. Approximately 91% (345 Mb) of the flow-cytometry determined genome
size was captured and 34,910 putative gene loci were functionally annotated. The
majority of the annotated genes shared homology with genes of the related genera
Vitis, Prunus, Populus, and Ricinus. The genomes of 7 other cvs. (Barcelona,
Tombul, Tonda Gentile delle Langhe, Tonda di Giffoni, Daviana, Hall’s Giant,
Ratoli) were sequenced at lower coverage (~20).

The hazelnut genome and transcriptome data produced at OSU are available
through a basic local alignment search tool (BLAST) portal and web resources
(https://www.cavellanagenomeportal.com).

Based on recent improvements in sequencing abilities by Pacific Biosciences
(PacBio) technology, the genome of cv. Jefferson was sequenced and assembled
into longer contigs. Compared to the Illumina sequence, the PacBio sequencing
produced fewer contigs (1865), and they are much longer (1.03 Mb). The work of
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alignment of contigs with the linkage map is in progress and results will be shared
with other research teams in the near future.

The I1lumina re-sequencing of two clones of Tonda Gentile delle Langhe and two
clones of its mutation Tonda di Biglini was carried out by the University of Torino
at 80x coverage. The goal was to study clonal variation and detect polymorphisms
able to identify and differentiate material obtained by clonal selection. The amount
of variability was higher than expected with about 130,000 SNPs/INDELs
differences between any two sets of clones (unpublished data).

Altogether, these resources will greatly aid future efforts to identify important
genes and will be of importance to breeders for marker-assisted breeding efforts and
for developing knowledge useful for genetic engineering strategies.

6.6 Micropropagation and Genetic Engineering

To date, biotechnological techniques other than micropropagation remain limited in
respect to supporting hazelnut breeding. Micropropagation is now used for
commercial purposes, especially when new cultivars are released and there is a need
to rapidly increase the number of trees in a short time (Fig. 6.12). Akin et al. (2017)
optimized a tissue culture medium for Corylus avellana. The propagation of C.

Fig. 6.12 Growth chamber of hazelnuts propagated by tissue culture. (Photo by R. Botta)
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americana x C. avellana hybrids is more challenging but significant progress has
been made in recent years at the University of Guelph, Ontario, Canada (Latawa
et al. 2016).

Only a small amount of research has been published on protoplast culture and
somatic embryogenesis of Corylus. Gametic embryogenesis was attempted and
homozygous early embryos were obtained through isolated microspore culture in
five hazelnut genotypes (Gniech Karasawa et al. 2016). The response to culture,
however, was highly genotype-dependent and full plantlet development was not
observed. No reports of successful embryogenesis from somatic tissues, other than
young cotyledonary explants (Aygiin et al. 2009; Berros et al. 2005), have been
reported. Although a recent paper on organogenesis showed the possibility of
obtaining morphogenesis from callus in cv. Tonda Romana (Silvestri et al. 2016),
the lack of an efficient regeneration protocol significantly hinders the development
of genetic engineering techniques. Further research is currently being carried out at
the University of Torino with the aim of obtaining embryogenesis and subsequent
use of genome editing for the modification of target genes.

Corylus avellana cell suspension cultures may also be a promising approach for
in vitro production of metabolites such as paclitaxel, an antimitotic agent with
activity against a range of cancers, and linoleic and oleic acids, used in clinical and
economical applications such as cosmetic and pharmaceutical products. However,
fast-growing callus is a prerequisite for the success. Recently, a modified MS
medium (M10) was developed to increase callus fresh weight and paclitaxel
concentration (55.8 and 37.2%, respectively). Cell suspension of C. avellana can be
effectively used in paclitaxel production, reducing the high cost of drug-therapy
(Salehi et al. 2017).

6.7 Mutation Breeding

Naturally occurring clonal variants are common in traditional cultivars and, in some
cases, they bear distinctive traits in comparison with the standard variety (Valentini
et al. 2014). They can be selected as plus variant clones or as new cultivars,
depending on relevance of distinctive traits.

Conventionally-induced mutagenesis by Cog, irradiation at 8 kR was used to
obtain suckerless plants of cv. Tonda Gentile delle Langhe (Me et al. 1988).
However, the strategy was abandoned because the mutation was found to not be
sufficiently stable following cycles of clonal propagation.
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6.8 Conclusions and Prospects

Despite the tremendous amount of genetic diversity present in Corylus germplasm
and the existence of about 500 cultivars described in the literature, currently there is
a shortage of leading cultivars; only about 20 are widely grown and another 30
considered interesting for breeding.

The substantial economic value of hazelnuts and the strong demand for plants for
orchard establishment in many regions worldwide indicate a need to increase
investments in genetic improvement. Ten breeding programs have been active over
the last 60 years in different countries. However, current breeding programs include
only two in the USA that are relatively large, with smaller programs in Romania,
Italy and China. Unfortunately, most previous breeding programs have been
terminated, which is a cause for concern. In countries of traditional cultivation, such
as Turkey, Italy and Spain, there is a strong link of historical cultivars with the
territory and the tendency to use only the local cultivars in new plantings. For
example, in Italy, geographical protections are in place for their four major cultivars.
This scenario significantly reduces interest in planting new cultivars, and
consequently the funding for breeding and along with it the introduction of
innovations. World commercial production based on only a small varietal platform,
and with few active breeding programs, is undoubtedly risky, especially in a scenario
of climate change compounded by the possibility of introducing alien pests and
pathogens (fortunately, EFB is currently present only in North America; however,
consider the severe impacts of the Asian brown marmorated stink bug (Halyomorpha
halys) in Italy, the Republic of Georgia, and elsewhere). There is a huge amount of
genetic variability in Corylus avellana as well as in C. americana, C. colurna and
C. heterophylla, that can be exploited for developing cultivars bearing enhanced
adaptive and agronomic traits. On the other hand, the market is influenced by the
quality standards of kernels requested by the confectionary industry that are difficult
to match without several cycles of backcrosses requiring many decades of effort
(and substantial funding).

Standard methods to breed hazelnuts have been developed and proven; however,
it currently takes 17 years from the time of hand pollination until the resulting
cultivar can be released. Using DNA markers and genomic technologies, we have
increased our knowledge of genetic diversity and the control of traits in Corylus, but
marker-assisted selection has not been widely developed and utilized beyond
selection for EFB resistance related to C. avellana Gasaway. With the decreasing
costs of DNA sequencing, it will become easier and faster to develop effective DNA
markers. These tools will facilitate the study of genetics, allow for marker-aided
breeding and support multiple levels of breeding decisions. Further, the development
of genome editing technologies and successful protocols for somatic embryogenesis
will favor the development of genetically-modified cultivars bearing improved traits
while possibly maintaining the positive nut quality attributes of the original cultivars
desired by the industry. This scenario will become much more feasible when our
knowledge of the hazelnut genome becomes deeper.
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Although a set of old and new cultivars are currently available, and breeding
methods have been standardized, a larger and much more accessible genetic
platform of Corylus germplasm should be created to support improvements in all
geographic regions interested in cultivation and to face the emerging and future
challenges of climate changes. National and international policies should consider
the strategic importance of a crop like hazelnuts, which is under very high demand
from the confectionary industry and still poorly utilized as a nutraceutical commodity
(a place where additional value may also be exploited). When considering the
historically low-input, sustainable nature of hazelnut production in combination
with high demand from existing and developing industries, as well as the many
stakeholders and downstream end users and consumers of hazelnut products,
enhanced funding for research and support of Corylus breeding may yield consider-
able and long-lasting societal and economic benefits worldwide.

Appendices

Appendix 1: Major Hazelnut Germplasm Collections

No. of
Site Institution accessions | Species
Corvallis, United States Dept. | 607 C. avellana cultivars (187), C. avellana
OR, USA of Agriculture — selections (164), C. americana (42), C.
Agricultural californica (40), C. chinensis (15), C. colurna
Research Service (17), C. cornuta (14), C. fargesii (6), C. ferox
(1), C. heterophylla (25), C. jacquemontii (4),
C. sieboldiana (34), C. yunnanensis (2),
interspecific hybrids (62)
Corvallis, Oregon State 418 C. avellana cultivars (80), C. avellana
OR, USA University selections (166 from nuts collected in 7
countries), C. americana (45), C. californica
(1), C. chinensis (29), C. colurna (38), C.
cornuta (28), C. fargesii (1), C. ferox (1), C.
heterophylla (22), C. jacquemontii (7), C.
sieboldiana (1)
Giresun, Hazelnut Research | 390 C. avellana
Turkey Institute
Beijing China Research 378 C. heterophylla x C. avellana (43), C.
Institute of heterophylla (220), C. avellana (35), C.
Forestry, Chinese mandshurica (18), C. kweichowensis (62)
Academy of
Forestry
Constanti, IRTA 253 (139 C. avellana, C. colurna, C. heterophylla, C.
Tarragona, Spanish, 114 | ferox var. tibetica
Spain foreign)

(continued)
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No. of

Site Institution accessions | Species

Chieri (TO), | University of 86 C. avellana

Italy Torino

Le Cese, ARSIAL, Tuscia 58 C. avellana

Caprarola University

(VT), Italy

Appendix 2: Main Hazelnut Cultivars and Their Important
Traits and Cultivation Locations

Cultivar

Country of
Origin

Cultivation area(s)

Description of important traits

Allahverdi

Turkey

Not widespread
yet

For kernel market. Released recently as a
selection, small nut (1.8 g) with round shape,
high percent kernel (49%) and pellicle
removal (90%), early maturity (early
August), late leafing, productive, yield
variation is low between years

Barcelona
(Fertile de
Coutard,
Castanyera)

Spain

USA (Oregon,
Willamette
Valley), Chile

For in-shell market. Large nut (3.8 g) with
round shape (RI = 0.91), 43% kernel, half of
pellicle removed by blanching. Vigorous
tree, moderately productive, late maturity
(early October in Oregon). Resistant to bud
mites. Some tolerance to EFB; infected trees
remain productive for several years.
Incompatibility alleles S1 S2. The cv.
Barcelona grown in Chile is similar but
probably not genetically identical to the
original

Cakildak

Turkey

Ordu

For kernel market. Small nut (2.0 g) with
round shape (RI = 1.1), high percent kernel
(50-54%) and pellicle removal (85-87%),
planted mostly at higher elevations, maturity
mid-late August, late leafing, prone to
alternate bearing, low flavor

Camponica

Italy, South

Italy, South

For in-shell market. Large nut (3.4-3.7 g)
with round shape (RI = 0.92), 46-48%
kernel, 70-80% of pellicle removed by
blanching. Early mid-season maturity
(August in Italy). Quantitative resistance to
EFB. Incompatibility alleles S1 S2

(continued)
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Cultivar

Country of
Origin

Cultivation area(s)

Description of important traits

Clark

USA,
Oregon

USA, Oregon

For kernel market. Small to medium nut

(2.4 g) with round shape, 51% kernel, good
pellicle removal by blanching. Small tree
(TCA 60% of cv. Barcelona), very high yield
efficiency. Moderate susceptibility to big bud
mite, less susceptible to eastern filbert blight
than Barcelona. Female receptivity late.
Incompatibility alleles S3 S8

Corabel®
Fercoril

France,
Southwest

France, Southwest

For in-shell market. Very large nut (3.7—

4.5 g) with round shape, 44-47% kernel,
easy pellicle removal, low fiber. Very
vigorous tree, productive, late nut maturity
(late-September to early October in France).
Very late female receptivity. Incompatibility
alleles S1 S3

Dorris

USA,
Oregon

USA, Oregon

For kernel and in-shell markets. Medium to
large nut (3.3 g) with round shape, 43%
kernel, good pellicle removal by blanching,
excellent aroma. Small tree (TCA 59% of cv.
Barcelona) with high yield efficiency. High
resistance to big bud mite, high resistance to
EFB from Gasaway. Incompatibility alleles
S1S12

Ennis

USA,
Oregon

USA (Oregon,
Willamette
Valley); France,
Southwest

For in-shell market. Very large nut (3.8—

4.7 g), slightly long shape. Pellicle not
removed by blanching. Moderately vigorous
tree, productive, late nut maturity (early
October in Oregon). Susceptible to big bud
mite, highly susceptible to EFB. Very late
female receptivity. Incompatibility alleles S1
S11

Fosa

Turkey

Trabzon,
Akcakoca

For kernel and in-shell market. Small nut
(1.7 g) with round shape (1.1), high percent
kernel (50%) and pellicle removal (85%),
early maturity (mid-August), good flavor,
kernel cavity size of 2.2 mm

Giresun Melezi

Turkey

Not widespread
yet

For kernel market. Recently released
cultivar, small to medium nut (2.4 g) with
round shape, high percent kernel (52%) and
pellicle removal (90%), early maturity
(mid-August), late leafing

Hall’s Giant
(Merveille de
Bollwiller)

Germany/
France
(Alsace)

France, Southwest

Used as pollinizer. Large nut (3.5-4.2 g)
with conical shape, 36-41% kernel, easy
pellicle removal, low fiber, suitable for
in-shell market. Vigorous tree, not
productive. Late nut maturity (late
September—early October in France).
Quantitative resistance to

EFB. Incompatibility alleles S5 S15

(continued)
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Cultivar

Country of
Origin

Cultivation area(s)

Description of important traits

Jefferson

USA,
Oregon

USA, Oregon

For in-shell market. Large nut (3.7 g) with
round shape, 45% kernel, 70% of pellicle
removed by blanching. Moderately vigorous
tree (TCA 70% of cv. Barcelona) with
upright growth. Nut maturity 3 days after
Barcelona. Highly resistant to big bud mite,
high resistance to EFB from Gasaway. Very
late female receptivity. Incompatibility
alleles S1 S3

Lewis

USA,
Oregon

USA, Oregon

For kernel market. Medium nut (2.9 g), 48%
kernel, good pellicle removal by blanching,
good aroma, midseason nut maturity.
Medium tree (TCA 78% of cv. Barcelona)
with high yield efficiency. Moderate
resistance to big bud mite, quantitative
resistance to EFB. Occasional problem with
kernel mold in cool, wet environments.
Incompatibility alleles S3 S8

McDonald

USA,
Oregon

USA, Oregon

For kernel market. Medium to small nut

(2.5 g), 52% kernel, very good pellicle
removal by blanching, excellent aroma. Nut
maturity 2 weeks before Barcelona. Medium
tree (TCA 70% of Barcelona) with high
yield efficiency. Resistance to big bud mite,
high resistance to EFB from Gasaway.
Incompatibility alleles S2 S15

Mortarella

Italy, South

Italy, South

For kernel market. Medium to small nut
(2.0-2.5 g) with long shape (RI = 0.80),
46—48% kernel, 70-80% of pellicle removed
by blanching, excellent flavor (used for
chopped kernels and industrial paste). Low
vigor tree with high yield (2.5-2.8 t/ha).
Early nut maturity (August in Italy). Often
infected with apple mosaic virus.
Incompatibility alleles S2 S17

Negret

Spain,
Catalunya

Spain, Catalunya

For kernel market. Small nut (2.0 g) with
ovoid shape (RI = 0.75), 48-50% kernel,
very easy pellicle removal (90%), good
flavor. Moderate tree vigor, high yield,
mid-season to late nut maturity. Susceptible
to EFB. Often infected with apple mosaic
virus. Incompatibility alleles S10 S22

(continued)
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Cultivar

Country of
Origin

Cultivation area(s)

Description of important traits

Nocchione

Italy

Italy, Center and
South

For pollinizer and kernel market. Medium to
large nut (3.0-3.2 g) with round shape
(RI=0.92), 38-40% kernel, 80% of pellicle
removed by blanching. Early to mid-season
nut maturity. Moderate tree vigor and
spreading growth habit, high yield. It is
grown under many names as the main
cultivar in Sicily and as the main pollinizer
of cv. Tonda Romana in Latium.
Incompatibility alleles S1 S2

Okay28

Turkey

Not widespread
yet

For kernel market. Recently released
cultivar, medium nut (2.85 g) with round
shape, high percent kernel (54%) and pellicle
removal (92%), early maturity (mid-August),
late leafing

Palaz

Turkey

Ordu

For kernel market. Small nut (2.1 g) with
round shape (RI = 0.9), high percent kernel
(51%) and pellicle removal (92-94%), early
maturity (early August), prone to alternate
bearing, good flavor, large kernel cavity
(3.25 mm)

Pauetet

Spain,
Catalunia

Spain (Catalunya),
France
(Southwest)

For kernel market. Small nut (2.0 g) with
ovoid shape (RI = 0.75), 48-50% kernel,
60-70% of pellicle removed by blanching,
good flavor. Tree more vigorous and tolerant
of high soil pH than cv. Negret. High yield,
mid-season to late nut maturity (September).
Incompatibility alleles S18 S22

Sacajawea

USA,
Oregon

USA, Oregon

For kernel market. Medium nut (2.8 g), 52%
kernel, very good pellicle removal by
blanching, excellent aroma. Nut maturity

10 days before cv. Barcelona. Medium to
vigorous tree (TCA 86% of Barcelona) with
moderately high yield efficiency. High
resistance to big bud mite, high quantitative
resistance to EFB. Incompatibility alleles S1
S22

San Giovanni

Italy, South

Italy, South

For chopped kernel and industrial paste
market. Medium nut (2.5-2.8 g) with long
shape (RI = 0.80), 47-48% kernel, 70-80%
of pellicle removed by blanching, good
flavor. High yield (2.5-3.0 mt/ha) and early
nut maturity (August in Italy).
Incompatibility alleles S2 S8

(continued)
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Cultivar

Country of
Origin

Cultivation area(s)

Description of important traits

Segorbe
(Comun Aleva)

Spain,
Catalunya

France, Southwest

For kernel market and pollinizer. Medium to
large nut (2.6-3.2 g) with round shape
(RI=0.86), 40-45% kernel, half of pellicle
removed by blanching. Vigorous tree, late
nut maturity (September—October). Tolerant
of adverse conditions. Incompatibility alleles
S9 S23

Tombul

Turkey

Giresun

Best Turkish cultivar for kernel market.
Small nut (1.8 g) with round shape (RI

= 1.1), high percent kernel (54%), high
pellicle removal (94%), early maturity (Early
August), excellent flavor, small kernel cavity
(1.5 mm), medium productivity (1.5 mt/ha)

Tonda di
Giffoni

Italy, South

Italy (Center and
South), Spain,
Chile and others

For kernel market. Medium nut (2.5-2.8 g)
with round shape (RI = 0.90), 46-48%
kernel, 80-90% of pellicle removed by
blanching, excellent flavor. Mid-season to
late nut maturity (September in Italy). Good
quantitative resistance to EFB. High yield
(2.5 mt/ha) and high adaptation to different
environments. Problems with kernel mold in
cool, wet environments. Incompatibility
alleles S2 S23

Tonda
Francescana®

Italy,
Central

Not widespread
yet

For kernel market. Small to medium nut

(2.4 g) with round shape (RI = 0.94),
45-48% kernel, good pellicle removal by
blanching, good flavor. Very early nut
maturity (August in Italy), low susceptible to
big bud mite. High productivity (3.0 mt/ha).
Incompatibility alleles S2 S20

Tonda Gentile
delle Langhe

Italy,
Northwest

Italy, Northwest

For kernel market. Small to medium nut
(2.2-2.4 g) with triangular-round shape
(RI=0.90), 46-48% kernel, 80-90% of
pellicle removed by blanching, excellent
flavor. Very early nut maturity (August in
Italy). Susceptible to big bud mite, highly
susceptible to EFB. Moderate productivity
(1.8-2.0 mt/ha) in northwestern Italy but low
in most other locations. Incompatibility
alleles S2 S7

Tonda Pacifica

USA,
Oregon

Chile, to be
commercialized

For kernel market. Small nut (2.2 g), 47%
kernel, excellent pellicle removal by
blanching, excellent aroma. Nut maturity

8 days before Barcelona. Moderately
vigorous tree (TCA 77% of Barcelona),
moderately high yield efficiency. Moderate
resistance to big bud mite, highly susceptible
to EFB. Incompatibility alleles S1 S2

(continued)
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Country of
Cultivar Origin Cultivation area(s) | Description of important traits

Tonda Romana | Italy, Italy, Central For kernel market. Medium nut (2.5-2.7 g)
Central with round shape (RI = 0.95), 45-47%
kernel, 50% of pellicle removed by
blanching, very good aroma. Nut maturity
mid-season to late (September in Italy).
Resistant to big bud mite, highly susceptible
to EFB. High yield (2.0-2.5 mt/ha).
Incompatibility alleles S10 S20

Wepster USA, USA, Oregon For kernel market. Small nut (2.3 g), 46%
Oregon kernel, very good pellicle removal by
blanching, very good aroma. Nut maturity
10 days before cv. Barcelona. Vigorous tree
(TCA 90% of Barcelona), high yield
efficiency. High resistance to big bud mite,
high resistance to EFB from Gasaway.
Incompatibility alleles S1 S2

Yamhill USA, USA (Oregon), For kernel market. Small nut (2.3 g), 49%
Oregon Chile kernel, 50% of pellicle removed by
blanching, little fiber on pellicle. Nut
maturity 10 days before cv. Barcelona. Low
vigor tree (TCA 60% of Barcelona) with
spreading growth habit, very high yield
efficiency. High resistance to big bud mite,
high resistance to EFB from Gasaway.
Incompatibility alleles S8 S26

TCA trunk cross-sectional area (30 cm above soil line), R/ roundness index
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Chapter 7
Macadamia (Macadamia spp.) Breeding

Bruce L. Topp, Catherine J. Nock, Craig M. Hardner, Mobashwer Alam,
and Katie M. O’Connor

Abstract Macadamia breeding is in its infancy with most cultivars only two gen-
erations removed from their wild progenitors. Two active breeding programs have
released cultivars in the past decade and several others are in progress. Until recently,
the majority of cultivars have been selected from commercial seedling orchards.
Breeders are hindered by the large size of the trees which can grow to 15 m, long
juvenile phases (fruiting after 57 years), and a poor correlation (r = 0.1) between
annual nut-in-shell yield at 4 and 10 years. Current programs involve controlled
cross-pollination to produce biparental families, progeny trials planted in random-
ized replicated designs, prediction of clonal and breeding values and use of a multi-
trait weighted selection index. Strategies that allow rapid phenotyping are being
examined. Selection for small trees and reduced juvenility will accelerate breeding
by improving trait prediction accuracy through replication and reducing selection
cycle periods, respectively. We discuss the potential to improve breeding efficiency
and reduce cultivar release time by incorporation of genomic selection methods.
There may be genetic variation in wild germplasm for dwarfing, resistance to major
pests and diseases and adaptation to a wider range of climates. Genomic and pheno-
typic characterization of wild germplasm to identify material of highest conserva-
tion value and to identify useful traits has commenced on an ex situ collection of
over 300 accessions of the 4 species.
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7.1 Introduction

The genus Macadamia F. Muell., includes subtropical rainforest trees belonging to
the Proteaceae family. The four species are M. integrifolia Maiden & Betche, M.
tetraphylla L.A.S. Johnson, M. ternifolia F. Muell. and M. jansenii C.L. Gross &
P.H. Weston. All are native to the east coast of Australia in northern New South
Wales and southern Queensland at about 26-29° S lat. (Fig. 7.1). Macadamia tetra-
phylla is the southernmost species and most populations are located in New South
Wales. It is a large tree commonly with four leaves per whorl and produces a distinc-
tively wrinkled or rough-shelled nut with an edible kernel (Fig. 7.2). Macadamia inte-
grifolia is a large tree with three leaves per whorl and produces a smooth-shelled nut
with edible kernel. It has the largest latitudinal range extending north from the bor-
der of Queensland and New South Wales where its distribution overlaps with M.
tetraphylla. The range of M. ternifolia extends from the Samford Valley north of
Brisbane and overlaps with M. integrifolia. Macademia jansenii is the most north-
ern species and is known to exist in only one location north of Bundaberg (Fig. 7.1).
Macadamia ternifolia and M. jansenii are small trees which produce inedible nuts
containing cyanogenic glycosides (Dahler et al. 1995).

In Australia, macadamia flowering occurs from August to early October. Each
long, pendant raceme has 100-300 florets. Macadamia is predominantly outcross-
ing and this is promoted by protandry with the pollen released prior to stigma

‘ L
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M. jansenii W
M. ternifolia W
M. integrifolia

M. tetraphylla Wl

Fig. 7.1 Distribution limits for the four species of Macadamia across Queensland (QLD) and
New South Wales (NSW) in Australia. Species location data collated from Peace (2005), Costello
et al. (2009), Powell et al. (2010), Powell et al. (2014) and Shapcott and Powell (2011). (Image
courtesy of Todd Fox)
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Scale: 10 x 10 mm

M. jansenii M. ternifolia
M. integrifolia M. tetraphylia

Fig. 7.2 Nuts of the four species of Macadamia native to south east Queensland and northeast
NSW, Australia. (Image courtesy of Thuy Mai and edited by Nik Nieuwenhuis)

receptivity (Trueman 2013). The fruits mature in March to April (28-32 weeks after
flowering) but may not drop from the tree until as late as August. Botanically, the
fruit is classified as a follicle rather than a nut (Strohschen 1986). It is a dry, dehis-
cent fruit developed from one carpel. The green husk is the outer pericarp, which
splits along a single longitudinal suture as it dries after maturity. The shell is the
hard seed coat or testa, which encloses the kernel comprised of two large cotyledons
and a small embryonic axis.

Macadamia integrifolia and M. tetraphylla and their hybrids are cultivated around
the world for their high quality kernel which is eaten raw, roasted or in baked goods
and confectionary. The oil is used for cooking, salads and cosmetics. There are also
industrial uses of the kernel for biodiesel production (Azad et al. 2017) and the shell
for composite timber products, biochar and nanosorbents (Girdis et al. 2017;
Wongcharee et al. 2017). Macadamia is the highest oil-yielding commercial nut with
about 75% oil by fresh weight (Strohschen 1986). The oil is mostly monounsatu-
rated fats (about 80%) primarily oleic but with significant amounts of palmitoleic
acid (Saleeb et al. 1973). It is a rich source of nutrients with several health benefits
including reducing the risk of coronary disease and obesity, as well as having anti-
bacterial properties (Cock 2008; Garg et al. 2007; Lima et al. 2014; Ros 2010).

Gross (1995) reports that Aborigines in the Mt. Bauple region of Australia called
macadamia fruit jindilli and in northern New South Wales the local name was kindal
kindal. Around the turn of the century, the first Australian orchards were established
near Lismore, NSW and later in Queensland (Hardner et al. 2009). Cultivation
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began in the late 1800s in Hawaii following importation of seed from Australia
(Hardner 2016; Hardner et al. 2009; Peace et al. 2008). The Hawaii Agricultural
Experiment Station (HAES) pioneered breeding and grafting, with seedlings being
planted around 1920, followed by potential cultivar evaluation and selection in the
mid-1930s (Hamilton and Fukunaga 1959; Hardner 2016). The majority of recent
commercial cultivars are derived from M. integrifolia by different breeding strate-
gies (Hardner 2016). Chloroplast resequencing indicates that the Hawaiian cultivars
in particular were derived from a very narrow genetic basis, while extensive vari-
ability was found in this species. This suggests that future breeding may benefit
from the largely unexploited germplasm diversity (Nock et al. 2019).

This chapter describes current macadamia breeding strategies and opportunities
for future improvement. The domestication is relatively recent, and due to a long
selection cycle some breeding strategies are in their infancy. This chapter also pro-
vides an overview on the current knowledge and methods that may potentially be
used in future.

7.2 Cultivation and Traditional Breeding

7.2.1 Current Cultivation

Macadamias are grown commercially in 18 countries with an estimated 209,721 ha
in 2016 producing 186,460 mt of nut-in-shell at 3.5% moisture content. Australia
and South Africa produce almost half the crop, with significant production in Kenya,
USA (Hawaii) and China (Fig. 7.3). Production also occurs in Zimbabwe,
Guatemala, Malawi, Brazil, Dominican Republic, Mexico, Columbia, Mozambique,
Paraguay, Rwanda, New Zealand, Swaziland and Vietnam. China is predicted to

Fig. 7.3 World production Other
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significantly increase its planting area from 65,000 ha in 2015 to 265,000 ha in 2020
and become a major producer (International Nut Council estimates). Australia has
17,000 ha, over 40,000 mt of nut-in-shell and 11,500 mt of kernel per year.

