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Preface

Biodiversity or biological diversity refers to diversity in the genes, species,
community of species, and the ecosystem. Biodiversity includes all living forms on
earth. Biodiversity encompasses genetic, species, and ecosystem diversity. Genetic
diversity represents the heritable variation within and between populations of a
species. Biodiversity is essential for the survival of a species in a changing
environment. Climate change creates a new challenge for biodiversity conservation.
Species ranges and ecological dynamics are already responding to recent climate
shifts, and current reserves/parks will not continue to support all plant/tree species.

Forests cover approximately 31% of the world’s total land area, of which 93% is
natural forest and only 7% are planted trees. Forest decline is progressing at an
alarming rate worldwide. In addition to human activities (logging, deforestation,
and forest lands for agriculture and industrial use), a number of other diverse
factors, including pests and diseases, drought, soil acidity, radiation, ozone, are
cumulatively contributing to global forest decline. The present situation forces us to
focus on forest conservation strategies for the present and future. Gene conservation
and maintaining of genetic diversity in the forest ecosystems are crucial for the
preservation of forest genetic resources. This calls for integrated action for in situ
(on site) preservation of forest stands and ex situ (away from the original site)
strategies for the conservation of woody plant genetic resources. Selected
priority areas include: (1) assessing patterns of genetic diversity and threats,
(2) understanding biological processes regulating genetic diversity, (3) assessing
the impact of human activities and climate change on genetic diversity, and
(4) finding methods to prioritize species and populations for the conservation of
forest tree genetic resources. Chapters in this volume are written by leading
scientists in their fields of specialization that include woody plant diversity, ecology
and evolution, assessment of genetic diversity in forest tree populations, conser-
vation planning under climate change, in situ and ex situ strategies, including
biotechnological approaches, in a number of diverse and economically important
woody plant species for the conservation of their genetic resources.
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This volume provides complete, comprehensive, and broad subject-based
reviews for students, teachers, researchers, policy makers, conservationists, and
NGOs interested in the field of biodiversity and conservation of woody plants.

New Paltz, USA M.R. Ahuja
Helsinki, Finland S. Mohan Jain
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Chapter 1
Coconut Genetic Diversity, Conservation
and Utilization

V. Arunachalam and M.K. Rajesh

Abstract Coconut palm is an important economic plant species in fragile coastal
and island ecosystems of the tropics. The palm is a multipurpose perennial crop
whose diversity at spatial and trait levels has been exploited to improve yield,
resistance to diseases and develop value-added products. Genetic erosion is rampant
in coconut due to biotic, abiotic and anthropogenic threats and expansion in area
under high yielding selections and hybrids. Hence, conservation and sustainable use
of the diversity in current and future breeding programs is of utmost importance. In
this chapter, we have focussed on the baseline information of known diversity at
various geographical locations and at various traits. Morphological and molecular
approaches, employed to assess the extent of genetic diversity, have been high-
lighted. An overview of state of conservation efforts and utilization of the existing
diversity, in developing varieties/hybrids with one or more desirable traits, has also
been presented in this review.

Keywords Coconut � Diversity � Genetics � Morphology � Markers

1.1 Introduction

Palms, members of the botanical family Arecaceae, form an important group of
plants which serve mankind in numerous ways and are considered next only to
grasses and legumes in importance and usefulness. They are harvested from wild

V. Arunachalam
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stands and forests, cultivated in plantations and home gardens or used in land-
scaping indoor and outdoor environments. Coconut (Cocos nucifera L.), oil palm
(Elaeis guineensis Jacq.), date palm (Phoenix dactylifera L.), peach palm (Bactris
gasipaes Kunth), babacu (Attalea cohune Mart), areca nut (Areca catechu L.) and
palmyrah (Borassus flabellifer L.) are the major palm species cultivated on large
scale.

Among these, coconut forms a major life-supporting species in tropical coastal
and island ecosystems. The coconut palm is a perennial, multipurpose tree pro-
viding multifarious products for domestic and industrial purposes, both edible and
non-edible. Grown both under plantation and homestead management system,
coconut exerts a profound influence on the rural economy providing livelihood
security to several millions of people across the world. Today, the role of coconuts
as a health and nutraceutical food is increasingly being accepted.

Known since antiquity, coconut has spread across oceans, coconut populations
have developed as a result of natural selection, and the history of coconut is
interlinked with human migrations (Gunn et al. 2011). Coconut has no known wild
relatives, and coconut accessions are considered to comprise of a solitary and a
freely interbreeding gene pool. DNA-based investigations of around 1300 acces-
sions, representing collections from around the globe, have revealed that coconut
was brought under cultivation in two distinct regions, corresponding to the Indian
Ocean and the Pacific Ocean basins (Gunn et al. 2011).

Predominantly a small and marginal holder’s crop, coconut sector is currently
facing numerous challenges which include fluctuating prices, lack of
export/domestic market competitiveness, global warming as well as low levels of
value-addition and product diversification. Coconut genetic diversity, which is the
foundation for sustainable production, is facing severe threats due to genetic erosion
brought about by natural and human factors. Therefore, conservation of these
genetic resources holds vital significance.

Genetic diversity of coconut is exhibited in wide array of phenotypic traits
mainly in stature of plant (Narayana and John 1949; Sugimura et al. 1997; Bourdeix
et al. 2001; Arunachalam and Rajesh 2008) and composition of fruit (Harries 1978;
Ashburner et al. 1997). Conservation of coconut genetic diversity is a major con-
cern of national and international coconut research communities. Field gene banks
and in situ conservation, complemented by cryopreservation, are the potential
options to conserve the genetic diversity for future generations. International
Coconut Genetic Resources Network (COGENT), under the Bioversity
International, has been coordinating the collection, conservation and documentation
of coconut germplasm, farmers’ varieties and landraces worldwide (Batugal 2005).

Utilization of diversity in coconut breeding programs is limited to developing
varieties resistant to lethal yellowing disease and/or exploiting hybrid vigour
expressed by crossing dwarf and tall forms. Makapuno, the mutation resulting in
jelly-like endosperm, has been gainfully employed in coconut research programs in
the Philippines for obtaining value-added products. This chapter covers a gist of
rich diversity existing in coconut and means to conserve them for their utilization in
future coconut breeding programs.

4 V. Arunachalam and M.K. Rajesh



1.2 Location-Specific Diversity

Diversity, spanning the global reach of coconut, is useful to enrich the gene pool. It
helps to obtain alleles originating from the process of adaptation at locations dif-
fering in climatic, edaphic and ethnic environments and exposed to a range of pests
and diseases. Although typically found in tropical shorelines, the coconut palm has
adapted to hinterlands too. Some unexpected and interesting locations include the
Dhofar coast of the Oman and Hainan island of China. Introduced coconut popu-
lations from Sri Lanka and Malaysia have survived in the dry regions of Oman in
the Persian Gulf (Perera et al. 2011) and evolved under both natural and human
selections. On the other extreme, coconut has also adapted to low temperatures of
Hainan Island in China where Hainan Tall, the local cultivar, is cold and wind
hardy (Mao and Lai 1993). Also, The Nilgiris of Tamil Nadu, South India, is a hill
station at high altitude, but in normal tropical latitude and longitude where coconut
plantations are located (Rahman et al. 2012). However, detailed diversity and
adaptation studies of these populations are yet to be undertaken.

Bourdeix et al. (2005a) have reported geo-referencing of 710 distinct coconut
accessions at the conservation sites with 579 collecting sites possessing unique
latitude and longitude. They have also used geographical information system
(GIS) tools to map the diversity at specific geo-locations. Bourdeix et al. (2005b)
have suggested collecting from locations, which are not either represented in the
gene banks or those suffering genetic erosion, to maintain the genetic diversity.

Being a coastal species and well-adapted to island ecology, hotspot of coconut
diversity is found in Indian and Pacific Ocean islands. Size of the fruit and husk
proportion in natural stands of coconut across the geographical locations (Harries
1978) have led to the identification of two major types: ‘Niu Kafa’ wild types,
which are angular and thick husked and presumed to have evolved naturally, and
‘Niu Vai’ cultivated types, which are circular and thin husked. This seminal work
gave invaluable insights on evolution of coconut by domestication, by selection for
low husk content. Among the coconut populations of South Pacific region, a
continuum of fruit size and husk content across West to East regions was reported
by Ashburner et al. (1997). In the same study, clinal variation was observed to
increase from small fruit and low husk content in the West to large fruit with high
husk in East of the region. A set of case studies, highlighting geographical-level
variations in phenotypic traits, is listed as Table 1.1.

1.3 Trait-Specific Diversity

There are two forms of coconut mainly based on stature: ‘Talls’ and ‘Dwarfs’
(Narayana and John 1949). Tall (‘typica’), dwarf (‘nana’) and intermediate (‘ja-
vanica’) forms have been characterized in coconut germplasm from the Philippines
using agro-morphological traits (Sugimura et al. 1997). Fruit component analyses,
by dissecting the fruit and analysing the kernel, shell, husk contents, are an easy and

1 Coconut Genetic Diversity, Conservation and Utilization 5



reliable means to classify the coconut into ‘Niu Kafa’ or the wild type (large fruit,
high husk, less kernel) and ‘Niu Vai’ or the domesticated/cultivated type (medium
fruit, less husk, more kernel) (Harries 1978). Foliar traits (Arunachalam et al. 2005)
and fruit component traits (Ashburner et al. 1997) have also been used to describe
coconut populations from the Pacific region. The trait-level variations in coconut
were reviewed in our previous study (Arunachalam 1999).

Polyembryony has been reported in coconut (Davis et al. 1953; Arunachalam
2005) (Fig. 1.1), areca nut (Das 1966), palmyrah (Veerasamy 1982), date palm
(Rao 1957) and needle palm (Clancy and Sullivan 1988). One of the weak partners
of the twin has potential to develop into haploids in a few cases (Ninan and
Raveendranath 1965).

Table 1.1 Coconut diversity reports from different geographical locations

Country/region Traits/populations References

Vietnam Landraces Le et al. (1999)

Hainan (China) Fruit colour Xiaoping et al. (2004)

Cold tolerance Mao and Lai (1993)

The Philippines – Gruezo and Harries (1984)

Indonesia Morphometric
traits

Liyanage (1974)

Bangladesh Morphometric
traits

Islam et al. (2007)

Sri Lanka Morphological
traits

Liyanage (1958)

Lakshadweep Islands
(India)

Fruit components Jacob and Krishnamoorthy (1981),
Samsudeen et al. (2006)

Goa-Konkan coast (India) Morphometric
traits

Ratambal et al. (2000)

Andaman and Nicobar
Islands (India)

– Abraham et al. (2008)

Odisha (East coast of
India)

Morphometric
traits

Kumaran et al. (2004)

Zanzibar (Tanzania) Morphological
traits

Krain et al. (1994)

Kenya Morphological
traits

Oyoo et al. (2015)

Comoro, Reunion,
Seychelles

Morphometric
traits

Kumaran et al. (2000)

Costa Rica Fruit components Vargas and Blanco (2000)

Baracoa (Cuba) Morphological
traits

Alonso et al. (2007)

Mexico Fruit components Villarreal et al. (1993, 2005)

Bahia (Brazil) Fruit components Romney and Dias (1979)

Keeling Island (Australia) Fruit components Leach et al. (2003)

Papua New Guinea Fruit components Ovasuru (1993)

South Pacific islands Fruit components Ashburner et al. (1997)

6 V. Arunachalam and M.K. Rajesh



Sprouting speed and degree of leaf splitting usually vary among the varieties;
dwarfs sprout early and split quickly (Fernando et al. 2010). Harries (2012) con-
sidered germination rate as a key and significant characteristic determining coconut
genetic diversity. Petiole colour is also a distinct trait useful in hybrid seedling
identification (Saint and de Lamothe 1987; Arunachalam and Rajesh 2008).
Table 1.2 list variations found at the seedling level in coconut palm, while the
details of variations for stem, leaf and floral traits are given in Table 1.3.
Quantitative trait loci (QTL) analysis for early germination trait, carried out by
Herran et al. (2000), resulted in the identification of six loci; the identified QTLs
were correlated with important characters viz., early flowering and yield.

Bulbil palms are characterized by production of bulbil shoots in leaf axils in
place of normal inflorescence (Davis et al. 1981b; Jerard et al. 2014c) (Fig. 1.2)
with the primary and secondary bulbil shoots possessing the ability to grow as
individual palms.

Spicata palms possess exceptional floral traits with a large number of female
flowers formed on the unbranched spadix and an obvious decrease in the number of
male flowers (Fig. 1.3). In such palms, ratio of male to female flowers is 0.25: 1 in
comparison to 1: 0.0036 in ordinary talls (Arunachalam et al. 2014b). The trait is
controlled by a single gene in heterozygous state (Ss) (Ninan and Satyabalan 1963).
Cytological studies of spicata palms have revealed several aberrations during
meiosis (Ninan et al. 1960).

Importance of the diversity for fruit traits across the coconut germplasm for size,
shape and colour is invaluable for the breeding programs (Table 1.4). The fruit size
in coconut ranges from 31 g in Laccadive Mini Micro Tall of India (Jerard et al.
2014a) to nearly 2.3 kg in San Ramon Tall of the Philippines (Fernando 1998)
(Figs. 1.4 and 1.5). The spectrum of variation of nearly 100-fold variation in fruit

Fig. 1.1 Twin coconut
seedlings observed in West
Coast Tall cultivar
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size available within a single species offers scope to explore the adaptive mecha-
nisms involved in evolution of fruit size. Some of the variations observed in fruit
sizes in coconut populations from Minicoy, Lakshadweep islands, India, are given
in Fig. 1.5. Baudouin et al. (2006) identified 52 putative QTLs for 11 fruit com-
ponent traits, which included fruit composition and yield. Thirty-four of these QTLs
were found to be grouped in six small clusters. QTLs underlying fruit component
weight, endosperm humidity and fruit production were located at different positions
in the genome.

Even though cultivars which are green fruited are common in coconut, a range of
fruit colours from green, orange, yellow and to shades of red can be seen (Fig. 1.6).

Colour of the fruit could further be quantified by digital phenotyping techniques
(Arunachalam et al. 2013) by latest image analysis software. The pink husk form
(Kumaran et al. 2004) is an interesting material for investigating the inheritance and
evolution of fruit colour in coconut.

The variability in coconut for fruit component traits (Table 1.5) has been the
focus of investigation of many researchers to classify coconut populations. Husk
content (Fig. 1.7) is important in the adaptation of coconut fruits to float in seawater

Table 1.2 Range of variation for seedling traits in coconut

Trait Range of variation Population References

Seedling/seed One, two, three or more Many Arunachalam
(2005), Davis et al.
(1953)

Germination Vivipary Andaman Green Dwarf Sankaran et al.
(2012)

Thai Tall Dootson et al.
(1989)

Malayan Dwarfs Shareefa et al.
(2014)

Germination
speed

Quick sprouting Malayan Dwarf Villarreal and
Morín (1998)

Slow and late sprouting Tall varieties Harries (1981)

Petiole
colour

Green Chowghat Green Dwarf,
Malayan Green Dwarf

Many reports

Brown Sri Lankan Brown
Dwarf

Perera et al. (1997)

Orange/Red Malayan Orange Dwarf,
Chowghat Orange
Dwarf

Many reports

Yellow Malayan Yellow Dwarf Many reports

Albino – Louis (1991)

Splitting
seedling
leaves

Number of split leaves
after 9 months of
sowing

2 in dwarfs; 0.01 in talls
and 0.3 in dwarf x tall

Fernando et al.
(2010)

Seedling
leaves

Rosette Normal Arunachalam et al.
(2001)
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for several days before it reaches new island or coastal destinations (Harries 1978).
In contrast, the water content is an important domesticated trait (Ashburner et al.
1997) preferred by humans, especially sea-farers, to carry coconuts during long
voyages. Breaking of tough coconuts manually by hand is a famous gaming activity
in festivals in many coconut-growing locations (Panda 1982). Farmers prefer to
identify palms which provide coconut fruits with hard shell, and fruits from these
palms are specifically used in games such as ‘fighting nut’ (‘Ladahi’-in Hindi
means fight).

Table 1.3 Stem, foliar and floral traits in juvenile and adult palms

Trait Novel variation Population References

Persistent leaves Remains attached Hutbay Island,
Little
Andamans
(India)

Rao and Kumar
(1998)

Leaf splitting Plicata Tiptur Tall
(India)

Arunachalam et al.
(2001)

Number of spathes One, two, three or
more

– Michael
(1963), Arunachalam
et al. (2001)

Branching of
inflorescence

No branching,
primary and
secondary
branching

Tiptur Tall,
East Coast Tall
(India)

Arunachalam et al.
(2001, 2014b)

Leafy shoots Bulbils – Davis et al. (1981a),
Jerard et al. (2014c)

Sex expression Hermaphrodite Nias Yellow
Dwarf
(Indonesia)

Davis et al. (1981b)

Sex expression Monoecious, high
degree of
femaleness

Spicata (India) Jacob (1940)

Multiple
spicata (India)

Sankaran et al. (2016)

Pollination habit Self pollination Dwarf
varieties

Sangare et al. (1978)

Flowering/bearing Precocious 3–
4 years

Dwarf
varieties

Manthiratna (1972)

Flowering in seedling Midget-axillary
Hapaxanthic
terminal

– Davis and
Perianayagam (1985)

Inter- and intraspadix
overlapping among male
and female phases

Present Dwarf
varieties

Sangare et al. (1978)

Less Tall varieties Ratnambal et al.
(2003)
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Fig. 1.2 A coconut palm with numerous bulbils in its crown. [Photo courtesy Dr. S. Elain
Apshara]

Fig. 1.3 Nuts (a) and inflorescence (b) of spicata palm. [Photo courtesy Dr. H.P. Maheswarappa]
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1.4 Characterizing Diversity Using Molecular Markers

It been advocated that the best approach for the utilization and conservation of
biodiversity is an integrated one involving the traditional approaches in combina-
tion with modern biotechnological applications, mainly to determine phylogenetic
relationships, to recognize redundancies in a germplasm bank and to identify useful
genes in the germplasm. Molecular markers constitute efficient and accurate tools
for effective and rapid assessment of genetic diversity. The use of molecular
markers is, however, expensive, and therefore, their employment for characteriza-
tion of genetic diversity must be undertaken in a judicious manner.

Table 1.4 Fruit and tender coconut traits

Trait New
variation

Population References

Shedding of
fruits

Remain
attached
with plant

Takame Gangolly et al.
(1957)

Shape of fruit Triangular Lakshadweep Ordinary Tall
(Lakshadweep Islands, India)

Jacob and
Krishnamoorthy
(1981)

Colour of fruit Orange Chowghat Orange Dwarf (India),
Malayan Orange Dwarf (Malaysia),
Kenthali Orange Dwarf (India)

Nair et al. (2016)

Yellow Malayan Yellow Dwarf (Malaysia),
Nias Yellow Dwarf (Indonesia), Pemba
Yellow Dwarf (Mauritius)

Nair et al. (2016)

Green Chowghat Green Dwarf (India),
Malayan Green Dwarf (Malaysia),
Pemba Green Dwarf (Mauritius)

Nair et al. (2016)

Red Cameroon Red Dwarf (Africa),
Vanuatu Red Dwarf (Vanuatu)

Nair et al. (2016)

Husk texture Soft and
edible

Kaithathali Tall (Lakshadweep Islands,
India)

Menon and
Pandalai (1958)

Size of fruit Smallest
fruit

Laccadive Mini Micro (Lakshadweep
Islands, India)

Jerard et al.
(2014a)

Largest
fruit

San Ramon (The Philippines) Fernando (1998)

Horns on fruit Horns on
pericarp

Horned Cocos (Andaman Islands,
India)

Jerard et al.
(2014b)

Pericarp/husk
colour

Pink Narangi (Odisha, India) Kumaran et al.
(2004)

Stylar end of
fruit

Beaked Wild coconut populations (Andaman
and Nicobar Islands, India)

Balakrishnan
and Nair (1979)

Husk
attachment to
nut

Easily
removable

Kelapa Bawangi (Indonesia) Davis et al.
(1985)
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The advantages of use of molecular markers for characterization of genetic
diversity in coconut were first mooted by Rohde (1993). Since then, a repertoire of
DNA-based markers viz. inverse sequence tagged repeat (ISTR), restricted

Fig. 1.4 Comparison of nut size of mature fruit of San Ramon Tall (a) with a normal nut (b).
[Photo courtesy Dr. H.P. Maheswarappa]

Fig. 1.5 Variations for fruit
size observed in coconut
populations from Minicoy,
Lakshadweep Islands, India.
Mature and dehusked nuts of
Laccadive Ordinary Tall
(a and b), Laccadive Micro
Tall (b and e) and Laccadive
Mini Micro tall (e and f).
[Photo courtesy Mr. M.I.
Arif]
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fragment length polymorphism (RFLP), random amplified polymorphic DNA
(RAPD), amplified fragment length polymorphism (AFLP), simple sequence
repeats (SSR), inter simple sequence repeats (ISSR) and start codon targeted
amplification (SCoT) have been utilized for genetic diversity assessment in coconut
review by Niral et al. (2016).

Since their development (Rivera et al. 1999; Perera et al. 2000), the use of
polymorphic microsatellites for assessing genetic diversity in coconut has been the
most popular till date. A collaborative effort between CIRAD (Centre de
Coopération Internationale en Recherche Agronomique pour le Développement,
France) and COGENT (he International Coconut Genetic Resources Network)
resulted in the development of development of a set of 14 microsatellite markers
(‘CnCir’ series) with sufficient discriminating power for undertaking genetic
diversity studies of coconut (Baudouin and Lebrun 2002). Many studies using SSR
markers have revealed the existence of a much higher genetic diversity in tall
accessions compared to dwarfs (Rivera et al. 1999; Perera et al. 2000, 2003) which
is a reflection of their breeding habits: talls being allogamous, while dwarfs gen-
erally autogamous. SSR profile of 25 genotypes of Tiptur Tall variety using the
primer CnCir87 is provided in Fig. 1.8.

Island coconut populations have been reported to harbour high genetic diversity
in coconut as revealed by SSR-based studies carried out in coconut accessions from
Andaman and Nicobar islands, India (Rajesh et al. 2008b) and Lakshadweep
Islands, India (Devakumar et al. 2010; Rajesh et al. 2014b). These results highlight
the need for undertaking efforts for conservation of the rich genetic diversity in
these islands and evaluation of these accessions for use in future breeding programs.
In contrast to the above results, Perera et al. (2001) reported a high level of within
population variation in coconut populations endemic to Sri Lanka which led to the
conclusion of a common evolutionary history and a narrow genetic base for the
native Sri Lankan coconut populations. A list of genetic diversity studies under-
taken in different coconut populations utilizing microsatellite markers is provided in
Table 1.6.

Fig. 1.6 Diversity seen in fruit colour a Kenthali Orange Dwarf, b Malayan Yellow Dwarf,
c Chowghat Green Dwarf, d Chowghat Orange Dwarf and e Malayan Green Dwarf. [Photo
courtesy Dr. H.P. Maheswarappa]
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1.5 Conservation

Conservation of coconut genetic resources is important to maintain sustainability of
the crop in the long run. The available coconut variability needs immediate con-
servation to protect them from threats of genetic erosion, expansion in area under
high yielding selections and hybrids, climate change and sea level rise and
emerging pests and diseases. Most germplasm collections in national coconut
research programs suffer from lack of sufficient number of palms per accession

Table 1.5 Variability in fruit and component traits

Trait Variation Population References

Husk High proportion of husk Niu Afa
(1608 g/fruit)

Ashburner
et al. (1997)

Water
content

High water content in fruit Niu Vai (998 g/fruit) Ashburner
et al. (1997)

Endosperm Sweet and soft endosperm Mohachao Narel
(Maharashtra, India)

Samsudeen
et al. (2013b)

Soft and curdy endosperm Makapuno (The
Philippines)

Torres (1937)

Thairu thengai
(Andaman Islands,
India)

Jerard et al.
(2013)

Dikiri Pol (Sri
Lanka)

Peries (1995)

Kopyor (Indonesia) Santoso et al.
(1996)

Sap (Vietnam) Le et al.
(1999)

Endosperm Pineapple fragrance Dua (Vietnam) Le et al.
(1999)

Shell Thick and hard Ladhei (Odisha,
India)

Panda (1982)

Embryo
colour

Pink Guelle Rose
(Mauritius)

Kumaran
et al. (2000)

Suitability
as tender
nut

High water content, high total
soluble solids, low acidity, high
potassium low sodium

Chowghat Orange
Dwarf (Kerala,
India)

Dhamodaran
et al. (1993)

Size of the
mature
fruit

Large Kappadam Tall
(Kerala, India)

Narayana
and John
(1949)

Copra size
and quality

Superior Tall varieties Rangaswami
(1977)

Oil content High (>72%) Laccadive Micro
Tall (Lakshadweep
Islands, India)

Patil et al.
(1993)
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leading to genetic bottleneck. To obtain a clear representation of coconut genetic
diversity and for promotion of germplasm exchange, the CGRD (Coconut Genetic
Resources Database) has been created. The database is an user-friendly comput-
erized catalogue of coconut accessions comprising a large number of cultivars from
all coconut-growing regions of the world (Hamelin et al. 2005).

A detailed strategy has been envisaged by Rao et al. (1998) for efficient con-
servation of coconut genetic resources. It has been emphasized that coconut
accessions maintained in different gene banks have to be duplicated for both safety
and promoting sustainable genetic resources conservation; one way of achieving
this would be targeted exchanges between germplasm conservation centres
(Bourdeix et al. 2005a). However, comprehensive exchange of coconut germplasm

Fig. 1.7 Angular and thick
husked fruits (a and c) and
spherical and thin husked
fruits (b and d) from Minicoy,
Lakshadweep Islands, India.
[Photo courtesy Mr. M.I.
Arif]

Fig. 1.8 SSR profile of 25 genotypes of Tiptur Tall variety generated in an automated
electrophoresis unit using the primer CnCir87
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among coconut-growing countries has been limited. For efficient and economic
management of gene banks, use of morphological characterization complemented
by molecular tools has been recommended for rationalization of large collections in
gene banks so as to trim down the actual number of accessions in these centres
(Bourdeix et al. 2005b). The ultimate rationale of conservation of germplasm is its
utilization and, accordingly, any strategy for germplasm conservation should
comprise of mechanisms which will guarantee germplasm access to all relevant
stakeholders (Dulloo et al. 2005). Generally, two approaches of conservation are
recognized in coconut viz. ex situ (field gene banks, seed banks and in vitro col-
lections) and in situ (farm and home gardens), which are regarded complementary
to each other (Rao et al. 1998).

Table 1.6 Genetic diversity studies using microsatellite markers

Population(s) References

Coconut varieties/populations (Different geographical range) Rivera et al. (1999)

Coconut varieties/populations (Different geographical range) Teulat et al. (2000)

Tall coconut accessions (Sri Lanka) Perera et al. (2001)

Coconut varieties/populations (Entire geographical range) Perera et al. (2003)

Coconut accessions (Florida, USA) Merrow et al. (2003)

Coconut landraces (Southern India) Rajesh et al. (2008a)

Coconut populations (Andaman and Nicobar Islands, India) Rajesh et al. (2008b)

Panama Tall, Malayan Yellow Dwarf, Jamaica Tall (Jamaica) Baudouin et al. (2008)

Tall coconut populations (Brazil) Ribeiro et al. (2010)

Coconut populations from Agatti and Kavaratti Islands
(Lakshadweep, India)

Devakumar et al. (2010)

Coconut populations (Dominican Republic) Martinez et al. (2009)

Tall coconut accessions of International Coconut Genebank
for Africa and Indian Ocean (ICG-AIO), Côte d’Ivoire.

Yao et al. (2013)

Ecotypes (Kerala State, Southern India) Thomas et al. (2013)

Tall ecotypes (Kerala State, Southern India) Rajesh et al. (2014a),
Manjula et al. (2014)

Yellow Dwarf forms (Sri Lanka) Kamaral et al. (2014)

Coconut populations from Amini and Kadmat Islands
(Lakshadweep, India)

Rajesh et al. (2014b)

Chowghat Green Dwarf and Malayan Green Dwarf Thomas et al. (2015)

Coconut populations from coastal lowlands (Kenya) Oyoo et al. (2016)

Tall coconut accessions of the International Coconut
Genebank for Latin America and the Caribbean (ICG-LAC),
Brazil

Loiola et al. (2016)

Dwarfs (Entire geographical range) Perera et al. (2016)
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1.5.1 Seed Banks

Even though seeds as a convenient form of storage, seed conservation is quite
cumbersome in coconut given the allogamous nature (of tall accessions), large size
of nuts and inherent recalcitrant nature (Dulloo et al. 2005).

1.5.2 Field Gene Banks

Field gene banks are preferred manner for conservation of coconut genetic diver-
sity, even though they are expensive and time-consuming and require large land
areas to meet sample size of each population, given the biological characteristics of
coconut. Many efforts have been made to conserve the germplasm in the field gene
banks in all major coconut-growing countries (Rao et al. 2005). These efforts have
resulted in the establishment of five multisite International Coconut Genebanks
(ICG) in five major coconut-growing regions viz. India, Indonesia, Côte d’Ivoire,
Papua New Guinea and Brazil, under the International Coconut Genetic Resources
Network (COGENT), representing South Asia, South East/East Asia, Africa/Indian
Ocean, Pacific/Oceania and Latin America/Caribbean regions, respectively (Batugal
and Jayashree 2005). The main objectives of establishing these ICG include con-
servation of identified regional/national/international coconut diversities, assess-
ment of diversity and evaluation of the performance of coconut germplasm
conserved in these gene banks and to provide germplasm to other interested
countries, based on material transfer agreements (Batugal and Jayashree 2005).

The relative advantages of field gene banks include ease of characterization and
requirement of simple infrastructure. However, some key issues which need to be
addressed with respect to field gene banks include (i) deciding the least number of
palms which would be required to preserve representative genetic diversity,
(ii) standardization of field plot techniques for characterizing and evaluating the
conserved germplasm, (iii) rationalization of collections, (iv) development of core
collections and (v) working out the economics of maintenance of coconut collec-
tions (Dulloo et al. 2005). There is also an urgent need to updating and rationalizing
the collection in the gene banks, some of which are quite old, and weed out
germplasm duplicates (Dulloo et al. 2005). However, till date, exchange of coconut
germplasm among the member countries has been restricted because of various
issues (Bourdeix et al. 2005a).

1.5.3 In Vitro Culture

The traditional method of collecting seed nuts during germplasm expeditions from
remote islands/regions had three major limitations: the bulkiness of the nuts (which
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can restrict the number of accessions which can be collected from remote locations
and increase the transport expenses), its recalcitrant nature and quarantine regula-
tions. In vitro embryo culture has become an invaluable tool for collection, from
remote locations, of coconut germplasm in the form of zygotic embryos and its
subsequent retrieval in laboratory (Engelmann et al. 2005). This technique can
overcome the limitations of collection of germplasm as seed nuts.

Embryo culture/rescue has become an invaluable tool to conserve rare mutants
such as Laccadive Mini Micro Tall (the smallest known coconut; from
Lakshadweep Islands, India), Makapuno (a soft, jelly-like endosperm type from the
Philippines), Thairu Thengai (a soft, jelly-like endosperm type from Andaman
Islands, India), Horned Coconut (with thick pericarp from Andaman Islands, India)
(Fig. 1.9) and Mohachao Narel (a sweet and soft endosperm type from Western
India) (Figs. 1.10 and 1.11). The nuts either fail to germinate under natural situa-
tions, due to limitations of food reserves in Laccadive Micro Tall and unfavourable
endosperm in Makapuno, Mohachao Narel and Thairu Thengai, or take a long time
to germinate, as in Horned Coconut because of the thick pericarp.

Coconut tissue culture has still not been standardized given its recalcitrant
nature. Of the different explants tested, plumular tissues have responded the best to
in vitro culture (Chan et al. 1998; Rajesh et al. 2005, 2014c).

Fig. 1.9 Bunch of Horned
Coconut
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1.5.4 Cryopreservation

Cryopreservation of coconut zygotic embryos and pollen represents potential
alternatives to long-term conservation of coconut germplasm, requiring only limited

Fig. 1.10 Nuts of normal
and sweet kernelled coconut
genotype (Mohachao Narel).
[Photo courtesy Mr. P. Ajith
Kumar]

Fig. 1.11 Retrieval of sweet
kernelled coconut genotype
(Mohachao Narel) through
embryo rescue technique.
[Photo courtesy Dr. Anitha
Karun]
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space and maintenance costs. Assy-Bah and Engelmann (1992) were the first to
successfully demonstrate use of liquid nitrogen (−196 °C) in cryopreservation of
coconut zygotic embryos and subsequently, its application in long-term conserva-
tion of coconut germplasm. Sajini et al. (2011) have standardized cryopreservation
of zygotic embryos by a simple vitrification protocol; the protocol has been suc-
cessfully validated in diverse accessions. Long-term storage of coconut pollen
under cryopreservation represents an important additional technique for genetic
resources conservation, by allowing conservation of genes. Karun et al. (2014) have
standardized coconut pollen cryopreservation, opening up avenues for establish-
ment of pollen cryobanks as an adjunct technique of long-term germplasm con-
servation (Fig. 1.12a). Normal seed set could be observed from coconut pollen
cryopreserved for up to 6 years (Fig. 1.12b). N’Nan et al. (2008) could achieve
regeneration of leafy shoots from coconut plumules after cryopreservation by
encapsulation–dehydration.

1.5.5 In Situ and on Farm Conservation

In situ or on farm conservation is the best method for conservation of coconut
landraces as it presents an opportunity for the palm to evolve under
natural/farmer-enforced situations. This method of conservation would be more
effective if it involves active understanding and participation of local communities
and ultimately be beneficial to these communities in the long run (Bourdeix et al.
2005a). The initial step in such an approach would be to collect sufficient data
in situ (e.g. on fruit components and genetic erosion) and carry out molecular
marker studies to assess the extent of genetic diversity/uniqueness of the selection
population. Further analysis of the data obtained during the initial exploration phase
could be carried out using GIS techniques. Based on the result obtained from these

Fig. 1.12 a Germination of pollen of West Coast Tall cultivar cryopreserved for 6 years b Nut set
observed in Chowghat Orange Dwarf pollinated with pollen of West Coast Tall cryopreserved for
6 years. [Photo courtesy Dr. Anitha Karun]
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studies, novel/threatened/useful coconut genetic diversity can be identified for
addition to the gene banks (Bourdeix et al. 2005a, b). Samsudeen et al. (2013c)
have utilized the in situ approach to characterize two ecotypes from West coast of
India viz. Bedakam and Kuttiyadi, to facilitate their on farm conservation.

Rajesh et al. (2008a) carried out microsatellite-based assessment of genetic
diversity of 10 landraces from three coconut-growing communities of Southern
India. Such studies could facilitate stakeholders to make use of useful germplasm
for sustainable production, in addition to planning conservation strategies. Selected
palms from these communities could then be utilized as source for production of
seed nuts for planting and raising seedling nurseries managed by the local com-
munities and could enhance income of the local communities.

As an alternative to conservation of coconut genetic diversity on farm or in home
gardens, Bourdeix et al. (2011) mooted the concept of ‘Polymotu’ for conservation
of coconut genetic diversity in remote islands, atolls, valleys and geographically
isolated locations for breeding and seed nut production.

1.6 Germplasm Utilization

One would find only a few successful cases of utilization of coconut diversity
despite the existence of large variations for various traits for coconut. The
achievements include developing disease resistance, especially to Lethal Yellowing
disease caused by phytoplasma, reduction in plant height, yield increase by
exploitation of hybrid vigour and exploitation of ‘Makapuno’ mutant as a
value-added product. Available coconut varieties and methods of classical coconut
improvement programs have been discussed in earlier reviews (Menon and
Pandalai 1958; Ohler 1999).

1.6.1 Harnessing the Dwarf Trait and Hybrid Vigour

Selection of desirable coconut mother palms was the only method of crop
improvement till hybridization was successful among two dwarf cultivars in Fiji
(Marechal 1928). A breakthrough in coconut breeding came after the discovery of
vigorous seedling hybrids of tall and dwarf palms (Patel 1938). Hybrids, involving
dwarf and tall parents, were instrumental in obtaining palms which were early in
bearing and high yielding. The knowledge provided by studies on inheritance of
petiole colour by Bourdeix (1999), that yellow petiole/germ colour was governed
by two recessive (rrgg) Mendelian factors, benefitted the hybrid coconut industry. It
further facilitated the hybrid seedling identification by employing the yellow dwarf
as female parent and green tall as male parent and removal of off-types in nursery
by culling seedlings with yellow petiole. Molecular markers have been identified
for differentiating tall and dwarf cultivars of coconut (Rajesh et al. 2013). Molecular
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markers have also been utilized for confirming the hybrids of crosses between
dwarf and tall parents, which will facilitate supply of authentic hybrids to farmers
(Perera 2010; Rajesh et al. 2012, 2014d; Preethi et al. 2016).

Perera et al. (2016), after carrying out detailed analysis of inheritance of height
and the presence of bole in F2 population of a cross between dwarf and tall palms,
concluded that a single co-dominant locus was responsible for the presence of the
bole. A strong association was also detected between the presence of the bole and
height, with the latter also under the control of a single co-dominant gene.

The inheritance of germ colour (Bourdeix 1999) involves only four petiole
colours viz. brown, green, yellow and orange. It is not known how the pink colour
of embryo in Guelle Rose (Kumaran et al. 2000) is inherited. Pink coloured
embryos/husk could be favourably utilized as morphological marker once the
genetic basis is understood. Differences in the trichome density in the leaf can be
explored to identify hybrids at seedling stage. Dwarf varieties possess high tri-
chome density, tall varieties low density and hybrids, intermediate density (Taulu
et al. 1980). Dwarf varieties are also sensitive to exogenous application of copper
(Schut 1975) at 1–5 g per plant. Dwarf varieties, infected with bud rot disease,
exhibited phytotoxicity when sprayed with copper fungicide (Ochs et al. 1993). The
differential responses of exogenous copper application in tall, hybrid and dwarf
seedlings need to be verified. After conformation of the hypothesis, it is worth to
test the response of dwarf seedlings to copper to discriminate the hybrid from dwarf
by studying phototoxic symptoms.

Palms are large treesmaking the intercultural and harvest operations difficult due to
their enormous heights. Dwarf varieties offer scope to farmers to carry out intercul-
tural operations and harvest fruits easily. The success achieved in coconut by creating
hybrids by crossing dwarf and tall parents has been favourably extended to other palm
species. A dwarf Areca mutant (Naidu 1963) was observed in Hirehalli taluk of
Tumkur District of Karnataka, India, which has been gainfully harnessed in areca nut
breeding programs by crossing with high yieldingMohitnagar or Sumangla cultivars
to evolve high yielding hybrids of short stature (Ananda 2002). In case of oil palm,
short-statured palms were found in a small proportion in the interspecific hybrid
progenies between the Old world African oil palms (Elaeis guineensis Jacq) crossed
with new World American oil palms (E. oleifera) (Sunilkumar et al. 2015).
Genetically dwarf cultivars and dwarf forms ofwild species ofPhoenix have also been
employed to develop dwarf date palms (Jain 2012).

1.6.2 Sex Expression

Sex expression varies a great deal among the palms. Date palm and palmyrah are
dioecious, where male and female palms are separate. Coconut, areca nut and oil
palm are monoecious where the male and female flowers are present in the same
individual. Hermaphrodite flowers (male and female organs in the same flower)
have been reported, but are rare in coconut palms; the presence of such flowers was
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observed in low proportion among the Nias Yellow Dwarf palms of coconut which
was observed by Davis et al. (1981b). The report is significant and suggests careful
elimination of male organs from such flowers to avoid self pollination in
hybridization programs. Male-dominated (androgena) and female-dominated (spi-
cata) forms have been reported in coconut (Table 1.3). A multiple mutant (TT-50)
with mutations at three traits (multispatheate, plicata and androgena) was reported
in our earlier studies (Arunachalam 2011) (Fig. 1.13). Hybridization among the
coconut forms differing sex expression (spicata x androgena) has been initiated
(Arunachalam et al. 2014a) to understand their inheritance further. Suitable tall
populations have also examined to exploit heterosis among the Tall x Tall hybrids
(N’Cho et al. 1993) in coconut.

1.6.3 Resistance Breeding for Phytoplasmal Diseases

Variation in resistance/susceptibility in coconut germplasm has been exploited in
developing resistance breeding approaches utilizing the resistant dwarf populations
to lethal yellowing disease (Whitehead 1968; Harries 1974; Been 1981; Konan
et al. 2007) and root (wilt) disease (Nair et al. 1996). Malayan Dwarf palms have
provided a long-standing solution in lethal yellowing disease-prone areas of Latin
America and Caribbean countries (Whitehead 1968; Been 1981; Harries 1974).
Most coconut breeding programs around the world employ Malayan Dwarf,
preferably yellow-fruited ones, as female parent and the local tall as male parent.
Genetic diversity studies of Dery et al. (2008) revealed that coconut cultivars from
the Pacific region, particularly dwarf cultivars, showed less susceptibility to Cape
St. Paul Wilt Disease in comparison to cultivars from Indo-Atlantic region.

A comprehensive breeding program for evolving coconut varieties
resistant/tolerant to root (wilt) disease is being implemented in India since 1988
(Nair et al. 2010). Three coconut varieties have been released for the root (wilt)
disease prevalent area based on systematic evaluation trials carried out (Nair et al.
2016).

Fig. 1.13 A multiple mutant
palm with mutations at three
traits: multispatheate, plicata
and androgena
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1.6.4 Resistance Breeding for Eriophyid Mite

Eriophyid mite (Aceria guerreronis Keifer) has emerged as serious pest of coconut.
The perianth lobes/tepals offer a refugee for the mites to inhabit (Aratchige et al.
2007; review: Navia et al. 2013) but protect from predators and pesticidal sprays.
Penetrometer was used to measure the toughness of fruit and perianth lobes of
coconut. Resistance to eriophyid mite due to increased toughness of the perianth
lobe (tepal) and fruit in some Benaulim palms was reported by our earlier studies
(Arunachalam et al. 2013). da Silva et al. (2016) have demonstrated that artificially
enlarging the perianth-rim-fruit space (40–120 µm) allowed earlier occurrence of
larger predatory mites like Neoseilus paspalivorus beneath the perianth and sub-
sequent lower count of coconut mites. Perianth lobe variation is observed in
coconut such as Horned Coconut (Davis 1965; Balakrishnan and Nair 1979; Jerard
et al. 2014b). Horns on coconut fruits display more distance of fruit rim to perianth
lobe than normal varieties hence may allow the predatory mite to pass through.
Horned Coconut, along with such small predatory mites, needs evaluation to evolve
a suitable integrated pest management package. In an earlier study, Shalini et al.
(2007) had reported identification of nine SSR and four RAPD markers with
resistance to eriophyid mite using single marker analysis. Stepwise multiple
regression analysis revealed that a combination of five markers could account for
100% of the association with eriophyid mite resistance.

1.6.5 Breeding for Drought Tolerance

Drought is a serious problem in coconut cultivation when the rainfall received is
limited in quantity or its distribution is skewed over a few months. A review of
ecophysiology of coconut indicated root production, less turgor loss in leaves,
proline accumulation and abscisic acid production as drought-responsive traits in
coconut (Gomes and Prado 2007). Well-distributed roots help the coconut palm to
tolerate the impact of drought; based on this concept, coconut germplasm has been
screened for distribution of root system (Cintra et al. 1993). The results of this study
revealed that Polynesian Tall and Brazilian Tall develop deeper roots under water
stress than other tall varieties studied.

Important physiological traits such as lipase and protease activity of the leaf lipid
membranes (Repellin et al. 1997), content of stress-responsive proteins (Kumar
et al. 2007), relative water content (Renju et al. 2015), leaf water potential
(Rajagopal et al. 1988, 1990), epicuticular wax, chlorophyll fluorescence
(Kasturibai et al. 2006) have been used in screening coconut diversity for drought
tolerance. Riedel et al. (2009) have identified QTLs for cuticular wax composition
in coconut. An in vitro assay was developed using zygotic embryos subjected to
osmotic treatments in coconut to screen for drought tolerance (Karunaratne et al.
1991). Variety of single cross-hybrids have been evolved using drought-tolerant
parents for imparting drought tolerance in hybrid progenies (Kasturibai et al. 2010).
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1.6.6 Germplasm for Product Diversification

Coconut palm is known as the ‘tree of heaven’ with multitude of useful products for
humanity. Utilization of coconut germplasm for developing several value-added
products is a crucial strategy to boost coconut farmer’s income. Mutants for
endosperm traits play major role in boosting the profitability of coconut farmers.
Kopyor coconuts, with soft endosperm, have been reported to fetch ten times the
price of normal coconuts at Indonesia (Maskromo et al. 2016). The spontaneous
mutant resulting in soft and curdy endosperm is available in different names at most
coconut-producing countries [Sri Lanka: Peries (1995); Indonesia: Maskromo et al.
(2016); India: Jerard et al. (2013)]. The knowledge of genetic basis of the
Makapuno trait being controlled by a single recessive gene is known (Torres 1937).
But, due to the requirement of embryo culture, this mutant type could not boost
farmer’s incomes only in the Philippines.

Fatty acid profiles of coconut germplasm, hybrids and parents have been gen-
erated (Kumar 2011; Laureles et al. 2002). Lauric acid rich (>50%) coconut hybrids
viz. PCA 15-8 and PCA 15-9 have been identified to suit the needs of genotypes to
suit the market for lauric acid (Laureles et al. 2002). Sheela et al. (2016) reported
the cholesterol-lowering ability of lauric acid from coconut oil.

Tender coconut water is another product from coconut palm (DebMandal and
Mandal 2011) with immense potential as health and sports drink. In India,
Chowghat Green Dwarf has been identified as a potential dwarf cultivar suitable for
tender nut water (Dhamodaran et al. 1993; Nadanasabapathy and Kumar 1999).
Variety of single cross-hybrids, involving COD as one of the parent, have also been
reported to be potentially suited for tender coconut water markets (Apshara et al.
2007). PB 121, an hybrid between Malayan Yellow Dwarf and West African Tall,
has also been reported to be superior in tender nut water traits compared to its
parents (Assa et al. 2013). Other dwarfs and semi-dwarf cultivars, suitable for
tender nut water, include Galas Green Dwarf from the Philippines, Nam Wan and
Nam Hom from Thailand, Brazilian Green Dwarf from Brazil and Malayan Dwarfs
and King Coconut from Sri Lanka (Thampan and Gopalakrishnan 2010).

Unfermented inflorescence sap is gaining popularity as a healthy and nutritious
drink, in addition to serving as a raw material for production of coconut sugar and
jaggery. The glycemic index (GI) of coconut inflorescence sap sugar is low (around
35) which makes it an ideal sugar source for diabetic patients (Manohar et al. 2007).
Tall varieties were reported to be better than dwarf varieties for inflorescence sap
production (Samsudeen et al. 2013a). In Thailand, cultivars known for their high
production of sap (viz. Tha-le Ba, Suricha, Sai Bua, Theung Bong, Kathi and Khi
Kai) are exclusively maintained in coconut gardens for sugar production in the
provinces of Samut Sakhon, Samut Songkhram and Samut Prakan. These palms are
known to yield four litres of sweet toddy on an average (Thampan 2013).

In Thailand, a unique and rare coconut variety produces very thick nuts with
three lobes; nuts from this variety, called Maphrao or ‘fiddle sound box coconut’ is
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used to make sound boxes, and these nuts are sold at exorbitant prices (Thampan
and Gopalakrishnan 2010).

In oil palm, shell thickness is a trait controlled by single gene (Beirnaert and
Vanderweyen 1941). High yielding thin-shelled tenera (Sh/sh) palms are
heterozygous dominant for shell loci and evolved by hybridization of thick shelled
dura (Sh/Sh) homozygous dominant with shell-less pisifera (sh/sh) (Singh et al.
2013). This trait has been favourably exploited in oil palm for breeding for
enhanced oil yield and detection of non-tenera contamination (Ooi et al. 2016);
such studies could be initiated in coconut for correlation of shell thickness with oil
yield.

Coconut shell has potential as a source of activated carbon (Mozammel et al.
2002). It is not clear whether coconut forms varying for shell thickness (thick
shelled ‘Ladehi’ types; Panda 1982) would exhibit heterosis and could be utilized to
evolve high yielders or useful in fitting coconuts for market for activated carbon.
Variety of cross-hybrids for possible improvements in spathe traits (Jayabose et al.
2010) has also been reported.

1.6.7 Phenotyping for Fungal Disease Resistance

Fungal diseases are serious threat to coconut cultivation. Screening of genetic
diversity of coconut involves constraints of time and space due to delay in disease
development and the requirement of large sick plots or container trials. Inoculation
of the pathogen in the excised petiole of coconut could be a rapid way to phenotype
disease resistance. Coconut varieties were successfully screened using a petiole
inoculation technique to stem bleeding disease caused by Thielaviopsis paradoxa
(Ramanujam et al. 1998).