Although the trees are native to lowland subtropical rainforest, they can be culti-
vated across a range of environments and generally are adapted to climates where
avocado and lemon are grown (Storey 1976). In Australia, they are grown commer-
cially between Mackay in Queensland (21° S lat.) and Macksville in New South
Wales (30° S lat.). In tropical regions, such as Vietnam, trees are grown at lower lati-
tudes but at elevations of 300-700 m. Macadamia reportedly do not tolerate extreme
temperatures. While mature trees can withstand mild frosts for short periods, young
trees can be severely damaged or killed. Alternatively, high temperatures inhibit
shoot growth and reduce kernel quality (Stephenson and Gallagher 1986; Trochoulias
and Lahav 1983). Integrated management of nutrition, irrigation, weed control, soil
erosion and pest/disease monitoring is now applied in orchards that are planted with
cultivar scions grafted onto seedling rootstocks (O’Hare et al. 2004).

7.2.2  Current Challenges

Cultivars are estimated to be two to five generations from their wild progenitors.
The cv. Keauhou (HAES 246) is still widely grown in Australia and was selected
after only two generations of open-pollination from wild germplasm (Hardner et al.
2009). This recent domestication means that many traits of current cultivars remain
similar to those in wild populations. Selective breeding can improve profitability;
however, a number of significant obstacles may hinder genetic improvement. These
include large plant size, a long juvenile period, time to peak production, and a poor
correlation of traits on young and mature trees. These characteristics impede both
commercial production and breeding efficiency.

Mature trees can be 15 m tall and 10 m wide. Planting at moderate densities of
300 trees ha™! restricts canopy growth along the row, but the trees grow into the row
and require pruning to maintain productivity. Cultivars with reduced tree size would
enable dense plantings and allow higher early yields. Pruning or selective limb
removal is common practice in mature orchards to allow machinery access, improve
spray penetration and increase light distribution within the canopy. Access of light
to the orchard floor is of particular importance for sward development and erosion
prevention. Reduction of soil losses in conjunction with mulching improves sub-
surface root development and yield (Bright et al. 2016). Cropping efficiency may be
increased by considering relationships between architectural traits in pruning and
training (Toft et al. 2019), and by selecting for certain floral and architectural traits
in breeding for new cultivars (Toft et al. 2018). From a breeding viewpoint, smaller
trees would increase genetic gain by allowing increased replication and thus accu-
racy of trait predictions.

The time to first fruit production was similar in three breeding sites located in
New South Wales and Queensland (Table 7.1). Seedling trees from multiple families
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Table 7.1 Percentage of seedling trees producing fruit from ages 4-8 years at three Australian
sites

Percentage of population fruiting
Dunoon, NSW Newrybar, NSW Bundaberg, QLD
Tree age (years) (n=182) (n=126) (n=379)
4 38 13 33
5 62 57 72
6 79 78 89
7 94 88 97
8 99 93 96
Mean fruiting age 5.21 5.5 5.03

were planted at each site. There was no selection of parents with regard to precocity.
The percentage of seedlings producing fruit was measured from 4-8 years from
field planting. Precocity at 4 years of age varied with 13% fruiting at Newrybar and
38% at Dunoon. By the end of the trials at year 8, at least 93% of seedlings were
fruiting, with the mean age to first fruiting of 5.03-5.50 years. Seedling trees were
grown in a nursery for 2 years prior to field planting and so the time from nut-to-nut
is about 7 years. Selection for increased precocity, which is moderately heritable in
other fruit tree crops (Hansche 1983), will reduce selection cycle lengths and
increase genetic gain per unit of time (O’Connor et al. 2018).

A medium-density orchard is typically planted at 8 x 4 m (312 trees ha™!) and
will commence fruiting after 4 years, but not reach peak production until 1215 years
(Fig. 7.4). Orchard establishment costs are high and a positive cash flow is not
achieved for at least 8 years after planting (O’Hare et al. 2004). The long-term
investment requires a low risk of new cultivars failing under commercial production.
Hence, stringent evaluation is required and this increases the cost of breeding.

In Australia, nuts fall from March to August and growers mechanically harvest
every 2—6 weeks. Delays in harvest can result in reduction of kernel quality. Cultivars
vary in the duration and peak time of nut drop; a single cultivar may drop nuts over
4 months. The cv. Release drops its entire crop within 1 month. A series of cultivars
with staggered but compact nut drop would reduce the cost of harvesting.

The length of selection cycle is determined by the length of the juvenile period
but also by the time required to accurately evaluate the assessment traits. Moderate
to highly heritable traits such as kernel recovery (KR; H = 0.6) can be evaluated as
soon as nuts are produced and do not change with tree age (Hardner et al. 2001).
Low heritability traits such as nut-in-shell (NIS) yield (H = 0.15) require more time
to estimate because the yields of young trees do not reflect that of mature trees
(Fig. 7.5). At year 4 cumulative NIS yield and annual NIS yield were poorly corre-
lated with yield at year 10 (0.38 and 0.11, respectively). At year 8, the correlations
were 0.94 and 0.97, respectively, but it could be argued that trials completed at age
7 would provide reliable estimates. It would be useful to know the correlations with
trees at age 15 when they reach peak production.
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Fig. 7.4 Macadamia orchard. (a) Growers evaluating new cultivars in a 7-year-old medium den-
sity orchard (300 trees ha™"), (b) Controlled hand-pollination to produce hybrid seed for breeding,
() Nut-in-husk 3 months after pollination. (Images courtesy of Bruce Topp)
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Fig. 7.5 The effect of tree age on the genetic correlation with mature (10 year) tree yield for
cumulative nut-in-shell (cNIS) and annual nut-in-shell (aNIS). (Source: adapted from Hardner
et al. 2002)

At the start of a new phase of Australian breeding, key stakeholders were con-
sulted on future cultivar requirements. Growers, marketers and consultants identi-
fied the most important characteristics required in new macadamias as high kernel
yield, resistance to husk spot (Pseudocercospora macadamiae) fungal disease,
desirable consumer kernel traits, resistance to the fruit spotting bug (Amblypelta
nitida) and smaller trees (O’Hare and Topp 2010).

7.2.3 Early Improvement Strategies

Macadamia had the reputation of being almost impossible to clonally propagate, but
in 1927 Ralph Moltzau of the HAES was successful in grafting (Storey 1963).
Girdling of the scion branch 68 weeks prior to grafting was an important addition
to the process that allowed accumulation of starch above the girdle (Beaumont and
Moltzau 1937). Until this time, all commercial orchards were planted using seed-
ling trees. The ability to propagate clonally from large segregating populations pro-
vided an opportunity for selective breeding. HAES researchers recognized the
possibilities and commenced the first major breeding program. More than 100,000
seedlings were evaluated and about 50 of the most promising were grafted and
evaluated in regional field trials on the major Hawaiian Islands (Hamilton and Ito
1976). The cultivars released from this program account for the majority of world
plantings and over 80% of those grown in Australia (Jones and Mayer 2009).

More recently, a similar example of mass phenotypic selection has been reported
in Kenya (Gitonga et al. 2009). By 1974, over 800,000 ungrafted seedlings had been
supplied to Kenyan farmers as an alternative cash crop to tea and coffee. Agronomic
surveys identified 300 superior trees for yield and nut quality. From this population,
30 genotypes were clonally propagated for further evaluation and 7 cultivars were
selected and released in the late 1980s (Gitonga et al. 2009).
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In Australia, clonal propagation of superior open-pollinated seedlings com-
menced in the 1950s. The Queensland Department of Agriculture and Stock and the
New South Wales Department of Agriculture systematically evaluated grower seed-
lings in much the same manner as had occurred in Hawaii. Sixteen selections were
recommended as worthy of propagation based on nut characteristics considered
suitable for processing. The selections were named and divided into categories of
thin-shelled nuts for table purposes and thick-shelled nuts for processing (Ross
et al. 1961).

Breeding commenced in Brazil at the Institute of Agronomy (IAC) in Campinas
in the 1940s with the introduction of seed from HAES cultivars (Aguiar et al. 2014).
Several cultivars were released and are grown commercially including IAC 4-12B,
TAC 9-20, Campinas-B, Keaumi (IAC 4-20), Keaudo (IAC 2-23), Kakere (IAC
5-10) and TAC 1-21. These cultivars tend to be spreading and round-shaped trees
compared to the more upright growing HAES cultivars (Aguiar et al. 2014).

7.2.4 Recent Improvement Strategies

A private breeding program at Hidden Valley Plantations (HVP) at Beerwah,
Queensland, commenced in 1972 (Bell et al. 1987) and subsequently released the A
series of cultivars including A4 and A16, which were the first to receive Plant
Breeders Rights protection. This program started with progeny populations derived
from open-pollinated seed from high-yielding seedlings and named parents. More
recently, progeny have been produced by semi-controlled cross-pollinations using
insect proof enclosures, and double-grafted trees and pollen cultivars grown in con-
tainers. HVP uses rooted cuttings for clonal propagation of all their elite selections
(Bell et al. 1987).

An Australian industry-funded breeding program commenced in 1996, with an
initial population of about 2000 seedlings planted in 1997-1998 at Bundaberg,
Queensland and Alstonville, New South Wales (Hardner et al. 2002). The seedlings
were created by controlled hand-pollination (Fig. 7.4b) involving 14 parents to pro-
duce 130 families (Topp et al. 2016). The program followed a two-stage selection
process with an 8 year seedling progeny trial in stage 1 followed by 8 year regional
testing in replicated variety trials in stage 2 (Fig. 7.6). Selection in the progeny
experiment predicted genetic values for NIS yield, KR, tree height and canopy
width. An economically weighted selection index was used to combine all selected
traits (Hardner et al. 2006). Four cultivars were released in 2017.

In China, the Yunnan Institute of Tropical Crops (22°0'53.83” N Iat.,
100°46'52.10” E long., elev. 560 m) commenced breeding in 2012. They have about
10,000 plants under evaluation that were derived from the Australian cvs. Own
Choice, Hinde (H2), Daddow and A4, and the Hawaiian cvs. Purvis (HAES 294),
Pahala (HAES 788), Makai (HAES 800), Kau (HAES 344), Keaau (HAES 660),
Kauka (HAES 741), Dennison (HAES 790), HAES 783, HAES 900 and HAES
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1995 — Cross pollinations to produce
Stage 1 segregating families
(Seed li ngs) 1998 - Field plant 2,000 seedling progeny
2006 — Best 20 trees selected

l Propagate best 20 for regional testing

2008 - Regional Variety Trials
Stage 2 - 9 field trials

- 2 rootstocks
(grafted)

- 6 replicates of each selection
(plus 5 standard comparators)

2017 — Release of 4 cultivars

Fig. 7.6 Timeline for traditional Australian national breeding program with two stages of
selection

932. The program aims to produce cultivars with high yield and quality nuts that are
adapted to cool mountainous environments (X.Y. He, pers. comm. 2018).

In South Africa, the Agricultural Research Council — Tropical and Subtropical
Crops campus (25°27°05.30” S lat., 30°58°09.60” E long., elev. 670 m) has estab-
lished seed orchards, consisting of 18 cultivars, in preparation for future breeding.
The goals are to improve yield and quality and to reduce stink bug predation. Longer
term goals include breeding for rootstocks that are dwarfing and resistant to
Phytophthora. Evaluation in an abandoned seedling orchard in the 2010s resulted in
selection of approximately 50 elites. These are to be culled to five elites that will be
propagated for regional evaluations (M. Penter, pers. comm. 2018).

7.2.5 Limitations

Large populations are required to generate the unique outliers that combine appro-
priate levels of all target traits. The following is a simplified example where it is
assumed all traits are inherited independently. In the Australian industry breeding
plots, the following frequencies (in brackets) of seedlings have occurred for five
target traits:

(a) Cumulative NIS yield >20 kg at year 8 (1.9%),
(b) Total KR >40% (13.1%),

(c) Tree height <4 m (11.1%),

(d) Reject kernel <5%, (40.5%)

(e) Ratio of whole kernels >50% (21.4%)
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Thus, a segregating population of 42,169 trees (1/0.019 x 0.131 x 0.111 x 0.40
5 x 0.214) would on average produce one seedling with all five traits at the desired
level. At commercial planting density, this would require 135 ha maintained for
8 years. This illustrates the high cost of breeding using a conventional strategy and
a strong argument for exploring alternative strategies. Topp et al. (2012) compared
four breeding strategies in terms of time to release new cultivars, breeding costs and
expected genetic gain determined by stochastic modelling. A two-stage strategy that
selected for highly heritable traits such as KR (Hardner et al. 2001) followed by
clonally replicated trials to measure low heritability traits such as NIS yield (Hardner
et al. 2002) was more efficient than a conventional strategy, as outlined in Fig. 7.6.

7.3 Germplasm Biodiversity and Conservation

7.3.1 Germplasm Diversity

Despite the relatively recent European settlement of Australia, the natural distribu-
tion of macadamia overlaps with an area that has experienced significant impact
from agriculture, land clearing and development due to productive soils, proximity
to the coast and high rainfall. The lowland rainforest of subtropical Australia is cur-
rently listed as a critically endangered ecological community, and it is estimated
that over 70% of macadamia habitat has been cleared since European settlement
began in 1824 (Costello et al. 2009). Macadamia jansenii is known from a single
isolated population (Shapcott and Powell 2011), while the distribution of M. integ-
rifolia, M. ternifolia and M. tetraphylla populations is fragmented and wild trees are
rare (Powell et al. 2010, 2014). All four species are listed as threatened under
Australian Commonwealth and State legislation and in the [IUCN Red List (Costello
et al. 2009; EPBC Act 1999).

A number of studies have investigated genetic diversity, gene flow and the impact
of habitat fragmentation in wild populations. Flowering, fruit production and seed-
ling emergence in small fragments exceeded those in continuous Macadamia integ-
rifolia habitats, suggesting that the population viability is not affected by
fragmentation (Neal et al. 2010). A network of remnant fragments was identified
through spatial modelling, and it was proposed that long-term connectivity could be
maintained in this species through in situ conservation of remnant populations
(Powell et al. 2010). Recent studies using chloroplast genome sequencing support
earlier evidence for strong latitudinal population structure in M. integrifolia (Nock
et al. 2019; Ahmad Termizi et al. 2014; Peace 2005). Some domesticated germ-
plasm could not be traced back to current wild populations, suggesting that some of
the diversity in the wild has been lost (Nock et al. 2019).
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Over 99% of the Big Scrub, Australia’s largest area of continuous subtropical
lowland rainforest, was cleared during the nineteenth century and much of the origi-
nal habitat of Macadamia tetraphylla in New South Wales was lost (Parkes et al.
2012). Genetic diversity is correlated with population size in this species, particu-
larly among juvenile cohorts, and there is evidence for inbreeding in some popula-
tions (O’Connor et al. 2015; Spain and Lowe 2011). Recently, pollen flow from
orchards into wild M. tetraphylla populations was reported. Crop-wild hybrids were
found up to 1600 m from orchards. Gravity, water or rodents may have also trans-
ported nuts from orchards into native vegetation, as pure M. integrifolia genotypes
were found growing among wild M. tetraphylla trees (O’ Connor et al. 2015).

7.3.2  Cultivar Characterization and Phylogeny

Genetic diversity in terms of heterozygosity and allelic richness is relatively high in
Macadamia integrifolia, M. tetraphylla and cultivars (Nock et al. 2014b; O’Connor
et al. 2015; Peace 2005; Peace et al. 2008; Spain and Lowe 2011). Genetic charac-
terization has been recently conducted using high-throughput genotyping tech-
niques in macadamia cultivars (Alam et al. 2018, 2019; O’Connor et al. 2019a). The
source of improved germplasm used globally in commercial orchards is reviewed
by Hardner et al. (2009). Global production comes primarily from cultivars devel-
oped in Hawaii (Hardner 2016). Most of the Hawaiian selections are derived from a
wild population in the northern distribution of M. integrifolia (Ahmad Termizi et al.
2014). Very few M. tetraphylla cultivars were selected in Hawaii. This may have
been because the kernel from this species was more variable than those from M.
integrifolia, although subsequent studies suggest this may have been due to biased
sampling (Hardner 2016). Multiple origins of other cultivars, including those devel-
oped in South Africa and Australia, have been identified (Aradhya et al. 1998; Peace
2005; Peace et al. 2005; Steiger et al. 2003). Germplasm from M. tetraphylla was
important in the development of early selections in South Africa, and the industry is
based on cultivars of M. integrifolia, M. tetraphylla and hybrids. Many Australian
selections are also hybrids between M. integrifolia and M. tetraphylla, and a single
Hawaiian cultivar HAES 791 includes M. ternifolia germplasm (Peace et al.
2005). Recent genetic analysis showed that progeny of pure M. integrifolia cultivars
were distinct from two interspecific hybrid progeny groups (O’Connor et al. 2019a).

7.3.3 Genetic Resource Conservation Approaches

In Australia, in situ and ex situ conservation of macadamia is supported by the
industry, government, universities and nongovernment organizations. In the 1990s,
cuttings were propagated from 372 individuals sampled from 77 sites including
remnant populations, old orchards and stands of unknown origin across the
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geographic range of the remnant populations. This collection was established across
three ex situ replicated plantings. This collection has been used for studies of genetic
diversity (Ahmad Termizi et al. 2014; Peace 2005) and is being examined for poten-
tially useful traits to use in breeding (Mai et al. unpublished data). A recovery plan
for the Southern Macadamia Species has been adopted by the Australian
Government, with the objective of protecting wild populations from decline and
ensuring their long-term viability (Costello et al. 2009). The southern clade was
recognized as the genus Macadamia including four species following a comprehen-
sive morphological and molecular phylogenetic analysis of the tribe Macadamieae
(Mast et al. 2008). Recognized threats to the genus include habitat fragmentation,
land clearing, weed invasion, small population sizes, changed fire regimes and cli-
mate change (Costello et al. 2009; Powell et al. 2014).

7.4 Molecular Breeding

7.4.1 Molecular Marker-Assisted Selection

Employing molecular markers for genetic improvement through methods such as
genome-wide association studies (GWAS), marker-assisted selection (MAS) and
genomic selection is of interest in fruit-tree breeding. GWAS test genetic markers
such as single nucleotide polymorphisms (SNPs) individually to determine if they
are in linkage disequilibrium with genes controlling target traits (Balding 2006;
Huang and Han 2014; Khan and Korban 2012). Markers significantly associated
with the trait can then be used to select elite candidates using MAS based on pre-
dicted breeding values of individuals (Hayes and Goddard 2010; Iwata et al. 2016;
Lynch and Walsh 1998; Muranty et al. 2014). GWAS and MAS are most effective
and valuable for monogenic or oligogenic traits since the gain is proportionate to the
variance captured by significant markers (Collard et al. 2005; Hayes and Goddard
2010; Huang and Han 2014; Luby and Shaw 2001).

There is limited research regarding GWAS in fruit trees. In apple, significant
associations were found in 6 fruit quality traits using 1200 seedlings genotyped for
2500 SNPs (Kumar et al. 2013). Markers associated with fruit quality traits have
also been found in pear (Iwata et al. 2013) and peach (Cao et al. 2012). GWAS and
subsequent MAS for commercially important yield component traits would assist
macadamia breeding, provided only a few genes control these traits, and that these
are of moderate to large effects (O’Connor et al. 2018). Hardner et al. (2005) sug-
gested that MAS may be most successful if applied across macadamia family groups
compared to detection within a family, due to the outcrossing nature of the genus,
power, and detection of QTLs across diverse and heterozygous genotypes. GWAS
in breeding progeny from over 30 families has been conducted for the sticktight
(Akinsanmi et al. 2012) trait that is associated with husk spot disease (O’Connor
et al. 2017), and was more recently used to identify associations between SNP
markers and nut weight, kernel weight and KR (O’Connor et al. 2019b).
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Another method of employing genomics in breeding is with genomic selection.
Genomic selection (GS) utilizes all available genetic markers (genome-wide) to
estimate the effects of loci that affect a trait (Meuwissen et al. 2001). GS is therefore
more effective than MAS and traditional phenotypic selection for quantitative traits
such as yield, as it can explain more of the genetic variability (Grattapaglia and
Resende 2011; Heffner et al. 2009; Meuwissen et al. 2001). GS is particularly
attractive for horticulture tree breeding since selection cycles can be accelerated by
selecting elite juveniles based on their genotype (Desta and Ortiz 2014; Heffner
et al. 2010; Jannink et al. 2010; Meuwissen et al. 2001).

In simulations using GS for citrus quality traits, high prediction accuracies
(r > 0.7) were achieved for 6 out of 17 traits (Minamikawa et al. 2017). In apple,
Kumar et al. (2012) found model predictions to be high for fruit quality traits, at
r = 0.70-0.90. In comparison, Muranty et al. (2015) obtained much lower accura-
cies for 10 traits in apple, with a maximum prediction accuracy of r = 0.5. Model
accuracy increased with trait heritability in oil palm, which also has a long juvenile
period and selection cycle (Kwong et al. 2017). Macadamia breeding could poten-
tially benefit from GS due to the long juvenile period and selection cycle; however,
no simulations have been published (O’Connor et al. 2018).

7.4.2 Functional Genomics

Since the release of the first plant genome sequences of Arabidopsis and rice in the
early 2000s, identification and functional characterization of their genes continues
to advance our understanding of the genetic basis of growth and development in
plants (Buell and Voytas 2017; Mustafiz et al. 2016). Subsequent innovations in
sequencing and bioinformatics have enabled genome sequence assembly from next
generation sequence (NGS) reads and the identification and characterization of
genes and gene families. Whole genome sequences are now available for many food
crops. Determining the function of genes predicted in silico is the greatest challenge
in crop genomics (Badenes et al. 2016; Pérez-Martin et al. 2017). Orthologous
genes underlie some agriculturally-important traits, such as time of flowering and
plant height in different species (Lenser and Thei3en 2013; Van Nocker and Gardiner
2014). Gene function can be inferred in a newly-sequenced genome by identifying
gene orthologs using comparative genomic approaches, although additional experi-
mental evidence is required to validate these findings.

Until recently, limited sequence data for macadamia were available and very
little was known about the functional content of the genome (Peace et al. 2008).
Some early research identified two proteins in Macadamia integrifolia kernel with
antimicrobial activity. The novel protein MiAMP1 showed broad-range antimicro-
bial activity and inhibited the growth of a range of plant pathogens, possibly through
interaction with membrane surfaces. McManus et al. (1999) reported that the
structure of MiAMP1 differed from other plant microbial proteins, and was similar
to a yeast toxin. Further work isolated a new family of four antimicrobial peptides
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related to the 7S globulin seed storage proteins found in other plants (Marcus et al.
1999). One of them, MiAMP2c inhibited pathogenic fungi in vitro, and two from
kernel exudate isolations exhibited in vitro antimicrobial activity. More recently,
using a combination of shotgun proteomics and verification with patient IgE recog-
nition, 7S (MiAMP2) and 11S globulin were identified as putative allergenic pro-
teins in macadamia kernel (Rost et al. 2016). Recent research investigated the
biochemical mechanisms determining macadamia fatty acid composition.
Macadamia tetraphylla genes encoding the acyltransferease enzyme DGAT1 and
an acyl-ACP desaturase were sequenced and characterized. Expression analyses
indicate that these genes are functional and involved in the fatty acid biosynthetic
pathway with potential to alter fatty acid content and composition (Arroyo-Caro
et al. 2016).

Following annotation of the first draft assembly of Macadamia integrifolia culti-
var HAES 741, a total of 35,337 protein-coding genes were predicted. Most of these
(31,908) were supported by gene expression evidence in the leaves, shoots or flow-
ers used for transcriptome sequencing. Functional annotation and comparative
genome analyses assigned putative protein-coding genes to orthologous protein
domains, gene families, gene ontology terms and metabolic pathways. The results
point to an expansion of genes involved in the recognition of microbial pathogens,
plant defense response and synthesis of monoterpenes (Nock et al. 2016). Further
research to determine the genetic basis of pathogen recognition and plant defense
could assist in the development of resistant cultivars.

Cyanogenesis is one of the defense strategies employed by macadamia. The cya-
nogenic glycosides dhurrin and proteacin have been identified, and cyanide has
been detected in Macadamia ternifolia, M. tetraphylla and M. integrifolia seedlings
(Dahler et al. 1995; Swenson et al. 1989). Candidate genes with high sequence
homology to those involved in the biosynthesis and catabolism of cyanogenic gly-
cosides in the cyanogenic plants sorghum and clover were recently identified in M.
integrifolia (Nock et al. 2016). Uncovering the genetic basis of cyanogenesis in
macadamia and detection of natural variants may support the incorporation of M.
ternifolia, a smaller tree with a bitter kernel, into breeding programs. Selection of
mutant wild trees with sweet seed was pivotal in the domestication of cultivated
almond, Prunus dulcis (Sanchez-Perez et al. 2008). Identification of the loci
involved in cyanogenesis is enabling the development of markers for selection of
seedlings with sweet genotypes for almond breeding (Sanchez-Pérez et al. 2010).

7.4.3 Bioinformatics

Macadamia genomic data were initially used for de novo assembly of the chloro-
plast genome, and to develop short sequence repeat (SSR) markers that have been
used for cultivar identification, pollination and gene flow studies (Nock et al. 2014b;
O’Connor et al. 2015) and recently for paternity analysis (Langdon et al. 2019). A
chloroplast phylogenomic analysis including representatives of all major
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Fig. 7.7 Evolutionary relationship of macadamia to other crops including the core eudicot tree
crops and monocot cereal crops based on chloroplast phylogenomic analysis of 83 genes and 87
taxa. (Source: Modified from Nock et al. 2014a)

angiosperm lineages confirmed the position of Macadamia (Proteaceae) in the basal
eudicot order Proteales (Nock et al. 2014a). Macadamia is distantly related to other
fruit and nut tree crops (Fig. 7.7).

For comparative genomic analyses, the genome of the sacred lotus (Nelumbo
nucifera) is the closest available, despite divergence more than 125 million years
ago (Ming et al. 2013; Moore et al. 2010). The macadamia genome project is an
initiative of an Australian consortium and aims to develop a reference genome for
macadamia. The first draft assembly of Macadamia integrifolia cv. HAES 741 was
constructed using ~52 Gb of next generation sequence (NGS) data. Macadamia is
diploid and has 14 chromosomes (Ramsay 1963; Storey and Saleeb 1970).
Preliminary de novo assembly with Illumina sequence reads, followed by scaffold-
ing with mate-pair reads produced 193,493 scaffolds [EMBL-ENA accession
ERPO15338] with an N50 of 4,745 bp. Transcriptome data from three cDNA
libraries (flower bud, young leaf, shoot) generated 244,925 clustered transcripts.
These were used as reference expressed sequence tags (EST) with Nelumbo and
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Table 7.2 Summary of progress towards the development of a reference genome for macadamia

Scaffolds Assembly Genes
Longest Gaps N50 | % of % % Gene
Version | Number | (Mb) (Mb) Length | (kb) Genome Complete | content
vl 193,493 | 0.64 70 518 47 179 60.6 77.4
v2 4,089 |2.19 11 744 413 93 84.3 90.2

Arabidopsis proteins in the evidence-based gene model prediction pipeline MAKER
(Nock et al. 2016). Subsequently, additional short-read, PacBio long-read and
RNA-seq data (>200 Gb in total) have been assembled and annotated. The improved
v2 assembly is substantially more complete (4,416 scaffolds, 414 kb N50). It covers
93% of the revised kmer-estimated genome size of 800 Mb (Table 7.2). A SNP-
based genetic linkage map is under construction, and will be used to order genes and
markers and anchor assembled scaffolds to linkage groups (Langdon et al. unpub-
lished data 2018). A reference genome sequence for macadamia will enhance
molecular marker-assisted breeding using GWAS, MAS and GS that should accel-
erate the development of new cultivars.