1.7 Conclusion

Coconut palm is an important commodity for coastal and fragile island ecosystems.
Undoubtedly, coconut genetic resources are composed of numerous traits of
potential value to aid in the coconut crop improvement programs. Harnessing this
genetic diversity is essential to evolve varieties or hybrids with high yield, suit-
ability to product diversification and tolerance to pests and diseases. The chapter
reviews the diversity of coconut available at geographical level and trait level and
lists the proven cases of utilization and potential unexploited areas. Constraints in
conservation of genetic resources are discussed along with potential solutions. The
under-representation of coconut genetic resources in gene banks and the threats
they face in their natural habitats warrants urgent concerted efforts at the global
level, to guarantee their collection and appropriate conservation. The availability of
genomic resources, though sequencing of coconut genome which is underway,
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could revolutionize analysis of genes governing key traits, carrying out robust
population genetic studies and aid conservation and utilization initiatives for the
benefit of human kind.
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Chapter 2
Genetic Diversity and Conservation
of Mexican Forest Trees

Christian Wehenkel, Samantha del Rocío Mariscal-Lucero,
Juan Pablo Jaramillo-Correa, Carlos Antonio López-Sánchez,
J. Jesús Vargas-Hernández and Cuauhtémoc Sáenz-Romero

Abstract Over the last 200 years, humans have impacted the genetic diversity of
forest trees. Because of widespread deforestation and over-exploitation, about 9000
tree species are listed worldwide as threatened with extinction, including more than
half of the *600 known conifer taxa. A comprehensive review of the
floristic-taxonomic literature compiled a list of 4331 recorded tree species in
Mexico. The highest diversity of pine and oak worldwide is located in the Mexican
temperate forests. Because species and genetic diversity are often positively asso-
ciated, a very high trans-specific genetic diversity in Mexican tree species is thus
expected. Contrasting with its high species and genus richness, studies of genetic
diversity in Mexican forest trees are rather scarce, and often biased to particular
families, like the Pinaceae. Moreover, even within those particular families the
available surveys have a penchant for specific genus. The markers used in most of
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these studies include the traditional and “universal” isozymes and chloroplast
microsatellites and, to a lesser extent, the anonymous SSRs, AFLPs, and RAPDs.
More studies on more varied taxa and using more advanced technologies and
markers seem thus necessary. Because of the poor comparability of the genetic
diversity estimates among the studied Mexican tree species, it is extremely difficult
to discern general trends across species or regions. We thus recommend that genetic
diversity should be measured across species with an identical type of genetic
marker, by surveying similar numbers of loci, individuals and populations, and
using identical indices of genetic diversity, relevant to conservation of trees.

Keywords Tree species diversity � Trans-specific genetic diversity
Species distribution � in situ � ex situ conservation � Genetic erosion
Neotropical species

2.1 Introduction: The Importance of Genetic Diversity

Biodiversity or “biological diversity” can be defined as the variety and variability
among living organisms and the ecological complexes in which they occur. It can
be subdivided in four hierarchical categories of biological organization: regional
landscape, community-ecosystem, population-species, and genetic (Noss 1990). In
this context, genetic diversity is the foundation of all diversity levels (Frankham
et al. 2010), as it is directly related to the adaptability of biological systems
(Gregorius 2001). For instance, in the short term it is vital for increasing population
fitness by reducing inbreeding depression in the short term, and, in the longer term,
to develop new local adaptations in response to environmental changes (Reed and
Frankham 2003; Kremer et al. 2012).

Genetic diversity also affects ecological processes such as primary productivity,
population recovery from disturbances, interspecific competition, community
structure, and fluxes of energy and nutrients. Thus, genetic diversity is an important
factor for the populations, communities, and ecosystems health, whose effects on
long-term evolution capability are comparable in magnitude to those of species
diversity. Genetic diversity should have the most ecological impact on the four
non-exclusive conditions: (1) when one or a few main habitat-providing species
dominate a community or ecosystem (like in forests or coral reef ecosystems),
(2) when the abundance or distribution of a keystone species is controlled by
genetic diversity in other species (like in host parasite interactions), (3) when
keystone species show measurable genetic diversity within populations for
important traits, and/or (4) when species evolve in highly variable environments or
in those subjected to rapid anthropogenic change (Hughes et al. 2008).

The level of genetic diversity in natural populations is influenced by evolu-
tionary forces such as mutation, genetic drift, natural selection, and gene
flow/migration (Futuyma 2013), along with other factors including the type of
mating system (Schoen and Brown 1991), population size (Frankham 1996),
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inbreeding, spatial distribution, social organization, and behavior traits
(Amos et al. 1998). For instance in plants, Hamrick et al. (1992) reported in a
meta-analysis of 322 woody taxa that genetic diversity within species was higher
within populations than among populations, and that genetic diversity was higher in
outcrossers and in species with large geographic ranges or that were wind pollinated
or dispersed than in inbreeders or in taxa with restricted distributions or that were
pollinated/dispersed by animal vectors. They also found that differences in life
history and ecological traits among species explained a significant proportion of
their genetic diversity (for the genetic parameters measured), the specific evolu-
tionary history of each species has a major role in determining the level and
distribution of genetic diversity (i.e., the genetic structure).

Due to the importance of genetic diversity for the successful conservation of
long-lived species, like most forest trees (Kahilainen et al. 2014), and for the
long-term maintenance of all other forms of diversity (Riggs 1990), Brown et al.
(1997) proposed seven indicators to monitor natural genetic diversity in carefully
selected indicative taxa: (1) the number of sub-specific taxa; (2) population size,
number, and physical location; (3) the environmental amplitude of each population;
(4) genetic diversity at marker loci within individuals and populations; (5) quantita-
tive genetic variation; (6) interpopulation genetic structure; and (7) mating system.

2.2 Genetic Diversity and Conservation of Tree Species

Over the last 200 years, humans have impacted the genetic diversity of forest trees
by converting their original habitats for agricultural and urban uses, changing the
demographic structure of forests (for instance, by forest management practices),
fragmenting wildlands, exploiting species (e.g., timber exploitation), introducing
exotic competitors and pests, degrading the environment with soil and atmospheric
contaminants, and/or domesticating favored species (Ledig 1992).

Because of widespread deforestation and over-exploitation, about 9000 tree
species are listed worldwide as threatened with extinction, including more than
half of the *600 known conifer taxa (Newton et al. 1999). Thus, efforts to
conserve and manage tree species have been increasing around the world since
the late 80s (Farnsworth and Sahotra 2007). Such conservation activities have
encouraged studies of within-species genetic variation and distribution to enrich
current conservation strategies (Newton et al. 1999). Indeed, such surveys can
help designing evolutionarily significant units (ESU) or management units
(MU) through the identification of unique and worth-conserving populations
and/or hotspots of genetic diversity, while phylogeographic or genomic studies
aiming to pinpoint adaptive variation should contribute to the development of
new strategies and objectives for conservation (Bowen 1999; Newton et al. 1999).
Analyses with molecular markers in tree species have, for example, demonstrated
a far higher genetic differentiation between populations than initially shown by
isozymes (Newton et al. 1999), while the distribution of cytoplasmic
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(both chloroplast and mitochondrial) lineages has allowed the identification of
refugial areas and potential postglacial migration paths (e.g., Soltis et al. 2007;
Jaramillo-Correa et al. 2009). Refugia are of particular importance for conser-
vation because they often shelter higher genetic diversity than newly colonized
areas (Newton et al. 1999). However, despite its importance for the long-term
viability and the evolutionary potential of tree species and functioning of
ecosystems, the genetic diversity of populations is seldom given explicit con-
sideration in conservation programs (Mace and Purvis 2008; Walpole et al. 2009;
GEO BON 2011; Kahilainen et al. 2014).

Because genetic diversity is found at various levels of organization, from the
ecosystem, through species, and their provenances and family groups, to individual
genotypes and alleles at the molecular level, it is essential that all levels are con-
sidered in conservation activities (Namkoong 1990). Moreover, the functioning of
the ecosystem and methods for the conservation of genetic variation of individual
species are dependent on the organization and structure of genetic diversity at each
level (Riggs 1990). In this sense, and whenever it is applicable, in situ methods
(conservation of genetic resources in natural populations) should be preferred to the
ex situ strategies, such as conservation in botanical gardens, test plantations, seed
orchards, clone banks, or tissue cultures. Indeed, in situ programs provide the
opportunity for not only preserving individuals or species but also ongoing evo-
lutionary processes, like gene flow or the fixation of new variants through local
adaptation (Frankel 1981).

Some of the major problems of ex situ activities include the lack of long-term
and continuous funding, which can affect the success of the conservation programs,
or cause adverse changes in the preserved materials, which can compromise the
species survival or regeneration. Some ex situ options, such as botanical gardens
and arboreta, which are very common, only harbor a few specimens per taxa, which
lead to conserve a low percentage of the genetic diversity of each species.
Provenance trials, which compare offspring performance from a range of popula-
tions of the same species, maintain a broader genetic base than arboreta, but are
generally restricted to commercial or potentially commercial taxa, and have a
limited lifetime that rarely exceeds 50–100 years. Moreover, these tests are usually
not self-perpetuating and occur in alien environments for most of the populations
included. Seed orchards are generally established for commercial seed production
of important timber species, and often use grafted clones, which can be easily
replaced at a short-time period by the next generation of breeding (approx.
20 years). Thus, they usually bear a subset of the total genetic variation of a species,
with an important bias for genotypes with desired commercial traits (wood quality,
fast growth, pest resistance, etc.). Clone banks, on the other hand, have a broader
genetic base and a longer lifespan than seed orchards, but they are commonly
established with grafted clones, which also diminish their capacity for preserving an
adequate percentage of genetic diversity. Seed banks are an obvious way to pre-
serve genetic diversity, but not all seeds from all species can be stored under current
storage conditions (i.e. low light and temperature) and germination rates tend to
decline with time. Finally, tissue cultures might be of limited use given that
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mutations can accumulate at faster rates in disorganized tissues and because not all
genotypes are prone to form somatic embryos or regenerate whole plants from
cultured tissues (Ledig 1988).

Despite its limitations, ex situ conservation becomes especially important due to
climatic change. The progressive decoupling between natural forest tree popula-
tions and the site where the climate for which they have evolved and adapted will
occur, possess an immense challenge (Tchevakova et al. 2005; Sáenz-Romero et al.
2010). It is necessary to conduct an ex situ conservation program that includes the
realignment of the natural populations to their suitable climate, by planting indi-
viduals in advance to the sites where their corresponding suitable climatic habitat
will occur in the future. This has been named assisted migration (Ledig et al. 2010;
Ledig 2012; Rehfeldt et al. 2014).

Conservation of genetic diversity in tree species is also essential for the sus-
tainable and productive management of the forest ecosystems in which they occur.
Indeed, it can be seen as one of the services of natural forests under multiple-use
management. Thus, the reconcilability of economic and genetic conservation
objectives may be easier to realize if appropriate levels of sustainable timber pro-
duction are included as management objectives (http://www.fao.org/docrep/006/
t0743e/T0743E02.htm).

2.3 Mexican Forests and Their Genetic and Species
Richness of Vascular Plants and Tree Species

The total Mexican land area is *196.7 million ha and about 72% consists of
woodland (http://www.fao.org/docrep/meeting/x4702e.htm). SEMARNAP-UACH
(1999) reported that the Mexican forests (excluding bushlands and grasslands)
cover up to 55.3 million ha, including 0.721 million ha of mangroves and 0.163
million ha of gallery (riverine) forest. According to Palacio-Prieto et al. (2000), the
main vegetation types in Mexico are temperate forests (which include the montane
cloud, pine, and oak forests) that cover about 32 million hectares (ha), the tropical
dry forests (encompassing both thorn and tropical deciduous forests) with 16.9
million ha, the tropical humid forests (including tropical rain, sub-evergreen trop-
ical, and semi-deciduous tropical forests) that spread over 14 million ha, and the
xeric shrublands with some 55.4 million ha.

Mexico is considered one of the countries with the largest diversity of plants
worldwide (WCMC 1992; Mittermeier and Goettsch 1992). Although a complete
inventory of its flora is still lacking, estimates range between 18,000 and 30,000
species, with more than 50% of them being restricted to its national territory
(Rzedowski 1991a, b; Villaseñor 2003). An updated account of the generic richness
of Mexican vascular plants found 2804 native genera, distributed in 304 families
(Villaseñor 2004). Subsequently, Villaseñor and Ibarra-Manríquez in Cué-Bär et al.
(2006) reported that at least 3639 species of Mexican native flora are angiosperm
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trees, which are grouped in 728 genera and 128 families. Families notable for their
species richness include Fagaceae (270 species), Mimosaceae (268 species), and
Fabaceae (205 species). However, some of them might be even richer. For instance,
Sousa et al. (2001, 2003) found 623 tree species of the Fabaceae (Leguminosae) in
Mexico. These authors also indicated that endemism at the generic level was
marginal (3%), contrasting with at the species level (42.1%). However, a com-
prehensive review by Villaseñor (2013) of the floristic-taxonomic literature of
Mexico compiled a list of 4331 recorded tree species. The highest diversity of pine
and oak worldwide with 55 and 161 species, respectively, is located in the Mexican
temperate forests (Galicia et al. 2015). This floristic richness is mainly caused by a
wide range of climatic conditions, the numerous isolated mountains and mountain
ranges, and large arid and semiarid expanses (Rzedowski 1994).

Figures 2.1 and 2.2 show that the tree species and genus richness in Mexico are
not equally distributed and are principally functions of climate variables such as
minimum temperature of coldest month, precipitation of driest month, and pre-
cipitation seasonality. The highest tree species and genus richness occur in the
tropical rain forests of the states of Quintana Roo, Veracruz, and Chiapas, and the
lowest in the Chihuahuan desert. Because species and genetic diversity are often
positively associated (Bergmann et al. 2013; Kahilainen et al. 2014), a distribution
of transspecific genetic diversity (Gregorius 2003; Wehenkel et al. 2006) similar to
the Mexican tree species diversity shown in Fig. 2.1 is expected.

2.4 Studies About Genetic Diversity in Mexican Forest
Trees

Studies of genetic diversity in Mexican forest tree are rare in proportion to the large
species diversity in this country. To date (by 2015), the genetic variation has been
studied in about only five tree families, ten genera and 52 species (mostly endemic).
This represents only 1.2% of all Mexican tree species. Of these species, 58% belong
to the genus Pinus, 15% to Quercus, 10% to Abies, and 6% to Picea. Thus, most of
the information (80%) concerning the genetic diversity of Mexican trees comes
from a single family of conifers (Pinaceae) that includes only 2% of all Mexican
tree taxa. Moreover, from the studied tree species, approximately 38% are listed as
endangered or vulnerable in the Red List of the International Union for
Conservation of Nature and Natural Resources (IUCN 2013; Farjon et al. 2017),
which indicates that, with the exception of a few species of Pinus and Quercus,
there is virtually no genetic information available to design management plans for
most tree taxa native to Mexico. Indeed, genetic diversity has been mostly assessed
either in endemic species with narrow or discontinuous distribution, species facing
fragmentation, habitat loss or other human-related threats, species with unique
habitat or controversial taxonomic status, and only in a few commercially valuable,
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Fig. 2.1 Map of the tree species richness (v0_sp) (in 1600 m2) in Mexico predicted by minimum
temperature of coldest month, precipitation of driest month, and precipitation seasonality
(R2 = 0.59, standard error = 5.68). Yellow colors indicate lower richness, brown colors highest
richness
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Fig. 2.2 Map of the tree genus richness (v0_genus) (in 1600 m2) in Mexico predicted by minimum
temperature of coldest month, precipitation of driest month, and precipitation seasonality
(R2 = 0.64, standard error = 4.99). Yellow colors indicate lower richness, brown colors highest
richness
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wide-ranging timber species, such as those belonging to the genus Pinus and
Quercus (Farjon and Styles 1997; Galicia et al. 2015).

Different molecular marker and isozymes have been traditionally used
(Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, and 2.9), including simple sequence
repeats or microsatellites (SSR), chloroplast microsatellites (cpSSR), random
amplified polymorphic DNA (RAPD), amplified fragment length polymorphisms
(AFLP), polymerase chain reaction-restriction fragment length polymorphisms
(PCR-RFLP), and sequence variation in both mitochondrial DNA (mtDNA), and
chloroplast DNA (cpDNA) regions. Different genetic diversity parameters have been
usually calculated, such as the expected heterozygosity (He), the percentage of
polymorphic loci (%P), the Shannon diversity index (S), the total haplotype diversity
(H), the nucleotide diversity (p), the observed degrees of Gregorius’ total differen-
tiation (dT), and mean genetic diversity (vmean,2) among many others (see references
in the tables for details). However, given that different genetic markers, laboratories,
numbers of loci, individuals, populations, and indices of genetic diversity have been
reported, an accurate comparison of the genetic diversity between the studied
Mexican tree species is difficult, although most of the general trends are summarized
below for particular tree families (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8,
and 2.9).

2.4.1 Family Pinaceae

Genetic diversity studies in the family Pinaceae have centered on the genus Pinus,
although some individual reports in Abies, Picea, and Pseudotsuga have also been
performed (Tables 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, and 2.7).

2.4.1.1 Genus Pinus

Pinus is particularly relevant because more than half of the species of this genus
occur naturally in Mexico, most of which are endemic, thus making of Mexico one
of its main centers of pine diversity (Piñero et al. 2008). Only 14% of pine species
studied at genetic level so far is listed as endangered in the Red List of the IUCN.
Tables 2.1, 2.2, 2.3, and 2.4 show summary statistics of genetic diversity estimated
with molecular markers for different Mexican species of Pinus. The majority of the
studies were performed using isoenzymes, while the least used type molecular
markers to determine the genetic variation in this genus was the RAPD; only two
species include this type of marker: Pinus chiapensis and Pinus culminicola
(Newton et al. 2002; Favela-Lara 2010).

On average the expected heterozygosity (He) for Pinus populations equals 0.21
using isozyme and 0.60 with microsatellite (SSR). While the average genetic
diversity assessed by AFLP markers is dg = 1.40. The estimated diversity for the
Mexican species of Pinus is comparable to that of their European counterparts
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(He = 0.211, Müller-Starck et al. 1992), and it is slightly higher than that found by
Hamrick et al. (1992) in studies published from 1968 to 1990 that reported esti-
mates of allozyme variation for gymnosperms and angiosperms (He = 0.136 in
Pinus). Galicia et al. (2015) suggested that most Mexican pine species have high
genetic diversity and relatively low genetic differentiation among populations. For
example, some species with a high genetic diversity are Pinus oocarpa, P. leio-
phylla, P. johannis, P. pinceana, P. cembroides, and P. muricata (Dvorak et al.
2009; Rodríguez-Banderas et al. 2009; Molina-Freaner et al. 2001; García-Gómez
et al. 2014). Such high levels of genetic diversity have allowed the selection of
high-yielding genotypes for reforestation programs and the establishment of com-
mercial plantations in Mexico and other countries (Molina-Freaner et al. 2001).
Although, it must also be noted that many exceptions with low genetic diversity
figures also exist, such as some endemics and taxa with fragmented distributions,
like P. culminicola (Favela-Lara 2010), P. maximartinezii (Ledig et al. 1999),
P. chiapensis (Newton et al. 2002), and P.greggii (Parraguirre-Lezama et al. 2002).

Wehenkel et al. (2015) found in a study of seed stands of 11 Pinus in the Sierra
Madre Occidental, that pine species and populations within species that were
exposed to prolonged cold periods and low Mg proportion of the cation-exchange
capacity in the soil in their distribution range possess lower AFLP diversity.
However, Dvorak et al. (2009) reported that Pinus oocarpa shows no significant
changes in genetic diversity in populations across its geographic range of 3000 km
in Mesoamerica.

2.4.1.2 Genus Abies

Studies on the genus Abies mostly have focused in the southern taxa, namely Abies
flinckii, A. guatemalensis, A. hickelii, and A. religiosa (Table 2.5). These four
species are in the Red List of the IUCN. Although widely distributed, A.
guatemalensis is considered an endangered species, given that it is distributed in
various but isolated populations (Aguirre-Planter et al. 2000). Both A. flinckii and A.
hickelii have restricted distributions and are also considered as endangered (Bello
and López-Mata 2001), while A. religiosa has a mostly continuous and wide natural
range, but its recurrent exploitation for timber has put it at risk (Wallace et al.
2015). In general, the average expected heterozygosity (He) in this genus in
Mexico, as estimated with isoenzymes, equals 0.10 (Aguirre-Planter et al. 2000),
which is far lower than the average for gymnosperms determined by Hamrick et al.
(1992; He = 0.151) or than that found in the European species Abies alba
(He = 0.41, Müller-Starck et al. 1992). On the other hand, the average total hap-
lotypic diversity (H) measured with chloroplast microsatellites was 0.80, which is
not different from the values found for other temperate firs in Europe or North
America (Jaramillo-Correa et al. 2008).

Unlike other conifers, the genus Abies in Mexico present low genetic diversity
within, but high genetic differentiation among populations; studies of these species
have demonstrated that Abies populations have likely passed through genetic

2 Genetic Diversity and Conservation of Mexican Forest Trees 55



bottlenecks that decreased their genetic diversity and steered to interpopulation
differentiation (Aguirre-Planter et al. 2000). Furthermore, Jaramillo-Correa et al.
(2008) suggested that the four species of Abies in Mesoamerica share a recent
common ancestor. Given these patterns of genetic structure in the Abies populations
it has been suggested to implement conservation strategies for these Mexican
conifers, proposing in situ conservation of populations along the Transverse
Volcanic Belt in central México where most of population differentiation occurs
and where they are more threatened by human activities (Jaramillo-Correa et al.
2008).

2.4.1.3 Genus Picea

Studies in the genus Picea have covered all three Mexican species: Picea chi-
huahuana, P. martínezii, and P. mexicana. All three taxa are listed as endangered in
the Red List of the IUCN (Table 2.6). The average expected heterozygosity (He) in
this genus estimated by using isoenzymes equals 0.11. This level of genetic
diversity is similar to that found in the rare congeners Picea breweriana, native of
North America (He = 0.129) and P. asperata, native of Southwest China (Western
china He = 0.096) (Luo et al. 2005; Ledig and Johnson 2005). On the other hand,
when compared with the values found in the European spruce P. abies (He = 0.371)
and in North American black spruce (P. mariana, He = 0.300) these diversity
values are much lower (Lundkvist 1979; Isabel et al. 1995).

Picea chihuahuana has been the most genetically studied of all Mexican spruces
(Ledig et al. 1997; Jaramillo-Correa et al. 2006; Wehenkel and Sáenz-Romero 2012;
Simental-Rodríguez et al. 2014). This species is distributed in the Sierra Madre
Occidental in the states of Chihuahua and Durango, forming only 40 populations
(Wehenkel and Sáenz-Romero 2012). Its genetic diversity is within the range
reported for conifers, although Ledig et al. (1997) found a high fixation index and a
45% of empty seeds, which indicates that inbreeding may be a serious problem for
Chihuahua spruce. In addition, Jaramillo-Correa et al. (2006) found only eight
chloroplast DNA haplotypes and two mitochondrial DNA haplotypes, which is less
than the amount for more boreal spruces. The distribution of mitotypes showed two
areas, differentiating the northern populations from the central and southern ones,
which suggests that these two areas could represent different ancestral populations.
The study also detected recent bottlenecks in some stands and suggested the con-
servation of southern populations that exhibit high levels of genetic diversity. In a
more recent study, Wehenkel and Sáenz-Romero (2012) found significant genetic
erosion only in a very small population of 120 individuals and concluded that the
loss of genetic diversity per se does not explain the relict status of P. chihuahuana.
Unexpectedly, Dominguez-Guerrero et al. (2017) found that higher mean temper-
ature in the warmest month are associated to larger mean AFLP diversity.

P. mexicana has three small populations isolated and fragmented on sky islands
from the Sierra Madre Oriental and the Sierra Madre Occidental (Sierra el
Coahuilón, Cerro Mohinora and Sierra la Marta) and are threatened by global
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warming, fire, and grazing (Ledig et al. 2002). The fire affected Mexican spruce in
1975 and most individuals of Sierra la Marta disappeared (Rushforth 1986; Gordon
1991). Ledig et al. (2002) concluded that the populations of P. mexicana are
genetically viable and their main threat is the environment, while Jaramillo-Correa
et al. (2015a) estimated the bottleneck that affects the species to be rather ancient,
which suggests that this species has developed some kind of tolerance to stochastic
processes. However, Flores-Lopez et al. (2005) found that the reproductive state in
the three populations is critical and suggested ex situ conservation, in addition to
protecting natural stands along with the establishment of strict measures of man-
agement, and protection against grazing and forest fires.

Picea martínezii (Martínez spruce) is a conifer with only four known relict
populations of less than 800 trees each (Mendoza-Maya et al. 2015). Ledig et al.
(2000b) studied two of those populations, finding levels of genetic diversity
comparable to those of P. chihuahuana and P. mexicana; they further detected that
the mating system of Martínez spruce was characterized by a high frequency of
selfing, which indicates that this species could be an example of facultative selfing
and survival in interglacial refugia. Therefore, for species like Picea martínezii, ex
situ conservation, including establishment of seed banks and botanical gardens
seems required (Ledig et al. 2000b).

Based on the genetic diversity and structure of this threeMexican species of Picea,
Mendoza-Maya et al. (2015) suggested several in situ conservation activities,
including protection, and enlargement of genetic diversity through the expansion of
specific populations, by planting individuals originated from seed collected in dif-
ferent locations. The aim of such activities would be getting a genetically viable
minimum population size of 1035–3836 individuals. For ex situ conservation, it was
recommended the establishment of populations at sites outside the natural range,
where the suitable climatic habitat for each species is predicted to occur. For example,
such conditions might be encountered in the near future at higher altitudes (which,
paradoxically, sometimes occur at southern latitudes in México) at the volcano Cofre
de Perote, Veracuz (P. mexicana), in the municipality of Guanaceví, Durango
(P. chihuahuana), and in the region of Tlatlauquitepec, Puebla (P. martinezii).