7.5 Tissue Culture and Genetic Engineering

Tissue culture has been successfully used to propagate numerous crops. In vitro
propagation has been widely used in tree and nut crops such as chestnut (Chevre and
Salesses 1987; Cuenca et al. 2017; Marie Chevre et al. 1983; Piagnani and Eccher
1988; Roussos et al. 2016; Vidal et al. 2015), walnut (Hassankhah et al. 2014;
Holtken et al. 2015; Licea-Moreno et al. 2015; Lone et al. 2017), hazelnut (Koyuncu
et al. 2017), pistachio (Benmahioul 2017), oil palm (Parveez et al. 2012), poplar
(Confalonieri et al. 2003) and apple (Huh et al. 2017). There are few studies of tis-
sue culture in macadamia, and the success rate is very low. To our knowledge, no
genetic modification has been applied to macadamia.

7.5.1 Tissue Culture

As employed in other tree species, tissue culture could potentially be used in maca-
damia to fast-track cultivar multiplication, generate disease-free plants, and to facil-
itate mutation and genetic modification. Tissue culture has been attempted in
macadamia; however, few references on macadamia tissue culture protocols are
available. New rooted plants can be developed in 5 months (Fig. 7.8).
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Fig. 7.8 Steps in the tissue culture of macadamia. Image: Provided by M. Orozco-Cardenas, Plant

Transformation Research Center, University of California Riverside, CA



7 Macadamia (Macadamia spp.) Breeding 239

7.5.1.1 Explant Selection

Selection of a suitable explant is the preliminary tissue culture step. For some crops,
such as tobacco and carrot, any part of the plant can be used (Abdin et al. 2017),
while successful regeneration for others depends on the particular part of the explant
used. Success is also dependent on the age of the material, as young, fresh growth
regenerates better than older leaves or stems (Hu and Wang 1983). Shoots tips, api-
cal/axillary buds, nodal cuttings and seeds/fruits have been used as explants for
successful in vitro regeneration of macadamia. Young nodal explants from shoots of
different cultivars of Macadamia integrifolia and M. tetraphylla (Bhalla et al. 2003;
Mulwa and Bhalla 2000) were used for shoot regeneration. Mulwa and Bhalla
(2006) regenerated shoots from immature cotyledons. Mature kernels were used in
a patented tissue culture medium (Atehortua et al. 2009).

7.5.1.2 Aseptic Culture

The most important step of tissue culture is to provide an aseptic environment.
Explants are the initial source of contamination, hence the need to use a surface dis-
infectant such as alcohol and/detergents. Schroeder (1961) sterilized nuts (explants)
using calcium hypochlorite and/or flaming after immersion. Bennell (1984) used 1%
V/V solution of sodium hypochlorite containing 0.1% Tween 20 as a wetting agent.
Cuthbertson (1991) introduced a different method of sterilization of apical buds/
shoots/axillary buds. Explants were immersed in 70% ethyl alcohol containing
0.01% Tween 20 (1 min) followed by treatment with 10% calcium hypochlorite con-
taining Tween 20. A standard method for macadamia nodal explant sterilization was
developed by Mulwa and Bhalla (2000). Single node explants were washed with 1%
Tween 20 followed by running tap water for 30—45 min. Three different treatments
were compared, with the optimal decontamination method a treatment for 15 min
with 0.5% SDS in 0.1% Triton X-100 followed by 20 min in 1% NaOCl in 0.1%
Tween 20 solution. In later experiments, the surface of developing cotyledons was
disinfected with 0.125% (v/v) NaOCI containing 0.01% (v/v) Tween 20 for 20 min
(Mulwa and Bhalla 2006). Gitonga et al. (2008) used 0.35% NaOCl for surface ster-
ilization of nodal explants. Cha-um et al. (2011) successfully sterilized single node
cuttings by dipping explants in 70% alcohol for 15 s and 0.15% NaOCI for 20 min.
Further investigations are required to develop protocols for sterilization.

7.5.1.3 Shoot Proliferation and Root Formation

Micropropagation has potential for clonal propagation of macadamia. Schroeder
(1961) was the first to report in vitro callus formation in macadamia. However, suc-
cessful in vitro shoot regeneration in Macadamia integrifolia cultivars was not
achieved until 1984. Shoots were regenerated from nodal explants in Nitsch and
Nitsch basal medium culture containing 10 pM benzyladenine (Bennell 1984).
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Later, Cuthbertson (1991) produced shoots in low salt (30%) MS medium. A rapid
(12 fold in 12 weeks) protocol for in vitro shoot multiplication using half-strength
MS medium has been described (Mulwa and Bhalla 2000). Other factors such as
sucrose and hormone content are also important for shoot regeneration (Gitonga
et al. 2008). Atehortua et al. (2009) patented a new tissue culture medium for maca-
damia, which requires further evaluation for successful regeneration. Differences in
shoot generation across different media may be related to different cultivars.

Poor in vitro regeneration in macadamia is likely due to a lack of standardized
protocols. Some studies report poor rooting in cultured shoots, browning of the
media and leaf necrosis (Gitonga et al. 2008; Mulwa and Bhalla 2000). Root organ-
ogenesis in macadamia was first recorded by Cha-um et al. (2011) who observed
100% root induction in shoots in CO,-enriched phototrophic conditions in a vented
vessel containing vermiculite as supporting media.

7.5.2 Genetic Engineering

Genetic modification (GM), often referred to as genetic engineering, can accelerate
genetic gain (Gasser and Fraley 1989). It has been used to alter pest and disease
resistance (Bliffeld et al. 1999; McDowell and Woffenden 2003; Tripathi et al. 2017),
tolerance to herbicides and abiotic stresses (Marco et al. 2015; Shah et al. 1986;
Umezawa et al. 2006), nutritional quality (Mandal and Mandal 2000; Matas et al.
2009), and the times of flowering and ripening (Jung and Miiller 2009; Park et al.
2004). The use of genetic engineering does not remove the requirement for field
evaluation of the new material for uniformity, stability and environmental adaptation.
The use of GM has been restricted due to ethical, environmental, health and social
concerns raised by its critics. There have been no attempts to genetically modify
macadamia cultivars, although a trial of Agrobacterium transformation investigated
the effect on proteoid root formation (Cuthbertson 1991). There may be potential for
use of GM as a tool to reduce breeding cycles. Several genes that promote early and
continuous flowering have been genetically manipulated into tree crops reducing the
time to first flowering (Iwata et al. 2016). These may be combined with strategies that
allow segregation for nontransgenic plants prior to cultivar release.

7.6 Mutation Breeding

Mutation occurs naturally or artificially (Lodish et al. 1995). Both physical and
chemical agents are used to induce mutation in plants. Although induced mutation
has been used for decades in plant breeding (Lapins 1983), there are only two
reports in macadamia.

With the aim of developing dwarf genotypes, Bennell (1984) experimented on
different cultivars, including Own Choice, HAES 660, HAES 344 and HAES 741.
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To induce mutations in scions and nodal explants of the cultivars, y-irradiation was
used. The irradiated samples were cultured in vitro and grafted onto seedling root-
stocks; however, details of the generation and selection of dwarf plants were not
reported. In another experiment, Bell (1996) irradiated macadamia pollen with short
wave (254 nm) ultra-violet (UV) light and a mutation protocol was described.

7.7 Hybridization

7.7.1 Conventional Hybridization

Several researchers (Hardner et al. 2000; Saleeb et al. 1973; Smith 1956; Storey 1959)
have reported on interspecific hybrids with intermediate adult morphology, particularly
among Macadamia integrifolia and M. tetraphylla in wild and cultivated germplasm.
However, the detection of hybrids based on juvenile morphology is difficult (Hardner
et al. 2009).

Molecular and artificial hybridization studies have confirmed the opportunity for
interspecific hybridization within the genus. Natural hybrids have been confirmed
where the southern populations of Macadamia integrifolia and the northern popula-
tions of M. tetraphylla overlap (Peace 2005; Fig. 7.1). In contrast, although the
distribution of M. integrifolia and M. ternifolia are sympatric, few apparent hybrids
of these species have been observed in the wild (Hardner et al. 2009). Artificial
hybrids between M. integrifolia and M. tetraphylla are productive, and crosses
among M. ternifolia and M. integrifolia (Fig. 7.9) and M. jansenii produce viable
progeny (Hardner et al. 2000).

To date, there are no reports of somatic cell hybridization in macadamia.

7.7.2  Hybrid Cultivars

While Macadamia integrifolia cultivars were preferred in Hawaii, there are a num-
ber of hybrid cultivars from selection programs in Australia, California and South
Africa (Hardner et al. 2009). The use of molecular markers indicate that the primary
factor defining structure of domesticated germplasm is species composition, with
cultivars exhibiting a range of M. integrifolia x M. tetraphylla hybridity and a trisp-
ecies (M. integrifolia, M. tetraphylla, M. ternifolia) hybrid (HAES 791) that is used
in commercial production (Peace 2005). However, these cultivars appear to be
derived from ex situ hybridization, as allelic contributions did not match those
found in natural hybrid zones (Peace et al. 2002, 2005, 2008). Some of the most
successful Australia cultivars, such as A4 and A 16, are hybrids between M. integri-
folia and M. tetraphylla (Hardner et al. 2009).



242 B. L. Topp et al.

Fig. 7.9 Left to right: Nuts of Macadamia ternifolia, M. ternifolia x M. integrifolia hybrid and M.
integrifolia (cv. HAES 344) illustrating intermediate nut size of the hybrid

Development of hybrid cultivars offers the opportunity to incorporate desirable
characteristics from different species; however, no data are available on hybrid
vigor in the crop. Macadamia tetraphylla x M. integrifolia hybrids are more pro-
ductive in cooler environments in comparison to M. integrifolia (Hardner et al.
2009). It has been also suggested that pure M. tetraphylla and hybrid germplasm
produce poorer quality kernel as compared to pure M. integrifolia cultivars (Moltzau
and Ripperton 1939). However, a review of controlled experiments (Hardner et al.
2009) did not detect species differences in kernel size, oil content, color following
roasting, or sucrose content. The reduced stature of M. fernifolia and M. jansenii
may offer a pathway for reducing the vigor through incorporation of these charac-
teristics into commercial germplasm by the development of hybrids. However, as
these species produce bitter kernels with high levels of cyanoglucosides, further
information is required on the inheritance of this trait and opportunities to reduce
expression in interspecific hybrids.

7.8 Conclusions and Prospects

Cultivation and breeding of macadamia are in their infancy compared with many
horticultural tree crops. Breeding programs have progressed to second generation
populations in the Hidden Valley Plantations and Australian industry programs,
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while most other programs are selecting from first generation populations. There
has been significant impact from simple innovations such as clonal propagation by
grafting and budding; technologies taken for granted in other crops. There is scope
for use of biotechnologies that are more economical than conventional methods, but
these must be coupled with methods of rapid and cost-effective phenotyping. The
major limitations of large plant size, long generation time, long juvenile period and
low young to mature tree yield correlations remain as obstacles for effective pheno-
typic characterization. A reference genome sequence for macadamia will inform
and enhance molecular marker-assisted breeding approaches, such as GWAS, MAS
and GS, that are anticipated to accelerate the development of new cultivars.
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Appendices

Appendix I: Research Institutes with Activities Related
to Breeding, Genetics or Cultivar Development of Macadamia

Specialization and

Institute

research activities

Contact information and website

The University of Queensland,
Queensland, Australia

Breeding,
genomics, nut
quality, consumer
preferences

A/Prof. Bruce Topp, b.topp@ugq.edu.au,
https://qaafi.uq.edu.au/

Department of Agriculture and
Forestry, Queensland, Australia

Regional variety
trial, industry
benchmarking,
orchard agronomy

Mr. Dougal Russell, Dougal.Russell @
daf.qld.gov.au, www.daf.qld.gov.au

Southern Cross University, New
South Wales, Australia

Genomics

Dr. Catherine Nock, cathy.nock@scu.
edu.au, https://www.scu.edu.au/
southern-cross-plant-science

Department of Primary
Industries, New South Wales,
Australia

Regional variety
trial, orchard
management

Mr. Jeremy Bright, Jeremy.Bright@dpi.
nsw.gov.au, www.dpi.nsw.gov.au

Hidden Valley Plantations,
Beerwah, Queensland, Australia

Breeding

Mr. David Bell, davidbell @hvp-
macadamias.com, http://www.
hvp-macadamias.com/
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https://www.scu.edu.au/southern-cross-plant-science/people/researchers/dr-catherine-nock/
http://www.dpi.nsw.gov.au
http://www.hvp-macadamias.com/
http://www.hvp-macadamias.com/
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Institute

Specialization and
research activities

Contact information and website

Yunnan Macadamia (Lincang)
Biotechnology Development
Co. Ltd., Lincang, China

Breeding

Mrs. Chen Yuxiu, ynmacltd@163.com

Yunnan Institute of Tropical
Crops, Yunnan, China

Breeding, genomics

Prof. He Xiyong, heda0691@163.com

Institute of Forest Tree
Improvement and
Biotechnology, Vietnamese
Academy of Forest Sciences,
Hanoi, Vietnam

Variety evaluation,

breeding

Dr. Nguyen Duc Kien, nguyen.duc.
kien@vafs.gov.vn, http://vafs.gov.vn/en/
vietnamese-academy-of-forest-science-
vafs/

Macadamia Conservation Trust

Conservation of
genetic resources

Mr. Paul O’Hare, wild@macadamias.
org, http://www.wildmacadamias.org.
au/

Agricultural Research
Council — Tropical and
Subtropical Crops Campus,
South Africa

Genomics

Mr. Mark Penter, infoitsc @arc.agric.
za, http://www.arc.agric.za/arc-itsc/
Pages/ARC-ITSC-Homepage.aspx

Pesquisadora Centro APTA-
Frutas/Instituto Agrondémico,
Campinas, Brazil

Cultivar evaluation

Dr. Graciela da Rocha Sobierajski,
sobierajski @iac.sp.gov.br, http://www.
iac.sp.gov.br/areasdepesquisa/frutas/

University Hawaii — Manoa,
College of Tropical Agriculture
and Human Resources

Cultivar evaluation

Dr. Alyssa Cho, acho@hawaii.edu,
https://cms.ctahr.hawaii.edu/
tropfruitnut/Home.aspx

Appendix I1: Genetic Resources of Macadamia Cultivars Grown

in Australia
Released
Cultivar (synonym) by IPPs | Comment
A4 HVP Yes | Precocious
Al6 HVP Yes | Small tree; late dropper
A29 HVP Yes | Planted in southern NSW
A38 HVP Yes | Susceptible to husk spot
A203 HVP Yes | Compact flowering; popular in Bundaberg, QLD
A268 HVP Yes | Large nuts
A376 HVP Yes | Recent release; high KR
A403 HVP Yes | Recent release; all rounder
Ad47 HVP Yes | Recent release; 70% size of standard tree
A538 HVP Yes | Recent release; small tree precocious
Beaumont (HAES EAS No | Late dropper; used as seedling rootstock
695)
Daddow EAS No | Very dense canopy
H2 (Hinde) EAS No | Used as seedling rootstock
HAES 246 (Keauhou) | HAES No |40 year old standard in NSW
HAES 333 (Ikaika) HAES No | Thick shell; not currently planted
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Released
Cultivar (synonym) by IPPs | Comment
HAES 344 (Kau) HAES No | 30 year old standard in NSW
HAES 508 (Kakea) HAES No | Large tree; poor performance in warm locations
HAES 660 (Keaau) HAES No | Early dropper, small nuts; some pre-germination
HAES 741 (Mauka) | HAES No | Early dropper; small nuts; not precocious
HAES 781 HAES No | Very large tree
HAES 783 HAES No | High % whole kernels
HAES 791 (Fuji) HAES No | Ancestry contains M. ternifolia
HAES 800 (Makai) HAES No | Spreading habit; prone to wind damage
HAES 814 HAES No | Small, precocious tree; yield drops in older trees
HAES 816 HAES No | High KR; light colour kernel
HAES 842 HAES No | High NIS and KR; darker kernel colour
HAES 849 HAES No | Light and late flowering
MCT1 MCT Yes | Recent release; high KR
MIVI1-G DAF Yes | Recent release; precocious; high KR; mid-late
dropper
MIV1-] DAF Yes | Recent release; large nut; high KR suited to
Bundaberg, QLD
MIV1-P DAF Yes | Recent release; late dropper; small tree
MIVI-R DAF Yes | Recent release; suited to northern NSW
NGS8 EAS Yes | Small tree
Own Choice EAS No | Prone to sticktights and pre-germination
Own Venture EAS No | Late nut drop

Abbreviations: DAF Department of Agriculture and Fisheries (Queensland); EAS Early Australian
selection; HAES Hawaiian Agricultural Experiment Station; HVP Hidden Valley Plantations; /PP *
Intellectual Property Protection by license or Plant Breeders Rights; KR Kernel recovery;, MCT
Macadamia Conservation Trust; NIS Nut-in-shell; NSW New South Wales; QLD Queensland
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Abstract Cultivated peanut (Arachis hypogaea L.), a vital source of proteins and
nutrient-rich fodder for livestock, is considered globally as a major oilseed crop.
Being a segmental allopolyploid with AABB genome conformation, the cultivated
peanut is considered to have evolved through single interspecific hybridization amid
two diploid species. A number of biotic and abiotic forces restrict the production
and productivity of peanut. Intensive attempts to develop superior peanut varieties
with inherent tolerance/resistance and enriched nutritional components were exe-
cuted to combat stress factors in fulfilling the requirements of farmers and consum-
ers. Breeding objectives in the past were achieved mainly through mass and pure-line
selections. Subsequently to accomplish breeding objectives, peanut breeders
employed backcross and pedigree approaches followed by inter- and intra-specific
hybridization in a considerable way. Simultaneously, peanut breeding through the
mutagenic approach played a noteworthy part during the development of multiple
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propitious high-yielding varieties. Traditional breeding approaches helped in iden-
tification and advancement of cultivars with inherent resistant traits, but such resis-
tance traits are tightly linked with inferior pod and kernel characteristics that are
extremely challenging to break. Under non-conventional approaches, several
molecular breeding techniques were successfully attempted to break this barrier.
Marker-assisted selection (MAS) and transformation of genes coding the traits of
interest, overlaying the way of gene insertion, assisted significantly in establishing
superior varieties of peanut with inherent resistance and enhanced pod and kernel
features. Among all efficient markers, microsatellite markers were extensively
employed in constructing linkage maps, genotyping as well as MAS, owing to the
distinguishable and co-dominance nature of these markers. A number of reproduc-
ible molecular markers were developed that are associated with salinity and drought
tolerance, as well as resistance to biotic stresses like rust, and leaf spots, and to a
certain extent Sclerotinia blight etc. Agrobacterium-mediated genetic transforma-
tions, via in planta or particle-bombardment approaches, have resulted in develop-
ment of transgenic peanuts with enhanced yield attributes and inherent resistance
against a few biotic and abiotic stresses. Such genetically transformed peanut popu-
lations could also be employed as donor parents in traditional breeding system to
develop fungal and a few virus disease tolerant varieties. Nevertheless, it could be
suggested that a combination of breeding and biotechnological tools and approaches,
might deliver an inherent, cost-effective, as well as eco-friendly solutions in devel-
oping better peanut varieties globally.

Keywords Allopolyploidy - Bioinformatics - Genetic transformation -
Interspecific hybridization - Marker assisted selection - Mutation breeding

8.1 Introduction

Peanut is an annually grown oilseed crop. It can be an erect type with ~60 cm height
or can be horizontal with ~30 cm height (Fig. 8.1a). Inflorescences of peanut com-
prise 3 perfect flowers that bloom in the axils of the leaves (Fig. 8.1b). Peanut varies
from the majority of angiosperms, since its fertilized ovary is carried on a peg
(gynophore) into the ground, where pod development begins and the fruits are pro-
duced (Fig. 8.1a) (Burow et al. 2008). Leaves of peanut are tetrafoliate and grow in
an alternative fashion on the central stem as well as on the lateral branches
(Fig. 8.1b). Leaflets of peanut are mostly oblong to lanceolate. It possesses green
angular stems that may be pubescent or glabrous in texture (Sharma et al. 2003).
Peanut is self-pollinated and the flowers are perfect, comprising both the female and
male reproductive organs. The flowers are papilionaceous carrying 5 vibrant petals.
Out of the 5 petals, the largest one is standard; 2 of them are wings and the other 2
united keels (Fig. 8.2). The calyx is 5-lobed having 1 lobe opposite the keel, while
the other 4 are united at their base at the rear edge of standard. The androecium is
monadelphous having the filaments merged for 2/3 of their length and comprises 8
active and 2 sterile stamens (Stalker et al. 2016).
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Fig. 8.1 Botanical features of peanut (Arachis hypogaea L.). (a) Full grown plant showing branch-
ing pattern, peg formation and pod development, (b) Full grown erect type plant showing flowers,
tetrafoliate leaves and typical branching pattern, (¢) Distinctive characteristics of root and root
nodules. (Photos by S. Gantait)

In-depth analyses of peanut, starting from its classification, distribution, impor-
tance, domestication, selections, pre-breeding, early improvement, and cultivation
practices may help in exploring the possibilities of increasing peanut production,
solving the biotic and abiotic stress management issues of the crop and tackling the
cost of cultivation towards more economic gain in a sustainable way.

This chapter addresses current problems and challenges in genetic improvement
of peanut, its advanced breeding methodologies and modern biotechnology, and
also the implication of bioinformatics tools towards food and nutritional security
that stands as an immediate fundamental need of global humankind. Over time, the
demand for peanut has escalated owing to a drastic change in population, urbaniza-
tion, income level and consumption pattern. Hence, to meet the balance between
demand and supply in the near future, proper methodologies must be implemented
with the objective to increase the production and productivity of peanut.
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Fig. 8.2 Floral morphology (intact and dissected) of peanut (Arachis hypogaea L.). (Photo by
S. Gantait)

8.1.1 Botanical Classification and Distribution
8.1.1.1 Botanical Classification

Kingdom: Plantae

Division: Tracheophyta
Subdivision: Spermatophytina
Class: Magnoliophyta

Order: Fabales

Family: Fabaceae

Subfamily: Faboideae

Tribe: Aeschynomeneae
Genus: Arachis

Species: hypogaea

Common names: Groundnut, peanut

Arachis hypogaea L. (Linnaeus 1753) with paripinnate leaves, tubular hypan-
thium and straight embryo, with a distinctive feature of geocarpic peg leading to a
subterranean fruiting habit, belongs to the family Fabaceae (Rudd 1981).

Krapovickas (1968) divided the cultivated species into 2 subspecies, each of
which has 2 botanical varieties. This classification is based on growth habit, branch-
ing pattern, inflorescence, pod and seed characters, seed dormancy, etc. This clas-
sification is more conveniently used in many literature sources because of the ease
of grouping. Based on subspecific nomenclature and the varietal associations,
Krapovickas and Gregory (1994) further classified the 2 subspecies of peanut into 6
botanical varieties, which freely exchange genes within and among them:
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1. Subspecies hypogaea: Dark green foliage; alternate arrangement of flowers on
lateral branches; main stem unaccompanied by flowering; simple inflorescence
and usual presence of seed dormancy.

(a) Var. hypogaea (Virginia and runner types): Glabrous leaflets on ventral side;
pods may be very small or large; 2 seeded; less hairy and intermediate to late
maturity.

(b) Var. hirsuta (Peruvian humpback and Chinese dragon): Ventral side with
hairy leaflets; 2—4 seeded with very late maturity.

2. Subspecies fastigiata: Flowers on central stem; no sequential arrangement of
flowers; either simple or compound inflorescence; foliage is light green in color
and lack of seed dormancy.

(a) Var. fastigiata (Valencia type): Glabrous leaflets on ventral side; 2—4 seeded
(rarely 5); short and slender reproductive branches.

(b) Var. peruviana: Leaflets glabrous as in fastigiata; long and robust reproduc-
tive branches seen both on the central stem and branches.

(c) Var. aequatoriana: Hairy leaflets on ventral side; long hairy reproductive
branches; reticulated deep pods; highly branched and erect purple stems.

(d) Var. vulgaris (Spanish type): Hairy leaflets on ventral side; highly branched
and upright branches; 2 seeded; base of the plant with clustered pods (Singh
and Simpson 1994).

8.1.1.2 Geographical Distribution

Bolivia and adjoining regions of South America are considered to be the center of
origin for cultivated peanut, which is now cultivated throughout the warm temperate
and tropical territories of the world; however, commercial cultivation is confined to
40 °N and 40 °S latitudes. China and India from Asia; Indonesia, Myanmar and
Vietnam from Southeast Asia; African countries such as Sudan, Nigeria, Chad,
Democratic Republic of Congo, Zimbabwe, Mozambique, Uganda, Burkina Faso
and Mali; the Caribbean; USA; Brazil, Argentina and Mexico in Latin America are
the major peanut producing countries. A total of 81 Arachis species have been
reported in the literature (Krapovickas and Gregory 1994; Valls et al. 2013), includ-
ing annual and the perennial forms of cultivated peanut. Depending on the extent of
diversity in cultivated peanut germplasm, Krapovickas (1968) recognized 5 cen-
ters and, Gregory and Gregory (1976) identified 6 centers of genetic diversity; while
recent explorations added Ecuador as the seventh center with distinct group of land-
races referred as var. aequatoriana (Singh and Nigam 1997). These centers are: (1)
The eastern foothills of the Andes in Bolivia, (2) The Guarani region, chiefly
Paraguay, (3) Goids and Minas Gerais (Brazil), (4) Ronddnia and northwest Mato
Grosso (Brazil), (5) Peru, (6) Northeastern Brazil and (7) Ecuador.
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8.1.2 Importance

Peanut is an economically-important legume, the root of which fixes nitrogen and is
used as a food-feed-fodder crop in the semiarid tropics of India and Africa. It is
mainly cultivated for extraction of its seed oil (44-56%) and also used in confec-
tionaries (Gantait et al. 2017). The oil is mainly used for cooking because of its
flavor and a relatively high smoke point (232 °C for refined oil). Due to its high
monounsaturated fatty acid content it is considered healthier than most of the other
saturated oils and is resistant to rancidity. There are several grades of peanut oils in
the USA including aromatic roasted peanut oil, refined peanut oil, extra virgin or
cold pressed peanut oil and peanut extract. Refined peanut oil is exempt from aller-
gen labeling laws of the USA. Peanut seeds contain high quality digestible protein
(22-30%), and minerals (phosphorus, calcium, magnesium and potassium) (Savage
and Keenan 1994; Asibuo et al. 2008). Seeds can be processed and used in confec-
tioneries or consumed directly, either boiled or roasted, or ground to make peanut
butter (Fig. 8.3). The young pods, young leaves and leaf tips may be consumed as a
vegetable and green leafy vegetable, respectively (Martin and Ruberte 1975). Peanut
seeds are very important sources of vitamins E, K, B, and fiber. Furthermore, pea-
nuts are good source of thiamine and niacin compared to cereal crops (Kassa et al.
2009). Peanut also forms a part in folk medicine and used in the treatment of many
diseases.