2.4.1.4 Genus Pseudotsuga

Douglas-fir (Pseudotsuga menziesii, Mirb (Franco)) is an ecologically and eco-
nomically important coniferous tree species in North America, with a broad natural
distribution in western Canada and USA that spreads south into Mexico (Hermann
and Lavender 1999). In Mexico, Douglas-fir is distributed along three different
mountain ranges, throughout the northwest, northeast, and into the central and
southern regions of the country, having an extremely fragmented and discontinuous
distribution (Cruz-Nicolas et al. 2011). Even though in the past a controversy was
raised about the number of Pseudotsuga species growing in this country (Martinez
1963; Little 1979), recent studies using morphological, biochemical, and molecular
markers have shown that all Mexican Douglas-fir populations are indeed
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Pseudotsuga menziesii (Debreczy and Racz 1995; Reyes-Hernández et al 2006;
Wei et al. 2011; Adams et al. 2012, 2013).

The studies of genetic diversity for the Mexican populations of this species
showed that its average total haplotypic diversity (H) equals 0.76 (Table 2.7). This
genetic diversity is comparable to that of the Canadian (H = 0.815) and American
stands (H = 0.745) (Wei et al. 2011). However, a study using isozymes showed a
much lower genetic diversity (He = 0.08), particularly for the small and isolated
populations from the mountains of central Mexico (Cruz-Nicolas et al. 2011).
Several studies have shown that P. menziesii may be affected by climate change in
the future, so it is important to conserve this and other temperate species in Mexico
(Gugger et al. 2011). A recent study evaluated the extinction risk of Douglas-fir
populations in central Mexico, considering anthropogenic, genetic, and ecological
criteria in order to prioritize in situ and ex situ conservation activities, including
protection of some natural populations and germplasm collection for assisted gene
flow and migration to reduce inbreeding, and increase genetic diversity and pop-
ulation size (López-Upton et al. 2015).

2.4.2 Family Fagaceae

Table 2.8 shows genetic diversity estimates for some species within family
Fagaceae, the majority of which focused on the genus Quercus. Oaks are one of the
most important forest resources of Mexico and represent an important source of
firewood and wood for furniture (Galicia et al. 2015). SSR and RAPD molecular
markers have been used for the study of this genus. In general, the average
heterozygosity (He) found for Quercus equals 0.33 and 0.69, as estimated with
RAPDs and SSRs, respectively. The highest heterozygosity (He) was found in
Quercus sideroxyla (0.86), while the lowest was found in Quercus rugosa
(He = 0.28) (Table 2.8). The genetic diversity of the genus Quercus in Mexico is
comparable with that of Quercus virginiana in USA (He = 0.712) (Cavender-Bares
et al. 2010), and it is higher than that of Quercus petraea in Europe (He = 0.275)
(Müller-Starck et al. 1992). Some oaks may be susceptible to climate change and
forestry exploitation; for example, Q. sideroxyla has been exploited for over
500 years to obtain firewood, charcoal for local uses and used for wood production
in Mexico’s forestry industry, which is thought to have largely depleted its original
populations. Therefore, it is important to preserve its genetic diversity, by devel-
oping strategies for working with local people in conservation programs and
devising conservation policies (Alfonso-Corrado et al. 2014b).

Using RAPD and SSR markers, Tovar-Sánchez et al. (2015) found a positive
and significant relationship between genetic diversity and canopy arthropod
diversity in Quercus crassipes and Quercus rugosa. The results of this study rep-
resent a potent instrument to predict the effects of the genetic diversity of host-plant
species on species diversity, which allows establishing a novel conservation status
to foundation species based on their genetic variation.
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Another taxa studied within the family Fagaceae is Fagus grandifolia (Mexican
beech). This species only grows in 11 small and isolated populations in Mexico.
The timber harvesting, overgrazing, firewood collection, and seeds for consumption
are possible causes that have influenced the reduction in size of its populations
(Montiel-Oscura et al. 2013). This species is protected by the Mexican standard
NOM-059-SEMARNAT-2010, within the risk category of species in danger of
extinction (Semerant 2010), but is not listed in the Red List. The genetic diversity of
this species was analyzed with isoenzymes (He = 0.20) and RAPD markers
(H = 0.14) (Table 2.8). Rowden et al. (2004) and Montiel-Oscura et al. (2013),
respectively, found a moderate to high genetic diversity in Fagus grandifolia. The
average value of expected heterozygosity (He) for this species is comparable with
those found in other species of the genus Fagus (0.186) (Kitamura and Kawano
2001) and is larger than the average value estimated for angiosperms (0.143)
(Hamrick et al. 1992). This variability should be considered in the development of
urgent conservation strategies to prevent the extinction of this taxon.

2.4.3 Other Species

The genetic diversity of tropical species has been evaluated only in Cedrela odorata
and Swietenia macrophylla (family Meliaceae), which represent important com-
mercial wood sources in Mexico. These two species are in the Red List of UICN
and protected by the Mexican standard NOM-059-SEMARNAT-2010, as a con-
sequence of uncontrolled logging and wood trade. The studies of variation in these
species were based on RAPD and SSR markers. Alcalá et al. (2014) found an He of
0.78 in four populations of S. macrophylla in Mexico, while Novick et al. (2003)
found an He of 0.68 (Table 2.9). This genetic diversity is comparable to that found
in populations of these species in South America (He = 0.65) (Novick et al. 2003).
Conservation suggestions included the preservation of the populations of S.
macrophylla located in Veracruz or within the Yucatan peninsula, because of their
potential adaptation to drier and warmer conditions that could alter the future
distribution of Mexican tropical forest (Alcalá et al. 2014).

Finally, other important forest species, Populus tremuloides and Juniperus
blancoi, have been studied to determine their levels of genetic diversity (Table 2.9).
Populus tremuloides (Quaking aspen) is distributed in North America (Canada,
USA, and Mexico) and is a commercially important source of wood fiber. The
genetic diversity of Quaking aspen in Mexico (He = 0.61) is lower than that found
in USA and Canada populations (He = 0.79) (Callahan et al. 2013). Quaking aspen
populations from southwestern Mexico have a high risk of mortality with climate
change; therefore, it is important to preserve their genetic diversity. Juniperus
blancoi is an endemic juniper of Mexico with only nine populations located so far.
The expected heterozygosity of J. blancoi (He = 0.345) was lower than that
observed in junipers from the Tibetan Plateau (He = 0.641; Li et al. 2012).
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2.5 Conclusions

Contrasting with its high species and genus richness, studies of genetic diversity in
Mexican forest trees are rather scarce, and often biased to particular families, like
the Pinaceae or the Fagaceae. Moreover, even within those particular families the
available surveys have a penchant for specific genus, namely Pinus and Quercus,
respectively. The markers used in most of these studies include the traditional and
“universal” isozymes and chloroplast microsatellites and, to a lower extent, the
anonymous SSRs, AFLPs, and RAPDs. Although some exceptions have been
arising in recent years (like Moreno-Letelier et al. 2014, 2015), there is a rampant
lack of studies using sequence variation on nuclear genes or more advanced
next-generation technologies, which somehow hampers the estimation of genetic
variation linked to adaptive processes, such as performed in Europe or northern
North America for more than a decade (reviewed in Jaramillo-Correa et al. 2015b).
More studies on more varied taxa and using more advanced technologies (e.g., next
generation sequencing) and markers seem thus necessary. For instance, because of
the poor comparability of the genetic diversity estimates among the studied
Mexican tree species, it is extremely difficult to discern general trends across
species or regions. Not to mention across taxa with different life-history traits, (such
as made in earlier works with allozymes; Hamrick et al. 1992). We thus recommend
that genetic diversity should be measured across species with an identical type of
genetic marker, and by surveying similar numbers of loci, individuals and popu-
lations and using identical indices of genetic diversity.

In spite of such a lack of genetic studies, some trends could be found. For instance,
most populations of Mexican forest trees appear to have reduced levels of genetic
diversity when compared to their boreal or neotropical counterparts. Given that
Mexico represents the southern limit of the distribution of the boreal taxa and the
northern bound of the neotropical species, modern populations of forest trees in
Mexico are either the rear limit or the advancing colonization front of many genera,
which in both cases translates in increased magnitudes of genetic drift over other
evolutionary forces. Moreover, most Mexican forest tree species are distributed in
fragmented ranges, either because they inhabit fragmented landscapes, like mountain
ranges (i.e., most conifers or oaks), or because they have limited dispersal capabili-
ties, which result in scattered stretches of individuals occurring in rather continuous
habitats, like most tropical species. This translates in strong population differentia-
tion, which complicates many of the currently established conservation programs.

Based on the available studies it could be recommended that most conservation
efforts on Mexican forest trees concentrate in reducing genetic erosion and ensuring
the long-term viability of populations and species. Such efforts should focus, among
other things, on protecting or encouraging natural regeneration in surrounding areas
of current populations, promoting programs of assisted migration, or the estab-
lishment of new populations in areas suitable for specific species under future
climate change scenarios. In addition, it would be prudent to create real manage-
ment programs of Mexico’s genetic resources that make good use of current
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technologies such as genomic selection of preadapted individuals at the earlier
stages of development. A national plan headed by the government in such programs
for the conservation of forest trees would be more than necessary.
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Chapter 3
Climate Change, Genetic Diversity,
and Conservation of Paleoendemic
Redwoods

M.R. Ahuja

Abstract Global climate has always been changing in the past and will continue to
change in the future. However, according to current predictions, the climate has
been changing more rapidly and has impacted species distributions, requiring
strategies to conserve genetic resources in forest trees. Conservation of genetic
resources of four endemic redwoods, Sequoia sempervirens, Sequoiadendron
giganteum, Metasequoia glyptostroboides, and Fitzroya cupressoides, from the
family Cupressaceae are discussed in this paper. All four genera are monospecific,
share a number of common phenotypic traits, including red wood, and are threat-
ened in their natural habitats. Although fossil history of the redwoods can be traced
back to more than 100 million years ago in the Cretaceous Period, these redwoods
were widespread during the Tertiary period (7–65 million years ago) in the northern
and southern hemisphere. Following the geological upheavals and climate changes,
the redwoods have become living fossils or paleoendemics, and are now restricted
in their native narrow ranges in USA, China, and South America. Therefore, it is
necessary to conserve the genetic resources in these paleoendemic redwoods and, at
the same time, maintain an appropriate level of genetic diversity in the redwood
species and populations for their future survival. In situ and ex situ strategies for the
conservation of genetic resources of redwoods are discussed in this paper. Although
these redwoods are protected in the national parks, reserves, and in privately owned
forests in their habitats, it would be desirable to conserve them in new ex situ
reserves, and by other ex situ strategies involving biotechnological approaches to
preserve seed, tissues, and DNA in gene banks for future exploitations in the face of
climate change.
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3.1 Introduction

Forest decline and loss of genetic diversity are a global concern. Causes for the loss
of forests and genetic diversity are manifold, both natural and anthropogenic.
Natural disasters leading to forest destruction include fires, hurricanes, floods,
drought, and pests among others. However, for the main part, human activity
involving logging and conversion of forest lands for agriculture, industry and
housing has led to forest tree decline. In addition, air pollution and spewing of
greenhouse gases in the atmosphere have contributed to global warming and cli-
mate change, also leading to forest degradation, fragmentation, and loss of genetic
diversity at an alarming rate. Global climate change has occurred in the past and
will continue in the future. What is new is that according to current estimates by
meteorologists global warming has been occurring at an accelerated rate, that has
impacted the redistribution and decline and loss of genetic diversity of plant spe-
cies, including forest trees. Although meteorologists are uncertain about the actual
amount of global warming, the Assessment Report 4 (AR 4) by Intergovernmental
Panel on Climate Change (IPCC) predicted an increase in mean annual global
temperature, as a result of human activity, would range between 2.4 and 6.4 °C
(IPCC 2007), accompanied by significant changes in the rainfall cycles (Allan and
Soden 2008; O’Gorman and Schneider 2009; Sugiyama et al. 2010; Trenberth
2011) by the end of the current century. However, the recent AR 5 suggests that
anthropogenic emissions of greenhouse gases are the highest in history (IPCC
2014), resulting in rapid climate change, have had widespread impacts on humans
and natural systems. The increase in global mean surface temperature by the end of
the twenty-first century (2081–2100) is predicted to rise between 2.6 and 4.8 °C
under very high greenhouse emission scenario (IPCC 2014).

Rapid climate change, most likely, a result of carbon dioxide (CO2)-induced
global warming, may impact plant/tree species in a number of different ways by
causing: (1) range shifts, migration, and geographical distribution (Parmesan and
Yohe 2003; Root et al. 2005; Iverson et al. 2005, 2008; McKenney et al. 2007;
Kelly and Goulden 2007; Thuiller et al. 2008; Pautasso 2013; Iverson and
McKenzie 2013); (2) shifts in phenology (e.g., flowering time) (Franks et al. 2007;
Craufurd and Wheeler 2009; Anderson et al. 2012; Iler et al. 2013; Gaira et al.
2014; Wang et al. 2015); (3) threat to biodiversity (Botkin et al. 2007; Ibáñez et al.
2006; Bellard et al. 2012; Javeline et al. 2013); (4) ecosystem disturbance (Dale
et al. 2001; Littell et al. 2010; Staudt et al. 2013; Weed et al. 2013; Bellard et al.
2014; Wylie et al. 2014); (5) forest growth and mortality (Battles et al. 2008; Quirk
et al. 2013); (6) changes in genetic and evolutionary response (Davis et al. 2005;
Hoffmann and Willi 2008; Hoffmann and Sgro 2010; Rehfeldt et al. 2014); and
(7) extinction risks (Thomas et al. 2004; Parmesan 2006; Foden et al. 2008; Pearson
et al. 2014; Urban 2015).

Conservation of germplasm and maintenance of genetic diversity are important
considerations for the survival of forest trees, in particular, endemics, in the face of
global forest decline and climate change. In this paper, we review the range of
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genetic diversity and strategies for conservation of genetic resources in the pale-
oendemic redwoods in the face of global climate change.

3.2 Paleoendemic Redwoods

The redwoods discussed in this paper, namely coast redwood (Sequoia semper-
virens (D. Don) Endl.), giant sequoia or Sierra redwood (Sequoiadendron gigan-
teum (Lindl.) Buchholz), and dawn redwood (Metasequoia glyptostroboides Hu &
Cheng) (Fig. 3.1), and South American redwood, commonly known as alerce
(Fitzroya cupressoides (Mol.) Johnst.), are endemics in USA, China, and South
America, respectively (Olson et al. 1990; Weatherspoon 1990; Chu and Cooper
1999; Allnutt et al. 1999). All four genera belong to the family Cupressaceae, are
monospecific, and share the same basic chromosome number of x = 11 (Gadek
et al. 2000; Ahuja 2009). Although polyploidy is rare in conifers (Khoshoo 1959),
two of the four genera, Sequoia and Fitzroy, are polyploids (Ahuja 2005). Sequoia
is a hexaploid (2n = 6x = 66) and is the only hexaploid conifer (Stebbins 1948;
Schlarbaum and Tsuchiya 1984a; Saylor and Simons 1970; Ahuja and Neale 2002;
Ahuja 2005), while Fitzroya is a tetraploid (2n = 4x = 44) (Hair 1968). The other
two genera, namely Sequoiadendron and Metasequoia, are diploids (2n = 22)
(Schlarbaum and Tsuchiya 1984b; Ahuja 2005, 2009). All four redwood genera are
long-lived and have been around for millions of years. Although fossil history of
redwoods can be traced back to more than 100 million years ago in the Cretaceous

Fig. 3.1 Branches, cones, and seeds of Metasequoia glyptostroboides (left), Sequoia semper-
virens (center), and Sequoiadendron giganteum (far right). The material was collected at the
arboretum of the Institute of Forest Genetics, USDA, Placerville, CA

3 Climate Change, Genetic Diversity, and Conservation … 71



T
ab

le
3.
1

C
ur
re
nt

di
st
ri
bu

tio
n,

ag
es
,
pl
oi
dy

le
ve
l
an
d
ge
no

m
e
si
ze

of
re
dw

oo
ds

C
ha
ra
ct
er
s

Se
qu

oi
a

Se
qu

oi
ad

en
dr
on

M
et
as
eq
uo

ia
F
itz
ro
ya

E
nd

em
ic

di
st
ri
bu

tio
n

*
72

0
�

8–
56

km
ra
ng

e
al
on

g
th
e
fo
gb

el
t
of

no
rt
he
rn

C
al
if
or
ni
a
an
d
so
ut
he
rn

O
re
go

n,
U
SA

*
42

0
�

24
km

ra
ng

e
in

th
e
Si
er
ra

N
ev
ad
a,

C
al
if
or
ni
a,

U
SA

*
25

km
�

1.
5
km

ra
ng

e
in

H
up

eh
pr
ov

in
ce

an
d

Sz
ec
hu

an
V
al
le
y
in

C
en
tr
al

C
hi
na

*
36

0
�

20
0
km

ra
ng

e
in

co
as
ta
l

C
or
di
lle
ra

in
C
hi
le
,
an
d
w
es
te
rn

an
d

ea
st
er
n
sl
op

es
of

A
nd

es
in

C
hi
le
/A
rg
en
tin

a

E
le
va
tio

n
ra
ng

e
(m

)
0–

91
5

14
00

–
20

00
80

0–
15

00
10

0–
12

00

M
ax
im

um
he
ig
ht

(m
)

11
0

98
.5

40
60

O
ld
es
t
kn

ow
n

tr
ee

(y
ea
rs
)

22
00

33
00

–
36

20

Pl
oi
dy

le
ve
l

H
ex
ap
lo
id

D
ip
lo
id

D
ip
lo
id

T
et
ra
pl
oi
d

C
hr
om

os
om

e
nu

m
be
r

2n
=
6x

=
66

2n
=
22

2n
=
22

2n
=
44

G
en
om

e
si
ze

(M
B
)

31
,5
00

10
,8
00

97
00

–

So
ur
ce
s:

Se
qu

oi
a
(O

ls
on

et
al
.
19

90
;
Se
qu

oi
ad

en
dr
on

(W
ea
th
er
sp
oo

n
19

90
);
M
et
as
eq
uo

ia
(L
eP
ag
e
et

al
.
20

05
);
F
itz
ro
ya

(P
re
m
ol
i
et

al
.
20

00
;
L
ar
a
an
d

V
ill
al
ba

19
93

);
Pl
oi
dy

le
ve
ls
(A

hu
ja

20
05

;
A
hu

ja
an
d
N
ea
le

20
05
)

72 M.R. Ahuja



Period, these redwoods were widespread during the Tertiary period (7–65 million
years ago) in northern and southern hemisphere. Following the geological uphea-
vals and climate changes, the redwoods have become living fossils or paleoen-
demics and are now restricted in their native narrow ranges in USA, China, and
South America (Table 3.1). According to IUCN categories of threatened species,
Sequoia and Sequoiadendron have been classified as vulnerable, while Fitzroya is
listed as endangered and Metasequoia as a critically endangered forest tree species
(IUCN 2013).

The native range of Sequoia extends from southwestern corner of Oregon to
Santa Lucia Mountains of southern end of Monterey County in California
(Table 3.1). The redwood forests are confined to a narrow coastal fog belt that is
720 km long and 8–56 km wide. The spatial pattern of Sequoia forests is mostly
continuous, but in portions of their range, they are fragmented (Olson et al. 1990).
Sequoia has undergone both expansions and contractions in its range in the past
10,000 years, and currently, it appears that Sequoia is retreating from its southern
range and expanding northward (Sawyer et al. 2000). There has been 33% reduc-
tion in fog since in the Sequoia forest region in the past century, and climate change
is impacting the growth of new Sequoia trees (Johnstone and Dawson 2010).
Furthermore, because of reduction in fog and global changes in the temperature in
the future, near-term shifts are expected in the habitat suitable for coast redwood
(Fernandez et al. 2015).

The natural range of Sequoiadendron (Table 3.1) consists of 75 groves scattered
over 420-km-long and 24-km-wide belt extending from Tulane to Placer counties
on the western slopes, within an altitude range of 1400–2000 m, in the Sierra
Nevada region in central California, USA (Hartesveldt et al. 1975; Weatherspoon
1990). The third redwood, Metasequoia, is now confined to its native range of
*25 km � 1.5 km, within an altitude range of 700–1350 m, in western Hubei,
eastern Chogqing, and northern Hunan provinces in south-central China (LePage
et al. 2005; Leng et al. 2007). The fourth redwood, Fitzroya, is also an endemic to
the temperate rain forests, within an altitude range of 100–1200 m, in southern
South America; it grows in discontinuous populations within an area of
*360 � 200 km (Table 3.1) in the coastal Cordilleras and central depression in
Chile, and on the western slopes of Andes in Chile and Argentina (Allnutt et al.
1999; Premoli et al. 2000). All four redwoods are vulnerable to climate change in
their endemic ranges, and it is imperative that conservation of their genetic
resources should be a priority for their survival.

3.3 Genetic Diversity

Genetic diversity is the keystone for the survival and evolution of species. Genetic
variation within a species is important for its ability to adapt to a changing envi-
ronment. Species having larger levels of genetic diversity have a better chance of
adaptation, survival, and deployment over a wide range of environmental
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conditions (Ledig 1988, 2012). Appropriate levels of genetic variation should be
maintained in the populations of a species for conservation planning (Ledig 1986,
1988). The conservation of genetic resources should be based on the genetic
architecture and phenology, and how genetic and phenotypic variation is organized
and distributed within and among populations of a species. Population genetic
investigations have shown that variation in qualitative and quantitative traits is
essential because of its beneficial effects for adaptive genetic diversity. It is
important to monitor genetic variation at both phenotypic and
biochemical/molecular levels. In this context, allozyme and DNA-based genetic
markers have provided relatively more precise estimates of genetic variation in the
populations of a species.

The paleoendemic redwoods exhibit different levels of genetic diversity in their
populations. Based on polymorphic loci and number of alleles per locus, allozyme
studies have revealed that Sequoia, a hexaploid, seems to have higher levels of
genetic diversity as compared to other redwoods (Table 3.2). The percentage of
polymorphic loci and alleles per locus in redwoods measured by allozyme studies
are: Sequoia (92%, and 3.1; Rogers 1997, 1999, 2000), Sequoiadendron (50% and
1.5; Fins and Libby 1982), Metasequoia (20% and 1.7; Kuser et al. 1997), and the
tetraploid alerce (23% and 1.5; Premoli et al. 2000). All endemic redwoods showed
relatively greater levels of genetic diversity within populations as compared to
between populations (Rogers 2000; Fins and Libby 1994; Libby et al. 1996; Allnutt
et al. 1999; Premoli et al. 2000; Li et al. 2005). With the exception of the hexaploid
Sequoia, other three endemic redwoods, Metasequoia, Sequoiadendron, and
Fitzroya, exhibited considerably lower genetic diversity compared to other gym-
nosperms (Table 3.2). In spite of the fact that Sequoia is also an endemic, its
genetic diversity levels compare at par or even higher than other widespread
gymnosperms (Libby et al. 1996; Sawyer et al. 2000).

Molecular genetic markers (microsatellites) have been employed to determine
the levels of genetic diversity in redwoods. These studies have revealed that levels
of genetic diversity are relatively higher in Sequoia populations north of San
Francisco Bay, and rather lower in the fragmented southern populations (Brinegar

Table 3.2 Levels of genetic diversity based on allozymes within genera of redwoods, as
compared to other gymnosperms (modified from Ahuja 2009)

Genus No. of
alleles/locus

Polymorphic
loci (%)

Expected
heterozygosity

Reference

Sequoia 3.1 92 – Rogers (2000)

Sequoiadendron 1.5 50 – Fins and Libby
(1982)

Metasequoia 1.7 20 0.091 Kuser et al.
(1997)

Fitzroya 1.5 23 0.074 Premoli et al.
(2000)

Other
gymnosperms

1.83 71 0.169 Hamrick et al.
(1992)
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2012). By using highly polymorphic microsatellite loci, up to six alleles per indi-
vidual were scored in a large number of individuals in Sequoia, suggesting that
coast redwood could either be an autohexaploid (AAAAAAA), segmental allo-
hexaploid (A1A1A1A1A2A2), or autoallohexaploid (AAAABB). These polyploidy
patterns would be expected when the parental genomes involved in the ancestry of
hexaploid Sequoia were at least partially homologous (Brinegar et al. 2007;
Douhovnikoff and Dodd 2011). These possibilities on the origin of Sequoia had
been proposed in earlier publications (Stebbins 1948; Ahuja and Neale 2002; Ahuja
2005). Earlier cytological and morphological studies (Li 1987) and recent molec-
ular phylogenetic study of Cupressaceae have supported the idea that Sequoia
possibly originated by recombination/hybridization between giant sequoia and
dawn redwood (Yang et al 2012). However, the enigmatic nature of polyploidy still
remains unresolved, as Sequoia may have originated by genomic duplication of an
ancestral diploid species of coast redwood (Ahuja and Neale 2002), or by
hybridization between living or extinct related species, including Sequoiadendron
and Metasequoia (Ahuja 2005, 2009; Yang et al. 2012). Molecular studies
involving genome sequencing in coast redwood and other redwoods, including
dawn redwood and giant sequoia, may be able to resolve or shed some light on the
ancestry of hexaploid Sequoia.