Fig. 8.3 Uses of peanut (Arachis hypogaea). (a) Peanut oil, (b) Peanut butter, (¢) Roasted peanuts
(as snacks), (d) Fried peanuts, (e) Boiled peanuts, (f) Chikki (peanut sweet made from peanuts and
jaggery). (Source: https://en.wikipedia.org/wiki/Peanut)
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8.1.3 Domestication, Selection and Early Improvements

Cultivated peanut has a long and relatively complex history, which involves natural
evolution and human domestication. Ecologically diverse countries from the conti-
nents of Asia, Africa and America have been cultivating peanuts as a major oilseed
crop for millennia (Holbrook and Isleib 2001). Besides, these regions possess mor-
phologically diverse landraces of peanut (Krapovickas and Vanni 2010). According
to Bonavia (1982), the Huarmey Valley, near the Peruvian coast possesses the most
ancient record of A. hypogaea from roughly 3500—4500 years ago. Ancient people
of Northwest Peru (approximately 3500-3800 years ago) used peanut pods, which
revealed the evidence of peanut cultivation along with some wild Arachis species.
Radiocarbon-dated macrobotanical remains from about 7840 years ago appear to
have morphological resemblance to a wild Arachis species. Peanut is an allopoly-
ploid with two different genomes AABB (Stalker 1992), and any one of the A
genome species, A. cardenasii, A. chacoense, A. correntina, A. duranensis; and A.
villosa and A. batizocoi of the B genome have been hypothesized as possible pro-
genitors of A. hypogaea (Singh and Smart 1998). However, Paik-Ro et al. (1992)
reported that A. batizocoi is not closely related to A. hypogaea and hence cannot be
considered as the B genome donor. Based on restriction fragment length polymor-
phism (RFLP) studies (Kochert et al. 1991); chromosome mapping of r-DNA loci
by FISH (Seijo et al. 2004) and GISH (Seijo et al. 2007) analyses suggest that A.
ipaensis could be the B genome donor which has been subsequently accepted as the
progenitor species of B genome.

The degree and magnitude of genetic variability, the nature of variability, deter-
mines the efficiency of peanut germplasm/segregating population in terms of
improvement for a particular trait of interest in breeding programs.

8.2 Cultivation and Traditional Breeding

8.2.1 Current Cultivation Practices

A number of features are involved in successful cultivation of peanut with good
yields. Loose and friable soil, uniform seedbed and planting depth, spacing, weed
control and irrigation are the few among those features. Depth of sowing should
preferably be in the range of 5—7 cm when the soil temperature remains 18 °C or
above, for better germination. Plant-to-plant 4—7 cm and row-to-row with 30-35 cm
spacing is suitable for both rainfed and irrigated conditions. Application of basal N
has to be avoided but P may be incorporated through green manure. Seeds treated
with suitable N fixing and P solubilizing bacterial cultures yield higher than using
chemical fertilizers. The crop prefers residual phosphorus and requires adequate
levels of potassium for normal growth and development, and calcium (Ca) for pod
and seed development. Boron (B) and molybdenum (Mo) are generally applied as a
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mixture during early vegetative growth. To maximize yield and peanut quality, pro-
tective/supplementary irrigation at critical stages of crop growth (flowering, pod
and seed formation, maturation) is generally provided in areas with low rainfall.
Excess moisture is detrimental to the crop and should be avoided where scheduled
surface irrigation is practiced. However, during flowering and pod filling a good
amount of moisture is needed. The various physical parameters such as light, space,
soil nutrients, available soil moisture, etc., make peanut more susceptible to a wide
range of weeds that results in the plants being turned into host for several pests and
diseases. During the entire period of crop growth, three weeding operations should
be carried out if herbicides are not applied. The first weeding is done during pre-
emergence of seedlings (within 7 days after planting), the second between
21-28 days after sowing, while the last weeding must be done within 40-60 days
after sowing, depending on weed intensity.

8.2.2 Current Agricultural Problems and Challenges

Several challenges and developments faced by the peanut crop in different parts of
the world presently are: high domestic demand, changing agro-climatic conditions,
large domestic market, declining soil fertility, and enterprising farming community,
access to global markets, as well as well-equipped laboratories and scope for
increasing cropping intensity. The major thrust areas are to improve farming in dry-
lands, use of wastelands, commodity exchanges/future markets, supply chain, stor-
age, processing, and value addition activities, grading and standardization of
products etc., in addition to the major abiotic and biotic stresses. There are growing
concerns over new and emerging insect pests (white grubs and storage beetles in
India) and diseases (soil borne and virus diseases), leading to significant yield losses
(Porter et al. 1990). In Asia and Africa, losses are severe due to early and late leaf
spots caused by Cercospora arachidicola Hori and Cercosporidium personatum
(Berk. and Curt.) Deighton and also by leaf rust (Puccinia arachidis Speg.).
Chemical control of these diseases is expensive, which the resource-poor small-
holder farmers of the semiarid tropics cannot afford.

8.2.3 Improvement Strategies

For peanut, little attention has been paid to take advantage of environmental factors
and available germplasm resources. Improved cultivation practices coupled with
growing improved cultivars make it possible for a synergistic yield enhancement.
Farmer participatory varietal selection (FPVS), water and nutrient management,
and consideration of the environmental and edaphic factors should be helpful in
crop-stress management. Strategies to ensure maximum yield from a promising
genotype should exploit the proper abiotic and biotic stress management,
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acclimatization to agro-climatic zones and use modern genetic tools for the better-
ment of the crop (Johansen and Rao 1996). The physical factors of the soil such as
temperature, ambient radiation and carbon dioxide regimes also affect productivity
in the peanut.

8.2.4 Traditional Breeding Methodologies and Limitations

The main objectives of peanut breeding programs are to enhance yield per unit area
or to improve a particular trait of interest. Although several improved varieties of
peanut have been developed throughout the world, only a few are in the limelight
and are commercially successful. Selection of desirable agronomic traits in plant
breeding programs has traditionally been performed at the phenotypic level, which
requires evaluation either in the field or under controlled conditions to assess them
for traits, such as disease resistance, drought tolerance or yield parameters. This
process is time consuming and often restricted by growing seasons or the limited
available resources. Field screening of plants for diseases may result in the loss of
plant material for further evaluation or inadequate disease pressure which leads to
escapes. Wild species of peanut offer a vast reservoir of valuable genes that are not
available in the cultivated species. Interspecific hybridization in this crop was
attempted as early as 1938 between A. hypogaea and A. glabrata but without suc-
cess (Hull and Carver 1938). Similarly, attempts to cross A. hypogaea x A. villosu-
licarpa and A. hypogaea x A. diogoi were also unsuccessful (Gregory 1946).
However, a very few varieties Tamnut-74, and Spancross in USA and one in India
(GPBD-4) have been released for commercial cultivation.

8.2.5 Role of Biotechnology

Applications of biotechnological tools aim to improve traits like higher yield and
nutritive quality that can be sustained for long periods. Recent advances in modern
techniques like molecular marker and gene sequencing have the capability to
improve the disease and/or insect resistances and other agronomic traits in peanut.
Marker-assisted selection (MAS) can significantly improve the efficiency of new
and enhanced cultivar development. One key advantage of molecular markers over
the traditionally used phenotypic markers is that they are unaffected by environmen-
tal conditions and are not dependent upon plant growth stage. In general, MAS is a
non-destructive process that allows the identification of plants with desirable traits
for advancement in a breeding program. Techniques that are common in developing
molecular markers comprise random-amplified polymorphic DNAs (RAPDs),
restriction fragment length polymorphisms (RFLPs), amplified polymorphic DNAs
(AFLPs), sequence characterized amplified regions (SCARs) and simple sequence
repeats (SSRs) (Charcosset and Moreau 2004; Collard et al. 2005; Mohan et al.
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1997). The availability of markers for a specific crop can determine the success of
MAS in breeding programs. Important agronomic traits such as yield and yield
components, plant height, days to maturity, and disease resistance are frequently
influenced by multiple genes or quantitative trait loci (QTL). However, the number
of markers associated with QTLs is rapidly increasing for crop plants. For peanut
alone, molecular markers have been identified for maturity (Bland and Lax 2000),
nematode resistance (Garcia et al. 1996), late leaf spots resistance (Luo et al. 2005a)
and resistance to the aphid vector of peanut rosette disease, Aphis craccivora
(Herselman et al. 2004).

To facilitate breeding strategies further, transformation of peanut with desired
genes has provided immense advantages. Genetic transformation offers the profi-
ciency to develop a transgenic peanut plant, following the insertion of prospective
gene(s), which could express scores of advantageous traits associated with tolerance
to environmental stress factors like salinity, drought, cold as well as metals/metal-
loids, and biotic stress like insect pests, pathogenic fungi, viruses, etc. Nevertheless,
the success of genetic transformation by and large depends oregeneration efficiency
of transgenic crops. Since peanut is a genotype-specific oil-seed crop, in vitro regen-
eration has proved to be quite tedious and requires defined protocols for each geno-
type, even those belonging to the same species. An ample number of successful
attempts have been made to standardize regeneration protocols through multiple
shoot culture, callus culture and somatic embryogenesis that certainly have assisted
propagation of peanut cultivars on a large scale (Kundu and Gantait 2018).

8.3 Germplasm Biodiversity and Conservation

8.3.1 Germplasm Diversity

The great strength of peanut as a crop is its huge number of germplasm accessions
(Holbrook and Stalker 2002). These nurturing centers of alleles have been underuti-
lized. There are five primary peanut germplasm repositories in the world. The larg-
est one contains 14,966 and 453 accessions of cultivated and wild Arachis species,
gathered from 93 countries; this repository is housed at the International Crops
Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India. Next is
the Indian National Gene Bank, ICAR-NBPGR with 13,819 peanut accessions. The
third major holder with 9027 accessions is the USDA Southern Regional Plant
Introduction Station, Griffin, GA, USA. Fourth is the collection of 7935 accessions
at the National Research Centre for Groundnut, Junagadh, India (Figs. 8.4 and 8.5).
Fifth largest is represented by the 5890 accessions deposited at the Chinese National
Collection.
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Fig. 8.4 Diversity of peanut (Arachis hypogaea L.) germplasms based on pod morphology. (a)
Pod reticulation, (b) Pod beak, (¢) Pod constriction. (Photos by A.L. Rathnakumar)

Fig. 8.5 Diversity of peanut (Arachis hypogaea L.) germplasms based on testa color. (a) White,
(b) Oft-white, (c¢) Tan, (d) Rose, (e) Rose with off-white, (f) Salmon, (g) Salmon with purple
flecks, (h) Light red, (i) Red, (j) Red with white flecks, (k) Light purple, (1) Purple. (Photos by
A.L. Rathnakumar)
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8.3.2 Cultivars Characterization and Phylogeny

More efficient methods for evaluating and maintaining genetic diversity in germ-
plasm collections are much needed. One possible method is the development and
use of subsets of germplasm collections, called active working collections or core
collections. A core collection would minimize repetitiveness within the collection
and should, to the extent possible, represent the genetic diversity of a crop species.
The core collection would serve as a working collection, which could be extensively
examined, and the accessions excluded from the core collection would be available
from the total collection (Brown 1989a, b).

Out of the huge germplasm repository collections, few core collections have
been developed regionally viz. China (582 accessions), US (831 accessions), and
ICRISAT (1704 accessions) (Holbrook et al. 1993; Jiang et al. 2004; Upadhyaya
et al. 2003). Trait-based cores of a core collection i.e. mini-core collections have
also been developed, which include early leaf spot (Cercospora arachidicola Hori);
cylindrocladium black rot [Cylindrocladeum crotalaiae (Loos) Bell and Sobers]
(Isleib et al. 1995); tomato spotted wilt (Anderson et al. 1996); reduced preharvest
aflatoxin contamination and sclerotinia blight (Sclerotinia minor Jagger) (Holbrook
et al. 1998); rhizoctonia limb rot (Rhizoctonia solani Kuhn) (Franke et al. 1999);
and root-knot nematode (Meloidogyne arenaria (Neal) Chitwood race 1 (Holbrook
et al. 2000), and the resistant accessions have been identified for each of these traits.

8.3.3 Genetic Resources Conservation Approaches

In lieu of all the species recounted so far (reviewed by Stalker et al. 2016), the
Embrapa Genetic Resources and Biotechnology, Brasilia, Brazil holds the largest
wild germplasm collection (over 1200 accessions) followed by the ICRISAT gene
bank, which maintains 453 accessions. A large number of wild Arachis species are
also preserved at Texas A&M University, College Station TX and North Carolina
State University, Raleigh, NC. Several accessions were procured from local vendors
wherein the seeds diverge in shape, size, color, and other features, and many out-
lines are seed combinations that are marked by plant size, seed colors and growth
habit (Figs. 8.4 and 8.5). Therefore, regeneration plots should be of adequate size to
assure that all variations perpetuate (Fig. 8.6). Keeping the cultivated species in a
reasonably organized manner still remains the biggest concern due to vulnerability
to diseases, especially accessions of var. vulgaris, and, in addition, multiplication of
seeds may adversely be affected in a few localities.

It is remarkably more challenging to maintain the wild Arachis species than a
cultivated peanut due to difficulties in little or no seed yield; 25% of wild species are
grown in greenhouses. Even section Rhizomatosae accessions are grown through
vegetative means. Less than 50% of wild species accessions are maintained in situ
via vegetative propagation. Overspreading of branches in most of the species may
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Fig. 8.6 Maintenance of peanut (Arachis hypogaea L.) germplasm in experimental fields. (Photo
by S. Gantait)

lead to genetic impurity. To avoid this outcrossing condition, separate facilities with
distinctive plants must be provided under greenhouse condition, which is both
labor-intensive and expensive. The alternative to this cumbersome approach is to
grow them in nurseries to produce large numbers of seeds for germplasm conserva-
tion and for further evaluation-based research. To avoid outcrossing and seed con-
tamination, North Carolina State University has been growing peanut with
never-tried seedlings into 2 x 3 m blocks and at a distance of 5 m. Moreover, the
reproductively incompatible species are grown together, and there is possibility of
sterile plant production due to outcrossing. For 10 or more years of storage, large
numbers of seeds are produced, and the wild species accessions are grown under
field conditions and seeds of the same can later be maintained in a —20 °C freezer.
Many species could produce rare flowers though via self-pollination and form pegs
under short-day conditions (Stalker and Wynne 1983); while the flowers with few
pegs and seeds were produced under long-day conditions. Seeds of A. guaranitica
and A. tuberosa enter into a state of permanent dormancy upon drying that restricts
their long-term storage (Stalker and Simpson 1995).

8.3.4 Cytogenetics
8.3.4.1 Chromosome Number

Badami (1928) reported a chromosome number of 2n = 20 in the cultivated peanut
species. Apart from this count, the chromosome number assigned to cultivated pea-
nut types is 2n = 40. Husted (1936) was the first to study the morphology of somatic
chromosomes and reported a chromosome number of 2n = 40 in cultivated types.
Kawakami (1930) was the first to determine the true chromosome number of
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Arachis hypogaea to be 2n = 40. The first chromosome count reported for a wild
species was 2n = 40 for A. glabrata (section Rhizomatosae) (Gregory 1946). Most
species in the genus Arachis are diploid (2n = 20). However, tetraploid species with
chromosome numbers 2n = 40 have also been reported in section Arachis (A. mon-
tocola) and section Rhizomatosae. However, these species are highly cross-
incompatible. This indicates that polyploidy may have arisen at least twice in this
genus, once in the section Arachis and the other in section Rhizomatosae, each
independently.

Lavia (1996, 1998) reported a chromosome number of x = 9 for Arachis palus-
tris, A. praecox and in A. decora of the section Arachis. Among the two series of
chromosome numbers that appear to occur in the genus Arachis (2n = 2x = 20 and
2n = 4x = 40) the diploid forms are more predominant and hence the basic chromo-
some number is believed to be x = 10. The proposed basic chromosome number of
x =9 in the species A. palustris and A. praecox may have originated by the selective
elimination of a single chromosome from the other species having x = 10. On the
other hand, Bera et al. (2002) proposed that the reverse might be true and species
with chromosome number x = 10 may have originated by selective duplication of a
single chromosome. The presence of two basic chromosome numbers (x = 9 and
x = 10) and the lesser existence of polyploid species in the genus Arachis clearly
indicates that aneuploidy has played a key role in the evolution and speciation of
Arachis species, rather than polyploidization. Therefore, the species diversity of
Arachis may be mainly due to structural chromosomal rearrangements and thus sup-
ports the theory that peanut is a segmental polyploid and that section Arachis repre-
sents the most advanced traits within the genus.

8.3.4.2 Chromosome Size, Types and Pairing Behavior

The chromosomes of peanut are small, ranging from 1.4 to 3.9 pm in length, mostly
metacentric and difficult to karyotype. The chromosomes of most species of the
section Arachis are symmetrical with median chromosomes. However, Husted
(1936) analyzed somatic chromosomes of several cultivars and distinguished a pair
of small chromosomes termed A chromosomes and another pair with a secondary
constriction, termed B chromosomes. The few karyotype studies attempted in the
species of the section Arachis (Singh and Moss 1982; Stalker 1991; Stalker and
Dalmacio 1986) indicated the presence of a pair of small A chromosomes in most
species; and is absent in the following species, A. batizocoi, A. cruziana, A. magna,
A. williamsii and A. ipaensis. Instead they have a pair of satellite chromosome called
B chromosomes (Smartt et al. 1978). Babu (1955) reported several types of second-
ary constriction in A. hypogaea, and proposed that cultivars could be distinguished
based on karyotypic differences.

The meiotic chromosomes of Arachis hypogaea pair mostly as 20 bivalents, but
a few multivalents have also been reported (Husted 1936). Hybrids among subspe-
cific types exhibit mostly bivalents at metaphase I, but few univalents also exist at a
low frequency. Husted (1936) concluded that structural differences in chromosomes
exist between the two subspecies of hypogaea and fastigiata.
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8.4 Molecular Breeding

8.4.1 Molecular Marker-Assisted Breeding

Peanut breeding aims to improve yield, quality, earliness, tolerance or resistance to
disease and pests, and other desirable agronomic traits. The peanut germplasm con-
sists of the cultivated allotetraploid species Arachis hypogaea and a large number of
wild species (Halward et al. 1991). Molecular breeding constitutes genetic manipu-
lation performed at DNA levels for crop improvement (Jiang 2013). An effective
tool to access genetic diversity of peanut is molecular marker technology. Molecular
markers can be used at any stage of growth; they are stable and versatile and not
adversely influenced by the environment. These traits outweigh its cost compared to
morphological markers that are inexpensive, but limited in number and highly influ-
enced by environmental factors. Molecular markers can be used to develop genetic
maps of peanut populations. These are used to estimate genetic diversity for identi-
fication of desirable and diverse parents to improve traits of interest. Molecular
markers, used in peanut research are RFLP, RAPD, AFLP and SSRs. In peanut,
codominant marker RFLP was used to identify both the recessive genes and multi-
ple alleles (Stalker and Mozingo 2001). RAPD markers are dominant with primers,
consisting of 10 nucleotides. Previously, genetic diversity among 13 mutant species
was studied using 12 random primers (Bhagwat et al. 1997). A polymorphism of
5.5% was obtained with an average of 1.51 polymorphic bands and only one primer
OPJO06 exhibited high polymorphism. Subsequently, 70 selected genotypes, repre-
senting variability for several morphological, physiological, and other characters,
were studied for polymorphism with 48 oligonucleotide primers (Subramanian et al.
2000). Seven primers displayed 14.6% polymorphism with a total of 408 bands.
Genetic similarity among 26 accessions studied, using 8 primers of 10-mer, ranged
from 59.0 to 98.8% with an average of 86.2% (Dwivedi et al. 2001). Similarly,
Raina et al. (2001) employed RAPD and ISSR fingerprints to identify polymor-
phism between cultivated peanut and wild species of Arachis. Thirteen species of
Arachis and one species each from sections Heteranthae, Rhizomatosae, and
Procumbentes showed polymorphism of 42.7% and 54.4% for RAPD and ISSR
fingerprints, respectively. Genetic variability within and among species belonging to
section Rhizomatosae was analyzed with 10 random primers, and 113 polymorphic
bands were observed (Nobile et al. 2004). Mallikarjuna et al. (2005) examined 32
accessions of wild species belonging to 25 species, using 29 primers wherein the
observed polymorphic banding range was 5-33 with a similarity value range of
0—49% with an average of 15% similarity. He and Prakash (1997) utilized PCR-
based AFLP markers in peanut, wherein, 28 primers were used to generate 111
AFLP markers in cultivated peanut, with only 3% of them exhibiting polymorphism.
Herselman et al. (2004) used 308 AFLP primer combinations to identify markers
associated with aphid vector resistance in peanut rosette disease; 20 markers were
identified, of which 12 were mapped to 5 linkage groups covering a map distance of
139.4 cM to construct the first partial genetic linkage map for cultivated peanut.
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SSR markers are codominant and easy to identify from a minimal amount of
DNA. Hopkins et al. (1999) used 6 such SSR markers to detect polymorphisms
among peanut DNA. It was observed that 17 unique genotypes representing the 19
accessions, tested with 2 to 14 DNA fragments, were amplified per SSR marker.
Twelve SSR markers were used by Moretzsohn et al. (2004) to discriminate 60
cultivated genotypes and 36 wild accessions belonging to 8 sections. Up to 76% of
microsatellite marker transferability was exhibited by species of section Arachis.
Conversely, other Arachis sections exhibited only 45%. Subsequently, 14 microsat-
ellite primer pairs detected 18 putative loci in cultivated peanut. A mean polymor-
phic percentage of 33% was observed (Gimenes et al. 2007). Tang et al. (2007)
observed a maximum genetic distance of 0.992 when 34 SSR markers were utilized
for genetic diversity studies, involving 4 botanical varieties of cultivated peanut.
Another study was reported on the diversity and genetic relationships of 201 acces-
sions of A. hypogaea and 13 accessions of wild Arachis species using 13 SSR mark-
ers. The primer pair amplified 108 polymorphic alleles in A. hypogaea (Naito et al.
2008). A sum of 249 alleles was found in the 15 analyzed loci and a high degree of
intra- and inter-specific polymorphism was detected among 77 accessions of 4 spe-
cies from section Rhizomatosae (Angelici et al. 2008). A total of 4000 SSR primers
were also developed using next-generation sequencing technology, termed RNA-
seq, for a global analysis of the peanut transcriptome during seed development
(Zhang et al. 2012). Ren et al. (2014) assessed 196 peanut cultivars in China for
genetic diversity and population structure using 146 highly polymorphic SSR mark-
ers. A total of 440 polymorphic bands with an average of 2.99 were amplified and
showed an average gene diversity index of 0.11. This indicated the obvious genetic
variations between cultivars from southern and northern regions of China.
Subsequently, 111 SSR markers were selected for analysis of genetic diversity in
peanut cultivars and breeding lines from China, India and the USA.

Mean values of gene diversity and polymorphic information content (PIC) were
0.480 and 0.429, respectively, but country-wise analysis showed mean gene diver-
sity in the USA, China and India of 0.363, 0.489, and 0.47 with an average PIC of
0.323,0.43 and 0.412, respectively. Genetic analysis also divided these peanut lines
into 2 populations (P1, P2) that coincided with peanut market types and the geo-
graphic origin (Wang et al. 2016). Expressed sequence tags (ESTs) from public
databases were used to develop EST derived SSR markers to increase the number of
functional markers for peanut crop. A total of 2456 EST-SSR primer pairs were suc-
cessfully designed with 340 (92.62%) primer pairs yielding clear and scorable PCR
products, and 39 (10.66%) primer pairs exhibited polymorphisms. These markers
may facilitate interspecific studies and genetic diversity analysis in peanut (Bosamia
etal. 2015). Recently, 554 single locus SSR markers were used to identify molecular
markers associated with seed-related traits in 104 peanut accessions. Out of these
554 markers, 30 major SSR markers were detected to be associated with 4 seed-
related traits (P < 1.81 x 107%) in different environments. Specifically, the marker
AHGA44686 was simultaneously and repeatedly associated with seed length and
100-seed weight in multiple environments with large phenotypic variance (26.23%
32.30%). The favorable alleles of these associated markers revealed potential utili-
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zation for peanut breeding programs (Zhao et al. 2017). Similarly, in another recent
study, 204,439 SSR markers were developed in diploid genomes. Twenty-five QTLs
for shelling percentage were also identified in a recombinant inbred line (RIL) pop-
ulation across 4 years. Shelling percentage is an important economic trait for peanut
breeding. Five consistent QTLs were detected in at least two environments. These
consistent and major QTL regions provide an opportunity for further gene discovery
and development of functional markers for breeding (Luo et al. 2017). Genomic
research of peanut is improving with the various types of genetic markers that can
be used for genetic mapping, marker-assisted selection and gene discovery for
molecular breeding. Even though scores of QTL were identified for distinctive
agronomical and economically important traits, the breeding of peanut is still hin-
dered due to its narrow genetic base and lack of significant polymorphisms.

8.4.2 Functional Genomics

Identification and understanding of gene function and phenotype is part of func-
tional genomics. The large genome size of peanut (2800 Mb/1C) makes it unlikely
to be entirely sequenced in the near future (Arumuganathan and Earle 1991). In
2012, 252,832 Arachis expressed genes (ESTs) were deposited in GenBank, com-
pared to 12,781 ESTs in 2006 (Feng et al. 2012; Jesubatham and Burow 2006).
ESTs from all primary organs of cultivated peanut are available and can be used to
construct informative gene networks that impact productivity (Clevenger et al.
2016). Considerable quantities of genetic information on protein-coding genes for
relative and functional genomics studies are provided by ESTs. Opposed to this,
genes of low expression levels that are under represented in cDNA libraries can be
detected by the sequencing of gene-rich islands of hypomethylated DNA. Besides
such approaches, the macroarray (nylon-based) and microarray screening tech-
niques are useful for studying gene expression. Several researchers have attempted
to associate genes with phenotype using these techniques of gene expression analy-
sis. First, 43 differentially regulated transcripts were identified by differential dis-
play in the response of peanut to drought stress (Jain et al. 2001). Microarray
technology was demonstrated by EST-derived microarrays of around 400 unigenes
probed under several conditions. Twenty-five ESTs, possibly linked with drought
stress and response to Aspergillus parasiticus were recognized and 56 up-regulated
transcripts were detected and established by real-time PCR, following contamina-
tion with Cercospora arachidicola (Luo et al. 2005a,b).

As many as 17,000 ESTs were sequenced and 5066 EST sequences were selected
to make a cDNA microarray, which displayed variable expression patterns in seeds,
leaves, stems, roots, flowers and gynophores of peanut (Bi et al. 2010). In another
study, microarray expression profiling exhibited that 62 genes in resistant cultivars
were up-expressed in response to Aspergillus infection (Guo et al. 2011). Several
kinds of mutational analysis or gene traps can be employed to study the gene function.
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Preliminary research was executed to establish the promoter traps (Anuradha et al.
2006). Targeting induced local lesions in genomes (TILLING) in peanut was com-
menced with the primary objective of knocking out Arah2 (allergen) genes. It was
observed that the significantly reduced amounts of Arah2 could be achieved by RNA
silencing in transgenic peanut, but a high rate of mutagenesis made it a nonviable
approach (Ozias-Akins et al. 2009). TILLING was consequently used to identify
mutations affecting seed traits in peanut. Mutations in fatty acid desaturase AhFAD2,
was predicted to restore function to the normally inactive enzyme (Knoll et al. 2011).
The TILLING by sequencing approach was adapted in another study, wherein muta-
tions were identified for the gene ARLOX7 (Guo et al. 2015). TILLING may have
potential usefulness in breeding programs.

8.4.3 Bioinformatics

Recent advances in peanut molecular breeding have amassed large amounts of
genomic data. PeanutMap, a map database for peanut, has been available for a
decade (Jesubatham and Burow 2006). PeanutMap offers a web-based interface
presenting the definite linkage groups from a map set. It comprises the available
maps of the peanut genome, and reduced map sets of markers linked with the impor-
tant attributes. This can be utilized to detect associations amid linkage groups in a
map, display marker connections amid homoeologous chromosomes, as well as
among the maps reported in several publications. A legume genome database, the
Legume Information System, was announced to incorporate species-specific data
and allows cross-legume assessments (Gonzales et al. 2005). The Legume
Information System will allow evaluation of synteny amid several species and also
includes sequence data, making it conceivable to explore the genes, expressed in
diverse tissues and at several physiological circumstances. Ideal use of these data
would assist the advancement of instruments eventually to simplify comparative
analysis.

8.5 Genetic Engineering

8.5.1 Methodologies

Introgression of unique genes into the peanut genome through genetic transformation
methods has created a new policy for the advancement of agronomic attributes or func-
tional confirmation of the genes. Scientific investigations for the past 10 years were
directed at the establishment of gene-transfer and in vitro regeneration protocols for
peanut (Kundu and Gantait 2018). Particle bombardment and Agrobacterium-mediated
approaches are extensively utilized for transgenic peanut plant development (Fig. 8.7).
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Fig. 8.7 Brief account on different modes of genetic transformation in peanut (Diagram by
S. Gantait)

Besides this, direct regeneration of plantlets via in planta transformation approaches
displayed huge benefits by escaping genotypic influence (Mallikarjuna et al. 2016).

8.5.1.1 Agrobacterium-Mediated Genetic Transformation

In contrast to the other alternative practices, Agrobacterium-mediated gene trans-
mission is a broadly-acknowledged approach for peanut transformation.
Agrobacterium tumefaciens-intervened transformation primarily relies on in vitro
plant cell, tissue and/organ culture that takes a minimal period (typically
16-20 weeks) to develop initial putative genetically-transformed plants.
Agrobacterium-based transformation provides exclusive benefits, for instance,
superior proficiency of steady transformation counting mono-copy introgression,
minimum incidence of gene silencing, transmission of concerned gene associated to
transformation marker and capacity to transmit lengthier T-DNA sections
(Mallikarjuna et al. 2016). Several Agrobacterium strains like A281, C58, EHA101,
EHA105 and LBA4404 were employed to develop a transgenic peanut.
Agrobacterium-based transformation procedures were substantiated involving sev-
eral explants like cotyledonary nodes, hypocotyls, leaf segments and zygotic embry-
onic axes (Anuradha et al. 2008; Li et al. 1997; Tiwari and Tuli 2012). Successful
genetic transformation in peanut (New Mexico Valencia variety) was reported by
Cheng et al. (1996), who used the EHA105 strain to infect the leaf segments and
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observed 10% gus positives in vitro plants (on screening medium) that exhibited
0.2-0.3% of transformation frequency and secured the incorporation of uid A and
npt Il genes. In Agrobacterium (C58)-intervened transformation of peanut
(cv. JL-24), de-embryonated cotyledon explants when inoculated with DREBIA
displayed 75% positive PCR, confirming the successful gene integration (Bhatnagar-
Mathur et al. 2007). Notwithstanding the benefits of this process, frequent issues,
such as low occurrence of gene incorporation and limited regeneration of trans-
formed tissue/organ could give false positive results or transgene escape or even
infertile regenerants (Tiwari et al. 2011).

8.5.1.2 In Planta Genetic Transformation

In planta genetic transformation is a tissue culture-free approach, selected for the
development of transgenic plants. Embryo axes of peanut are isolated and subse-
quently injured by piercing with a fine needle to inoculate with Agrobacterium and
the plants were raised in ex vitro environments. For instance, Rohini and Rao (2000)
excised and wounded the embryonic axes and inoculated the same with
Agrobacterium followed by incubation with leaf juice of tobacco; such explants, via
histochemical assay and PCR, exhibited 3.3% of gus positive reaction. Notably, this
in planta methodology was experimented with in an extensive way in peanut to
authenticate the unique genes that are linked with abiotic and/or biotic stress
(Keshavareddy et al. 2013; Manjulatha et al. 2014; Pandurangaiah et al. 2014).
Integration of AdSGTI gene in the JL.-24 cultivar of peanut via the in planta approach
was described by Kumar and Kirti (2015a), who developed genetically-transformed
peanut plants resistant to the late leaf spot pathogen. A consistent and competent in
planta genetic transformation method is quite beneficial in comparison to the ortho-
dox in vitro plant tissue culture-oriented approach, because it is not influenced by
the genotype and pertinent to diverse crop species. In addition, the obligation of
prolonged shoot and root regeneration phases and consequent in vitro culture-
derived somaclonal variations can be avoided during in planta approach. Lately,
extensive application of the in planta approach of gene transfer is showing signifi-
cant success in several plant species. Nevertheless, the delectation of confirmed
transgenics, developed through the in planta approach, necessitate a high-
performance assessment system.

8.5.1.3 Particle Bombardment (Biolistics) Transformation

The Agrobacterium-free DNA transferal method was achieved by several
approaches, such as electroporation, microinjection and particle bombardment (Li
et al. 1995). Amid such approaches, the particle bombardment technique was the
most extensively adopted mode for transgenic development. In this technique, inser-
tion of a desired gene into a plant genome is done through high-speed dispersion of
microprojectiles, layered by marked plasmid DNA (Klein et al. 1987). The three
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key factors are: low genotypic influence, no influence of recalcitrance in explants,
and no Agrobacterium interference, which establish this technique as the most effi-
cient for gene delivery. Ozias-Akins et al. (1993) recorded as high as 12% of trans-
formation frequency when peanut embryogenic calli were bombarded with 35S gus
gene to develop genetically-transformed peanut plants. An approach to develop pro-
ductive peanut plants was reported by Schnall and Weissinger (1993), employing
zygotic embryonic axes in highly concentrated agar medium. Bombardment of
juvenile cotyledon-derived somatic embryos of peanut with codon regulated cry/Ac
accompanied by hpt antibiotic marker resulted in transgenic peanut which exhibited
resistance to cornstalk borer, having an effectiveness of 0.85-2.3/bombardment
attempts (Singsit et al. 1997). While the microprojectile method offers several ben-
efits, simultaneously it carries some obvious constraints. The rate of transformation
is a controlling feature and gene incorporation is a chance factor and the course of
gene transfer itself could trigger DNA injury in the process of transformation. This
procedure frequently induces insertion of transgenes into the target genome in man-
ifold copies; therefore, resulting in uncontrolled or suppressed gene expression
(Livingstone et al. 2005; Singsit et al. 1997). In addition to these reports, the
approach is extremely expensive and the skill is difficult to acquire by researchers
intending to develop transgenic peanuts.

8.5.2 Enhanced Traits

Transgenic plant development could assist prospective gene insertion into plant
cells and influence a number of advantageous characters linked to the advancement
of crop plants. Genetic transformation mechanisms establish a route for integration
of vital candidate genes within the peanut genome for improving endurance to
biotic stress like insect pests, pathogenic fungi, viruses and abiotic stress like salin-
ity and drought, in addition to suppressing unfavorable genes for the enhancement
of nutrient uptake. To date, a number of genes activated in response to abiotic and
biotic stress conditions, have been detected, successfully cloned and transformed.
The transgenic stress-tolerant peanut varieties acquire the potential to be used as
donor parents in conventional breeding approaches for developing superior varieties
tolerant to biotic and abiotic stresses (Gantait and Mondal 2018).

8.5.2.1 Tolerance to Abiotic Stress: Drought and Salinity

In plants, reactions against abiotic stress include stimulation and synchronization of
stress reactive genes and their arrangements that offer improved tolerance to dry
spells, salinity, chilling stress along with many additional unfavorable environmen-
tal conditions via transformation of enzymes and proteins that regulate the produc-
tion of galactinol, glycine betaine, mannitol, proline and trehalose, as well as
polyamines (Krishna et al. 2015).
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Peanut is grown predominantly in rainfed areas, wherein considerably hot
weather with lengthy drought phase persists, resulting in restricted yield of peanut
pods. Establishment of cultivars, tolerant to drought stress proved to be indispens-
able to alleviate the abiotic stress situations (Chu et al. 2008). As an example,
AtNHX] (a vacuolar Na* /H* antiportar) overexpression resulted in enhanced toler-
ance in peanut versus salt and water stress environments by grouping of Na* ions in
the vacuoles, as reported by Asif et al. (2011). Genetically transformed peanut
plants exhibited better revival, chlorophyll capacity and recovered under PEG
(polyethylene glycol) induced desiccation stress. Resistance against drought in pea-
nut was developed via the transformation of rd29A:AtDREBA that exhibited a 40%
rise in transpiration competence in water-scarce situations when compared to the
non-transformed plants. Peanut seeds expressing rd29A:AtDREBIA, displayed reg-
ular germination and progressive growth, whereas seeds expressing 35S:AtDREBIA,
presented late germination with restricted plant growth (Bhatnagar-Mathur et al.
2007, 2014).

Two other analyses, Pandurangaiah et al. (2014) and Patil et al. (2014), devel-
oped genetically-transformed peanut with transcription factors like MuNAC4 and
AtNAC2, which exhibited significant endurance against salinity and drought stress,
while retaining superior crop production in reduced irrigation condition. The per-
oxisomal ascorbate peroxidase genes of the herb Salicornia brachiate exhibited tol-
erance to both drought and salinity in tobacco and it was validated in peanut (Singh
et al. 2014). Osmoprotectants and osmolytes crucially function as shields for plant
cells via scavenging free radicals. The osmoprotectant mannitol plays a significant
part in scavenging hydroxyl radicals, produced during abiotic stresses. Bhauso et al.
(2014) developed transgenic peanut (expressing mtID gene) that showed tolerance
against drought stress with superior relative water content in comparison to non-
transformed plants. Ramu et al. (2016) via Agrobacterium-mediated (in planta) suc-
cessfully introduced and expressed the PDH45, Alfinl, and PgHSF4 genes
originating from Pisum sativum, Medicago satifa and Pennisetum glaucum, respec-
tively, and the resultant transgenic peanut plants exhibited a high degree of toler-
ance to drought stress. In the same year, Sarkar et al. (2016) developed a genetically
transformed peanut that showed comparable level of tolerance in drought environ-
ment, following successful transformation with AtDREBIA. Recently, the
development of transgenic peanut (transformed with AtHDGII gene originated
from Arabidopsis thaliana), tolerant against both salinity and drought stress was
reported by Banavath et al. (2018).

8.5.2.2 Enhancement of Biomass Production

Plant growth and development, and consequent production of plant biomass, are
significantly influenced by phytohormones. Cytokinins, among these phytohor-
mones, perform a crucial part in plant biomass production via mass proliferation of
plant tissue. The definite tissue site for cytokinin biosynthesis is yet to be confirmed,
but the location of high concentrations of cytokinin is considered as the putative site
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for cytokinin synthesis that might be fluctuating for obvious reasons. In addition,
apart from cell cycle activity, abiotic stress conditions may influence the cytokinin
concentrations that reportedly decrease with leaf senescence (Noodén et al. 1990).
Iso pentenyl transferase (IPT) is an enzyme involved in the pathway of cytokinin
production and its expression in peanut improved endurance to drought stress (Qin
et al. 2011). As described by Qin et al. (2011), the genetically-transformed plants
that expressed IPT under the control of the drought inducible SARK promoter,
exhibited sustainable and superior biomass production under drought conditions
prevailing in a greenhouse and experienced around 60% increase in production
under in vivo environments.

8.5.2.3 Resistance to Biotic Stress

Microorganisms, such as bacteria, fungi, and viruses, as well as various other patho-
gens, drastically affect peanut production and have proved to be vulnerable to these
biotic stress factors as well. Amid these, Aspergillus flavus, Cercospora leaf spot,
tomato spot wilt virus and white mold are the main agents that are extensively dis-
persed in the atmosphere and instigate acute infection in peanut and eventually cur-
tail the production of peanut pods (Brar et al. 1994). Detection of particular genes,
from wild relatives, which provide tolerance to stress, and utilization of those genes
for the development of genetically-transformed plants that would express the toler-
ant genes, may be the best alternative for genetic improvement of peanut.

8.5.2.3.1 Resistance to Fungi

Pathogenic fungi drastically affect the production and quality of peanut via synthe-
sis of aflatoxin, which was detected as the strong carcinogen, by Aspergillus spe-
cies. Via the genetic transformation methods, multiple genes were transferred into
the peanut genome to offer disease resistance caused by pathogenic fungi. Stilbene
phytoalexins are produced in the peanut kernel when infested by pathogenic fungi,
and these stilbene phytoalexins effectively hinder growth and formation of fungi
and its spores. Hain et al. (1990) isolated the peanut stilbene synthase gene and
expressed the same in tobacco that ensued resveratrol synthesis. On the other hand,
hydrolytic enzymes like chitinases and glucanases disintegrate cell walls of fungi
and stop the formation of fungal spores. The genes encoding these enzymes have
proved to be the salient candidate genes for establishment of transgenic plants, and
resistant to pathogenic fungi. As reported by Sundaresha et al. (2010), resistance
against Aspergillus flavus and Cercospora arachidicola was developed in JL 24,
ICGV 89104 and ICGV 86031 cultivars of peanut via overexpressing the tobacco
glucanase gene. Earlier, Rohini and Rao (2001) observed the resistance activity of
the tobacco chitinase gene against peanut leaf spot or tikka disease (C. arachidic-
ola), which drastically reduces the pod yield of peanut. It was only in 2012, when
Igbal et al. (2012) detected suitable interrelationships between chitinase activity and
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fungal resistance when they developed a transgenic peanut via overexpressing rice
chitinase gene to develop resistance against C. arachidicola. Anuradha et al. (2008)
integrated the RsAFP-2 gene inside the peanut genome and the ensuing genetically-
transformed plants exhibited superior response to severe late leaf spot disease, con-
jointly triggered by C. arachidicola and Pheaoisariopsis personata. A recent report
(Kumar and Kirti 2015b) indicated the upregulation of a number of genes which
occurred in the wild peanut A. diogoi when the plants were exposed to the late leaf
spot pathogen. Immanent expression of AdSgt/ gene in genetically-transformed
peanut plants acquired via in planta transformation, exhibited improved resistance
against late leaf spot pathogen.

8.5.2.3.2 Resistance to Viruses

To confer resistance against viral diseases, researchers engineered coat protein (CP)
mediated resistance for several groups, showing a remarkable achievement thus far.
In general, peanut bud necrosis virus (PBNV), peanut mottle virus (PMV), peanut
stripe virus (PSTV), groundnut rosette virus (GRV), Indian peanut clump virus
(IPCV), and tobacco streak virus (TSV) restrict peanut pod yield to a great extent
(Reddy et al. 2002). According to Gonsalves and Slightom (1993), for significant
reduction of the virus-triggered diseases, the CP genes proved their efficiency in
several instances. Subsequently, Sharma and Anjaiah (2000) inserted the gene of
IPCV-CP in peanut via Agrobacterium-intervention, wherein the acquired trans-
genic plants proved to be resistant against IPCV. Mehta et al. (2013) established
transgenic peanut plants, genetically transformed with TSV-CP gene which dis-
played resistance until the T3 generation to PSND virus under ex vitro environ-
ments. In addition, the least signs of disease were exhibited by the transgenic lines,
which signified their strong tolerance to infestation of TSV as well.

8.5.2.3.3 Resistance to Insect Pests

A huge obstacle that still persists is to deal with the insect pests of peanut. Crystal
(Cry) genes obtained from Bacillus thuringenesis were extensively employed to
acquire plant resistance against insects. CryIA gene was primarily inserted by
Singsit et al. (1997) in the peanut genome resulting in enhanced proficiency in
defense of cornstalk borer. Resistance to Spodoptera litura was observed in peanut
by Tiwari et al. (2008) and Keshavareddy et al. (2013) through the expression of
chimeric BfcrylAcF and artificial Cryl EC genes. Peanut embryonic axes and coty-
ledons explants were inoculated with a solution of K599 strain of Agrobacterium
rhizogenes, carrying an artificial Cry8Eal gene (that is effective against the larvae
of Holotrichia parallela) and consequently expressed by Geng et al. (2012) in the
roots of peanut, displayed significant insecticidal properties.

The details of gene transformation to develop peanut with the advanced/enhanced
traits are listed in Table 8.1.
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Table 8.1 List of genes, mode of their transformation and their use to enhance several traits of

peanut

Name of the gene

Mode of gene
transformation

Enhanced trait

References

Enhanced resistance to abiotic stress

merA Microprojectile Mercury stress Yang et al. (2003)
bombardment

AtDREBIA Agrobacterium- Drought stress Bhatnagar-Mathur
mediated et al. (2007)

AtDREBIA Agrobacterium- Drought stress Vadez et al. (2007)
mediated

AtNHX1 Agrobacterium- Salinity and drought stress | Asif et al. (2011)
mediated

IPT Agrobacterium- Drought stress Qin et al. (2011)
mediated

AtNHX1 Agrobacterium- Salinity and drought stress | Banjara et al. (2012)
mediated

AtDREBIA Agrobacterium- Drought stress Vadez et al. (2013)
mediated

AtDREBIA Agrobacterium- Drought stress Bhatnagar-Mathur
mediated etal. (2014)

mtlD Agrobacterium- Salinity and drought stress | Bhauso et al. (2014)
mediated

PDH.s Agrobacterium- Drought stress Manjulatha et al.
mediated (in planta) (2014)

AINAC2 Agrobacterium- Salinity and drought stress | Patil et al. (2014)

(ANAC092) mediated (in planta)

AtDREB2A, Agrobacterium- Salinity and drought stress | Pruthvi et al. (2014)

AtHB7 and mediated

AtABF3

AtDREBIA Agrobacterium- Salinity and drought stress | Sarkar et al. (2014)
mediated

SbpPAX Agrobacterium- Salinity stress Singh et al. (2014)
mediated

MuNAC4 Agrobacterium- Drought stress Pandurangaiah et al.
mediated (2014)

SbASR-1 Agrobacterium- Salinity and drought stress | Tiwari et al. (2015)

mediated

Alfinl, PgHSF4,

Agrobacterium-

Drought stress

Ramu et al. (2016)

and PDH45 mediated (in planta)

AtDREBIA Agrobacterium- Drought stress Sarkar et al. (2016)
mediated

AtHDGI1 Agrobacterium- Salinity and drought stress | Banavath et al.

mediated

(2018)

Enhanced resistance to virus

TPWVN

Agrobacterium-
mediated

Tomato spotted wilt virus

Lietal. (1997)

(continued)
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Name of the gene

Mode of gene
transformation

Enhanced trait

References

TPWVN

Microprojectile

Tomato spotted wilt virus

Yang et al. (1998)

bombardment

TPWVN Microprojectile Tomato spotted wilt virus Magbanua et al.
bombardment (2000)

CcpP Microprojectile Peanut stripe potyvirus Higgins et al.
bombardment (2004)

Enhanced resistance to fungi

AGLUI Microprojectile Sclerotinia minor Chenault et al.
bombardment (2003)

RsAFP-2 Agrobacterium- Cercospora arachidicola, Anuradha et al.
mediated Pheaoisariopsis personata | (2008)

BjNPRI and Tfgd | Agrobacterium- Aspergillus flavus, C. Sundaresha et al.
mediated (in planta) arachidicola (2016)

SGT1

Agrobacterium-
mediated (in planta)

Induces cell death and
enhanced disease resistance

Kumar and Kirti
(2015a)

Enhanced resistance to insects

crylA(c) Microprojectile Lesser cornstalk borer Singsit et al. (1997)
bombardment

Barley oxalate Microprojectile Sclerotinia minor Livingstone et al.

oxidase gene bombardment (2005)

cryl EC Agrobacterium- Spodoptera litura Tiwari et al. (2008)
mediated

crylAcF Agrobacterium- Spodoptera litura Keshavareddy et al.
mediated (in planta) (2013)

8.6 Mutation Breeding

The existing variation among cultivated types of peanuts decreased during domesti-
cation. The difference between the A and B genomes are too narrow to be consid-
ered to an extent as Al and A2 genomes (Smartt and Stalker 1982). Hybridization
between different species is difficult to evolve as they produce sterile progenies.
Much of the domesticated peanut collections were assessed for resistance to the leaf
spots and rusts (Holbrook and Stalker 2002) and although adequate levels of resis-
tance were recognized, the high level of resistance is absent in the germplasm col-
lection. Resistance has been detected in other members of the genus but not in
Arachis hypogaea. Mutation played a key role in developing and identifying better
lines for cultivation in peanuts. The International Peanut Genome Initiative (http://
www.peanutbioscience.com; https://peanutbase.org/) provides a valuable platform
to explore genomic resource; whereas, the genomics of peanut mutants are yet to be
explored. With a genome size of 2890 Mbp (cultivated) and 1260 Mbp (diploid
genome) there is still a significant gap and opportunities to improve the available
resources in exploring coding, non-coding regions, transposable elements, SSRs
and SNP marker variations in developing saturated maps.
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8.6.1 Conventional Mutagenesis (Seeds)

Although chemical mutagens are convenient and easy to handle, irradiation treat-
ments were found to be efficient in generating mutants. Peanut seeds were subjected
to mutagens like EMS, gamma rays and multi particle radiation fields in generating
variations. EMS-induced mutants derived from Zhonghua 16 showed narrow pod
width (PW) trait. This narrow pod with mutant was found to differ in CAD and ACS
expression when compared with its wild type during 20 DAF and 40 DAF in devel-
oping peg tissues (Wan et al. 2017).

Researchers performed a combination of methods to induce variation through
mutagenesis. Mutant lines were generated and selected for favorable traits. In India,
the Bhabha Atomic Research Centre (BARC) has released a series of varieties
through mutagenesis and selection (Table 8.2). Hybridization of selected and
released mutants was also practiced in generating new varieties. TLG-45 was devel-
oped through hybridization of mutant derivatives TG-17 and TG-1.

Seeds of VRI 2 peanut variety (developed by Tamil Nadu Agricultural University,
India) were treated with gamma rays and EMS for selection of better performing
lines from M4 and M5 generations. TFDRG-5 derived from progeny of TAG-
24 x VG-9514 cross hybrid was irradiated with gamma rays, sodium azide and a
treatment combination of both in developing mutants for better seed quality and
seed coat color variations (Mondal et al. 2007).

Table 8.2 List of peanut varieties released in India by BARC

Year of
Variety release Salient features
TG-47 (RARS 2011 Large seed, 115 days maturity, more 3-seeded pods
T1)
TDG-39 2009 Large seed, medium maturity
TBG-39 2008 High oleic acid, more branches
TG-51 2008 Early maturity, high shelling %
TLG-45 2007 Large seed, medium maturity
TG-38 2006 High shelling %, more 3-seeded pods, stem rot tolerance
TG-37A 2004 High yield, collar rot, drought tolerance
TPG-41 2004 Large seed, medium maturity, high oleic acid
TG-26 1996 Earliness, high harvest index, 20 days seed dormancy
TKG-19A 1996 Large seed, 30 days seed dormancy
TG-22 1992 Medium large seed, 50 days seed dormancy
TAG-24 1992 Earliness, high yield, high harvest index, partitioning %
Somnath (TGS-1) | 1991 Large seed, semi-runner type
TG-3 1987 High yield
TG-17 1985 No secondary branches, 30 days seed dormancy
TG-1 1973 High yield, large seed, more branches, 50 days seed
dormancy
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8.6.2 In Vitro Mutagenesis and Selection

In vitro mutagenesis has been carried out; however, no reports have appeared on
somaclonal variation and in vitro selection. Mixed high energy particle field irradi-
ated peanut variety Luhual 1 embryonic leaflets were cultured in MS, supplemented
with B5 vitamins and 3% sucrose fortified with 10 mg/L 2,4-D. Grafting of regener-
ated plantlets on root stock Huayu 23 resulted in mutants performing better for
protein content, oil content, oleic, lenoleic and palmitic acids content (Wang et al.
2015a,b).

8.6.3 Molecular Analysis

Analyses of mutants for seed testa color revealed the presence of two sets of genes
regulating testa color. Genes F'/F2 and D1D2 were found to be responsible for testa
pigmentation. If either of the genes is recessive the result is white testa (Mondal
et al. 2007).

Jung et al. (2000) identified ahFAD2A and ahFAD2B genes as recessive genes
segregating in 3:1 and 15:1, depending on the parental lines used in the crossing
program. A reduced level of ahFAD2A transcript and the difference between high
oleic and the normal cultivar is a mutant. Genotypes of normal oleic peanuts are
designated as AABB and high oleate peanut as aabb. Later, this was revalidated by
Fang et al. (2012) by cloning and sequencing of FAD2B from LF2 and E2-4-83-12
that led to the identification of a mutation causing H105Y substitution at C313T in
coding region. In that experiment, parental line LF2 a high-yielding Virginia type,
led to the development of mutant E2-4-83-12 through EMS treatment. Then these
results were reflected by Janila et al. (2016) which established that both fatty acid
mutant alleles were contributing to healthy oil and prolonged shelf life of peanut.
These alleles are present in linkage group a09 and b09 controlling the composition
of oil quality. Substitution of G::C to A::T in ahFAD2A and insertion of A in
ahFAD?2B created the phenotype of high oleic acid content. Competitive allele spe-
cific PCR was designed to test the presence of alleles. This led to the development
of the allele specific CAPS marker (Zhao et al. 2017). There are multiple seed stor-
age proteins that give rise to allergens with the major ones being Arahl, Arah2 and
Arah3 (Burks et al. 1998). Arah2 is most important in causing human allergens.

Although only two genes were reported so far in enhancing oil quality, in-depth
network analyses of these two genes revealed the presence of efficient nodes in
network rewiring. Analyses of model oil seed plant Brassica proteins revealed the
presence of gene homologs for targeted mutagenesis through CRISPR technology
or transgenics (Fig. 8.8).
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Fig. 8.8 Network analyses of FAD through model oil seed Brassica proteins. (Diagram by
J.K. Yasin)

8.6.4 Enhanced Traits and Improved Cultivars

Mutations were intentionally carried out through mutagen treatments with the
objective of generating variations for selection of better performing lines. Although
the targeted traits are of commercial importance and health benefits, it was ensured
that the farmers benefitted from those impacts. Mutants of flavorunner 458 with
elevated levels of oleic acid replaced its parental line Florunner and other TSMV
susceptible cultivars in parts of Texas. Subsequent to its selection, Florman
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occupied 80% of area in the 1990s. This improved parental line was used to develop
12 cultivars in production in the USA. The first high oleic cultivar released in the
USA was a runner type named Sun Oleic 95R (Gorbet and Knauft 1997), since then
that trait has been incorporated into Virginia and Spanish types (Simpson et al.
2003). Using Sun Oleic 95R as a parent in MABC, high oleic genotypes ICGV
06110, ICGV 06142 and ICGV06420 were developed in India (Varshney 2016).

Developing resistance is a rare phenomenon in crop plants. Available germplasm
sources were found to have narrow genetic variations and hence induced variations
for screening disease tolerance were attempted. Aspergillus-resistant mutant lines
were developed by irradiating peanut varieties through gamma rays and somaclonal
variations (Azzam and Khalifa 2016). Markers linked to Aspergillus were also
developed. Early leaf spot, late leaf spot, rust and peanut rosette diseases cause up
to 50% yield loss in peanut. Under moisture stress conditions Aspergillus infections
increase and cause aflatoxin contamination of seeds. Terminal heat stress reduces
the productivity and increases the chances of aflatoxin infection in the field. Rust is
a major biotic stress of peanut causing about 50% yield loss. This is more prevalent
in the Deccan Plateau of India. Introgression of rust resistant QTL from GPBD 4 in
popular farmers’ cultivars, namely ICGV 91114, JL 24 and TAG 24, resulted in
rust-resistant peanut lines, [IPAHM103 with one dominant marker and GM2079,
GM1536, GM2301 with three codominant markers (Varshney 2016).

High-yielding peanut varieties in India were achieved by consistent and continu-
ous development of new varieties. By cultivating mutant varieties, peanut produc-
tivity in major peanut producing states, such as Gujarat, Andhra Pradesh,
Maharashtra, Karnataka, Orissa and Rajasthan, have significantly increased. A
drought-tolerant variety, TG-37A for Gujarat and Rajasthan and bold-seeded mutant
varieties like TPG-41 and TLG-45 are most preferred for their earliness, seed dor-
mancy and superior productivity. Among the peanut varieties, TAG-24, TG-26,
TG-37A in the normal seed class, and TKG-19A and TPG-41 in the large seed class
are the prominent varieties in India (http.//www.barc.gov.in/pubaware/agri_social_
inpact.html).