Molecular genetic studies involving random amplified polymorphic DNAs
(RAPDs) and microsatellites markers have been employed to find out the levels of
genetic diversity in Metasequia. The study with RAPDs has shown that the number
of alleles per locus was ranged from 1.57 to 1.65, and there was relatively higher
level of polymorphic loci (81.3–87.5%) and heterozygosity levels (0.298–0.350) in
Metasequoia (Chen et al. 2003). Microsatellite genetic markers revealed that
observed and expected levels of heterozygosity ranged from 0.1842 to 0.8421 and
0.2389–0.6639, respectively, and the number of alleles per locus varied from 2 to 6
in Metasequoia (Cui et al. 2010). More recent studies (Jin et al. 2015) employing
expressed sequence tag–simple sequence repeat (EST-SSR) genetic markers
showed that observed and expected heterozygosity levels ranged from 0 to 1.0 and
0.117 to 0.813, respectively, and number of polymorphic alleles ranged from 2 to 8
in Metasequoia. Compared to DNA-previous study (Kuser et al. 1997) based
markers allozymes genetic markers have revealed low levels of polymorphic loci
(20%) and heterozygosity (0.083–0.091) in Mertasequoia. Apparently, molecular
marker tends to show a higher level of genetic diversity compared to studies with
allozymes.

3.4 Conservation of Genetic Resources

Genetic diversity is essential for the survival and preservation of a species in
different sets of environments. Greater the levels of genetic diversity in a species,
better are the chances for its survival and deployment over a wide range of envi-
ronments (Ledig 1986, 1988). It is essential to maintain an appropriate level of
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genetic diversity in the species and populations for conservation planning, espe-
cially under a rapidly changing climate (Aitkin et al. 2008; St. Claire and Howe
2011; Ledig 2012). It is now well known that species ranges are shifting in the face
of climate change (Iverson et al. 2008; Iverson and McKenzie 2013). Therefore, it is
important to have an understanding of the genetic architecture and how genetic
variation is organized within and among populations of a species. In the initial
stages, it would be worthwhile to focus on those populations of a species that have
higher levels of genetic diversity. Those species with small and fragmented pop-
ulations would be faced with the following three unpredictable outcomes: (1) per-
sistence through adaptations to somewhat new conditions in the current locations;
(2) persistence through natural or assisted migrations to a new environment; and
(3) an unavoidable extinction (Aitkin et al. 2008).

Allozyme genetic markers have revealed that hexaploid Sequoia seems to have a
greater level of genetic diversity (Libby et al. 1996; Rogers 1997, 2000), as
compared to other three diploid redwoods, namely Metasequoia, Sequoiadendron,
and a tetraploid Fitzroya (Kuser et al. 1997; Premoli et al. 2000; Chen et al. 2003;
Ahuja 2009). Redwoods are all endemic, restricted, and threatened species.
Therefore, knowledge on the levels of genetic diversity is essential for their
deployment in environmental locations outside their endemic ranges.

Conservation of genetic resources can be accomplished by in situ and ex situ
methods, which take into account the maintenance of genetic diversity (Fig. 3.1)
and also promote ecosystem stability. The strategy for conservation of genetic
sources has to be holistic that is based on the entire gene pool of populations as well
as species. One of the major objectives of conservation genetics is to ensure that
functionally adaptive alleles will be available in the future for breeding programs
and evolution of the species (Ledig 1988, 2012). In order to cope with the changing
climate, it would be necessary to maximize genetic diversity by selecting
heterozygous individuals in a population that exhibit hybrid vigor (Ledig and
Kitzmiller 1992; Geburek and Konrad 2007). Since it is uncertain that global
climate is likely to stabilize in the near future, it would be desirable to maintain
adaptive genetic diversity in a species for its survival in a changing climate.

3.5 In Situ Conservation of Germplasm

In situ conservation of a forest tree includes preservation and maintain ace of stands
and populations via regeneration by generative and vegetative methods within the
area of natural occurrence (Fig. 3.2). In other words, it involves propagation and
maintenance of the tree species within its habitat. This type of conservation has
been in practice in the national parks, reserves, and research institutions for the
redwoods in USA, China, Chile, and Argentina, and is primarily based on eco-
logical approaches that ensures not only the conservation of the redwoods but also
the associated animal and plant species in the ecosystem (Noss et al. 2000; Evarts
and Popper 2001; Li 1999; Parker and Donoso 1993; Premoli et al. 2003).
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For in situ preservation, it is necessary to regenerate populations from controlled
crosses within and conserved diverse population to enhance hybrid vigor that would
be advantageous for an overall conservation of genetic diversity in the redwoods in
the face of global climate change. In this context, a preservation of genetic
resources should include not only old growths and secondary growth populations,
but also maintaining adequate genetic diversity to ensure adaptation to the new and
diverse environments. For the in situ conservation redwoods, it is important to
recognize the species composition, its abundant pattern, genetic architecture, eco-
logical dynamics, genetic diversity, and ecosystem (Libby et al. 1996; Noss et al.
2000). Each redwood species has a unique endemic environmental niche in its
native country, and understanding the soil, nutritional, and companion forest and
other vegetation can provide direction of maintenance and conservation of the
individual redwood in the present and future environments in the face of global
climate change. For contingency planning for the future of redwoods in the rapid

In situ conservation Ex situ conservation

Conservation of 
genetic resources

Preservation of 
selected genotypes in 
their natural 
habitats 

1. Conservation of 
selected genotypes 
out of their natural 
habitats

2. Storage of seeds, 
tissues, and DNA 

Natural regeneration by 
seed, and clonal 
propagation

1. Regeneration by seed, 
or by macro- and
micropropagation;

2. Engineering of DNA 
into tissues to produce
transgenic plants

Preservation of 
genetic diversity

Fig. 3.2 Genetic conservation involves preservation of genetic resources by in situ and ex situ
strategies that aim at conservation of genetic diversity in the forest ecosystem
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climate change scenarios, it would be necessary to explore new locations outside
the endemic ranges of redwoods where genetically diverse populations can be
safely planted. Of the four redwoods, Sequoia, endowed with higher levels of
genetic diversity, would have a better chance of survival in new habitats. For this
reason, it would be prudent to explore new locations for genetically diverse pop-
ulations of other three redwoods, Sequoiadendron, Metasequoia, and Fitzroya, and
also Sequoia, before the anticipated rapid climate change.

3.6 Ex Situ Conservation of Germplasm

The ex situ methods conserve the genetic resources out of the natural range of
distribution of a species (Fig. 3.2). These include: (1) seed orchards and clonal
plantations under nursery and field conditions, (2) preservation of tissues in culture,
and (3) cold storage of germplasm. It should be mentioned here that implementing
ex situ measures could be expensive, time consuming and may have some draw-
backs. Among others, ex situ planning requires subjecting plants to a new envi-
ronment where the selection pressure may be aliens to the plants, compared to the
habitat where the original populations evolved (Ledig 1986). Some of these
problems can be resolved by regularly checking variation and genetic fidelity of the
populations using molecular genetic techniques. We examine the status of these ex
situ preservation methods in redwoods in the following sections.

3.6.1 Seed Orchards and Clonal Plantations

In forest tree species, seed orchards and clonal orchards under nursery and field
conditions are a routine for the ex situ conservation of germplasm (Melchior et al.
1986; Ledig 1986; Millar 1993; Hattemer 1995; Pritchard et al. 2014; FAO 2014a).
Redwoods seed and clonal plantations have also been tested for their ex situ per-
formance. Sequoia has been successfully grown out of its fogbelt in California
several different locations in the USA for more than 100 years out its endemic
range at the elevation of 1690 m above sea level at Placerville in the foothills of
Sierra Nevada; and other locations in Seattle, Washington, Hawkinsville, Georgia,
USA. It is now known that Sequoia can be grown and survive in many parts of the
world, including New Zealand, Chile, Spain, England, South Africa, and Tasmania
as well as several other countries and Victoria, British Columbia, Canada (Kuser
1981). It is now known that Sequoia can be grown and can survive in many parts of
the world. These include Western Europe Turkey, Crimea, New Zealand, Chile,
South Africa, and Tasmania (Kuser et al. 1995). An international provenance trial,
that involved 180 clones from 90 locations throughout the natural range of Sequoia,
was carried out in three plantation sites in USA, two in France, and plots in Spain,
England, and New Zealand (Kuser et al. 1995). Early results from this study suggest
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that the continued survival of Sequoia outside their native ranges depends on the
climate/soil conditions, somewhat comparable to original endemics sites, when
planted in the ex situ locations. Therefore, differences in the origin of the materials
are an important consideration for ex situ plantations of Sequoia.

Ex situ plantations of Sequoiadendron have been field-tested since the 1960s in
Blodgett Forest Research Station, which is operated by the University of California,
Berkeley. Early results suggested that height and diameter growth patterns of
18-year-old Sequoiadendron trees equaled or exceeded other conifers of that native
site (Heald 1986). Another study with 22-year-old Sequoiadendron plantations
Blodgett Forest Research Station also showed good growth and restoration potential
of the species outside its endemic range (York et al. 2013). Sequoiadendron has
been planted for more than a century ago outside its range in 591 locations in 25
European countries in Europe (Hartesfeldt 1969; Knigge 1994). In several countries
(France, Hungary, Greece, Belgium, Netherlands, Denmark, Norway, and
Germany), solitary trees in Arboretums/Parks or stands of Sequoiadendron have
survived, while in other countries (Yugoslavia and Romania) Sequoiadendron has
not done well (Libby 1981). Although healthy Sequoiadendron trees/stands still
exist in some countries of Europe, the species is sensitive to frost and disease
damage. In one study, frost tolerance of Sequoiadendron was tested in the
2-year-old seedling from 22 provinces (from the entire endemic range of
Sequoiadendron from California) at subzero ranging temperatures ranging from −5
to −14 °C in the greenhouse studies in Germany. Two studies tested frost tolerance
in Sequoiadendron at the seedling stage (Guinon et al. 1982). Significant differ-
ences were observed in the degree of frost tolerance, as measured by the freezing
test. In a second study, growth performance of 14-year-old Sequoiadendron trees
from four provinces tested at different northern and southern locations in Germany
(Melchior and Hermann 1987). Significant differences were also observed in the
survival and growth performance of 14-year-old Sequoiadendron grown under field
conditions. In the northern location at Grosshansdorf, Germany, Sequoiadendron
was badly damaged by frost and infection by Armillaria mellea. The authors rec-
ommended the use of frost-tolerant genotypes of Sequoiadendron for suitable
locations in Germany (Melchior and Hermann 1987). On the other hand,
Sequoiadendron trees performed relatively batter in southwest Germany.

Metasequoia has been widely introduced in different parts of the world outside
its endemic location in China. Solitary and multiple trees of Metasequoia have also
been in China and different countries of the world in Arboretums/Parks or stands. In
China, Metasequoia trees were planted and have survived, outside its endemic
range, in the parks of Tongii University and East China Normal University in
Shanghai (Chen et al. 2003). Metasequoia trees have survived heavy snows in the
botanical gardens of Hamilton and Montreal, Canada, Alaska, USA, Oslo, Norway,
and high summer temperatures of Adelaide, Australia (Satoh 1999; Williams 2005),
and perhaps in other regions of the world with similar climates. In excess of 50,000
Metasequoia trees have been cultivated in the cool climate of Denmark (Hendricks
and Søndergaard 1998). Metasequoia was introduced in the USA more than
60 years ago, and with its moderate reservoir of genetic diversity, it has shown
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good growth in plantations in the eastern and western USA (Kuser 1999). Ex situ
plantation of 40-year-old Metasequoia showed that that tree growth improved
(based on tree rings chronology) in the highest levels of air pollution area near the
Steelwork factory, and reduced growth was recorded when air pollution decreased
in Krakow, Poland (Wilczynski et al. 2014). It would appear that Metasequoia
seems to be relatively more resilient to environmental extremes, and possibly cli-
mate change, than the other redwoods.

Although ex situ stands and plantations of the other tree redwoods, Sequoia,
Sequoiadendron, and Metasequoia, have been established outside their endemic
ranges in several countries, it is not clear if any ex situ stands or plantations ofFitzroya
have been established outside Chile. Single or multiple trees have been planted in
the botanical gardens/parks in some countries, and only small experimental stands
of Fitzroya have been mainly restricted to some locations in Chile and Argentina
(Claudio Donoso, private communications). In Chile 17% of the Fitzroya forests
(47,440 ha) are protected within the National Reserves and Parks, and 83%
(264,993 ha) are in the private domain. On the other hand, in Argentina more than
80% Fitzroya forests are in protected areas (IUCN 2013; Premoli et al. 2013).
Fitzroya is one of the endangered tree species and must be conserved in ex situ
plantations and by other ex situ approaches for the conservation of its genetic
resources. Genetic diversity in Fitzroya is much lower than other conifers (Premoli
et al. 2000), but still has a moderate level of diversity, similar to Metasequoia and
Sequoiadendron (Kuser et al. 1997; Fins and Libby 1982), and should be able to
adapt to different environments. Therefore, it is recommended that, like other three
redwoods, ex situ plantations of Fitzroya are also established in suitable locations
outside its endemic range, to new locations in Chile, Argentina, and other parts of
the world for its conservation and future survival.

3.6.2 Preservation of Tissues in Vitro

Bud meristems and shoots have been routinely used for micropropagation of trees
(Ahuja 1987, 1993). In vitro explants are normally maintained in culture at 4–25 °C
over short or long periods of time (Aitkin-Christie and Singh 1987: Ahuja 1994,
1999). Clones derived from tissue culture can be used as a resource for the con-
servation of germplasm. Interest in micropropagation of Sequoia goes back more
than 75 years, when Earnst Ball (1950) was able to induce buds on callus cultures.
In later years, Boulay (1978) employed juvenile basal sprouts from Sequoia for
clonal the propagation. Micropropagation has been accomplished by using meris-
tens, nodal stem explants, and needles juvenile explants, as well as tissues from
mature trees up to 90-year-old Sequoia (Boulay 1978; Ball et al. 1978; Arnaud et al.
1993; Bon et al. 1994; Sul and Korban 2005; Korban and Sul 2007). Somatic
embryogenesis and organogenesis were also achieved by culturing needles of
Sequoia in vitro (Liu et al. 2006). In general, stump shoots from the base of mature
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trees are more responsive than shoots from the crown of the same mature tree to
in vitro differentiation and organogenesis.

In a Sequoia plantation near Cologne, Germany, most the redwood trees were
exposed to the severe winter of 1985–1986, with temperature as low as −20 °C, and
were badly damaged. However, several redwoods survived, and we received

Fig. 3.3 Micropropagated Sequoia sempervirens clones derived by tissue culture of mesristems
from frost-tolerant trees grown in the glasshouse and nursery at the Institute of Forest Genetics,
Grosshansdorf, Germany
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branches from three of the surviving old trees. One of the three trees was 8 years
old, while other two trees were 25 years old. Meristems from the three trees were
cultured in a modified woody plant medium for clonal propagation at the Institute of
Forest Genetics, Grosshansdorf, Germany. Several thousand clones were produced
by tissue culture from three trees (Fig. 3.3), and several hundred clones were tested
under glasshouse, nursery (Fig. 3.4) and field conditions (starting 1987–1987) for
their over-wintering capacity (Ahuja 1996). Field trials of clones from three
frost-tolerant trees were tested for many years in Grosshansdorf and Trenthorst, in
northern Germany. Trees in Grosshansdorf arboretum (Fig. 3.5) seem to be
frost-tolerant and have survived more than 25 winters in Germany. However, only
those Sequoia clones survived in the field trial in Trenthorst that were sheltered by
the tree canopy during early growth. Therefore, sheltering of Sequoia
seedlings/clones that are derived from frost-tolerant trees may be necessary during
several years of early growth for their survival in climates with harsh winters
(Ahuja 1996).

Tissue culture studies in Sequoiadendron have been carried to clonally propa-
gated tissues derived from juvenile and mature trees. Plants have been regenerated
by meristems cultured in vitro from juvenile 2-year-old plants of Sequoiadendron
(Monteuuis 1987). On the other hand, tissues from mature trees (90–100 years old)
were less responsive to regeneration in vitro. Mature branches from mature trees

Fig. 3.4 Micropropagated clones from three frost-tolerant trees of Sequoia sempervirens grown in
the nursery at the Institute of Forest Genetics, Grosshansdorf, Germany
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were grafted on the young Sequoiadendron seedlings and grown to induce a degree
of rejuvenation. Meristems from such grafted scions were cultured in vitro to obtain
regenerated plants (Monteuuis 1987; Monteuuis and Bon 1989). While plants could
be readily regenerated from meristem tissues of 2-year-old plants in culture, in vitro
regeneration from meristems from mature trees (90–100 years old) of

Fig. 3.5 Tissue culture-derived frost-tolerant Sequoia sempervirens trees (*25 years old)
growing in the arboretum of the Institute of Forest Genetics, Grosshansdorf, Germany
(Photograph by Dr. Georg von Wühlisch)
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Sequoiadendron grafted on young seedlings were somewhat recalcitrant, but plant
regeneration was possible after several passages in tissue culture (Bon and
Monteuuis 1991; Monteuuis 1991). Compared to Sequoia where juvenile explants
are readily available from the basal sprouts from mature trees, Sequoiadendron does
not produce juvenile basal sprouts, and therefore rejuvenation of mature trees has to
be accomplished before clonal propagation in tissue culture (Monteuuis et al. 2008).
Tissue culture offers opportunities for germplasm preservation from selected
genotypes of redwoods in tissue culture gene banks.

3.6.3 Cold Storage of Germplasm

Cold storage of seeds and tissues offers prospects for short-term and long-term
preservation of forest tree germplasm. Sequoia seeds containing 6–10% moisture
content have been stored in airtight sealed bottles at 5 °C for 3 years retained 14%
viability, but rapidly lost viability to zero percentage after 16 years (Schubert
1952). Seeds of Sequoiadendron with 18% germination capacity stored at 5 °C lost
their viability to 8% after 14 years of storage at that temperature (Schubert 1952).
Dry seeds of Metasequoia have been successfully stored at 2–4 °C in airtight
bottles for a period of time (Johnson 1974).

When Sequoia seeds were stored at −2 to −4 °C, they retained germination
viability for 1 year, but rapidly lost viability after removal from subzero tempera-
tures (Metcalf 1924). Boe (1974) reported that Sequoia seeds stored at −16 °C for
7 years retained 12–15% viability. Storage of meristems, embryos, dormant buds,
cells, pollen, seeds, and DNA at ultra-low temperatures of liquid nitrogen (−196 °
C) (liquid nitrogen at −196 °C) offers potential for cryopreservation of genetic
resources (Fig. 3.1) in plants, including forest trees (Adams 1997; Ahuja 1986,
1989, 1994, 2011; Bonner 1990; Rice et al. 2006; Engelmann 2004; Cruz-Cruz
et al. 2013; Gonzalez-Arnao et al. 2014). In this direction, gene banks (FAO 2014b)
present new opportunities for storage of germplasm (seeds, tissues, pollen, and
DNA) of the redwoods for future exploitation in time and space. Shoot tips excised
from tissue cultures of Sequoia were successfully cryopreserved and subsequently
after retrieval from liquid nitrogen were able to regenerated shoots in vitro
(Halmagyi and Deliu 2011; Ozudogru et al 2011).

3.7 Survival of Redwoods

The paleoendemic redwoods are threatened species and their conservation is
essential. Although these redwoods are protected in the national parks, reserves, and
in privately owned redwood forests in their habitats, we have to consider the
conservation in view of global warming and climate change. We can use prudent
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means to conserve them in situ, and ex situ locations that have comparable envi-
ronmental conditions to their endemic climate regions based on recent GIS
(Geographic Information System) search for model conservation sites (Noss et al.
2000), and by other ex situ strategies for conservation of their germplasm. In this
direction, ex situ conservation planning should consider relocation in protected
areas that are managed to promote biodiversity and ecosystem stability (Hannah
et al. 2007; Thuiller et al. 2008). Therefore, it is necessary to conserve the genetic
resources in these paleoendemic redwoods and, at the same time, maintain an
appropriate level of genetic diversity in the redwood species and populations for
their future survival. In situ and ex situ strategies for the conservation of genetic
resources of redwoods are discussed in this paper. Although these redwoods are
protected in the national parks, reserves, and in privately owned forests in their
habitats, it would be desirable to conserve them in new ex situ reserves, and by
other ex situ strategies involving biotechnological approaches, to preserve seed,
tissues, and DNA in gene banks for future exploitations.

In addition to in situ and ex situ conservation of genetic resources in redwoods,
we have to consider the response of trees to environmental changes caused by
global warming (Peters 1990; Hamrick 2004). A number of recent studies have
suggested that species ranges are shifting and will continue to do so in the next
century under the rapid climate change scenario (Aitkin et al. 2008; St. Clair and
Howe 2011; Iverson et al. 2008; Iverson and McKenzie 2013). If the climate
changes slowly and the southern areas in the northern hemisphere start becoming
hot and dry, the tree species from such climatic zones may have to move north to
colonize areas that are suitable for their survival. The reverse would be the case in
species in the southern hemisphere. However, if the earth warms 2 °C in 100 years,
the tree species may have to move *3.6 km every year. Tree species whose seeds
are dispersed by birds may be able to spread at that rate (US Environmental
Protection Agency 2000). However, species whose seeds are dispersed by wind
(unless strong winds) may not able to spread more than a few hundred meters. The
redwoods, though have winged seeds, their dispersal is usually very close to their
plantations. However, Sequoia, which reproduces both by seed and vegetative
regeneration from stump sprouts, may have a better chance of survival than other
redwoods. What will be the fate of redwoods in the future with global warming
looming on our planet? Will these paleoendemic redwoods become extinct under a
rapid climate change scenario? That scenario seems highly unlikely because of
human intervention to locate the redwoods in suitable climate zones. However, the
spatially fragmented populations of redwoods still remain vulnerable to climate
change in native ranges in the foreseeable future.

What is the other alternative for the survival of redwoods? Although anthro-
pogenic barriers, including extensive logging, land use for agriculture and industry,
would be impediments for species migration in response to climate change,
self-migration and assisted migration would be a viable alternative for the survival
of these paleoendemic redwoods. Assisted poleward migration would be required
for these ancient redwoods, Sequoia, Sequoiadendron, and Metasequoia toward the
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Arctic Region, and Fitzroya migration toward the Antarctic Region for their sur-
vival (Ahuja 2011). Fossil history suggests that during the earlier geologic Periods
(Cretaceous and Tertiary) ancestors of three redwoods (Sequoia, Sequoiadendron,
and Metasequoia), part of the so-called Arcto-Tertiary Geoflora (Chaney 1950;
Ornduff 1998), were widespread more than 100 million years ago in near the earth’s
Polar Region. In response to global climate change, this Arcto-Tertiary Geoflora
has gradually moved southward. The composition of this flora changed during
further geological upheavals, some becoming extinct, while the three paleoendemic
redwoods surviving in the present endemic locations. The same fate may have
occurred with Fitzroya in the southern hemisphere. The Cenozoic climate changes
may have possibly shaped the evolutionary history of members of Cupressaceae
(Pitterman et al. 2012; Quirk et al. 2013), including the current distributions of
redwoods in their current restricted ranges. A highly speculative
“back-to-the-future” scenario for the return of the redwoods to their previously
widespread occurrence has been considered by Thomas and LePage (2011).
According to these authors, there may be a remote chance that previous climatic
conditions, that prevailed when redwoods were largely widespread as part of the
Arctic Geoflora, could occur in the future. And getting back there in the Polar
Regions that are so devoid of forests would be the resurgence of these paleoendemic
redwoods (Thomas and LePage 2011). This is an interesting speculation, but at
present, we have to act to preserve the redwoods.