8.7 Hybridization

8.7.1 Conventional Hybridization

Van der Stok (1910) described the first artificial hybridization of peanut. Generally,
emasculation is done during late afternoon or evening before maturity. Pollination
is carried out the next morning as soon as the stigma becomes receptive and the pol-
len forms (Fig. 8.9). However, the procedure being labor intensive, consequent low
yield results and less hybrid seeds are produced. During the reproductive stage,
development incompatibility is observed among Arachis species, which may be due
to genetic or physiological barriers. However, the stigmatic surface of the pistil is
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Fig. 8.9 Artificial hybridization of peanut (Arachis hypogaea L.). (a) Flower bud with lower lip of
the calyx, wings, standard, and keel pulled back to expose anthers and stigma to remove all eight
anthers surrounding the stigma, (b) Flower bud with keel, wings and banner returned to their natu-
ral positions, (¢) Picking a male flower, removing wings and squeezing pollen onto the flat end of
the tweezers, (d) Applying pollen onto the tip of the stigma of an emasculated female flower and
then placement of keel and wings of the female flower back to their normal positions, (e) Marking
the pollinated flower with a nylon thread, (f) Large-scale practice of artificial hybridization of
peanut, (g) Harvesting the marked pods developed after hybridization, (h) Harvested pods and
kernels. (Photos by S. Gantait)

the first barrier to interspecific hybridization. Varied stigmas are observed in the
species of Arachis and section Rhizomatosae (Akromah 2001; Lu et al. 1990). The
large globular stigmas of annual peanuts lack hairs, while in perennial peanuts,
small stigmas contain hairs that make it difficult for the pollen grains to adhere. This
was the reason behind the success of producing more seeds when selfed, than the
perennials, at the time of experimenting with interspecific hybridization.
Furthermore, Halward and Stalker (1987) suggested that an alternative cause of
incompatibility may be due to delimited pollen tube growth after pollen germina-
tion. For example, 6x interspecific A. hypogaea hybrids, when crossed with the two
diploid species A. cardenasii and A. batizocoi, hindered hybridization. The fertiliza-
tion was delayed when A. stenosperma was crossed with A. hypogaea (Pattee and
Stalker 1992). It took more time for pollen to germinate when A. hypogaea was
crossed with A. glabrata, this was due to blockage by callose plugs present in the
pollen tubes (Shastri and Moss 1982). Crossing tetraploid species of A. hypogaea
with diploid ones, resulted in a successful interspecific hybrid, since the embryo sac
possessed a high amount of starch in the cultivated peanut (Pattee and Stalker 1991).
It was observed that when A. duranensis was taken as a female parent for a cross
between A. duranensis x A. hypogaea and x A. stenosperma, it led to embryo abor-
tion. This may be due to endosperm degradation (Pattee and Stalker 1992).
Moreover, when the species of Arachis was crossed with section Erectoide, the
resultant plant grew with a normal peg and pod, without any endosperm
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development (Singh 1998). Hormonal imbalances, or instance, a rise in abscisic
acid (ABA) level and decline in gibberellic acid, zeatin riboside, indole acetic acid
and dihydrozeatin riboside levels in normally-developing tissue, resulted in embryo
abortion, as reported by Wang et al. (2012).

8.7.2 Somatic Cell Hybridization

In vitro culture techniques include protoplast fusion, haploidy, and Agrobacterium-
mediated gene transfer, in planta techniques and somaclonal variation that have the
potency to improve the crop. In the protoplast fusion technique, cells are isolated
prior to the protoplast formation. Cell membranes are removed by the enzymatic
plus osmotic stabilizer or by physical means. There are various means of protoplast
fusion: (1) chemically induced (NaNO; treatment, application of high pH and high
Ca*? ion treatment and the most accepted polyethylene treatment) and (2) the elec-
trical fusion method. The protoplast fusion technique is one of the ideal experimen-
tal systems; still it has not so much been applied in peanut. However, one case of
protoplast fusion method was applied in Arachis paraguariensis, where protoplasts
were isolated from leaf-derived callus, embedded in agarose blocks and cocultured
with their own nurse cells (Li et al. 1993). The success in cultivated peanut is rather
limited.

8.8 Conclusions and Prospects

Since peanut is not native to India, breeding efforts were initiated by introducing the
popular varieties under cultivation from other countries. The then Madras state gov-
ernment, towards the end of nineteenth century, made purposeful introductions of
improved peanut varieties. These varieties gradually spread over various parts of the
country and formed the basis of peanut improvement programs and research in
India. Since then the methods of breeding, common to self-pollinated crops, like
introduction, mass and pure line selection, hybridization and selection (pedigree,
modified and bulk pedigree, single seed descent, back cross methods), mutation
breeding and interspecific hybridization were employed in developing 211 cultivars
spread over more than a century (Table 8.3). A few novel breeding approaches like
multiline, synthetics, modified composite cross, convergent crosses and selective
diallel mating system have also been attempted but with limited success.

A high degree of sterility was encountered among interspecific crosses with
compatible wild species of section Arachis, cross-incompatibility between culti-
vated and the wild species of sections other than Arachis. Very low seed set in F;s
coupled with high frequency of aneuploid individuals in the subsequent segregating
generations and the consequent time lag in developing varieties with acceptable pod
and seed characters have restricting genetic enhancement of peanut. In spite of these
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Table 8.3 Breeding methods No. of

employed in developing varieties

peanut varieties in India Breeding method released
Introduction 3
Mass selection 29
Pure line selection 23
Pedigree 109
Bulk pedigree 22
Modified bulk pedigree | 16
Single seed decent 1
Mutation 8
Total 211

drawbacks, peanut breeding and research have contributed substantially to over-
come the challenges of yield-limiting abiotic and biotic stress factors, ensuring a
momentous genetic improvement over recent decades. Superior peanut varieties
with early maturity and short-term dormancy have been developed to fulfill farmers’
requirements, with the aid of traditional breeding methods. However, this came with
some undeniable limitations as well. Peanut being a self-pollinated species, conven-
tional breeding approaches were adopted by scientists to upgrade these attributes
(earliness and short-term dormancy), into improved varieties of peanut.

Owing to the inaccessibility of descriptive traits and their evolutionary back-
ground, breeders rarely make use of the wide-ranging, genetically-divergent acces-
sions in peanut breeding programs. As a solution, mini-core collections and core
collections were generated for the attributes such as early maturity, nutritive value,
resistance against biotic/abiotic stress, etc. For promotion in commercial cultiva-
tion, genotypes selected from core/mini-core collections were exploited for the
development of several promising varieties with high-yield. Only a limited number
of genotypes are undergoing recurrent exploitation to develop improved varieties
with attributes like early maturity and disease resistance; however, a more efficient
utilization of genotypes belonging to the core/mini-core collections is needed for a
comprehensive exploitation of such huge genetic resources.

Accelerated improvement in peanut genomics has been documented in the last
10—15 years in such a way that a large number of markers, such as, AFLP, RFLP,
RAPD, and SSR including EST and SNP, have been developed that enriched peanut
genomic resources. Such reproducible markers have fruitfully assessed the relations
between traits and markers, the magnitude of genetic diversity, as well as being
effectively utilized in genetic linkage map construction. Nevertheless, peanut breed-
ers have identified important inadequacies in the genetic linkage map, since the
polymorphic alleles in intraspecific crosses could not be identified by the RFLP loci
positioned on the map. As a consequence, there was an exigent requirement to gen-
erate more PCR-based genetic linkage maps, because merely a small number of
sporadically spaced AFLP- and SSR-based genetic maps were described for intra-
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specific crosses in peanut thus far. Correspondingly, there is a necessity to furnish
the preexistent genetic maps employing additional PCR-based markers. Substantial
attempts have also been made to develop novel SSR markers; however, bulk genera-
tion of EST, RGA, and SNP markers would currently be of considerable
significance.

Exhaustive selection of segregating populations are necessary for the breeding of
peanut varieties with superior nutritive value and stress-resistant traits, and this pro-
cess is challenging because it involves enormous genetic resources. MAS offers a
technique to detect the concerned gene and assist in appropriate gene pyramiding of
agronomically-improved genotypes. Identification of genes that express resistance
to the key biotic and abiotic stress agents has already been accomplished. Via the
intervention of genetic transformation technology, improved genotypes, with inher-
ent resistance were developed. Nevertheless, it could be suggested that a compre-
hensive tactic, collaborating the traditional, mutation-based, MAS-based, and
genetic transformation-based approaches, might deliver an inherent, cost-effective,
as well as eco-friendly solution, following the requirements and preferences of con-
sumers by diminishing the escalating risk and expense of peanut production.
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Appendices

Appendix I: Specialized Research Institutes on Peanut
and Their Online Resources

Contact
information and
Institution Specialization Research Activities website
ICAR - Directorate of Conduct basic and strategic research to enhance | www.dgr.org.in
Groundnut Research production, productivity and quality of peanut;
(ICAR-DGR) act as the national repository of working

collection of peanut germplasm and information
on peanut research; establish relevant
institutional linkages; offer consultancy and
training; and provide logistic support and
coordination mechanism for generation of
location-specific technology through the All
India Coordinated Research Project on
Groundnut.

(continued)
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Institution

Specialization Research Activities

Contact
information and
website

International Crops
Research Institute for the
Semi-Arid Tropics

Perform fundamental and strategic research for
the enhancement of peanut production,
productivity and quality; act as an international
repository of working collection of peanut
germplasms; create pertinent institutional
linkages; offer consultancy and trainings

http://www.icrisat.
org

The Peanut Institute

It is a non-profit organization that supports
nutrition research and develops educational
programs to encourage healthful lifestyles that
include peanuts and peanut products.

http://www.
peanut-institute.org

Peanut Lab, College of
Agricultural and
Environmental Sciences,
University of Georgia

Improvement of peanut production through the
development and use of advanced genetic and
genomic technologies and better crop protection
measures

http://www.caes.
uga.edud

Oil Crops Research
Institute of Chinese
Academy of Agricultural
Sciences, Key
Laboratory of Oil Crop
Biology of the Ministry
of Agriculture, Wuhan,
China

OCRI has peanut as one of its major mandate
crop with a mission to conduct basic and
applied research that can lead to enhance the
productivity and utilization of peanut. The
current research fields cover germplasm,
genetics, breeding, functional genomic, genetic
engineering, safety assessment of genetic
modified organisms (GMOS), plant nutrition
and physiology, plant pathology, chemical
analysis, food safety and product processing.

http://en.oilcrops.
com.cn

Nuclear Agriculture and
Biotechnology Division,
Bhabha Atomic Research
Centre, Mumbai, India

Development of new varieties of peanut using
radiation-induced mutagenesis and
hybridization, execution of basic and applied
research for the enhancement of peanut
production, productivity and quality

http://www.barc.
gov.in/randd/hfa.
html

Department of Field
Crops, Plant Science
Institute, ARO,
Bet-Dagan, Israel

Introduction and breeding of peanut to expand
the variety of products for farmers and
consumers with improved yield and quality,
development and application of agro-techniques
to improve yield and quality traits of peanut,
development of agricultural methodologies to
accommodate climate change, food security and
alternative energy sources, as well as training
and education of next generation scientists in
the above areas

http://www.agri.
gov.il/en/units/
institutes/1.aspx

Institut Sénégalais de
Recherches Agricoles
(ISRA)-CNRA, Bambey,
Sénégal

Enhancement of peanut yield through the
improvement and use of advanced genetic and
genomic approaches and superior crop
protection measures

http://www.isra.sn

(continued)
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Contact
information and

Institution Specialization Research Activities website

USDA-ARS Wheat,
Peanut and Other Field
Crops Research Unit,
Stillwater OK

Development of improved peanut
germplasm, evaluation of advance
lines and current peanut varieties,

varieties

management of peanut diseases, and
development of improved high-oleic peanut

cultivars and
d breeding
integrated

https://www.ars.
usda.gov/
plains-area/
stillwater-ok/
wheat-peanut-and-
other-field-crops-
research/

USDA-ARS, National
Peanut Research
Laboratory (NPRL),
Dawson, GA

peanut and breeding high yielding

peanut quality and safety

Developing strategies to identify useful genes in

varieties and germplasm, enhancing the
competitiveness of U.S. Peanuts and peanut-
based cropping systems, as well as development
of postharvest systems to assess and preserve

https://www.ars.
usda.gov/
southeast-area/
dawson-ga/
national-peanut-
research-
laboratory/

peanut

Appendix I1: Genetic Resources of Peanut During the Last

10 Years

Cultivar

Important traits

Cultivation location

Habit group: Spanish

Bunch

GG-5 (Gujarat
Groundnut-5)

Drought tolerant; leaflets stay green
at maturity

Gujarat, India

Jawahar groundnut-3
(JGN-3)

Tolerant of drought, sucking pests
and leaf spots (ELS, LLS)

Madhya Pradesh, India

R-9251

Early maturity; tolerant of PBND

Karnataka, India

Apoorva (R-8808)

Tolerant of LLS and PBND

Karnataka, Andhra Pradesh and
Tamil Nadu, India

Phule Vyas (JL-220)

High oil content; early maturity

Mabharashtra, India

ALR-3 (ALG-63)

Suitable for early sowing in
south-west monsoon; tolerant of
LLS and resistant to rust

Tamil Nadu, India

Co-3 (TNAU-256)

Tolerant of PBND

Tamil Nadu, India

VRI (Gn)-5 Resistant to rust and LLS Tamil Nadu, India

Co (Gn)-4 Resistant to rust and LLS; possesses | Tamil Nadu, India

(TNAU-269) high oil content

GG-7 (J-38) Early maturity; tolerant of LLS Gujarat and southern Rajasthan,
India

AK-159 Early maturity; possesses high oil Maharashtra and Madhya Pradesh,

content

India

(continued)
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Cultivar Important traits Cultivation location
GG-6 Early maturity; high shelling (73%) | Gujarat, India
TPG-41 Large seeds (>60 g/100 kernels); Throughout India
high O/L ratio (3.27), tolerant of
rust; possesses fresh seed dormancy
(up to 25 days)
TG-37A Possesses fresh seed dormancy (up | Rajsthan, Uttar Pradesh, Punjab,

to 15 days); tolerant of collar rot,
rust and LLS

Gujarat, Orissa, West Bengal, and
NEH states, India

Vikas (GPBD-4)

Resistant to LLS and rust

Maharashtra, Karnataka, Andhra
Pradesh, Tamil Nadu, Jharkhand,
West Bengal, Orissa, and Assam,
India

Prutha (Dh-86)

Semi-dwarf; high harvest index
(HI); tolerant of LLS and sucking
pests

Gujarat, southern Rajasthan,
Maharashtra, Orissa and West
Bengal, India

Kadiri-5

Tolerant of drought and leaf spots

Aandhra Pradesh, India

Kadiri-6 (K-1240)

Tolerant of leaf spots

Aandhra Pradesh and West Bengal,
India

Pratap Mungphali-2
(ICUG-92195)

Tolerant of ELS, LLS and PBND
and tolerant of Spodoptera litura,
leaf miner and thrips

Rajasthan, India

GG-8 (J-53)

Tolerant of PBND, collar and stem
rot diseases

Northern Maharashtra and Madhya
Pradesh, India

TG-38B (TG-38)

Tolerant of stem rot

Orissa, West Bengal, Bihar and
North Eastern states, India

Vasundhara
(Dh-101)

Tolerant of stem rot, PBND, thrips
and Spodoptera litura

West Bengal, Orissa, Jharkhand
and Assam, India

Ratneshwar (LGN-1)

Tolerant of LLS, stem rot, rust and
PBND

Maharashtra, India

TLG-45 Large seeded Maharashtra, India
SG-99 Tolerant of PBND Punjab, India
ICGV-91114 Early maturity; tolerant of rust and | Andhra Pradesh and Orissa, India

LLS and drought

Phule Unap (JL-286)

Early maturity; tolerant of LLS, rust
and stem rot, thrips, leaf miner and
Spodoptera litura

Maharashtra, India

Abhaya (TPT-25)

Tolerant of early and mid-season
moisture stress conditions; tolerant
of LLS, sucking insects (jassids and
thrips) and Spodoptera litura

Andhra Pradesh, India

TMV (Gn-13)

Tolerant of early and mid-season
moisture stress conditions, tolerant
of LLS, rust and PBND

Tamil Nadu, India

Kalahasti
(TCGS-320)

Suitable for rabi situation for
kalahasti malady endemic areas and
also for kharif in North coastal and
north Telengana of Andhra Pradesh;
tolerant of PBND; resistant to
jassids

Andhra Pradesh, India

(continued)
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Cultivar

Important traits

Cultivation location

Narayani (TCGS-29)

Tolerant of mid-season moisture
stress conditions

Andhra Pradesh, India

VL-Moongphali-1

Resistant to LLS and root rot
diseases

Uttarakhand, India

TG-51

Tolerant of stem rot and root rot
diseases

West Bengal, Orissa, Jharkhand
and Assam, India

Ajeya (R-2001-3)

Resistant to PBND; drought
tolerant; wider adaptability

Southern Maharashtra, Karnataka,
Andhra Pradesh, and Tamil Nadu,
India

VRI (Gn)-6 Tolerant of LLS, rust and PBND Southern Maharashtra, Karnataka,
Andhra Pradesh, and Tamil Nadu,
India

Jawahar Tolerant of ELS, LLS and drought | Madhya Pradesh, India

Groundnut-23

(JGN-23)

Kadiri-9 Tolerant of early and end-of-season | Andhra Pradesh, India

drought
Greeshma Early maturity; tolerant of drought, | Andhra Pradesh, India

high temperature and aflatoxin
contamination

Vijetha (R-2001-2)

Resistant to PBND

West Bengal, Orissa, Jharkhand,
Assam; southern Maharashtra,
Karnataka, Andhra Pradesh, and
Tamil Nadu, India

Girnar-3 Tolerant of leaf miner and thrips West Bengal, Orissa, and Manipur,
(PBS-12160) India
Kadiri Haritandhra | Possesses fresh seed dormancy Karnataka and Maharashtra, India
(K-1319) (up to 20 days); multiple diseases

(rust, ELS, LLS, stem rot, PBND)

and insect pests (thrips, Spodoptera

litura, jassid, Helicoverpa) resistant
GPBD-5 Tolerant of LLS and rust Jharkhand and Manipur, India
JL-501 Early maturity Gujarat and southern Rajasthan,

India

RARS-T-1 and T-2 Bold seeded pods Andhra Pradesh, India

Pratap Raj Early maturity; tolerant of ELS, Andhra Pradesh, India
Mungphali LLS, PBND, jassids, thrips, leaf

miner and Spodoptera litura
ICGV-00350 Resistant to LLS and rust; tolerant | Tamil Nadu and Andhra Pradesh,

of stem rot

India

GIG-31(J 71)

Tolerant of stem rot

Gujarat, India

Habit Group: Virginia Runner

DSG-1

Suitable for transitional zone for
rain-fed conditions

Karnataka, India

GG-14 (JSP-28)

High oil content; tolerant of thrips,
Spodoptera litura and leaf miner

Northern Rajasthan, Punjab,
Haryana and Uttar Pradesh, India

Utkarsh
(CSMG-9510)

Possesses fresh seed dormancy (up
to 4045 days)

Uttar Pradesh, Punjab and northern
Rajasthan, India

(continued)
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Cultivar Important traits Cultivation location

Durga (RG-382) Suitable for sandy and loamy soils; | Rajasthan, India
resistant to jassids, leaf miner and

thrips

GG-16 (JSP-39) Tolerant of PBND, root rot diseases, | Tamil Nadu, Andhra Pradesh,
thrips, Spodoptera litura and leaf Kerala and southern Maharashtra,
miner India

M-548 High protein content; bold kernel; Punjab, India
tolerant of leaf spots and collar rot

GJG-HPS-1 Bold kernels (76 g/100 kernels) Gujarat, India

(JSP-HPS-44)

Divya Tolerant of PBND Uttar Pradesh and Rajasthan, India

(CSMG-2003-19)
Raj Mungfali 1 (RG | Bold kernels (76 g/100 kernels) Rajasthan and Punjab, India
510)
GIG-17 (JSP-48) Tolerant of stem rot Gujarat, India
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Chapter 9
Advances in Edible Pine Nut Trees
(Pinus spp.) Breeding Strategies

Hanguo Zhang and Zhen Zhang

Abstract In response to the increasing demand for food and nutrition, there is an
urgent need to improve the structure of grain production. The development and
utilization of resources such as edible pine nuts will effectively alleviate the demand
for grain crops. Edible pine nuts are an important food resources, are nutrient rich
and may be a useful component and supplement of a healthy diet. In order to meet
the growing demand for pine nuts, their economic value should be fully understood
and existing wild pine nut resources should be sustainably managed to increase
productivity. In order to achieve this, research into pine nut improvement and pro-
duction should be strengthened; part of this process is the development of a selec-
tive breeding program. This chapter explains the collection, conservation,
management, development and utilization of edible pine nut tree germplasm
resources in a breeding strategy, and presents case studies where improvements to
seed quality and pine nut production have been achieved.

Keywords Biotechnology - Conservation - Evaluation - Genetic improvement -
Genetic resources

9.1 Introduction

Global human population is expected to reach 9 billion by 2050 and the Food and
Agriculture Organization (FAO) believes that grain production will need to rise by
70% within the next 40 years to meet the associated increased demand for food.
Thus, there is an urgent need to improve the structure of food production (Ronald
2014) to ensure an adequate supply of nutritious food.
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Advances in technology have contributed to the development of nuts as a healthy
food source and appropriate methods of collection, conservation, management and
utilization of these resources have been researched. Edible pine nut trees, which are
an important food resource (Agrimi 2017; Nergiz and Donmez 2004; Pettenella
et al. 2014), provide pine nuts that can effectively supplement diets. Pine nuts are
considered to have high nutritional and health values and are featured in oriental and
high-quality western cuisine (Kang et al. 2015; Park et al. 2013, 2016; Wang and
Chen 2004; Xie et al. 2016).

Pine nut production is currently not meeting market demands and there are fre-
quent seasonal availability issues, particularly prior to harvest, that drive high prod-
uct prices. To meet the growing demand for pine nuts, it is important for research to
engage with the pine nut industry to improve and increase stability of production,
understand the economic value of the industry, ensure appropriate management of
existing wild pine nut resources and improve the pine tree breeding process for
enhanced seed production.

9.2 Distribution and Importance

9.2.1 Resource Distribution and Morphological
Characteristics

Although theoretically all pine seeds (nuts) are edible, most are too small to harvest
for food. Globally, there are more than 100 species of pine trees that produce suffi-
ciently large seeds; of these, about 30 are suitable for consumption (Ren et al. 2006),
including Pinus koraiensis, P. pinea, P. sylvestris, P. cembra, P. edulis and P. mono-
phylla, and constitute the main sources of pine nut products in the world. These
species have a wide global distribution, for example, P. koraiensis occurs in north-
eastern China, P. pinea and P. sibirica Du Tour in continental Europe, P. edulis in
Canada, the USA and Mexico. There are broad morphological and ecological differ-
ences among the species, where plant height ranges from multi-stemmed bushes
under 5 m (such as P. pumila) to trees with a main trunk and height of more than
30 m (such as P. sibirica and P. koraiensis) and habitat conditions range from barren
and cold (=50 °C) in northeastern Siberia (P. pumila) to hot, semi-desert elevations
over 1500 m in New Mexico, Nevada and Mexico and high plateau areas of 2000 m
in China (P. armandii). Pine seed productivity varies among species, from up to
335 kg ha=! for P. coulteri, to 100 kg ha™! for P. koraiensis and 50-60 kg ha=! for P.
sibirica. Although some closely related species have similar biological and ecologi-
cal characteristics, such as P. sibirica and P. koraiensis, they have morphological
differences. For example, Mao et al. (2003) reported that compared P. koraiensis, P.
sibirica seeds were narrower, the episperm was about two-thirds thinner, the stone
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cell layer on the testa section was thinner and the protective ability was poorer.
Furthermore, there were intraspecific variations in seed weight and nutrient compo-
sition depending on cultivation location, where P. koraiensis grown in the Baekdu
Mountain in China had a higher 1000 seed weight, lower percent of shelling and
lower oil quality than when grown in Lesser Khingan in China. The global distribu-
tions of the main edible pine nut tree species are shown in Table 9.1.

Table 9.1 Global distribution of the main species of edible pine nut trees (Pinus spp.)

Continent | Species Distribution Reference
Eurasia | P. koraiensis Far eastern Russia; northern Japan; north-central Zheng
Sieb. et Zucc. Korean Peninsula; Backdu Mountain and Lesser (1983), Ma
Khingan in northeast China et al.
P. armandii Northwestern, south-central and southwestern (1992) and
Franch. China; 2000-3000 m elevation in north-central Lim
Taiwan; southern Japan (2012)
P. sylvestris Russia (Europe and Siberia); northern Kazakhstan;
(Loud.) Mayr northern Mongolia
P. pumila (Pall.) | Japan; North Korea; northern Mongolia; east of the
Regel Ennis River in Siberia; Greater and Lesser Khingan
in China
P. parviflora Japan (1300-1800 m elevation)
Sieb. et Zucc.
P. roxburghii India; Pakistan; Nepal
Sarg.
P. pinea L. Low-elevation areas of Mediterranean, such as Italy,
Spain, Portugal, France, Tunisia and Turkey
P. cembra L. Alps and Carpathian Mountains of central European,
including Poland, Switzerland, France, Italy,
Austria, Germany, Ukraine and Romania, distributed
at elevations of 1200-2300 m
North P. edulis Semi-desert regions of USA, Canada and Mexico, Mutke
America | Engelm. mainly distributed at elevations of 1600-2400 m, (2012)

and rarely occurring below 1400 m or over 3000 m

P. monophylla
Torr. & Frém.

USA and northwestern Mexico, at elevations of
1200-2300 m, and rarely occurring below 950 m or
over 2900 m

P. cembroides
Zucc.

Western North America, from west Texas to
southern Mexico, in areas of low precipitation
(380-640 mm yr.7") at elevations of 1600-2400 m

P. sabineana

California, USA at about 1200 m elevation

Douglas ex

D. Don

P. coulteri Southern California, USA and northern Baja

D. Don California, Mexico at elevations of 200-2300 m

P. lambertiana
Douglas

North American Pacific coast from Oregon to
California and Baja California, Mexico
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9.2.2 Nutritional Value

Pine nuts are rich in fats, proteins and carbohydrates, and also contain trace ele-
ments (calcium, iron, zinc) and other micronutrients and vitamins and as such, are a
highly nutritious, high value healthy foodstuff (Wolff et al. 2000). Pine seeds are
generally rich in oil (fat) content; for example, Pinus koraiensis and P. pinea contain
67.89 and 44.90% fat, respectively. Pine nut oil is a high-grade edible oil and a raw
material used in the pharmaceutical industry, since it contains high levels of unsatu-
rated fatty acids, such as linoleic acid and pinolenic acid. Pine nuts are known to
contain nutrients useful in the maintenance of brain health and have properties that
prevent hypertension, lower blood lipids and glucose, and suppress allergic reac-
tions. In addition to high oil content, pine nuts are rich in amino acids. A gram of
protein of P. koraiensis or P. pinea pine nut contains 203 and 244 mg of essential
human amino acids, respectively, and they are rich in glutamic acid that acts as a
detoxifier and has positive effects on juvenile mental health and memory and lan-
guage disorders caused by schizophrenia and cerebrovascular disorders.
Micronutrients and trace elements are present in pine nuts, where content of cal-
cium, zinc, iron, ascorbic acid (vitamin C), and riboflavin (vitamin B,) per 100 g of
P. koraiensis and P. pinea seed is 13.3 and 13.8 mg, 7.7 and 6.4 mg, 8.5 and 10.2 mg,
18.8 and 2.5 mg, and 0.41 and 0.28 mg, respectively. The fat content in pine nuts has
been shown to be similar to that in walnuts and Brazilian pine and higher than that
in hazelnuts (Corylus spp.), Siberian apricot (Prunus sibirica), yellowhorn
(Xanthoceras sorbifolia) and African oil palm (Elaeis guineensis) (Fernandes et al.
2010; Nasri et al. 2005; Sathe et al. 2008; Savage 2001; Sharma et al. 2010;
Venkatachalam and Sathe 2006; Zhang et al. 2015).