3.8 Conclusions and Prospects

What would be the fate of the paleoendemic redwoods in a rapidly changing global
climate? Although extinction of these endemic redwoods seems unlikely in the
foreseeable future, because of human intervention involving assisted migration,
they are still vulnerable to climate change in their restricted endemic regions in the
world. In the face of rapid and sometimes unpredictable climate change, it might be
useful to deploy a broad mixture of seeds from widely divergent populations from
different environments (Ledig and Kitzmiller 1992) as a resource for seed orchards
and subsequently planting materials for future climate change scenarios. In an
uncertain climate change, one of best options would be to use flexible approaches to
promote adaptive genetic biodiversity and conservation of genetic resources in the
endemic redwoods. Finally, it is imperative that genetic conservation of redwoods
must proceed unabatedly, with more emphasis on ex situ strategies to ‘Save the
Redwoods’. Global approaches by in situ and ex situ measures, including
biotechnological approaches, should be fully integrated for the conservation of the
genetic resources of these threatened redwoods in the face of rapid climate change.
Genomic research is lacking in the redwoods and should be pursued for a better
understanding of their genome structure, function and gene conservation in these
paleoendemic redwoods.
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Chapter 4
Mulberry (Morus Spp.) Genetic Diversity,
Conservation and Management

Amalendu Tikader and Kunjupillai Vijayan

Abstract Mulberry is a perennial tree being cultivated for sericulture purposes
besides being used for multipurposes such as fruit, timber, etc. So far 68 species
have been recognized; only a few species such as M. alba, M. bombycis, M. indica,
M. latifolia and M. multicaulis are cultivated for foliage and M. nigra for fruit. The
remaining species along with several landraces of the cultivated species are con-
sidered wild, which were largely neglected. As the arable land area is reducing due
to urbanization and human interference, it is necessary to utilize the available land
optimally for conservation of genetic resources by adopting established practices of
conservation and management. The climate change is another major threat to
biological systems and it needs proper adoption of multidisciplinary approaches to
mitigate it. In India, four species of mulberry have been reported and described
briefly in this chapter including cultivated and wild collections. Two species are
endemic to higher altitude of Himalayan belt and are used for sericulture as well as
other uses such as timber, fruit, etc. Mulberry is conserved in a traditional way, but
in recent times, modern methods are also adopted to maintain the variation in
cultivated and wild species in different countries including India. The methods are
applied depending on the materials and its uses.
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4.1 Introduction: The Importance of Mulberry
in Sericulture

Mulberry (Morus sp.) is a perennial deciduous tree, and reported to have originated
in the lower Himalayan belt of Indo–China region, the primary centre of plant
origin (Vavilov 1951) and migrated to various places. The genus Morus is now
available in “China–Japan” region, including China, Korea and Japan, in the warm
and moist climatic zones between 50°N latitude and 10°E longitude. Linnaeus
(1953) introduced plant classification based on the presence or absence of flowers,
nature of flowers, number of sex organs, etc. The genus has been classified into
many species and sub-species based on morphological and floral characters
(Linneaus 1753; Koidzumi 1917; Hotta 1954; Katsumata 1972a, b). Kadambi
(1949) reported important types of mulberry grown in India for rearing of silkworm,
namelyMorus alba var. multicaulis as bush crop and Morus alba var. atropurpurea
as trees. Further, several mulberry varieties were introduced into India from Europe,
China and probably from Japan and Philippines as well. A good number of wild
mulberries were collected through survey and exploration from different Indian
states (Dandin et al. 1993, 1995; Parkinson 1923; Ravindran et al. 1997, 1999;
Sanjappa 1989) and presently maintained in germplasm bank, Central Sericultural
Germplasm Resources Centre, Hosur, India.

Biodiversity means the variability among living organisms available in
ecosystems. The ecological complexes include diversity within species between
species and of ecosystems. So, the biodiversity represents all living forms. India is
one of the mega-biodiversity centres in the world and has two of the world’s 18
“biodiversity hotspots” located in the Western Ghats and in the Eastern Himalayas.
The country is estimated to have 49,219 (12.5%) plant species and 81,251 (6.6%)
animal species representing the total world diversity. The centre of diversity is the
geographic region having maximum available resources. The primary centre of
diversity represents the original forms of living materials, and secondary centre
developed by spreading the materials from primary centre. The plant diversity is an
important component and has a crucial role to strengthen the food and nutritional
security for ever increasing population. Over 50% of the world’s plant species and
42% of all terrestrial vertebrate species are endemic to the 34 biodiversity hotspots.
Among the 34 hotspots of the world, two have been identified in India—the Eastern
Himalayas and the Western Ghats (Kanjilal et al. 1940). They are particularly rich
in floral wealth and endemism, not only in flowering plants but also reptiles,
amphibians, butterflies and mammals.

The leaf yield of mulberry variety has gone up from 30 MT/ha/yr in 1960 to 70
MT/ha/year in 2016. Researchers continue to evaluate germplasm for new crop
development and for value addition. Benefits are also derived by conserving
mulberry biodiversity of indigenous plant species. In addition to commonly
occurring species, threatened, rare or endangered species are made available for
both studying and small habitat restoration programmes. Three tools that improve
the use of plant genetic resources are: better knowledge of the characteristics of
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germplasm accessions; making this knowledge more accessible to germplasm users;
and germplasm enhancement programmes which integrate new genes and trait into
genetic backgrounds more frequently used by plant breeders.

Sericulture in India is practised in diverse climatic conditions that require evo-
lution of large number of region-specific mulberry varieties. To develop these
varieties, germplasm from diverse climatic conditions such as temperate,
sub-tropical and tropical has been maintained and utilized.

4.2 Classification of Existing Mulberry Germplasm

The contribution of gene banks to crop improvement is direct as it provides the
plant breeders with regular supply of new breeding materials. When searching for a
desirable trait, breeders usually turn first to their working genetic material collec-
tions due to their superiority of agronomic traits and fulfil farmer’s needs (Tikader
et al. 2014). The genetic resource centres undertake the responsibility of the active
collections, base collections and duplicate base collections.

4.3 Characterization of Mulberry Genetic Resources

The mulberry germplasm is maintained through survey and exploration, collection
and conserved in nurseries. For better utilization, the collected resources need
characterization, evaluation and documentation in a systematic manner. In fact,
characterization is a part of primary evaluation, and visual recording of highly
heritable phenotypic characters. The characterization includes study of morphology,
anatomy, reproductive, biochemical following standard methods (Tikader et al.
2014). For characterization purpose, small tree plantation, 1.2–1.3 m tall, main-
taining at a spacing of 2.4–3.0 m is used. The data generated in this way provide the
basic information of a plant and its initial performance for future crop improvement
programme (Dandin and Jolly 1986). The underground and above-ground data for
propagation parameters are also recorded for understanding the rooting and survival
behaviour of different mulberry germplasm (Chloupek and Rod 1992). The disease
data are recorded for diseases that are prevalent in the field. The descriptors are
listed for recording mulberry germplasm characterization data (Table 4.1, Fig. 4.1).

The descriptor selected for evaluation and characterization are mentioned in
catalogues (Dandin et al. 1987a; Dandin and Kumar 1989; Machii et al. 1997, 2001;
Thangavelu et al. 1997, 2000; Tikader et al. 2006). The characters were recorded on
morphology (Tikader et al. 2000b, 2002), reproductive biology (Machii et al.
1999b; Tikader et al. 2000a), anatomy, and growth traits, rooting percentage and
breeding aspects. The data from each accession were recorded from three plants
after 90 days of pruning. The following parameters have been used for generating
the data.
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Table 4.1 List of descriptors for characterization of mulberry germplasm

Morphology Reproductive Propagation
parameters

Branching nature Sex Survival %

Curve/straight of branch Male inflorescence length (cm) Leaves/sapling

Colour of young shoot Female inflorescence length (cm) Leaf length (cm)

Colour of mature shoot Bisexual inflorescence length.(cm) Leaf width (cm)

Phyllotaxy Male inflorescence width (cm) Fresh leaf weight/sapling (g)

Stipule nature Female inflorescence width (cm) Dry leaf weight/sapling (g)

Stipule duration Bisexual inflorescence width (cm) Shoot length (cm)

Lenticels density/cm2 Flowers/catkin (male) Fresh shoot weight/sapling (g)

Leaf lobation type Flowers/catkin (female) Dry shoots weight/sapling (g)

Leaf lobation number Flowers/catkin (bisexual) Shoot diameter (cm)

Leaf nature Male inflorescence ped. length (cm) Total fresh biomass/sapling (g)

Leaf colour Female inflorescence ped. length (cm) Total dry biomass/sapling (g)

Leaf surface Bisexual inflores. ped. length (cm) Roots/sapling

Leaf texture Stamen length (mm) Fresh root weight/sapling (g)

Leaf apex Anther length (mm) Dry root weight/sapling (g)

Leaf margin Pollen diameter (µm) Longest root length/sapling
(cm)

Leaf base Pollen viability (%) Root volume/sapling (ml)

Leaf shape Style length (mm)

Leaf length (cm) Stigma length (mm)

Leaf width (cm) Stigma type

Petiole length (cm) Stigma nature Diseases

Petiole width (cm) Fruit length (cm)

Fruit width (cm) Powdery mildew

Anatomy Fruit weight (g) Leaf spot

Fruit colour Bacterial blight

Stomata size (sq.µm) Fruit taste

Stomata size (sq.µm)

Idioblast length (µm)

Idioblast width (µm) Growth Traits Biochemical parameters

Idioblast frequency (no./sq.mm)

Palisade thickness (µm) Branches/plant Chlorophyll a (mg/g fresh wt.)

Spongy thickness (µm) Longest shoot length (cm) Chlorophyll b (mg/g fresh wt.)

Palisade-Spongy ratio (P: S) Total shoot length (cm) Total chlorophyll (mg/g fr. wt.)

Upper cuticle thickness (µm) Internodal distance (cm) Chlorophyll a/b

Lower cuticle thickness (µm) Hundred leaf weight (g) Protein soluble (fresh wt%)

Upper epidermis thickness (µm) Leaf area (cm2) Protein soluble (dry wt%)

Lower epidermis thickness
(µm)

Lamina weight (g) Carbohydrate soluble (fr. wt%)

Leaf thickness (µm) Laminar index (%) Carbohydrate soluble (dry wt%)

Chloroplast/stomata Leaf petiole ratio by length

(continued)

98 A. Tikader and K. Vijayan



Table 4.1 (continued)

Morphology Reproductive Propagation
parameters

Leaf petiole ratio by weight

Leaf yield/plant (kg)

Leaf shoot ratio (L: S)

Moisture content (%)

Moisture after 6 h (%)

Moisture retention (%)

Fig. 4.1 Mulberry being maintained in the germplasm
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4.4 Morphological Variations in Mulberry

After pruning, the morphological data both qualitative (non-parametric) and
quantitative (parametric) are recorded visually (ordinal scale), and measurements
are made (in metric scale) from three plants per accession (Minamizawa 1963).
Altogether 22 morphological characters comprising 12 parametric and 10
non-parametric are recorded. The leaf showed great variability within and between
species (Fig. 4.2) The descriptor list is presented in Table 4.2.

4.4.1 Anatomy

Three months after pruning, fully expanded leaves (5–7th position) in descending
order are collected in between 9–10 am. A small rectangular piece was taken out

Fig. 4.2 Variability in the leaf of mulberry (Morus spp.)
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Table 4.2 List of descriptors of mulberry morphological characters

Descriptor Growth range and time of
data recording

Classification Method

Growth
nature

Data recorded at full growth
stage after 90 days of pruning
of plants

1.1 Erect
1.2 Spreading
1.3 Drooping

Observe visually the angle
between the foliage branch
and main trunk

Branching
nature

Data recorded at full growth
stage after 90 days of pruning
of plants

2.1 Straight
2.2 Slightly curve
2.3 Curve

Observe visually the straight
or curviness of the branch and
record

Young
shoot
colour

Data recorded after 30 days of
pruning of 1/3rd of young
shoots from top

3.1 Green
3.2 Greenish purple
3.3 Purple

Visually observe the young
shoot colour and record

Mature
shoot
colour

Data recorded after 90 days of
pruning in the lower portion of
the longest shoot

4.1 Brown
4.2 Grey
4.3 Greyish green
4.4 Greyish brown
4.5 Purplish brown
4.6 Greenish brown

Visually observe the mature
shoot colour and record

Phyllotaxy Data recorded after 70 days of
pruning in the middle portion
of the longest shoot

5.1Distichous (1/2)
5.2 Tristichous (1/3)
5.3 Pentastichious
(2/5)

First and third leaf in the same
direction on the stem
First and fourth leaf in same
direction on the stem
First and sixth leaf in same
direction on the stem

Lenticels
density
/sq.cm

Data recorded after 90 days of
pruning in the middle portion
of the longest shoot

6.1 Sparse (<5)
6.2 Medium (>5–
10)
6.3 Dense (>10)

Put one sq.cm cut film role
around the stem surface and
count the number of lenticels
in that area

Lenticels
shape

Data recorded after 90 days of
pruning in the middle portion
of the longest shoot

7.1 Round
7.2 Elliptical
7.3 Oval

Observe mature lenticels from
the middle portion of the
longest branch and record

Bud shape Data recorded after 90 days of
pruning of the longest shoot

8.1 Round
8.2 Acute triangle
8.3 Long triangle
8.4 Spindle shape

Buds are circular shape
Bud tip is acute
Bud tip is elongated
Bud base is tapering

Leaf apex Data recorded after 60 days of
pruning in the middle portion
of longest shoot. Observe the
leaf bounded by upper 25% of
the leaf margin

9.1 Acute
9.2 Acuminate
9.3 Caudate
9.4 Obtuse

The tip portion of leaf forms
an angleless than 90º
Leaf tip slightly extended
Leaf extended and forms a
tail-like structure
Straight to convex margin
forming an angle more than
90º

Leaf
margin

Data recorded after 60 days of
pruning in the middle portion
of longest shoot.

10.1 Crenate
10.2 Serrate
10.3 Dentate
10.4 Repand

Crenations are smoothly
rounded without a pointed
apex
Serrations are pointed forming
oblique angle

(continued)
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Table 4.2 (continued)

Descriptor Growth range and time of
data recording

Classification Method

Dentations are pointed
perpendicular to the axis
Margin forming a smooth line
or arc without projections

Leaf base Data recorded after 60 days of
pruning in the middle portion
of longest shoot. Observe the
leaf bounded by upper 25% of
the leaf margin

11.1 Truncate
11.2 Cordate
11.3 Lobate

Terminate abruptly and the
margin perpendicular to mid
vein
Leaf base-like heart shaped
Leaf base with two large
pointed lobes

Leaf
surface

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

12.1 Smooth
12.2 Slightly rough
12.3 Rough
12.4 Hairy
(Pubescent)

Rub the upper portion of the
leaf and feel the leaf surface to
record the classification as per
feeling

Leaf
texture

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

13.1 Membranous
13.2 Charatacious
13.3 Coriaceous

The leaves are thin and
transparent like thin
membrane
The leaves are opaque and like
a writing paper
The leaves are thick, leathery
and stiff

Stipule
nature

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

14.1 Bud scale
14.2 Free-lateral
14.3 Foliaceous

Leaf stipules are very short,
slender and pointed
Stipules are freely hangs from
both sides of node
Stipules are broad and look
like miniature leaves

Leaf
texture

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

13.1 Membranous
13.2 Charatacious
13.3 Coriaceous

The leaves are thin and
transparent like thin
membrane
The leaves are opaque and like
a writing paper
The leaves are thick, leathery
and stiff

Stipule
nature

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

14.1 Bud scale
14.2 Free-lateral
14.3 Foliaceous

Leaf stipules are very short,
slender and pointed
Stipules are freely hangs from
both sides of node
Stipules are broad and look
like miniature leaves

Stipule
duration

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

15.1 Cauducous
15.2 Persistent

The stipules fall off with
maturity of leaves. The
stipules stay for longer period
and attached with the leaf

(continued)
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Table 4.2 (continued)

Descriptor Growth range and time of
data recording

Classification Method

Shape of
leaf scar

Data recorded after 90 days of
pruning in the middle portion
of the longest shoot after leaf
harvest

16.1 Circular
16.2 Elliptical
16.3 Triangular

Observe leaf scar after harvest
of leaves from mature lower
portion of the stem and record

Leaf
nature

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

17.1 Homophyllous
Lobed
Unlobed
17.2 Heterophyllous

All the leaves are similar in
nature in a plant; when all
lobed or unlobed
The leaves are mixed type
either lobed and unlobed

Leaf
lobation
number

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

18.1 0-lobed
18.2 1-2 lobed
18.3 3-4 lobed
18.4 Multilobed

The lobe number is counted
on individual and classified

Leaf
colour

Data recorded after 60 days of
pruning in the middle portion
of longest shoot

20.1 Light green
20.2 Green
20.3 Dark green

Natural colour of leaves is
recorded visually using the
standard colour chart and
classified

Leaf
length
(cm)

Data recorded after 70 days of
pruning from 7th-9th position
of leaf in longest shoot
excluding petiole

22.1 Narrow (<10)
22.2 Medium
(10–15)
22.3 Broad (>15)

The lamina width is recorded
from the widest point from
both sides of leaf margin

Leaf shape
(cm)

The length and breadth of the
leaves are recorded from
7th-9th position of fully
expanded leaf in longest shoot

23.1 Lanceolate
23.2 Narrow ovate
23.3 Ovate
23.4 Wide ovate
23.5 Cordate

Leaf length/width ratio = 1:3
Leaf length/width ratio = 2:1
Leaf length/width
ratio = 1.5:1
Leaf length/width
ratio = 1.2:1
Leaf length/width ratio = <1:1

Petiole
length
(cm)

Data recorded after 70 days of
pruning from 7th–9th position
of leaf in longest shoot

24.1 Small (<2)
24.2 Medium (2-4)
24.3 Large (>4)

The petiole portion is detached
from the base of leaf and
measure the length

Petiole
groove

Data recorded after 70 days of
pruning from 7th–9th position
of leaf in longest shoot

26.1 Present
26.2 Absent

Observe the lower portion of
the petiole and record its
presence or absence
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from the middle portion of the leaf blade—avoiding vein and veinlets (Metcalf and
Chalk 1979), preserved in FAA solution (formalin 5 ml; glacial acetic acid 5 ml;
70% ethanol 90 ml). Stomatal studies are conducted by applying a thin layer of
Wimbley’s quick fix on the abaxial (lower) and adaxial (upper) leaf surface dried
and peeled out the thin layer with the impression of stomata. This layer is later fixed
on a slide, covered with cover slip and observed under Leica Leitz, DMRB Wetzlar
microscope. The size and number of the stomata and number of idioblasts are
counted per unit area, and the frequency per mm2 is calculated. For observing the
cuticular, epidermal, palisade, spongy mesophyll, leaf thickness and idioblast
length, width, thin hand-cut sections are made and observed under microscope after
staining with 1% safranin and mounted on 50% glycerin. Chloroplast number per
stomata is counted from 3rd–5th leaf of a shoot in descending order from the fully
open leaf at the top. Ventral surface peelings of the freshly collected leaf samples
were used after staining and mounted in potassium iodide–iodine (2% I + KI)
solution following the method of Chaudhuri and Barrow (1975). In each case, nine
microscopic fields are observed for data recording. A total of 11 parameters are
recorded in leaf anatomical study. The data are analyzed for general statistics,
analysis of variance, correlation, genetic study and divergence analysis, and the
result observed in different mulberry species are tabulated and presented
(Table 4.3).

4.4.2 Reproductive Biology

Sex expression is studied in normal flowering season (spring) as well as after
pruning of plants from January through March–May. Sex expression is recorded as
male, female (unisexual or dioecious group), bisexual (male and female sex organs
in same flowers, i.e. complete flower), monoecious (male and female flower on
separate catkin or on same catkin in one plant) (Table 4.4). The stamen length and
anther length are observed under microscope and measured in millimetre. In each
accession, nine observations are made and 27 observations for three replications. To
estimate pollen viability, male catkin from field grown plants is dehisced over a
glass slide stained in a drop of 2% acetocarmine and covered with a cover
slip. After 5 min, the percentage of fully stained grain is recorded (Hussain and
Williams 1997). Other flower characters are recorded from catkin itself. The length
of style and stigma is observed under microscope and measured in millimetre.
Sorosis characters, i.e. fruit length, width, weight, taste and colour are recorded
after ripening of fruits (Jolly et al. 1987; Tikader et al. 1995). Fruits showed vide
variability among the species and within species (Fig. 4.3).

104 A. Tikader and K. Vijayan



Table 4.3 List of anatomical descriptors observed for data recording

Descriptor unit Classification Method Descriptor

Stomata size
(sq.µm)

1.1 Small (<200)
1.2 Medium
(200-400)
1.3 Large (>400)

Length and breadth of
stomata is recorded using
ocular micrometre under oil
immersion and converted
data into µm.

Stomata size
(sq.µm)

1.4 Small (<200)
1.5 Medium
(200−400)
1.6 Large (>400)

Stomata
frequency
(no/sq.mm)

2.1 Low (<400)
2.2 Medium
(400–800)
2.3 High (>800)

The observation is recorded
under low magnification
(10 � 45). Total number
stomata per unit area is
counted and converted into
one sq.mm.

Stomata size
(sq.µm)

2.1 Low (<400)
2.2 Medium
(400–800)
2.3 High (>800)

Idioblast
frequency
(no/sq.mm)

3.1 Small (<15)
3.2 Medium
(15–30)
3.3 High (>30)

The observation is recorded
under low magnification
(10 � 10). Total number
idioblast per unit area is
counted and converted into
one sq.mm.

Stomata size
(sq.µm)

3.1 Small (<15)
3.2 Medium
(15–30)
3.3 High (>30)

Idioblast
projection
length (µm)

4.1 Less (<5)
4.2 Medium (5–
15)
4.3 Large (>15)

The observation is recorded
under ocular magnification
(10 � 45). Total length of
idioblast projection
protrudes from upper
epidermis is recorded and
measured.

Stomata size
(sq.µm)

4.1 Less (<5)
4.2 Medium (5–
15)
4.3 Large (>15)

Palisade
thickness
(µm)

5.1 Thin (<50)
5.2 Medium
(50–75)
5.3 Thick (>75)

The observation is recorded
under ocular magnification
(10 � 45) and the data
converted into µm.

Stomata size
(sq.µm)

5.1 Thin (<50)
5.2 Medium
(50–75)
5.3 Thick (>75)

Spongy
thickness
(µm)

6.1 Thin (<50)
6.2 Medium
(50–75)
6.3 Thick (>75)

The observation is recorded
under ocular magnification
(10 � 45) and the data
converted into µm.

Stomata size
(sq.µm)

6.1 Thin (<50)
6.2 Medium
(50–75)
6.3 Thick (>75)

Upper
cuticular
thickness
(µm)

7.1 Thin (<4)
7.2 Medium (4–
8)
7.3 Thick (>8)

The observation is recorded
under ocular magnification
(10 � 45) and the data
converted into µm.

Upper
cuticular
thickness
(µm)

7.1 Thin (<4)
7.2 Medium (4–
8)
7.3 Thick (>8)

Lower
cuticular
thickness
(µm)

8.1 Thin (<4)
8.2 Medium
(>4–8)
8.3 Thick (>8)

The observation is recorded
under ocular magnification
(10 � 45) and the data
converted into µm.

Lower
cuticular
thickness
(µm)

8.1 Thin (<4)
8.2 Medium
(>4–8)
8.3 Thick (>8)

Upper
epidermal
thickness
(µm)

9.1 Thin (<20)
9.2 Medium
(20–40)
9.3 Thick (>40)

The observation is recorded
under ocular magnification
(10 � 45) and the data
converted into µm.

Upper
epidermal
thickness
(µm)

9.1 Thin (<20)
9.2 Medium
(20–40)
9.3 Thick (>40)

Lower
epidermal

10.1 Thin (<5)
10.2 Medium
(5–10)

The observation is recorded
under ocular magnification

Lower
epidermal

10.1 Thin (<5)
10.2 Medium
(5–10)

(continued)
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4.4.3 Growth Parameters:

Growth attributes such as height, total shoot length, number of primary branches of
pruning are recorded following standard procedures (Machii et al. 1997). For
moisture content, 25 leaves from 5–9th position in descending order on a stem are
collected between 9–10 am in polythene bags, and fresh weight is recorded.
Moisture loss is recorded at room temperature after 6 h of storage to know the
moisture retention up to 6 h storage. Leaves are further dried at 80 °C for 48 h
following standard procedures, and weight of oven-dried samples is recorded to
calculate the moisture percentage (Dandin and Kumar 1989; Machii et al. 1997;
Tikader et al. 2014; Vijayan et al. 1997 a, b). Moisture content (MC) and moisture
retention capacity (MRC) are calculated using the standard formula. The descriptor
list is presented in Table 4.5.

Table 4.3 (continued)

Descriptor unit Classification Method Descriptor

thickness
(µm)

10.3 Thick
(>10)

(10 � 45) and the data
converted into µm.

thickness
(µm)

10.3 Thick (>10)

Total leaf
thickness
(µm)

11.1 Thin
(<150)
11.2 Medium
(150–175)
11.3 Thick
(>175)

Add the each layer of
thickness from upper
cuticular to lower cuticular
to obtain the total leaf
thickness

Total leaf
thickness
(µm)

Chloroplast/
stomata

12.1 Less (<12)
12.2 Medium
(12–16)
12.3 High (>16)

To count chloroplast/guard
cells, the lower leaf surface
is peeled and observed
under microscope with
iodine solution and counted
the number in both guard
cells.

Chloroplast /
stomata

Cystolith
length (µm)

13.1 Small (<50)
13.2 Medium
(50–75)
13.3 Large (>75)

The idioblast used for
measuring projection length
can be used for
measurement of cystolith
length in ocular
magnification (10x45) and
convert into µm.

Cystolith
length (µm)

13.1 Small (<50)
13.2 Medium
(50–75)
13.3 Large (>75)

Idioblast type 15.1 Blunt
15.2 Bleak

Idioblast type is recorded
the type of idioblast
projection from upper
epidermal cells of leaf
surface and grouped.