9.2.3 Market Value and Utilization

Nuts were one of the earliest human food sources and were an important symbol of
the human civilization process; today, pine nuts are one of the most highly con-
sumed nuts. Globally, commercial production of pre-processed pine seed is c.
55,000 mt, reaching about 65,000 mt in peak years, deriving from Russia (30,000
mt of Pinus koraiensis and P. sylvestris), China (20,000 mt of P. koraiensis and P.
armandii), North Korea (3000 mt of P. koraiensis), Afghanistan and Pakistan (4000
mt of P. roxburghii), and Spain, Italy, Portugal and Turkey (2000 mt of P. pinea).
When converted to processed pine nuts, the global production of only around 20,000
mt is substantially lower than the market demand. Previously, most studies of pine
cultivation focused on forest species for timber, whereas recent studies have turned
their focus to forests as sources of food, such as for pine seed production that mainly
relies on natural, rather than commercially-planted forests. There has been a recent,
gradual increase in plantation forestry for the production of pine seeds in China and
Europe (Mutke et al. 2005).
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Although pine nuts are one of the most expensive nuts on the market, prices are
surprisingly stable, since the limited supply and lack of alternatives creates a market
that differs from other agricultural products. Although there are inter-year variations
in supply of pine nuts, fluctuations in price tend to be low. For example, the market
price of pine nuts exported by the US in 2000 and 2002 did not reflect the 88%
increase in production since prices fell by only 8% (Ren et al. 2006).

As pine seed production fails to meet market demand, pine nuts tend to be sea-
sonally available, with periods of a lack of global stocks generally occurring a few
months prior to harvest that inflates prices. For example, in the United States, the
market price 2002 ranged between 20 and USD 35 kg™' and the retail price of pine
nut oil was USD 70-140 L', or higher when used in the medicinal and food addi-
tive industries. Social consumer demand and purchasing power continues to drive
demand for pine seeds.

In order to meet this growing demand, research is required to fully understand
the economics of pine seed production with the goal of increasing and stabilizing
productivity, appropriately managing existing wild pine nut resources, and improv-
ing selective breeding programs. In general, studies should focus on the use of supe-
rior natural resources for breeding and cultivation, pruning management of tree
crowns, and water and fertilizer management.

9.3 Genetic Resources Conservation and Utilization

Previously, genetic improvement studies of pine trees were directed towards timber
production. Some widely used pine trees have advantages of high output, such as
Pinus taeda L. and P. elliottii Engelm. in the southeastern United States, P. radiata
D. Don in Australia and New Zealand, P. sylvestris and P. pinaster Ait. in Europe.
During the breeding process, metrics of multi-level genetic improvement are used
to select genotypes with fast growth, good quality and strong adaptability for fores-
tation. The directed, rapid-generation breeding using theoretical and technical sys-
tems are well established and have a proven track record in the development of
commercial timber forestry around the world. The principal pine tree species in
several countries have been bred for more than three generations to develop multi-
ple targets, such as yield, quality and resistance improvement. For example, the
genetic improvement of P. faeda in the United States, now in its fourth generation,
has increased genetic gain from 10% in the first generation to 35% in the third gen-
eration, and the third generation of P. radiata has been completely improved in
Australia and New Zealand, mainly through the use of a forward breeding strategy
that increases genetic gain and maintains genetic diversity.

Modern forest tree breeding technology, which uses molecular and cell engineer-
ing at its core, has accelerated the process of selective breeding of new forest tree
varieties with improved growth, quality and resistance properties. However, studies
of collection and use of superior genetic resources of edible pine nut species and
detailed research on their cultivation are relatively recent. Breeding of Pinus
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koraiensis in its natural areas of distribution (northeast China, Far East Russia,
Japan, North and South Korea) began in the 1960s and was essentially based on
selection criteria for timber, such as growth and material improvement, crossbreed-
ing, selection of seed families, management of flowering and fruiting, and asexual
reproduction. However, selection of traits for pine trees for seed production is in its
infancy, where forest seed resources and clones have been established in Northeast
China. For example, P. koraiensis seed and superior tree progeny test nurseries have
been developed to provide stratified support to seed collection from natural and
managed forests and nearly 30 improved varieties with better seed quality and pro-
duction have been put into commercial production (Zhang et al. 2015). Breeding of
P. armandii was previously aimed at timber traits and recent preliminary research
has focused on the variation and selection of fruit characters, grafting propagation,
and construction of a seedling nursery, although the economic value of edible seed
of P. armandii has not been confirmed. There are fewer studies on the edible proper-
ties of P. pumila and P. sibirica, probably because the seed is small and the distribu-
tion range is narrow. Pinus koraiensis has been the subject of selective breeding in
Korea, where seedling genotype nurseries have led to varieties with high quality
timber rather than edible seed traits. Although there are many edible pine nut spe-
cies in the United States, and there is a long history of pine nut consumption, there
is no dedicated edible pine nut tree breeding program. For instance, production of
edible seed in P. edulis is combined with Christmas tree and ornamental tree
cultivation.

There has been research on the breeding of Pinus pinea varieties for edible seeds
in Spain and Portugal, where focus during the last few decades has been on genetic
variation, provenance testing and fructification. In Russia, more attention has been
directed towards pine nut production in P. sibirica (Mutke et al. 2005), where the
current focus is on cultivation and selection of superior genotypes with improved
seed yield. Since 1991, Russia has banned the logging of natural P. sibirica forests
and determined that 70-90% of them are economically and ecologically important
forests and has so designated one million hectares. The Altai Mountains in Russia is
a center of P. sibirica cultivation, where nurseries contain 15 million selected
genetically-superior seedlings and 4000 ha of forest are planted each year. The
screening of high-yielding and large-fruited clones of P. sibirica resulted in a 24%
increase that was achieved by high-branch grafting covering 70.5 ha, fruition to
150 kg per hectare. The research program of the former Soviet Union resulted in
breeding varieties with higher branch fruition and yields of pine nuts and 180 trees
were selected and grafted to create high-yielding clones.

In recent years, the breeding of edible pine nut tree has been paid increasing
attention worldwide. However, some problems have emerged from previous studies.
First of all, there was a lag in the breeding of pines with edible nuts. The commercial
properties of edible pine nut trees are affected by yield, size and nutrient content.
Therefore, it was necessary to increase the proportion of directional hybrid breeding
and molecular-assisted breeding, and to develop genetic resources with special
genetic traits and strong resistance. In addition, combining somatic embryogenesis
technology was a very important new approach to meet the breeding and commer-
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Fig. 9.1 The callus induction of Pinus koraiensis. (a) Immature embryos inoculated on induction
medium for 1 day, (b) Callus induced after 30 days. (Source: Wang et al. 2009)

cialization of multi-variety forestry (MVF) (Find et al. 2014; Lelu-Walter et al.
2013). Embryonic callus was formed by callus culture in elite germplasm materials,
then the elite germplasm materials were selected and preserved. Therefore, the
induction of callus tissue, especially embryonal callus tissue, will be a leading issue
in the study of conservation of edible pine nut tree germplasm resources. For exam-
ple, Wang et al. (2009) used immature embryos of Pinus koraiensis to induce the
callus, screened the suitable culture conditions and reported on the cryopreservation
technology (Figs. 9.1, 9.2 and 9.3). Because many in vitro cultures of edible pine nut
trees were still confined to the stage of experiment results, especially the regulatory
mechanism of dedifferentiation and redifferentiation of isolated cells, the key gene
regulation mechanism of somatic embryogenesis and the mechanism of variation
in vitro culture still need further research (Klimaszewska et al. 2011). Similar to
other pines, the technology of isolated pines to enhance the large-scale production
process on the basis of successful laboratory culture needs to be further optimized.

9.4 Cultivation Challenges and Breeding Objectives

9.4.1 Problems Facing Pine Nut Production

Enhanced pine nut research is required to increase and stabilize production and is a
key element of an effective research program to initiate tree improvement by breed-
ing from appropriate stock. Zobel and Talbert (1984) clearly stated that in most
forest improvement, the largest, the cheapest and the quickest genetic gain is
obtained through the selection of suitable seed production places. If the individual
edible pine nut trees that make up the base population are substandard, cultivated
commercial varieties may show poor adaptability and growth leading to low yield
and economic value.
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Fig. 9.2 Pinus koraiensis embryogenic callus. (a) Appearance, (b) Appearance under microscope,
(c) Embryonal-suspensor mass (arrow). (Source: Wang et al. 2009)

9.4.2 Breeding Objectives

Forest tree breeding is a continuous and long-term process that includes selection,
measurement and breeding of specimens to expand the population for allocation of
commercial varieties and preservation of genetic resources. Therefore, breeding
strategies should be based on a cycle that includes breeding, cultivation and selec-
tion of new varieties (Fig. 9.4).

The core activities in a breeding program are genotype selection and crossbreed-
ing. These activities are carried out sequentially in each cycle so that elite genotypes
are selected to form a breeding population from which individuals are selected for
crossing to induce allelic recombination. The offspring produced by crossbreeding
are planted to form a basic population ready for a subsequent breeding cycle and
process of selection that increasingly produces genetic gain.
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Fig. 9.3 Germination of somatic embryos on germination medium at different intervals. (a) 1, (b)
10, (¢) 30, (d) 45, (e) 60 days. (Source: Wang et al. 2009)

Although there may be differences in the implementation of a program, such as
population size and selection intensity, the steps of selection, hybridization, genetic
determination and mass production of commercial varieties are the same.
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Fig. 9.4 Breeding cycle for improvements to forest tree species. (Source: White et al. 2007)

9.5 Conventional Breeding Approaches

9.5.1 Selective Breeding
9.5.1.1 Selection of Genetic Resource

Forest tree germplasm is the basic raw material to create new varieties and may be
derived from propagative material of wild or cultivated, species and subspecies. The
purpose of breeding improved in edible pine nut varieties is to cultivate those with
high yield and high quality traits, where indicators in candidate genotypes include
seed weight per plant, seed yield per 1000 grains and nutritional quality. The first
step in the breeding process is to collect cuttings of trees with demonstrated high-
quality traits and establish a cutting nursery for further cuttings or collection of
seeds; the second step is to collect seeds to test for quality of generation and then
select those offspring with high-quality traits.



9 Advances in Edible Pine Nut Trees (Pinus spp.) Breeding Strategies 311

In a comparison of multi-year data on seed yield of Pinus koraiensis from seed
nurseries, managed forests, selected clones, the highest yields were from clones
(Table 9.2). Therefore, it is necessary to combine seed yield and seed quality, insist
on selecting the finest clones for a long period of time, carry out fine variety breed-
ing and establish P. koraiensis nut orchards.

Zhu et al. (2006) studied seed traits of Pinus armandii and found annual vari-
ability in seed yield among provenances as well as yearly differences in seed yield
of cones (Table 9.3). Relative seed stability was recorded among 95 clones and seed
traits among 20 selected clones (Table 9.4). No correlation was recorded between
seed yield and seed traits of clones; seed yield had no effect on seed quality.
Therefore, in the selective breeding of P. armandii, seed yield as a selection index
would not affect the quality of the seeds nor would it have great economic potential.
We investigated the number of fruit and seed traits of 4316 individuals from 78
clones of P. armandii and determined that high yielding, high quality edible pine
seed clones should be comprehensively evaluated using indicators of seed weight
per plant, 1000 seed weight and seed production rate. This comprehensive selection
index (CSI) method was used to screen out five high yielding, high quality edible
pine nut clones.

Table 9.2 Comparison of seed yield of selected Pinus koraiensis clones

Tree Average
age | Average Maximum Minimum Age at first seed yield
Type (yrs) | seeds/plant | seeds/plant | seeds/plant | Fructification (kg/ha)
Seed 27 17.3 28.8 52 9 250
orchard
Fine clone |27 28.5 60 15 7 750
Artificial 38 8.0 13.1 3 18 100
seed
collecting
forests

Table 9.3 Differences in Pinus armandii seed yield by Chinese provenance and year of
fructification, 2001-2004

2001 2002 2003 2004
Cones Cones Cones Cones
per Number | per Number | per Number | per Number

Provenance |plant |of plants |plant |of plants |plant |of plants |plant | of plants
Guizhou 3.98 568 5.58 444 4.32 860 13.76 748

pingnbei

Yunnan 4.56 1842 5.99 1406 6.68 1897 29.36 | 1719
chunxiong

Yunnan 3.40 339 4.58 238 5.17 293 21.03 346
dongchuan

Sichuan huili |3.26 420 5.34 458 3.96 692 19.15 634
Yunnan 1.20 34 1.80 26 3.06 94 14.03 70
baoshan

Mean 3.89 3203 5.64 2572 5.48 3936 23.15 | 3517




312 H. Zhang and Z. Zhang

Table 9.4 Investigation on seed trait of different Pinus armandii clones

Seed
Strain 1000 seed Number of Weight per | Satiation length Seed width
code no. | weight (g) seeds per fruit | fruit (g) ratio (%) (mm) (mm)
8 409.45 172 70.29 15 14.1 9.2
19 327.15 82 26.83 28 12.9 8.73
21 342.25 105 35.82 9 13.6 8.9
22 327.45 117 38.31 7 12.7 9.1
23 272.9 94 25.65 5 11.9 8.8
24 307.65 145 44.71 4 134 8.4
25 336.85 87 29.42 25 13.6 9.0
32 399.85 141 56.38 23 14.7 9.0
34 386 128 49.40 10 14.4 8.9
35 198.7 176 52.67 8 12.1 8.6
36 305.25 178 54.23 8 12.8 8.3
38 309.45 127 39.20 6 12.1 8.9
40 391.9 111 43.50 15 14.1 9.1
41 446.1 110 49.07 10 15.3 9.3
42 537.5 119 63.78 4 13.6 9.0
45 323.75 122 39.50 15 12.8 8.8
48 319.55 104 33.23 9 12.6 8.5
49 347.5 137 47.68 13 14.2 9.0
84 275.51 53 14.51 22 11.8 8.5
98 351.85 132 46.33 15 12.8 9.8

9.5.1.2 Collection and Preservation of Tree Germplasm

Germplasm for the development of improved seed production should be collected
from various regions and collections established for centralized management and
according to use. For example, a temporary nursery is used to accommodate grafted
cuttings for the construction of seed (nut) orchard, whereas a long-term collection
is used to provide parents for crossbreeding and to cultivate subsequent generations
as material for seed orchard construction. Here we describe the two types of collec-
tion areas.

A temporary nursery is a supply of tree scions for the construction by grafting of
clones of asexually reproduced edible pine nut trees for seed orchards; this approach
has been adopted by the Pinus koraiensis nursery in China that has existed for more
than 10 years and is continuously updated as new varieties are selected. The quality
of cuttings is a key factor that influences the survival rate of twig grafting, so grafted
material tends to come from fresh local cuttings nurseries or healthy trees to reduce
the effects of differences in growth trends and storage. Grafting survival rates using
nursery material reach 75-96%, while that using healthy trees is only 50-70%.
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Intensively managed, small-scale cuttings nurseries are preferred, since cuttings are
of high quality and management conditions are good that lead to rapid growth of
rootstock and early harvesting, and the efficient dense planting practice that pro-
duces large numbers of cuttings from a small area. For example, at the Maoer
Mountain Experimental Forest Farm of the Northeast Forestry University in China,
50 selected clones of P. koraiensis were used to establish a cuttings nursery and each
clone comprised 10-15 plants. The site was planted in the second year after graft-
ing, and 5 years later, the seed orchard and breeding groups will be providing high-
quality cuttings.

The basic methods of constructing a cuttings nursery, using Pinus koraiensis as
an example, are as follows:

(a) Selection of cuttings: genotypes with high yield and high-quality fruit are
selected following asexual reproduction and then cloned.

(b) Collection of cuttings: prior to sap flow, collect pest and disease free 1-year-old
branches that measure 15-20 cm in length and exhibit strong growth with full
head buds from the upper part of the crown of the fructification of cloned seed
trees. Following removal, cuttings should be placed in a freezer plantlet vault.

(c) Grafted rootstock selection: select 4-5-year-old pest and disease free plantlets
with strong growth, 20-30 cm in height that will be planted in a nursery site that
has a gentle terrain, with a soil depth of 50-70 cm and a 20 cm-deep sandy loam
topsoil containing 2-3% organic matter.

(d) Grafting time: Once rootstock sap begins to flow and the air temperature reaches
at least 15 °C, grafting is done using the medullary heart-shaped layer splicing
or splicing method.

(e) Nursery construction: the site should be gently sloping, with a free-draining soil
depth of 50-70 cm and a 20 cm-deep neutral or acidic sandy loam topsoil con-
taining 2-3% organic matter soil. The soil should be deeply cultivated and a
base fertilizer applied prior to planting rootstocks 0.4 cm in diameter and less
than 25 cm long at 1 x 1.5-m spacing, in April.

(f) Management: ensure the cuttings remain weed-free by removing weeds 3-5
times throughout the year and apply farmyard manure or topdressing compound
fertilizer annually to the cuttings, before July.

(g) Monitoring: around September—October, when the shoot growth ceases and ter-
minal buds form, survival rates of grafted seedlings should be assessed.

A long-term collection provides grafted cuttings for the establishment of primary
seed orchards and improved first generation seed or nut orchards for a longer period
of time, parent plants for crossbreeding full-sib families, and second-generation
clonal seed orchards. The long-term collection is also known as a breeding orchard
for first generation breeding. Since the breeding orchard undertakes long-term
breeding tasks, its construction method differs from the temporary nursery to facili-
tate long-term preservation, ease of management and use.
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9.5.2 Hybridization

Hybridization refers to the mating (crossbreeding) of two parents of different
genetic composition and is an effective method and major approach for the genetic
improvement of plants. Its effectiveness lies in the fact that through sexual hybrid-
ization, gene recombination results in greater genetic variation and greater vigor.
Intra- and interspecific hybridizations are carried out to produce new hybrids of
edible pine nuts, screen for more adaptable hybrids, and create conditions for the
expansion of planting scope in the future. Studies have shown that the hybridization
of species from two different habitats may result in adaptation to the two environ-
ments from which the parents derived, and solve the problems associated with sim-
ple introductions. For example, in 40 years, Russia has rarely succeeded in the
direct introduction of Pinus sibirica to Europe, since its performance in the new
environment usually declines. Crossbreeding is an important part of conventional
forest plant breeding, and has only recently been used in edible pine nut trees.

The main purpose of hybrid seed production is to produce hybrid combinations
with heterosis (stronger) traits. Pollination is often difficult in tall pine trees and the
success rate is greatly affected by florescence that is influenced by climatic factors
(Politov et al. 1999). Prior to using pollinating pine trees in a breeding program, the
flowering characteristics of the tree species must be understood. Edible pine nut
trees are monoecious, where female flowers (cones) are located in the upper part of
the crown, some are born at the top of the crown (such as Pinus koraiensis), but
most are located at the top of the trunk or on new branches of the main branch,
whereas male cones are located in the middle and lower part of the crown. Long-
term observation of the flowering period of the tree species is required to define the
receptive period of the female cone and the period of pollen dispersal from the male
cone. In general, a mating program is designed based on bagged female cone clones
and collected pollen clones (Petrova et al. 2008).

Using Pinus koraiensis as an example for the determination and selection of new
hybrid germplasm in edible pine nuts in China, we note there have been few studies
on hybrid breeding. In 2014, the double-column hybridization of P. koraiensis was
carried out in the P. koraiensis seed orchard in Amurensis and the Qingshan seed
orchard in Linkou County in China (Fig. 9.5), where test material included parental
selection after traits of tree growth, fructification and seed had been assessed in the
previous year. After harvesting the hybrid cones in 2015, we analyzed the seed mor-
phological traits, nutrients and pine nut amino acid content of the different hybrid-
ization combinations, and tested for variation among genetic parameters (Tables 9.5
and 9.6). The range in coefficient of variation (CV) of seed traits was 8.07-36.35%
and the range in CV of 16 amino acid content of soluble protein from the pine nuts
was 16.58-48.13%, the CV of essential amino acids was 29.37% (Mo et al. 2017).

Using the two-site, semi-biserial mating design of the Pinus koraiensis hybrid
combination as test material, combining ability and heritability analysis showed
that the heritability of seed traits, with the exception of hundred-grain weight and
seed weight, were higher and genetically controlled (Table 9.6). The parents with
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Fig. 9.5 The double-column hybridization of Pinus koraiensis. (a) Hybridization (bagging and
pollination), (b) Cones (reciprocal cross)

Table 9.5 Analysis of variance of seed traits and nutritional components of Pinus koraiensis
cultivated in two locations

Weihe Linkou Total
F- F- F-

Trait Mean value | CV Mean value | CV Mean value | CV
Seed trait
Cone weight (g) | 115.22 | s 30.00 |92.31 ok 34.19 | 101.69 ok 34.10
Seed weight (g) 60.17 | s 3291 |52.54 Hk 38.02 | 55.66 Hk 36.35
Seed length (mm) | 16.41 sk 9.06 | 15.14 sk 10.50 | 15.71 $ok 10.65
Seed width (mm) | 10.18 | s 12.62 | 9.80 ok 11.21 9.97 ok 12.04
Length-width 1.63 stk 12.58 | 1.55 Kk 9.97 1.59 ok 11.68
ratio
Kernel percent 31.74 | wx 18.46 | 35.35 stk 14.80 | 33.86 ok 16.64
(%)
Hundred-grain 51.94 | s 19.31 | 48.11 w2522 | 49.97 ok 22.83
weight (%)
Seed weight (%) 0.1738 | s 25.78 | 01777 | s 31.11 0.1759 | s 28.79
Fat (%) 5712 | s 9.10 | 59.27 #k 6.76 | 58.28 *k 8.07
Nutritional Component
Protein (%) 9.77 Hok 19.54 | 9.21 Hok 30.61 9.47 Hok 2591
Polysaccharide 9.66 | x 32.40 1 10.27 Kok 29.56 9.99 Kok 30.89
(%)
Moisture (%) 4.21 Hk 20.61 | 3.71 Hok 25.58 3.94 Hok 23.99
Ash (%) 224 | 30.82 | 243 *k 23.66 2.34 Hk 27.12

CV: coefficient of variation (%). # significant at P < 0.01, * significant at P < 0.05.

Table 9.6 Estimation of heritability of various characters of Pinus koraiensis in Weihe and Linkou

(%)
Total
Hundred- Seed Essential amino
Location | grain weight | weight | Polysaccharide | Fat Protein | amino acids | acids
Weihe 55.78 61.99 75.23 70.27 |76.76 | 50.27 69.45
Linkou | 44.36 57.35 55.36 67.24 |35.8 61.73 62.66




316 H. Zhang and Z. Zhang

higher general combining ability (GCA) were hybrid combinations 042 and 79-9
and could be used as materials for the establishment of nut orchards; the hybrid
combinations with higher specific combining ability (SCA) were 144 x 011, 79-9 x
10, 79-9 x 17, that could be used as a special serial number to provide materials for
the establishment of nut orchards.

9.5.3 Clonal Breeding

Vegetative propagation or reproduction has the ability of maintaining parent charac-
teristics and stability of reproduction that will enable the seed of forest trees to
achieve higher genetic gain. Selection of edible pine nut clones focuses on variation
in seed traits and biochemical composition, especially seed kernel size and type and
content of oils, in individuals; therefore, selection of clonal propagated individuals
with superior traits drives high quality in nuts. There are various methods of vegeta-
tive propagation; the most widely used are grafting, which is used to provide clonal
grafted seedlings for establishing orchards, and cutting techniques that are used to
provide afforestation seedlings for the construction of clonal forests. At present, the
edible pine nut is mainly cultivated using grafted seedlings, because variation
between individuals of the same genotype is small, leading to higher genetic gain
than sexual reproduction.

In the 1980s, a large-scale, first-generation orchard was established using grafts
to create seed orchards. Coniferous species such as Pinus koraiensis and P. arman-
dii are more difficult to graft and cottage than broadleaf species and their survival
rate is low. Following years of research, the survival rate of grafting is now greater
than 80% and good results have been achieved in the large-scale establishment of
the orchard.

9.5.3.1 Collection of Hardwood Scion

(a) The time to collect hardwood scion by cutting is before sap begins to flow and
for Pinus koraiensis, this is usually from the middle to the end of March. Seed
trees should be selected with good growth traits and strong fruiting ability.
Practice has showed that graft survival rates are higher when scions are col-
lected late, but before sap flow.

(b) Scion stripping site is selected from a robust, 1-year old peripheral branch of the
upper part of the crown, usually the second to third branch up the trunk, and
should measure c. § mm thick. In order to protect the seed tree for future scion
strippings, only a small number of branches should be stripped at one time. The
scions should be bundled separately from each plant for storage.

(c) Scions should be stored in a sealed container that is placed on a 50 cm ice block.
The temperature in the cellar should be maintained above —6 °C.
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(d) One day before grafting, the scion should be removed from the storage con-
tainer, ensuring it is free from damage, pests and disease, and then cut 8-10
from the base of the terminal bud ready for grafting.

9.5.3.2 Grafting

In general, there are three types of pine nut tree grafting techniques: hard-branch,
twig and bud that include techniques such as chipped scion or chipped rootstock.
Methods of grafting vary and, using Pinus armandii as an example, three grafting
methods are described below.

Hard-Branch Grafting Hard-branch grafting involves grafting to branches that
are already lignified and have dormant terminal buds on the shoots. We used 3—4-
year old Pinus armandii saplings that had an average height of 80 cm and DBH of
2-3 cm as rootstocks and collected 480 scions from 120 selected trees using between
5 and 10 strains of grafted trees. Hard-branch grafting has three procedures. The
first is medullary cambium grafting which involves cutting branchlets 89 cm long
from the branch of the scion and cutting the scion halfway (ideally 2/5) through the
medullary at 1.5-2 cm from the tip of the terminal bud. Bark is cut from the top
down to the main branch of the rootstock through the phloem and the xylem,
exposing the layer, and the cut surface of the scion is aligned in all planes and
attached to the cut surface of the rootstock. Second, side grafting involves cutting
the scion to 8-10 cm in length obliquely from the base of the terminal bud to the
medullary heart, and then longitudinally through the medullary heart to the base of
the terminal bud. One-half of the scion is chipped-off and a strip of bark is removed
from the entire length. At a point 10 cm above the base of the rootstock, a down-
wards incision is made from the cortex to the medullary heart to meet the longitudi-
nal incision. The blade that is split into halves, one at the medullary heart and the
other upper half is connected to the branch, with a 6—8 cm long incision. The medul-
lary section of the scion has an inwards cut, exposing the inner layer, and the cut
scion is inserted into the rootstock, ensuring alignment in both planes, and fastened
with plastic tape from bottom to top. The third approach is cleft grafting, where the
top 2-2.5 cm of the bud on the scion is cut into a 2—3 cm wedge shape on both sides.
The main branch of the rootstock is cut at more than 10 cm from ground level to
make a smooth, longitudinal 2-3 cm incision from the medullary heart. The cut
scion is inserted into the incision, aligning in both planes, and tied with a plastic
band from the bottom to the top that is subsequently loosened after 60 days. Normal
scion growth indicates successful grafting.

Twig Grafting Scions used for twig grafting at the young-spike stage, which may
be semi-lignified or not yet lignified, where annual shoots of semi-lignified (needle
length 5-6 cm) or non-lignified (needle leaf sheath extends 1-2 cm) are used. It is
thought that twig grafting is more effective than hard-branch grafting for species
such as Pinus elliottii, P. pumila and P. armandii. Twig grafting adopts methods
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Fig. 9.6 Using Pinus armandii as an example, Twig grafting (notch grafting methods and here).
(a) Scions, (b) Notch grafting methods, (¢) Grafts take, (d) Produce cones and (e) Seed orchard
establishment and into production

used in the medullary cambium cutting, abutting joint, picker abutting joint, cleft
grafting and notch grafting methods. Here, we describe the cut-grafting method.
Collect 4-5-year old P. armandii saplings with an average height of 2-3 m and DBH
of 3-8 cm as rootstock, 260 twigs of P. armandii for scions, from which 3—4-cm
length shoots should be cut. Next, a wedge shape of 1-2 cm in length is cut 2 cm
from the base of the main bud and then a vertical cut of 2/3 s diameter of the section
is made to a depth of 1-2 cm. Cut the wedge-shaped section of the scion lightly and
straight down into the longitudinal incision of the rootstock, ensuring alignment in
both planes, and then cover with rubber bands. We have recorded a 70% success rate
using this technique (Fig. 9.6).