Idioblast type 15.1 Blunt
15.2 Bleak
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Table 4.4 List of descriptors of mulberry reproductive characters

Descriptor Growth range and time
of data recording

Classification Method

Sex Data recorded during
favourable season
before pruning of plants
(February-April) and
unfavourable season
October-November)

1.1 Dioecious
(male)
1.2 Dioecious
(female)
1.3 Monoecious
1.3.1 Male and
bisexual
1.3.2 Female
and bisexual
1.3.3 Male and
female
1.3.4 Male,
female and
bisexual

The plant bears only male catkin
The plant bears only female catkin
The plant bears male, female and
bisexual catkin in same plant
The plant bears predominantly male
catkin with few bisexual catkin
The plant bears predominantly
female catkin with bisexual catkin
The plant bears male and female
catkin with bisexual catkin
The plant bears male, female and
bisexual catkin

Inflorescence
per meter
length of
branch

Data recorded from
longest branch of the
plant in main flowering
season

2.1 Low (<20)
2.2 Medium
(20-40)
2.3 Profuse
(>40)

The inflorescences is counted in one
meter branch and grouped as per
classification

Inflorescence
length (cm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

3.1 Small (<2)
3.2 Medium (2–
4)
3.3 Large (>4)

The full bloomed inflorescence of
male (before anthesis), female
(receptive stage) and bisexual
catkins are recorded as observed and
grouped as per classification

Inflorescence
width (cm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

4.1 Small
4.2 Medium
4.3 Large

The full bloomed inflorescence of
male (before anthesis), female
(receptive stage) and bisexual
catkins are recorded as observed and
grouped as per classification

Inflorescence
peduncle length
and width (cm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

5.1 Small
5.2 Medium
5.3 Large

The full bloomed inflorescence of
male (before anthesis), female
(receptive stage) and bisexual
catkins are recorded as observed and
grouped as per classification

Flowers per
Inflorescence

Data recorded from
longest branch of plant
in main flowering
season and selecting
mature inflorescence

6.1 Low (<25)
6.2 Medium
(25–50)
6.3 Profuse
(>50)

The inflorescence used for
measurement can be used for
counting flowers per catkin. The
male, female and bisexual flowers
can be counted separately to group

Stamen length
(mm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

7.1 Small (<4)
7.2 Medium (4–
6)
7.3 Large (>6)

Fully bloomed male catkin collected
before anthesis and observed under
microscope. Stamen length is
recorded under ocular micrometre
and converted to mm.

Anther length
(mm)

Data recorded from
longest branch of the
plant in main flowering

8.1 Small (<0.5)
8.2 Medium
(0.5–1.0)

Fully bloomed male catkin collected
before anthesis and observed under

(continued)
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Table 4.4 (continued)

Descriptor Growth range and time
of data recording

Classification Method

season and selecting
mature inflorescence

8.3 Large (>1) microscope. Anther length is
recorded lengthwise

Pollen diameter
(µm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

9.1 Small (<10)
9.2 Medium
(15–30)
9.3 Large (>30)

Fully stained pollen grains are
measured in ocular micrometre (10
x 45). In case higher ploidy, macro
and micro pollen is recorded
separately

Pollen viability
(%)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

10.1 Low (<50)
10.2 Medium
(50–75)
10.3 High (>75)

Fully stained pollen grains are
observed for pollen viability and
calculated % of viability as per
formula

Germ pores per
pollen grain

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

11.1
Monozoroporate
11.2
Dizonoporate
11.3
Trizonoporate
11.4
Tetrazonoporate
11.5
Pentazonoporate

Pollen grains having single pore to
five pore single grain. Data are
recorded and classified in different
groups.

Style length
(mm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

12.1 Short
(<0.5)
12.2 Medium
(0.5–0.75)
12.3 Long
(>0.75)

Receptive stigma is observed before
ovary is fertilized. Data recorded
from tip of ovary to base of stigma
under ocular micrometre and
grouped

Stigma length
(mm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

13.1 Short (<2)
13.2 Medium
(2–4)
13.3 Long (>4)

Receptive stigma is observed. Both
the
bi-fid stigma is observed separately
and added to get the total length.
Data ocular micrometre and grouped

Stigma type Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

14.1 Erect
14.2 Spreading
14.3 Divericate
14.4 Twisted

Receptive stigma is erect and
straight
Receptive stigma is spreading
Receptive stigma is bent and curvet
Receptive stigma is twisted with
each other

Stigma nature Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

15.1 Pubescent
15.2 Papillate

Stigma surface is covered with long
hairs
Stigma surface is covered with no
hairs or minute hairs

(continued)
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Table 4.4 (continued)

Descriptor Growth range and time
of data recording

Classification Method

Fruit length
(cm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

16.1 Small (<2)
16.2 Medium
(2–4)
16.3 Long (>4
– <8)
16.4 Very long
(>8)

Data are recorded of mature ripened
fruit. Fruit length is recorded
including peduncle

Fruit breadth
(cm)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

17.1 Small (<1)
17.2 Medium
(1–1.5)
17.3 Long
(>1.5)

Data are recorded of mature ripened
fruit. Fruit breadth is recorded from
the same fruit used for length

Fruit weight (g) Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

18.1 Low (<2)
18.2 Medium
(2–4)
18.3 High (>4)

Data are recorded of mature ripened
fruit. Fruit weight is recorded from
the same fruit used for length and
breadth

Fruit colour Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

19.1 Black
19.2 White
19.3 Purple
19.4 Greenish
white

Data are recorded of mature ripened
fruit and grouped on visual
observation. Fruit colour is recorded
from same fruit used for other
measurements

Fruit taste Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

20.1 Sour
20.2 Less sweet
20.3 Sweet

Data are recorded of mature ripened
fruit and grouped on visual
observation. Fruit taste is recorded
from same fruit used for other
measurements

Seed colour Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

21.1 Light
yellow
21.2 Light
brown
21.3 Yellowish
brown
21.4 Dark
brown
21.5 Blackish
brown

Data are recorded of mature ripened
fruit after seed is harvested under
stereomicroscope and grouped on
visual observation.

Seed weight
(mg/100 seed)

Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

22.1 Low
(<100)
22.2 Medium
(100–200)
22.3 High
(>200)

Data are recorded of mature ripened
fruit after seed is harvested and
dried under stereomicroscope and
grouped as per weight.

Seed set (%) Data recorded from
longest branch of the
plant in main flowering
season and selecting
mature inflorescence

23.1 Low (<50)
23.2 Medium
(50–75)
23.3 High (>75)

Data are recorded of mature ripened
fruit after seed is harvested. It is the
ration between total healthy seeds
per fruit to total number of achene’s
per fruit
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4.4.4 Biochemical Parameters

The biochemical analysis of mulberry leaf samples is done for chlorophyll, protein
and carbohydrate, etc. for quality assessment as growth and development of silk-
worm is greatly influenced by the quality of mulberry leaf. The chlorophyll
molecule contains porphyrin (tetrapyrrole) with a chelated magnesium atom at the
centre and long chain hydrocarbon (phytyl) attached through a carboxylic
group. The chlorophyll is extracted with dimethyl sulfoxide (DMSO) as per the
method of Hiscox and Israelstam. The absorbance at 663 and 645 nm is recorded in
spectrophotometer. The quantity of chrlorophyll a, b and total chlorophyll are
estimated. In higher plants, proteins mainly form the enzymes (functional), mem-
brane proteins (structural) and stored proteins (nutritional). The quantity and quality
of proteins determine the quality of leaves. The soluble protein (fresh and dry) is
estimated by following Folin–Ciocalteau reagent method. Carbohydrates are the
important component, which exists as free sugar and polysaccharides. The basic
unit of carbohydrates is the monosaccharides. The carbohydrate content can be
measured by hydrolysis into simple sugar by acid hydrolysis, and the resultant
monosaccharides are estimated. The estimation is made following Anthrone method
and absorbance read at 620 nm. The descriptor list is presented in Table 4.6.

Fig. 4.3 Variation in the fruits in different mulberry species
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Table 4.5 List of descriptor of mulberry growth and yield characters

Descriptor Classification Method

Number of
branches

1.1 Low (<20)
1.2 Medium (20–40)
1.3 High (>40)

Data are recorded after 70th day of pruning by
counting total number of branch per plant

Length of
longest shoot
(cm)

2.1 Low (<75)
2.2 Medium (75–150)
2.3 High (>150)

Data are recorded after 70th day of pruning by
measuring the longest branch of the plant

Total shoot
length (cm)

3.1 Low (1500)
3.2 Medium (1500–
3000)
3.3 High (>3000)

Data are recorded after 70th day of pruning by
measuring the length of all shoots of individual plant

Internodal
distance (cm)

4.1 Less (<3)
4.2 Medium (3–6)
4.3 High (>6)

Data are recorded after 70th day of pruning by
counting the total number of nodes of longest shoot
divided by total shoot length

Hundred leaves
weight (g)

5.1 Low (<300)
5.2 Medium (300–600)
5.3 High (>600)

Data are recorded after 70th day of pruning by
weighing equal number of base, middle and top leaves
of a branch excluding tender leaves of longest shoot

Lamina weight
(g)

6.1 Low (>4)
6.2 Medium (4–10)
6.3 High (>10)

Data are recorded after 70th day of pruning by
weighing equal number of base, middle and top leaves
of a branch excluding tender leaves and grouped

Petiole weight
(g)

7.1 Low (>0.05)
7.2 Medium (0.05–1.5)
7.3 High (>1.5)

Data are recorded after 70th day of pruning by
weighing equal number of base, middle and top leaves
of a branch excluding tender leaves and grouped

Laminar index
(%)

8.1 Min (75.0)
8.2 Max (90.0)

It is calculated using the formula = Lamina
weight/Leaf weight x 100

Lamina petiole
ratio by length

9.1 Low (<2.5)
9.2 Medium (2.5–5.0)
9.3 High (>5)

Data are recorded after 70th day of pruning by
measuring length of fully-grown leaves from 7–9th
position on longest shoot. It is the ratio of lamina
length/petiole length

Lamina petiole
ratio by weight

10.1 Low (<5)
10.2 Medium (5–10)
10.3 High (>10)

Data are recorded after 70th day of pruning by
measuring length of fully-grown leaves from 7–9th
position on longest shoot. It is the ratio of lamina
weight/ petiole weight

Leaf area (sq.
cm)

11.1 Small (<200)
11.2 Medium (200–400)
11.3 High (>400)

Data are recorded after 70th day of pruning by
measuring equal number of base, middle and top leaves
of a branch excluding tender leaves of longest shoot.
The data can be recorded with leaf area metre

Leaf yield/ plant
(Kg)

12.1 Low (<2)
12.2 Medium (2–4)
12.3 High (>4)

Data are recorded after 75–90th day of pruning by
harvesting all leaves of a plant and weighed in
kilogram

Leaf shoot ratio
by weight

13.1 Low (<1)
13.2 Medium (1–1.5)
13.3 High (>1.5)

Data are recorded after 75–90th day of pruning by
harvesting all leaves of a plant and weighed in
kilogram and also recorded shoot weight per plant. It is
the ratio of leaf weight/shoot weight

Moisture
content (%)

14.1 Low (<60)
14.2 Medium (60–70)
14.3 High (>70)

Data are recorded after 70th day of pruning. Fresh
leaves of tender, medium and mature are collected and
weight is recorded. The leaves are dried in hot air oven

(continued)
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4.4.5 Disease Parameters

Occurrence of disease in mulberry plant is regularly observed in the field gene
bank. Leaf spot, powdery mildew and rust are the most common diseases of
mulberry in India. Incidence of foliar fungal disease in mulberry varies from place
to place depending upon the climatic conditions of the area, pathogen load and
susceptibility of the genotype. These diseases cause considerable damage to mul-
berry leaf quality and yield, thus affecting the silkworm rearing and cocoon pro-
duction. The mulberry accessions were screened to ascertain the infection status/
susceptibility to these diseases under field conditions in field gene bank.

Table 4.5 (continued)

Descriptor Classification Method

at 60 °C for 72 h and dry weight recorded. Moisture %
is calculated using the formula

Moisture after
6 h (%)

15.1 Low (<60)
15.2 Medium (60–70)
15.3 High (>70)

Data are recorded after 70th day of pruning. Fresh
leaves of tender, medium and mature are collected and
weight is recorded after 6 h in room temperature.
Moisture % after 6 h is calculated using the formula

Moisture
retention
capacity (%)

16.1 Low (<60)
16.2 Medium (60–70)
16.3 High (>70)

Data are recorded after 70th day of pruning. It is the
capacity of leaves to retain moisture after complete dry
and calculated using the formula

Table 4.6 List of descriptor of mulberry biochemical characters

Descriptor Classification Method

Chlorophyll-a
(mg/gm)

1.1 Low (<1.5)
1.2 Medium (1.5–3)
1.3 High (>3)

Data are recorded after 60 days of pruning by recording
fresh weight of 7–9th position of leaf from longest
shoot/plant

Chlorophyll-b
(mg/gm)

2.1 Low (<0.5)
2.2 Medium (0.5–1.0)
2.3 High (>1)

Data are recorded after 60 days of pruning by recording
fresh weight of 7–9th position of leaf from longest
shoot/plant

Total
chlorophyll
(mg/gm)

3.1 Low (<2)
3.2 Medium (2–4)
3.3 High (>4)

Data are recorded after 60 days of pruning by recording
fresh weight of 7–9th position of leaf from longest
shoot/plant

Total
carbohydrate
(%)

4.1 Low (<10)
4.2 Medium (10–15)
4.3 High (>15)

Data are recorded after 60 days of pruning by recording
from 7–9th position of leaf on dry weight basis from
longest shoot/plant

Total protein
(%)

5.1 Low (<10)
5.2 Medium (10–20)
5.3 High (>20)

Data are recorded after 60 days of pruning by recording
from 7–9th position of leaf on dry weight basis from
longest shoot/plant

Fresh leaf
weight (g)

6.1 Low (>3)
6.2 Medium (3–6)
6.3 High (>6)

Data are recorded after 60 days of pruning by weighing
equal number of base, middle and top leaves of a branch
excluding tender leaves and grouped
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The infected leaves were observed per plant covering all branches, covering tender,
medium and mature leaves (Tikader et al. 2014).

4.4.6 Fungal Diseases in Mulberry

There are many diseases, which are caused by fungi in mulberry. The intensity and
severity vary based on climatic factors, geographical distribution of mulberry and
other related factors. The most common foliar fungal diseases are leaf spot
(Cerocospora moricola Cooke), powdery mildew (Phyllactina corylea (Pers.)
Karst) and leaf rust (Cerotelium fici (Cast) Arth).

4.4.7 Bacterial Diseases in Mulberry

Bacterial diseases are found in rainy season in most of the mulberry growing areas.
The bacteria can survive in high altitude where temperature ranges from 10–40 °C
where optimum is 20–35 °C. The bacterial blight is a common disease in mulberry.
Besides this, some minor diseases are root rot, twig blight, leaf scorch and shoot rot.
The infection status or the disease index was graded for per cent of leaf area
infected on 0–5 scales, and the percent disease index (PDI) was calculated. Data on
disease tolerance/susceptibility of mulberry germplasm accessions were studied and
presented in PDI rank as resistant (0.1–5.0%), moderately resistant (5.1–20.0%),
susceptible (20.1–50.0%) and highly susceptible (51.0–100%) for different acces-
sions. PDI = total no. of infected leaves � grade value given/total no. of leaves �
maximum grade value � 100.

4.5 Evaluation of Mulberry Genetic Resources

The germplasm evaluation involves different activities and opportunities of reju-
venation of the major species at germplasm centre. The plant breeder utilizes the
germplasm in developing new hybrids and breeding lines (Kulkarni et al. 2002; Pan
2003; Ono 1983). The germplasm centre is allowed to concentrate on preservation
technology, genetic diversity analysis, development of core collection, distribution,
database development, etc. Germplasm is evaluated for a number of desirable
agronomic traits such as tolerance to drought, saline and alkaline stresses, early
sprouting or winter hardiness, resistance to pests and diseases (Tikader and Kamble
2007).
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4.5.1 Maintenance of Mulberry Germplasm

Mulberry germplasm is conserved and maintained in ex situ or in situ. Ex situ
conservation is the maintenance of the collected materials in an identified area or
plot, which includes collection from different sources, diverse geographical areas
and exotics (Machii et al. 1997; Tikader et al. 2014). The germplasm is maintained
for long-term utilization and should be under spaced plantation to provide scope for
proper growth and reduced competition between plants. The germplasm can be
maintained as bush with spacing 1.5 � 1.5 m and can be used for working
germplasm. CSGRC, Hosur, maintains the mulberry germplasm in high bush/tree
form with spacing 2.4 � 2.4 m for characterization and introduction of new col-
lections time to time and also bush form in 0.9 � 0.9 m for preliminary evaluation.
In temperate region, the plantation is maintained as tree with spacing 3.0 � 3.0 m.
Normally, 5–10 plants in each accession are maintained in the gene bank. In Japan,
the mulberry plantation is maintained following different spacing, i.e. 2.4 � 0.7 m
in Fukushima, 2 � 0.7 m in Tokyo, 2 � 0.6 m in Shinjo. For bush type plantation,
a stump height of 0.6–0.9 m and for tree type 1.20 m stump heights is recom-
mended. In general, the germplasm is pruned once in a year, after establishment,
during monsoon. Manures and fertilizers are applied as per the recommended dose
for the particular area where the germplasm has been established.

4.5.2 Factors for Core Collections

There are five factors that determine core collections they are as follows: (i) Size of
core collections: The size of the core depends on the total collections available in
gene bank. It is advocated that a minimum of 10% of the total collection should be
considered as core collection, which retains more than 70% of the alleles.
(ii) Grouping of accessions into categories of genetic similarity or commonality.
The grouping begins with taxonomy, i.e. species, sub-species, races, etc. then
geography, climatic or agro-ecological regions, etc. Clustering could be done within
the broad geographical group to sort accessions into clusters using hierarchical
clustering methods (Ward 1963). (iii) Core collection should be the representative
of entire collection, its diversity, which is decided, based on various parametric and
non-parametric statistical methods. (iv) The core accessions may be multiplied,
conserved, evaluated and kept ready for dispatch to the researchers on short notice.
(v) The core collection may be grouped as global core collection, regional core
collection and demand-based core collection.
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4.5.3 Experimental Design to Manage the Germplasm

The role of experimental design is to collect the data in a systematic way and
analyze the data with suitable statistical package for logical interpretation. With the
progress in agricultural research technique, statistics have become an active tool of
planning the experiment. Randomization of treatments has been suggested by
Fisher, which enables each treatment to set such a manner to take care of soil
heterogeneity. Randomization of treatments or genotypes is followed with random
number available in random number table. Modern statistical methods, planning of
experiments, observation, presentation and interpretation of the results are used in
present day-to-day field experiment. Reliability of an experiment supports the
design is logical, correct, consistent and meet the objective. While formulating or
setting up an experiment, some precautions are to be taken for management of
errors in the experiment which may be accidental, random, systematic and blunder.
The other factors like environment, soil fertility, preparation of experimental site
number of treatments, replication and replicates, size and shape of the plot, ori-
entation of plot, guard rows also influence the results of the experiment. The record
data without brassiness, application of inputs and other unforeseen factors
influencing yield and yield attributes should be minimized while handling the
experiment. The statistical methods will minimize the error, and with large number
of observation random error can be minimized. In general, for mulberry breeding
and evaluation of mulberry, germplasm follows two design of experiment, i.e.
(i) randomized block design (RBD) and (ii) augmented randomized complete block
design (ARCBD). Other designs are also followed based on the necessity of
experiment as and when required.

4.5.4 Bioassay

The selected mulberry varieties are subjected to quality test as well as bioassay to
determine the suitability of the accession/varieties. The practice is strictly followed
before recommending the mulberry varieties for commercial exploitation.

4.6 Utilization of Mulberry Germplasm

Basically, mulberry is a perennial tree, which is maintained as bush, high bush and
even dwarf trees depending on the cultural practices and method of silkworm
rearing. The mulberry trees are grown from tropical to temperate regions in many
countries of the world predominantly in Eastern, Southern and South Eastern Asia,
Southern Europe, Southern North America, North Western South America and
some parts of Africa.
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Mulberry varieties grow in various environments from sea level to altitudes of
4000 m, and domestication of mulberry must have been started several thousands
of years ago for silkworm raring (FAO 1990). Mulberry also grows from humid
tropics to semi-arid lands like in the near East with 250 mm of annual rainfall and
South West of the USA. The conservation of mulberry genetic resources has
become very much essential to meet the desired objectives of long-term manage-
ment and utilization.

The wide distribution of mulberry indicates its adaptability and genetic plasticity
to various environments. Mulberry is supposed to be a native of Indo–Chinese
border area and is distributed in the northern and southern lower slopes of
Sub-Himalayan region up to the elevation of 3300 m (Dhar 2002). Most of the
Indian varieties belong to M. indica and M. laevigata, M. serrata (Singh et al.
2006).

4.6.1 Global Position of Mulberry Utilization

Mulberry is widely distributed and used for different purposes all over the world
(Datta 2000; Tzenov 2002). Though the primary uses are to feed silkworms, but it is
being used for multipurpose. Due to decline of sericulture in Japan, Korea, USSR
the scientists are diverting their attention for using mulberry for fodder, fruit,
medicinal use, etc. and other purpose (Sanchez 2000). In Asian countries, mulberry
is being utilized in different ways.

It is also available in different African countries and is being maintained and
utilized for various purposes. The following countries are engaged in sericulture
and other related activities (Sanchez 2000). The African countries are involved in
sericulture, fruit, and agronomy and to some extent animal nutrition. In American
countries, it is being maintained and utilized for multipurpose including forage,
agronomy, breeding/selection and animal nutrition (Sanchez 2000). Eleven coun-
tries are involved in utilization of mulberry as forage. In European countries, it is
utilized for multipurpose (Sanchez 2000).

4.7 Conservation of Mulberry Germplasm

The mulberry genetic materials are to be conserved to prevent loss of genetic
resources due to destruction of habitat, human over exploitation to meet the pop-
ulation growth and greed, pollution and further exploitation by the stakeholders for
future generation.
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4.7.1 Conservation Practices

The maintenance of biodiversity depends on the nature of the material to be con-
served its ecological status, life cycle, mode of reproduction and population size.
The conservation strategies can be either in situ conservation of genetic resources
within their ecosystem or natural habitat or ex situ conservation of components of
genetic materials outside their natural habitat. The conservation of mulberry is a
holistic concept that encompasses a wide spectrum of activities ranging from
establishment of protected areas to building of DNA libraries. The basis of all
conservation actions is sufficient knowledge of the diversity of the plant concerned
and the ecosystem in which they occur. There are many conservation methods but
some of the most important strategies are (i) in situ, (ii) ex situ, (iii) field gene bank,
(iv) on-farm participatory, (v) in vitro and (v) cryopreservation.

4.7.2 In Situ Conservation

In situ conservation is defined as the conservation of plants within their ecosystem
and natural habitat. It means conservation of biodiversity in nature by setting aside
the natural reserve, where species are allowed to grow in their natural habitat by
maintenance of ecological continuum. However, there is always a threat of a spe-
cies becoming extinct or declining due to genetic drift and inbreeding, demographic
and environmental variations, habitat loss, competition from invasive alien species,
disease or over exploitation, human disturbances, etc. In such circumstances, the
only way to conserve directly among and within species for posterity is to maintain
them as ex situ collection. In situ conservation of plant genetic resources covers
biosphere reserve, national parks and gene sanctuary.

4.7.2.1 Habitat Conservation

Many species survive and best perpetuate only in their own niche or microclimate
available in the wild habitat itself. The advantages of such approach are that it does
not require detailed knowledge of the flora available in that habitat. The Namdapha
Biosphere Reserve of India in Arunachal Pradesh for Coptis teeta, Demabeyang
Valley in North Sikkim for Panax pseudo ginseng and Nanda Devi Biosphere for
Rhododendron, pine including Morus serrata, which is available in that area.

4.7.2.2 Biosphere Reserves

The biosphere reserve establishes a balanced relationship between human and
biosphere. The biosphere is the site of excellence for foster economic and human
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development, which is socio-culturally and ecologically sustainable with a logistic
support for demonstration projects, environmental education and training cum
research. The national committee on environmental planning and co-ordination
(NCEPC) and man and biosphere (UNESCO) are involved in designated areas as
biosphere reserves. Out of the 14 biosphere reserves in India, Nandadevi
(Uttarkhand), Namdapha (Arunachal Pradesh), Kaziranga (Assam), Manas
(Assam), Nokrek (Meghalaya), North Andaman and Great Nicobar (A&N islands)
for in situ conservation of mulberry. M.rubra is found in Hamilton’s Royal
Botanical Gardens, Ball’s Falls Conservation Area, Niagara Glen, Rondeau
Provincial Park, Point Pelee National Park, Fish Point Provincial Nature Reserve,
Pelee Island, Middle Island and East Sister Island.

4.7.2.3 Gene Sanctuaries/National Parks

The significant approaches for in situ conservation are declaring the highly rich
communities and habitats under protected areas. The protected area can be easily
maintained with the help of communities residing in that area. India has one of the
largest networks of protected areas including national park (81), wild life sanctu-
aries (441) and wetland and mangroves (31) providing in situ conservation of many
plant species including Morus species. Five of the protected areas have been des-
ignated as world’s heritage sites under UNESCO’s world heritage programme,
namely Kaziranga National Park, Keoladeo Ghana National Park, Manas Wildlife
Sanctuary, Nanda Devi National Park and Sunderban National Park.