The average survival rate of twig grafts of Pinus armandii is 70%, which is
19.15% higher than the average survival rate of hard-branch grafts, which is 50.85%;
the highest survival rate of medullary cambium is 83.8% (Table 9.7).

Bud Grafting There are two kinds of shoots, one is a winter bud and the other is
an elongation bud. The first is a hard-branch bud and the latter is an elongation bud
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Table 9.7 Different grafting methods for Pinus armandii and associated survival rates

Grafting Number of
time Number of successfully Fructification
Grafting method (months) grafted plants | grafted plants | rate (%)
Hard- Medullary 02~03 80 67 83.8
branch cambium abutting
grafting joint
Lateral cleft 02~03 80 54 67.5
grafting
Medullary abutting | 02~03 80 38 47.5
joint
Cambium abutting | 02~03 80 39 48.8
joint
Cleft grafting 02~03 80 30 37.5
Side grafting 02~03 80 16 20.0
Twig Notch grafting 04 80 60 75.0
Grafting methods 05 80 52 65.0

formed in winter and spring. These types of bud are grafted onto the scion using the
bud-grafting method. The elongation bud is a single bud shoot that has not yet
formed an apical or lateral bud, or needle fascicles. There is no need to remove the
needle fascicles when grafting, since the degree of lignification is low, rendering the
grafting operation simple and highly efficient with a high survival rate. There are
three approaches used in bud grafting. Horse-ear conjunction uses scion that are
immersed in water and degreased for 1-3 days prior to grafting. A sturdy main bud
or lateral bud is selected and the scion is cut to 3—6 cm in length and at the basal
third, a 45-60° cut incision is made to create a horse-ear shaped section. Rootstock
should be of a size similar to that of the scion and should be cut at 45-60° under the
top shoots or lateral shoots and the graft should be sealed with binding tape. In side
grafting, which is suitable for short shoots, spike diameters may differ. Since it is
not necessary to cut off the rootstock, it may be reused many times, thus increasing
propagation coefficient. At an appropriate height from the base of the rootstock,
make a 4-5-cm incision at an angle of 30° from the cortex toward the medullary,
then at the tip of the treated scion, make an incision (1-1.5 cm deep) at 30° and a
45-60° angle on the opposite side at the base of the scion to create a scalene trian-
gle. Ensure alignment of the graft and apply binding. The third approach involves
grafting needle buds from conifers with a cortex. Needles formed in the previous
year may be grafted during the spring (March—April) while needles formed during
the current year may be grafted in the summer (June—July). Selected needles should
exhibit normal growth with healthy buds. The rootstock should be cut in cross-
section, where the cortex is cut to form an ellipse with the needles (needle buds) that
are embedded in the rootstock interface. Straps should be used to tightly secure the
graft above and below the pine needle joints.
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9.5.4 Seed Resources

The most effective way to increase production in the short term is to select high-
yielding individuals and breed them asexually to create a seed orchard. It is believed
that tree species such as Pinus koraiensis and P. armandii have high genetic vari-
ability in their fertility characteristics and some individuals have high yields, even
after many years.

Creating orchard material is the core foundation for the establishment of a suc-
cessful orchard, where selection of superior clones with high genetic gains is essen-
tial. In our experience first-generation seed orchard source material comprised
superior tree clones that were not genetically determined according to their pheno-
types; the one-generation reconstructed orchard was determined by offspring of the
superior trees and selected from the original elite tree by backward selection and
then panicles were cultivated to establish orchard clones. Second generation
orchards were selected from superior forest trees to determine the highest quality
individuals, and these were used to obtain hybrid combinations of seed to establish
a full-sib progeny from which to cultivate clones. A third generation clonal seed
orchard material is the product of the process from a phenotypic trait-preferred
clone to create genetic assay-preferred clonality from which a hybrid-producing
preferred clonal line is developed.

Superior orchard materials should demonstrate high genetic gain and comprise
robust grafted seedlings with good fruiting traits. The seedlings represent excellent
germplasm quality and seedling robustness since weak seedlings with superior
germplasm are characterized by inconsistent growth that results in non-uniform,
poor quality orchards. As the name suggests, the establishment of seed orchards is
to produce seeds and the establishment of orchard clones must have good fruit-
bearing traits, because reliable and consistent fruition has a direct impact on seed
yield per unit area. In pine nuts, high volume growth stimulated by soil enrichment
reduces flowering and seeding yield, therefore orchard establishment should have
controlled fertilizer inputs.

Currently, seed gardens of edible pine nuts comprise second generation clones
derived from first-generation clone seed orchard materials selected from superior
individuals growing in high quality stands that are used to graft clone seedlings.
Second generation parent material is selected from superior trees determined by
progeny and hybridized to establish full-sib progeny from which superior individu-
als are selected and cultivated as cloned grafted seedlings. Seeds are collected from
the superior trees to construct progeny forests for further cloning and cultivation of
superior families and lines.

9.5.4.1 Seed Orchard Planting Scheme

The optimal number of clones (families) in a seed orchard is generally determined
by the area and type of trees. Excessive quantities will lead to a decrease in the
overall genetic gain, increase the workload of offspring determination and increase
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costs. However, if the number is too small, genetic diversity will decrease, leading
to an increase in rate of inbreeding and reduce seed quality. In addition, the pest and
disease incidence in seed orchards is positively related to the level of genetic diver-
sity. In general, 50-100 parents tend to be selected for 10-30 ha, 100-150 parents
for 31-60 ha, and more than 150 parents for more than 60 ha. Since cloned pine nut
orchards do not have problems of offspring traits, anamorphic coefficients may be
reduced appropriately. Studies have shown that offspring of genetic diversity seed
orchards do not decline significantly, but as there is a lack of consensus on rate of
declines, genetic diversity must be taken into account when setting up an orchard
(Kang and Lindgren 1998).

Clonal (family) configuration is one of the most important aspects of creating a
seed orchard, because it not only directly affects genetic gain, but relates to inbreed-
ing rate and seed composition that determine seed yield and quality. There are two
traditional configuration methods: equivalent and truncated. In equivalent configu-
ration, each parent is configured with the same number of plants that may increase
the number of effective parents. For rapid generation seed orchards that are based
on offspring measurements, equal allocation is not ideal because of the higher num-
ber of effective parents. Truncated configuration is the selection of parents with
high-breeding values, but it may result in low fertility in selected materials. In order
to overcome the disadvantages of these two configuration methods, Lindgren and
Matheson (1986) introduced the concept of linear configuration, where selection of
parents is based on breeding value and potential to obtain higher genetic gain to
achieve an overarching balance of genetic parameters. Lindgren and Matheson
proved that linear configuration approximates the best configuration when consider-
ing only outcrossing. If parental fertility is known, linear configuration may be cor-
rected accordingly to optimize the effect of configuration.

The initial planting density of seed orchards affects the yield and quality of
seeds; it is necessary to provide sufficient nutrient space to limit tree height to facili-
tate ease of seed harvest. It is important to maximize forest land use and create
conditions for appropriate thinning and to reduce inbreeding, so it is recommended
that the initial planting density of seed orchards should be two to three times that of
mature forest tree density. Appropriate initial planting densities could be determined
through research. Allocation of clones in the orchard should ensure heterogeneous
distribution of parent types at equal spacings and standardized maintenance follow-
ing thinning; a scientific research approach to orchard design will facilitate statisti-
cal analysis of data that will further inform robust, evidence-based orchard design
and management.

9.5.4.2 Management

Production and operational activities of edible pine nuts are mainly concentrated in
orchards. The forest tree seed orchard is also known as the forest tree orchard gar-
den and agricultural technology is used in the intensive management of orchards
that tend to be planted on steep mountainous slopes.
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Many edible pine nut species, such as Pinus koraiensis, are managed as timber
forests in the early growth stages, thereby constituting multi-function and multi-
purpose tree species. Once an orchard is created, intensive production and manage-
ment goals must be established to ensure the production of high-quality varieties,
just as in horticulture, and soil nutrient status should be managed accordingly.

Management practices in tree seed orchards have only recently been developed.
Managers use pruning techniques to manage and shape seed trees and to create for-
est tree orchards to facilitate fruit picking, improve production, and obtain high-
quality and high-yield seeds. Edible pine nut trees are trees or shrubs, most of which
are light-loving, and are characterized by apical dominance with cones mostly
located in the upper part of the crown. To create an orchard for the purpose of har-
vesting seeds, tree height may be more than 10 m, otherwise the crown is large and
disorderly, however, manual harvesting from coniferous trees is difficult and expen-
sive. In order to overcome these difficulties, a number of strategies include main-
taining a dwarf-tree body to limit the growth in height of a large number of flowering
and strong adult female trees to about 6 m to allow convenient fruit picking; culti-
vating the tree to cup, open, round-head or ovary-conical shapes; update the fructi-
fication branches. In order to delay the expansion of the tree crown and update the
fructification branches, the retracting method is used to retract the main shoots of
the lateral branches that have grown in the current year. Retracting method is mainly
to limit the expansion of new shoots to the expansion of the crown, while leaving a
certain length of branches to promote its germination to produce new branches.

Pruning encourages pollination by increasing the amount and distribution of
male and female flowers, reducing vegetative growth and promoting fruit growth.
For example, there was a one-fold increase in the number of cones and an increase
from 82 to 148 seeds in the cones of Pinus koraiensis where tree crowns had been
removed compared with retained crowns. Generally, seeds from the mid-canopy
have good plumpness and there are more seeds in cones growing on the windward
side of trees than in the lee, due to increased wind-dispersed pollen and pollination.
Studies of P. armandii clonal seed orchards have shown a significant difference in
the quantity of fruit growing on all sides of trees, with southern orientations contain-
ing most fruit (average: 14.8), followed by westerly and northerly orientations
(averages: 11.9 and 8.1, respectively). This is due to exposure to sunlight and the
direction of the wind during pollen release. Cones are more likely to be distributed
in the middle 3—7 branches of the tree, of which 75.07% will likely be pollinated,
because upper branches develop later and do not coincide with phenology of polli-
nation events, while the weaker lower branch growth results in smaller fruit. A study
of flowering and seeding in P. koraiensis noted the number of cones was associated
with position of the fructification branches and branch diameter. Spatial density of
flowers for effective P. koraiensis pollination was found to be 66200 flowers cm™>
to produce a fruit-set rate of 65-80% and when pollen density is 300400 grains
m~2, the fructification rate is 85-90%. Therefore, it is recommended that manage-
ment reduce the fructification layer, especially for the middle 4—6 branches; pruning
is used to maintain stand density to increase cone yield.
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As part of a structured management regime, soil fertility in managed orchard
soils is maintained with phosphate and organic fertilizers; soil-poor orchard receive
a large amount of organic fertilizer. Fertilization promotes tree growth and increases
yield per unit area. In pine nut tree orchards, tree growth is directly proportional to
the amount of flowering seed and the level of soil fertility. Analysis of soil nutrients
in Pinus armandii seed orchards has found that when the Mn content was too high,
toxins were produced that inhibited flower bud differentiation and reduced flower-
ing. High B content is known to combine with toxic substances accumulated in the
flower organs during reproductive growth, such as phytohormones, to form active
substances that ameliorate toxicity and promote flowering. For the same clone, P.
armandii planted in different seed orchards, the proportions of Fe, Mn, and B varies
among soils in which P. armandii is planted and it has been found that there are
beneficial effects of flowering and fruiting where Fe and Mn content is low and the
B content is high. Excess Mn is controlled with the application of lime; however Ca
in the lime inhibits absorption of B by the plant roots, so foliar spraying 75 g of
boric acid plant™ is used to increase B absorption. Different concentrations of N, P
and K fertilizer have been applied to 25-year old P. koraiensis and it was found that
the number of female cones was affected by N and P fertilizers, where N elicited the
greater effect, but there was no effect of potash. The most effective treatment to
increase the number of female cones (increase of up to 8.2) was application of NPK
at 0.6, 0.3, and 0.05 kg plant™'. The impact of N fertilizer was greatest on male
cones, while K elicited the lowest effect and the most effective treatment with NPK
was 0.6, 0.3 and 0.1 kg plant™! that resulted in a maximum number of 1345.7 cones
and was about twice the minimum (795.7) and a general increase of up to 6.7.

Tai (2000) stated that thinning was one of the most effective measures to promote
flowering and fruition. It was found that thinning intensity had a significant effect
on fructification number per unit area and yield per unit area in a Pinus armandii
seed orchards, where 0.5 cutting intensity resulted in yields that were 175% greater
than the lowest intensity. The optimal degree of canopy density for seed orchards or
seed collecting forests is believed to be between 0.5 and 0.6; yields decline above
these levels.

Climate is an important factor affecting cone yield, because it affects the forma-
tion of flower buds, flowering pollination rate, and growth and development of seeds
and cones. The pollination period for female and male cones of Pinus armandii is
from late April to early May and lasts for 7-10 days and 10-15 days, respectively;
assisted, artificial pollination during this period may increase the seed-setting rate.
Topography is known to affect growth and fructification of forest trees and a study
of P. koraiensis found that individuals at lower elevations on shallow slopes grew
better than that those at higher elevations on steeper slopes, and growth was better
on shaded slopes than on sunny slopes due to greater water availability. However,
fruiting was poorer in trees that grew on shady slopes. Therefore, it is recommended
that P. koraiensis forests are planted on sunny and semi-sunny slopes.

Orchard pests are varied and the overall management policy is to prevent and
control pests. Insecticide should be applied at the beginning of each year in early
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spring, twice in succession, to target early development of pests that seriously harm
flowers and fruits, such as the pine snout moth (Dioryctria rubella).

The flowering period of Pinus koraiensis is generally in mid-June, when the
average temperature is stable at 17—18 °C. Observations of 8-year-old P. koraiensis
orchards in the CaoHekou region of China found that the flowering rate of the
female clones increased with tree age, where there was variation among lines, and
the effect of auxiliary pollination was greater at early stages of establishment.
Female cones grow at the top of the crown, with most located around the apical buds
of the main trunk, whereas male cones tend to be concentrated in the canopy and
below. Proportion of male:female cones per tree have been found to vary, for exam-
ple, out of 195 ramets of 24 clones, 105 contained only female flowers (53.85%), 2
bore male flowers only (1.03%), and 54 plants were monoecious (27.69%).
Dioecious clones should be removed to maintain genetic diversity. The annual flow-
ering period of males and females is almost equal, where males flower for 3—6 days
and the females for 3-5 days; the homologous flowering period is synchronous for
1-2 days and for 2—4 days across heterogolous lines.

Pinus koraiensis cones enter the mature stage and are ready for harvest when
they change color from green to yellow-green, cone scales crack and gradually turn
yellow, seed water content is about 75% and individual cones become detached.
Analysis of seed ripening and maturing in P. koraiensis in a managed forest in
CaoHekou showed a gain in seed weight between August 10 and September 10, of
54.9 g, and an additional 63.91 g by September 15 and increases of 13.68, 56.65 and
8.34% for 1000 seed weight, seed kernel weight and kernel rate, respectively. There
were no significant increases after September 15 and there was no effect on seed
size at different seed collection periods. In terms of seed collection efficiency, raw
cone weight decreased by 27.84%, seed weight increased by 156.92% and seed
production rate increased by 17.72% between August 10 and September 20. The
most suitable season for P. koraiensis cone harvest is September 15-30. Where seed
production is early, the combination of high raw cone weight and low rate of seed
production of poor quality leads to greater seed costs and low economic efficiency.

9.5.5 Genetic Trait Variation and Correlation Analysis

Large-scale genetic improvement to pine nut tree species began in the 1950s; how-
ever, genetic improvements of pine cones for consumption were began later in the
1970s. Genetically-improved varieties are cultivated in a cost-effective way that
maximizes the genetic gain per unit of time at the lowest cost; therefore, the evalu-
ation and selection of genetic material directly affects genetic gains across genera-
tions and seed quality. The breeding and selection processes of superior clones of
Pinus koraiensis and description of genetic variability of major economic traits
have been reported by Zhang et al. (2015). A total of 60 clones were selected from
four P. koraiensis seed orchards. Analysis of seed traits revealed variation and regu-
larity between populations and clones that reflect interactions among trait indicators
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and provide an effective basis for early selection of genotypes, shortens breeding
cycles and increases the rate of generational breeding. Accurate assessment of the
productivity level of a clonal orchard, estimation of genetic trait parameters and
selection of multiple traits are used to screen for superior clones in Heilongjiang
Province of China, and to provide material for local clonal breeding and creation of
clonal seed orchards.

9.5.5.1 Genetic Trait Variation

Seed traits, seed nutrients, and fatty acid and amino acid content vary among Pinus
koraiensis clones, whereas variation in seed morphological traits show a range of
8.40-17.81%. The CV of length is the smallest and that of kernel weight is the
greatest. Oil content is the largest nutritional component and variation of the nutri-
tional components exhibited a range of 10.79-68.88%. A total of 11 fatty acids,
including 5 saturated fatty acids and 6 unsaturated fatty acids, were detected in the
kernel oils; linoleic fatty acid content was the highest, reaching 42.02% and varia-
tion in fatty acid composition a range of 2.24-66.83%. Seventeen amino acids were
detected in kernel protein, where the average mass fraction was 40.43%; average
mass fraction of essential amino acids was 9.79%, which accounted for 24.21% of
total amino acids, and variation in amino acid composition was 14.70-38.88%.

Seed trait variation and level of genetic diversity in Pinus koraiensis has been
shown to be high with the average CV in phenotypic differentiation among popula-
tions was 29.82%, which was less than the intra-population variation (70.18%),
indicating intra-population variation is the main trait source. With the exception of
seed length, width, and aspect ratio, there were differences in seed traits among
(P < 0.05) and within (P < 0.01) populations of P. koraiensis and generalized heri-
tability was 61.54-94.81%, with a strong degree of genetic control, and a higher
genetic gain (4.70-74.52%) obtained through clone selection (Tables 9.8, 9.9 and
9.10).

There is strong genetic variation among nutrient components of Pinus koraiensis
seed kernels, where CVs of fatty acids range 2.24-66.83% and CVs of amino acid
components range of 14.70-38.88%. There is high genetic nutrient improvement
potential in seed kernels, since composition of fatty acids and amino acids indicated
intra-population variation was the main source of variation (85.18 and 63.08%,
respectively). All the clones from different source groups showed that traits were
controlled by higher heritability (h?> > 80%) and all seed traits showed a similar
trend in genetic gain (Tables 9.11, 9.12, 9.13 and 9.14).

9.5.5.2 Correlation Analysis of Traits
Four seed orchards were used as the independent variable (X) for seed traits and

seed oil content was the dependent variable (Y). The dependent variable Y was
tested to meet the normal distribution and a multivariate stepwise regression was
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Table 9.8 Results of analysis of variance of Pinus koraiensis seed characters

Mean square (degree of freedom) F-value
Between

MS MS MS. In seed seed
Trait df=3) (df = 56) (df =180) | orchard orchards h* 1%
Kernel percent 194.520 33.496 (56) |5.964 (180) | 5.81* 5.62% 82.79

3
Thousand Kernel | 73,079 (3) | 16,164 (56) | 1486 (180) |4.52* 10.88* 77.88
weight
Seed kernel quality | 0.011 (3) |0.003 (56) |0.0001 4.29* 5.87 76.69

(180)

Seed coat quality | 0.043 (3) | 0.008 (56) |0.001 (180) | 5.10* 12.71% 80.39
Seed kernel quality | 0.120 (3) | 0.018 (56) |0.005 (180) | 6.73** 3.90" 85.14
/ seed coat quality
Seed length 0.360 (3) |2.522(56) | 0.150 (180) | 0.14 16.79* -
Seed width 1.123 (3) | 1.309 (56) |0.126 (180)  0.86 10.36* -
Length-width ratio | 0.023 (3) | 0.018 (56) |0.005 (180) | 1.28 3.66™ -
Oil content 1075.160 | 55.830 (56) | 3.04 (120) | 19.26** 18.35* 94.81

3
Protein content 98.460 (3) | 12.730 (56) | 0.084 (120) | 7.73** 151.07 87.06
Polysaccharide 59.508 (3) |20.536 (56) | 0.262 (120) | 2.90* 78.30* 65.52
content
Moisture content 18.582 (3) |4.069 (56) |0.357 (120) | 4.57* 11.41% 78.12
Ash content 90.838 (3) | 5.781 (5) 0.827 (120) | 15.71* 6.99 93.63
Crude fiber content | 39.686 (3) |4.593 (56) | 0.127 (120) | 8.64* 36.30* 88.43
Carbohydrate 478.53 (3) | 106.810 2.94 (120) | 4.48* 36.34* 77.69
content (56)

s difference at P < 0.01; = difference at P < 0.05

performed. By discarding the independent variables with non-significant regression
coefficients, the best regression equations were:

Yo = 45.12 + 18.421X,_0.723X,,_1.485X,,_0.729X,, (R? = 0.990*)

Yix = 94.003 + 18.199X;_0.117X,,_0.297X,, (R® = 0.793*")

Yo = 65.851 + 17.221X5_0.895X,5_0.502X,,(R> = 0.871*%)

Yau = 89.445 + 18.5031X5 0.635X, 0.793X,0_1.354X,,_1.009X,, 0.857X,,
(R’ = 0.988")

Multiple regression analysis showed that length-width ratio (Xs), moisture con-
tent (X;;), ash content (X;,) and carbohydrate content (X;,) were the main factors
affecting oil content in the Hegang orchard; length-width ratio (Xg), ash content
(X1,) and carbohydrate content (X;4) were the main factors affecting oil content in
the Linkou orchard; length-width ratio (X;g), crude fiber content (X;3) and carbohy-
drate content (X,,) were the main factors affecting oil content in the Tieli orchard;
and aspect ratio (Xg), protein content (Xy), polysaccharide content (X;y), moisture
content (X;;), ash content (X),) and carbohydrate content (X,,) were the main factors
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Table 9.9 Index analysis and multiple comparisons of morphologies of Pinus koraiensis seeds
from each seed orchard

Seed
Thousand | kernel | Seed Seed kernel Seed | Seed Length-
Kernel | kernel quality | coat quality/Seed |length | width | width
Location | (%) weight (g) | (g/seed) | quality | coat quality (mm) | (mm) | ratio
Hegang |34.64 |556.03 0.19 0.36 0.53 14.25 |8.84 1.63
(5.78)b | (10.13)a | (10.61)a | (11.00) | (9.01)b (8.30) |(12.19) | (12.90)
a
Linkou |32.64 |546.39 0.18 0.38 0.47 14.29 19.02 1.60
9.14)c (11.74)a | (16.30)b | (11.63) | (13.09)c (8.18) | (11.55) | (11.96)
a
Tieli 3433 1 478.10 0.16 0.31 0.53 14.12 | 8.69 1.65
(12.96) | (17.43)c | (21.90)c | (18.62) | (18.12)b (8.41) |(12.67) | (12.62)
b c
Weihe 37.00 |519.24 0.19 0.32 0.60 14.30 |8.83 1.64
(11.23) | (14.47)b | (17.56)a | (17.03) | (20.71)a (8.660) |(13.33) | (12.44)
a b
Mean 34.65 | 524.94 0.18 0.34 0.53 14.24 |8.84 1.63
(11.09) | (14.54) (17.81) | (15.94) | (17.80) (8.40) |(12.51) | (12.47)
Crude
Moisture | Ash fiber Oil Protein
content | content |content |content |content  Polysaccharide |Carbohydrate
Location | (%) (%) (%) (%) (%) content (%) content (%)
Hegang | 4.02 5.77 5.00 5528 | 7.34 11.03 11.56
(24.40)b | (24.5)b |(28.55) |(10.25) | (34.12) | (15.47)c (54.32)b
b c c
Linkou |4.75 3.22 3.42 63.44 1 9.60 10.76 4.82
(30.77)a | (50.79) |(35.81) |(3.89)a |(17.27) | (22.64)c (80.66)d
d d a
Tieli 341 4.53 4.89 56.55 |8.77 11.83 10.04
(12.88)c | (34.65) |(26.24) | (6.76)b | (22.92) (17.89)b (60.30)c
c c b
Weihe 4.72 6.44 5.64 51.77 16.28 13.32 11.84
(35.9)a | (24.47) [ (17.81) | (9.95)d |(29.22) | (27.62)a (61.35)a
a a d
Mean 4.22 4.99 4.82 56.76 | 7.99 11.74 9.56
(32.01) | (39.52) (31.22) | (10.79) |(29.82) | (23.49) (68.88)

Numbers within parentheses are CVs. Different letters indicate significant difference at P < 0.05

affecting oil content in the Weihe orchard. Overall, length-width ratio and carbohy-
drate content were the main factors that affected oil content in the four orchards, of
which length-width ratio had the greatest direct effect. Therefore, improvements to
nutrient composition index and quality of germplasm resources via breeding selec-
tion processes have practical application value.
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Table 9.10 Variance of genetic parameters in Pinus koraiensis seed characters

Variance component (8?) Variance component (%)
Seed character & & & Py P, P. Vil %
Kernel percent 2.684 6.883 5.964 17.28 4432 3840 |28.05
Thousand kernel weight | 949 3669 1486 15.54 60.11 2435 |20.54
Seed kernel quality 0.00014 | 0.0005 0.0004 |12.68 47.79 39.52 |20.97
Seed coat quality 0.00057 |0.0019 0.0007 |18.09 |61.04 20.87 |22.86

Seed kernel quality / 0.0017 0.0033 0.004 1776 134.59 47.65 |33.93
seed coat quality

Oil content 26.652 17.594  3.043 56.36  |37.21 643 60.24
Protein content 1.905 4215 0.084 30.70 [67.94 |1.36 31.13
Polysaccharide content | 0.866 6.758 0.262 1098 [85.69 |3.33 11.36
Moisture content 0.323 1.238 0.357 16.83 6457 18.61 |20.67
Ash content 1.890 1.651 0.827 4327 |37.80 |18.93 |53.37
Crude fiber content 0.780 1.489 0.127 3255 [62.16 |5.28 34.37
Carbohydrates 6.883 34.624  2.939 1549 7790 6.61 16.58
Mean 25.04 5830 |16.66 |29.82

9.5.5.3 Clonal Selection Research

Clonal tests to calculate the repeatability of clones and repeatability refers to the
continuous phenotypic spatio-temporal stability of genotypes (Xu 1988). Tests
involved the determination of quantitative trait counts, prediction of future perfor-
mance of individuals, estimation of generalized heritability and estimation of
genetic gain.

In the tests, clonal repeatability of seed traits in the Pinus koraiensis seed orchard
at Hegang was 48.19-98.66% (Table 9.15), whereas repeatability of oil, protein and
polysaccharide content was high, above 90%. In Linkou, clone repeatability was
70.93-98.80% and, with the exception of length-width ratio and oil content, repeat-
ability was above 90%. Repeatability at Tieli was 74.23-96.68% and, with the
exception of length-width ratio, seed kernel weight, seed kernel weight/seed coat
weight and clone repeatability was above 90%. Finally, clonal repeatability at Weihe
was in the range of 49.24-98.84%, and repeatability of seed length, seed width and
oil, protein and polysaccharide content was more than 90%.

Each seed orchard was evaluated for clonality, and one standard deviation of the
mean value of the clones over the total trait average was selected. Clonal gains at
Hegang, Linkou, Tieli and Weihe were 3.27-72.60, 6.19-60.90, 4.50-47.76 and
6.27-46.82%, respectively. This showed that the higher gains were obtained through
asexual reproduction of selected superior clones. We found that seed kernel ratio,
1000 seed and seed kernel weight, oil, protein, polysaccharide, polyphenol and fla-
vonoid content in the four seed orchards reached more than 5%.

Clonal repeatability of the fatty acid at Hegang, Linkou, Tieli and Weihe were
80.92-99.03, 85.34-98.26, 93.65-99.17 and 80.17-97.93%, respectively, and the
average repetition rate of fatty acid composition index was high in the four orchards
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