4.7.2.4 Sacred Grooves

From time immemorial plant is worshiped like Gods or their blessings in India.
Many tribal communities live in complete harmony with nature; their feeling to cut
a plant might cause evil effects on their family. These communities have developed
their own system of conservation forests or habitats by naming sacred grooves.
These are untouched virgin forests with a taboo that even taking a dead wood or
fallen fruits may cause harm to the person. There exist more than 500 sacred
grooves in the tribal inhabited area of North Eastern region; Maharastra, Western
Ghats, Nilgiri, Orissa and Uttarakhand, Khasi and Jaintia hills and Baster area in
central India are rich in such diversity. Morus serrata is being worshiped in
Uttarakhand; Himachal Pradesh as sacred grooves and don’t uses its wood, leaves
and fruits, etc. The oldest mulberry tree of about 1200 years old is being worshiped
in Joshimath of Uttarakhand state (Rau 1967).
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4.7.3 Ex-Situ Conservation

Ex situ conservation is the preservation of material outside their natural habitat. The
ex situ conservation refers to the man-made gene bank conservation that includes ex
situ seed conservation in seed gene bank; ex situ plant conservation in field gene
bank; in vitro conservation of explants or organs band and cryo-bank, DNA library
and DNA bank. Conservation of plants in botanical gardens, on-farm conservation
by farmers with traditional agricultural systems, arboreta and field gene banks all
comes under the umbrella of ex situ conservation.

4.7.3.1 Ex Situ Field Gene Bank Management in India

The management of collections is important, as it has to be preserved for posterity.
The utility of germplasm is only realized if the germplasm stored in has been clearly
defined, evaluated, characterized scientifically and documented (Tikader et al.
2014). The development of an effective data management, therefore also forms gene
bank manager’s responsibility. Central Sericultural Germplasm Resources Centre
(CSGRC), Hosur (India), is situated around 12.45ºN and 77.51ºE, altitude of 942 m
with dry tropical climate. The average rainfall ranges from 700–1000 mm per
annum. CSGRC, Hosur, maintains 1254 accessions (Ind-984; Exo-270) in the field
gene bank as ex situ conservation. All the accessions are maintained as dwarf tree
with spacing of 2.4 � 2.4 m. Pruning is followed once in a year for conservation
and twice for recording data.

4.7.4 On-Farm Participatory Conservation

The other form of conservation is the on-farm conservation linked with farmers’
participatory breeding (FPB), which gives special emphasis on sustaining and
utilizing on-farm biodiversity by the farmers. In India, rich Morus diversity exists
under managed habitats, i.e. in the backyards, kitchen gardens, farmhouses, horti-
cultural gardens, agricultural lands and roadside plantations. These are the
first-hand selections of the farmers and tribals for varied utilizations; hence, con-
servation of potentially interesting alleles and development of diversity is pro-
moted. In mulberry, the wild species like M. laevigata and M. serrata and others do
not get attention in the formal sector for cultivation for sericulture purposes.
However, these wild species have been used for other non-sericultural purposes
such as horticulture and agro forestry. Farmers/aboriginals largely use fruits and
timbers of these species as a livelihood. Thus, the biodiversity of these species are
conserved through the on-farm participation of aboriginals and farmers.

4 Mulberry (Morus Spp.) Genetic Diversity … 119



4.7.5 Botanical Garden/Herbaria

Botanical gardens are being maintained from thousands of years when herbal
doctors, healers, sages maintained gardens of their own for medicinal plants. Even
today, one can notice many ashrams in and around Haridwar, Rishikesh
(Uttarakhand) and Himalayan region where medicinal plants have been maintained
since ages including mulberry. The major botanical gardens in India are Tropical
Botanical Garden and Research Institutes (TBGRI), Thiruvananthapuram (Kerala);
Medicinal and Aromatic Plant Garden and Herbarium, Pune; Lal Bagh Botanical
Garden (LBG), Bangalore; Royal Botanical Garden (RBG), Kolkata; Llyod
Botanical Gardens (BG), Darjeeling (West Bengal). The Government of India and
Provincial Government together run and maintain 33 Botanical gardens, which
maintain the diversity in the form of plants or plant population. Biodiversity has
also been preserved in the form of herbarium specimens. Botanical Survey of India
(BSI) has the largest holding of 1,500,000 specimens. There are many more her-
baria in India maintained in different research institutes where Morus species is also
stored. The National Germplasm on mulberry also maintained more than 1000
samples of different Morus species.

4.7.6 Arboreta

Traditionally, arboreta have been regarded as assemblages of tree for scientific
purposes generally with some sort of economic imperative in the not too distant
back ground. The arboreta and botanical gardens had more utilitarian purpose—to
find species that would benefit the new colonies and to establish which trees would
provide wood, fruit, foliage for future needs. Community can get use of such
arboretum in different ways. The arboreta help in maintaining genetic conservation
of valuable rare and endangered trees. Arboreta can reflect changing values in
society where they are becoming something for all to enjoy rather than the domain
of select few and serve the purpose of society.

4.7.7 In Vitro Conservation

In vitro conservation indicates maintenance under aseptic condition using culture of
plants. In vitro technology offers unique strategy for clonal multiplication and
conservation, particularly for vegetatively propagated crop plant species.
Preservation of germplasm diversity using in vitro technology can be accomplished
in the vegetatively propagated crop plants using meristem/shoot tip cultures, axil-
lary buds and nodal segments. Slow growth in vitro can be accomplished either by
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allowing cultures to survive on minimal media or by reduction in sucrose, thus
restricting the availability of nutrients to cultures. Use of osmotic agent such as
sorbitol or mannitol also helps in achieving the reduction of growth. In vitro culture
techniques have been extensively developed and applied to more than 1000 species
including many tropical species (Engelmann 2000; Vijayan et al. 2011). Many
national and international organizations have used in vitro techniques as a com-
plementary conservation method to field gene bank for conservation of germplasm
of various vegetatively propagated and recalcitrant seed species. Over 37,600
accession of germplasm of various crops have been covered worldwide (FAO
1994).

4.7.7.1 Use of Tissue Culture Technology for Conservation

The rich diversity in plant species would lay a strong foundation for development of
new cultivars presently and more so in future allowing alteration and reconstruction
of existing ones to suit the changing human needs and environment. It is satisfying
that germplasm value in the third world is also very impressive, and Indian gene
centre is uniquely rich in this respect (Chandel and Bhat, 1992). Thus, a worldwide
interest in germplasm collection conservation and utilization using conventional
breeding approaches as well as new emerging techniques of tissue culture and
biotechnology has assumed importance. Efforts are being made currently at global
level to preserve biodiversity. Today, efforts are being directed worldwide to
diversify methods, and new strategies are being integrated to achieve genetic
conservation. Tissue culture technology and cryopresrvation (freeze preservation)
employing liquid nitrogen at ultra-low temperature (−146–196 °C) is being used
(Chaudhury et al. 2008).

4.7.8 DNA Library

Conserving the extracted DNA is a very recent approach. The genome of the
accession is the main source of the genes required in various crop improvements.
The present day DNA banking offers tremendous opportunities of practical and
academic value. In fact, DNA as a gene bank resource has emerged out of revo-
lution in genomic information. The use DNA libraries, collection of segments of
DNA containing several copies of the part of genome, which includes cDNA,
cosmid, PAC (plasmid derived artificial chromosome), etc. can offer important
resources for several applications, i.e. characterization of source materials and
understanding genetic and evolutionary relationship between taxa, functional
analysis of genes comparative genomic and plant breeding. DNA bank is a par-
ticular type of genetic resources bank that preserves and distributes the DNA
samples and associated information (Vijayan et al. 2006).
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4.7.8.1 DNA Storage

DNA is a highly stable molecule, and the degradation kinetic models suggest that
fully hydrated DNA can be kept at room temperature, and it takes about
10,000 years to depolymerise into small fragments. An alternative approach is to
store cells and tissues rather than purified DNA. Further, stored cells and tissues
have added advantages of providing a continuous supply of DNA and enabling
biochemical and molecular studies of living cells. Depending upon the available
facilities, the reference sample may be in the form of live plant in field repository, a
propagule conserved in a gene bank, which can be recovered into a full plant or a
herbarium specimen. DNA banks around the world are maintained at Australia,
Brazil, USA, Great Britain and South Africa. The DNA bank at Royal Botanical
Gardens (RBG), Kew (UK), maintained nearly 23,000 samples of plant genomic
DNA stored at -800 °C. The bank has a large collection of orchid. DNA samples
and samples of rare and endangered species are maintained.

4.7.9 Cryopreservation of Germplasm

Cryopreservation of plant materials has proven to be a potentially ideal method for
long-term preservation, because it requires minimal space, labour, medium and
maintenance. The techniques for cryopreservation that are currently in use varied
greatly and include the older classical techniques based on freeze-induced dehy-
dration of cells as well as newer techniques based on vitrification (Engelmann
2000). Classical cryopreservation techniques involve slow cooling down at a
controlled rate (usually 0.1–4 °C/min) down to about −40 °C, followed by rapid
immersion of samples in liquid nitrogen. They are generally operationally complex,
as they require the use of sophisticated and expensive programmable freezers. In the
new vitrification-based procedures, cell dehydration is performed prior to freezing
by physical or osmotic dehydration of explants. This is followed by ultra-rapid
freezing which results in vitrification of intracellular solutes, i.e. formation of an
amorphous glassy structure without occurrence of ice crystals, which are detri-
mental to cellular structural integrity. These techniques are less complex and do not
require a programmable freezer, hence are suited for use in any laboratory with
basic facilities for tissue culture. Cryopreservation involves storage of plant
material at ultra-low temperatures in liquid nitrogen (−196 °C). At this temperature,
cell division and metabolic activities remain suspended and the material can be
stored without changes for long periods. Thus, cryopreservation method ensures
genetic stability of the mulberry germplasm and requires limited space, protects
material from contamination, involves very little maintenance and is considered a
cost-effective method for conservation of mulberry germplasm. In fact, cryop-
reservation is the only available method for long-term conservation of vegetative
propagated plant like mulberry. In mulberry, the most appropriate material for
cryopreservation was found to be winter buds, though embryonic axes, pollen,
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synthetic seeds have also been used (Niino 1995; Niino and Sakai 1992; Niino et al.
1993) Keeping this in view, many laboratories across the world has established
cryopreservation laboratories. For instances, the cryopreservation facilities at
Central Sericultural Germplasm Resources Center (CSGRC), Hosur, is actively
involved in preservation of its 908 mulberry germplasm accessions (Rao et al.
2009). Success has been achieved in the cryopreservation of several accessions
belonging to M. indica, M. alba, M. latfo1ia, M. cathayana, M. laevigata, M. nigra,
M. australis,M. bombycis,M. sinensis,M multicaulis andM. rotundiloba. Likewise,
with the epoch making research on cryopreservation, Japan has undertaken cry-
opreservation of mulberry in a large scale. About 450 germplasm accessions within
several species have been cryopreserved in liquid nitrogen tanks in mulberry gene
bank now. Shoot tips of pre-frozen winter buds of M. bombycis Koidz. were able to
withstand long storage in liquid nitrogen. The general procedure for cryopreser-
vation of shoot tips is that the shoot segments were first pre-frozen at −3 °C for
10 days, −5 °C for three days, −10 °C for one day and −20 °C for one day before
immersion in liquid nitrogen. Buds were cultured on MS medium after thawing in
air at 0 to 20 °C. Survival rate was 55 to 90%. Prior to pre-freezing at −20 °C partial
dehydration of the bud up to 38.5% has found improving the recovery rates. The
survival rates of the winter buds stored in liquid nitrogen up to 3–5 years did not
change significantly. Encapsulation of winter-hardened shoot tips of many mulberry
species with calcium alginate coating was also tested successfully. In addition, the
scientists conducted experiments on cryopreservation of intact vegetative buds of
mulberry (M. bombycis) attached to shoot segments by pre-freezing and storing in
liquid nitrogen. The buds were later thawed, and the meristems were excised for
culture on Murashige and Skoog’s medium supplemented with 1 mg I−1 BA to
regenerate plants. Either pre-freezing at −10 °C or −20°C along with rapid thawing
at 37 °C or pre-freezing at −20 °C or −30 °C along with slow thawing at 0 °C was a
suitable condition for high percentage of survival and shoot regeneration Rao et al.
(2009). The conservation may be of different types based on the need of crops, i.e.
(i) long term storage = −18 °C without Relative humidity maintenance; (ii) medium
term storage = 4 °C and 40–45% RH and (iii) short term storage = 25 °C and 40–
45% RH.

The conservation of plant genetic resources and their wild relatives in their
natural habitats is of utmost importance and deserves top priority in any conser-
vation programme (Tikader and Mukherjee 1999). Plants have been ancient times
for food, in performing rituals by way of culture and on religious ground. A large
number of trees are treated as sacred and protected in various ways. The forest is
preserved in the name of forest Gods and removal of any plant material (even a
piece of dead wood, dry leaf, etc.) is considered as taboo even today. Thus, it is
pertinent to advocate the importance of endemic taxa not only due to their unique
distribution pattern, but more importantly, the manifestation they carry along, be it
taxonomic, ecological, economic, evolutionary, cytological or genetic. An endemic
taxon can possess multiple range of attribute such as small population size, high
economic value, specific habitat and low genetic diversity. Dominance of
rare/endemic elements at high altitude especially in trans/north west and west
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Himalayan belt suggests high conservation value of the zone (Dhar 2002).
Uttarakhand state is rich in “green gold” and this treasure is to be protected at all
costs. Garhwal Himalayas have been identified as hotspots for endemic species and
genetic diversity in India and as such more attention should be paid to prevent loss
of habitat of endemic plants.

4.8 Conclusion

Plant genetic resources (PGR) are highly valuable for the present and future uti-
lization for maintaining sustainable food production for the benefit of human
growing population. They have been used worldwide for genetic improvement of
crops and contributed to major increases in crop productivity and resistance to
pests, diseases and adverse climatic growing conditions.

The mulberry germplasm resources are used for (i) building blocks, gene pool
for genetic improvement, enhancement; (ii) genes for adaptation, endurance for
biotic, abiotic stresses/environments; (iii) contribute to develop high yielding
varieties; (iv) contribute to tackle pest and disease management; (v) reduce
dependency on external inputs and (vi) conserved future use and posterity. To meet
the demand, large number of mulberry accessions is required to maintain with
planned approach and should be utilized in crop improvement programmes. The
efficient utilization depends on proper characterization, evaluation, documentation
and conservation of the mulberry genetic resources.
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Chapter 5
Conservation of Forest Genetic Resources
in Norway in a Climate Change
Perspective

Tore Skrøppa and Kjersti Bakkebø Fjellstad

Abstract Forests and wooded land cover 39% of the land area of Norway, with
two conifer species, Picea abies and Pinus sylvestris, dominating the forest area.
Twenty-five of 35 native forest tree species have their northern limit in this country.
The genetic resources of 18 species are considered to be vulnerable or threatened
either at a local or national level. Genetic information is available for 13 of the
native species, with Picea abies being the species that has been most thoroughly
characterised. The National Programme for Forest Genetic Resources is adminis-
tered by the Norwegian Genetic Resource Centre. This programme covers four
major areas: generating knowledge and monitoring processes influencing genetic
resources; in situ and ex situ conservation activities; sustainable use and develop-
ment of forest genetic resources; and networking, coordination and dissemination of
knowledge. In situ conservation of genetic resources of forest tree species is carried
out in nature reserves. Twenty-three gene conservation units, covering ten species,
have been established in such reserves. Ex situ conservation of forest genetic
resources is achieved through collections in arboreta and botanical gardens and in
the long-term field plantations of research and breeding programmes. In addition,
seed samples of selected forest tree species are stored at Svalbard Global Seed
Vault. Forests in Norway are regenerated both by natural and artificial means.
A revised tree breeding strategy, with emphasis on Picea abies, has been developed
to improve climatic adaptation, growth and quality, without decreasing the genetic
diversity in future forests or the potential for adaptation to future climatic
conditions.
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5.1 Introduction

Norway is Europe’s northernmost country, ranging over some 1750 km between
58°N and 71°N. The country’s total area is 323,787 km2 (excluding the islands of
Svalbard and Jan Mayen). The population is 5.2 million, with a population density
of 17 people per km2.

The total area covered by forests and wooded land is 13.4 million hectares, or
39% of Norway. Of this, 8.6 million hectares are productive forest land, that is to
say forest areas that can produce more than one cubic metre per hectare per year.
Built-up areas make up less than one percentage of the country’s area, and culti-
vated land covers just 3%. The rest of the country comprises mountains, heathland,
moors, wetlands and lakes.

Norway has substantial north–south and east–west climate gradients. Inland
areas in northern and eastern Norway have a typical continental climate, with warm
summers and cold winters. The entire coastline is characterised by a maritime
climate, with relatively cool summers and mild winters.

Annual precipitation also varies. The zone with the highest annual rainfall lies
about 30–40 km inland from the coast. The driest areas are the inland regions of
Finnmark (in the far north), as well as parts of the valleys of eastern Norway. The
length of the growing season, defined as the number of days with a mean tem-
perature of more than 5 °C, varies between 200 days in south-western Norway and
100 days along the coast of eastern Finnmark. In the alpine regions, the growing
season is even shorter.

In addition to climatic conditions, soil types and topography have had a great
impact on the extent of the forests in Norway, their species composition and tree
growth. The vast majority of the forest is boreal coniferous forest with principal
species Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), and with
downy birch (Betula pubescens) and silver birch (B. pendula) as the dominating
deciduous tree species. Boreal deciduous forests are an important component of the
forests at high altitudes and in the northern areas. Hardwood forests, which con-
stitute just one percentage of the forest area, occur in the southern part of the
country and in particular along the coast, while the coniferous forests dominate
inland.

The current forest composition is greatly influenced by different human–forest
interactions. For several centuries, until the mid-twentieth century, there was
widespread deforestation in Norway, and much of the present forest is the result of
human-induced regeneration and various silvicultural treatments. The species
composition and structure of the present forests in all ecological zones is thus
significantly different from primeval forests (Fig. 5.1).

In 2011, the total growing stock in Norwegian forests was more than 900 million
cubic metres, with a yearly increment of 24 million cubic metres. The total annual
harvest is considerably lower than the yearly increment and in recent years has been
between 8 and 11 million cubic metres. The growing stock and its increment in
2011 was more than twice the level documented by the first National Forest
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Inventory in 1932. The amounts of dead wood, old forest and deciduous trees,
which are important for biological diversity, have increased considerably during the
same period.

The forests are of great importance for Norwegian society. They provide a whole
range of ecosystem services that contribute to social welfare and quality of life, as
well as economic development. The forest resources are of great historical
importance and have played a major role in developing trade and industry.

Fig. 5.1 Map showing the forest area and other types of land in Norway. Source Norwegian
Institute of Bioeconomy Research
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The Norwegian Ministry of Agriculture and Food is the national authority
responsible for forest policy, which is based on a wide range of measures, including
legislation, taxation, financial support schemes, research and advisory bodies. The
main objective of the Forestry Act of 2005 is to promote sustainable forest man-
agement, stimulating local and economic development, while at the same time
securing biological diversity, landscape values, outdoor recreation and the cultural
values associated with the forest. The Forestry Act applies to all categories of forest
ownership. The Act includes provision for a particular type of forest protection
(“vernskog”), designed to prevent damage to climatically vulnerable forests or to
forests that have a protective role such as reducing erosion, avalanche or flooding
risk. Approximately 20% of the Norwegian forest area has been designated under
this category of protection, the majority being forest bordering mountain areas.

Norwegian forest policy, as well as voluntary environmental standards associ-
ated with forest certification, emphasises environmental considerations, such as
maintaining and developing biological diversity, and the social and cultural func-
tions of forests. Biodiversity-rich habitats are registered and mapped in forest
management plans, according to a standardised and well-documented system.
However, the share of virgin forests is small in Norway. Today, there is consid-
erable public interest as to whether Norwegian forestry is environmentally sus-
tainable and takes sufficient consideration of biological diversity and threatened
habitats.

Growing forests capture CO2, and active management of forest resources may
play an increasing part in reducing CO2 emissions. The Norwegian forests annually
capture and store more than 50% of the national CO2 emissions. The governmental
forest policy has a view to increase the use of forest resources to mitigate CO2

emissions by means of sustainable, active forestry. This has resulted in increased
funding to establish forest plantations at a denser spacing and to encourage forest
tree breeding for the production of genetically superior reproductive material.

Forest genetic resources are considered important both as a component of the
biological diversity that should be conserved for future generations and as a basis
for the supply of forest reproductive material for the regeneration of forest after
harvest. In the present Norwegian forest policy, these genetic resources may con-
tribute to the success of the high-priority-targeted programmes: forests and climate,
increased use of wood and bioenergy.

5.2 Forest Genetic Resources

5.2.1 Species Composition and Distribution

Norwegian forests can be broadly classified into three major types: coniferous
evergreen boreal forest, broadleaved forest and mixed forest. The forests and other
wooded land cover 13.4 million hectares. The forests are to a large extent formed by
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two conifers, Picea abies (Norway spruce) and Pinus sylvestris (Scots pine), and
the two birch species Betula pendula and B. pubescens. The two conifers are
economically the most important species and are the only native species actively
managed for wood production through commercial forestry; together they cover
71% of the forest area and 97% of the annual harvest.

Pinus sylvestris is mainly naturally regenerated, while Picea abies is planted on
approximately 50% of the harvested forest area. The number of spruce seedlings
planted annually is at present 29 million, which is less than 40% of the number
planted 40 years ago. The planted spruce seedlings are primarily of native origin.
Exotic conifer species have been tested in experiments since the beginning of the
twentieth century, but except for the planting of Picea sitchensis and the hybrid
P. sitchensis x P. glauca along the coast in central and northern Norway, no exotic
species are used to any large extent in commercial forestry. Very few broadleaved
trees are planted for wood production. However, several of these species are used
for landscaping, along roads and in parks and gardens.

Species composition and distribution of forest trees in Norway are largely
determined by the invasion of tree species after the Ice Age, subsequent climatic
changes and human activities. It was earlier assumed that the first tree species to
establish after the ice retreated more than 10,000 years ago were birch (Betula
pubescens), poplar (Populus tremula) and Scots pine (Pinus sylvestris). These
species spread fast and to altitudes 200–300 m higher than the present timber line.
Recently, however, analyses of ancient DNA from lake sediments from
north-western and central Norway suggest that Norway spruce was also present
along the Atlantic coast during the Last Glacial Maximum (17,700 year ago), and in
the Trøndelag region, central Norway, 10,300 years ago (Parducci et al. 2012).
During the warm and dry period that later followed, species demanding high
temperatures, such as lime (Tilia cordata), ash (Fraxinus excelsior) and oak
(Quercus robur, Q. petraea), spread and formed forests in the southern and
south-western part of the country. Small remnants of these forests still exist. These
and other deciduous tree species (e.g. Fagus sylvatica, Ulmus glabra, Acer pla-
tanoides, Prunus avium) that occur as scattered trees in mixed stands with other
species have their main distribution in warmer climates at more southern latitudes
and occur in Norway today at the northernmost border of their natural range.

It was not until approximately 2500 years ago, during a cooler and more humid
period that the conifer Picea abies started to form forests in the Norwegian land-
scape. The Picea abies spruce populations originated on the Russian plains and
most likely also in the Baltic area. During a period of 7000 years, the species spread
through Finland and northern Sweden, and also from the Baltic area through
southern Sweden to southern Norway. The colonisation of the south-eastern low-
land area started 3000 years ago, but the migration up the valleys to the species’
present altitudinal boundary was not completed until the period 1000–1500 AD.
The coastal spruce forest in central Norway established rather late (approx.
1300 AD). The present natural occurrence of Picea abies is in south-eastern
Norway from sea level up to 1000 m, and at decreasing altitudes from central to
northern Norway, north to latitude 67°N. Outside this area, the species has been

5 Conservation of Forest Genetic Resources in Norway … 133



planted during the last century both in Western Norway and north of its natural
boundary in northern Norway. In both regions, it has become an important timber
species.

5.2.2 The State of Forest Genetic Resources

An evaluation has been made of the native forest trees species in Norway with a
description of life history traits such as geographic range (limited or widespread),
type of occurrence (scattered or in stands), pollination vector and seed dispersal
(Myking and Skrøppa 2001). Based on this information and available genetic
knowledge, the genetic resources of each species were characterised as vital,
uncertain, vulnerable or threatened. This information, modified based on new
knowledge on the Sorbus species (Grundt and Salvesen 2011) and new develop-
ments for some species (Fraxinus excelsior), is presented in Table 5.1. Special for
Norway is that 28 of the 35 native species have their northern limit in this country.
Of the Sorbus species, eight are endemic in Norway. Eleven of the species char-
acterised as vulnerable or threatened are included in the Norwegian Red List for
Species (Henriksen and Hilmo 2015).

Twelve widely distributed species with generally effective dispersal of pollen
and seeds are considered vital (e.g. Betula spp., Alnus incana, Pinus sylvestris,
Picea abies) and as such have no particular conservation requirements. Four species
are considered uncertain (Quercus spp., Acer platanoides, Fagus sylvatica) because
of limited ranges, scattered occurrences and possibly less effective dispersal of
seeds and/or pollen than the former group. Sorbus intermedia is also classified as
uncertain due to uncertainty regarding its native origin. Fifteen species are con-
sidered vulnerable (nine Sorbus spp.,Malus sylvestris, Prunus avium, Tilia cordata,
Taxus baccata, Ilex aquifolium, Fraxinus excelsior) owing to marginal occurrences,
reliance on insect-pollination (all except for T. baccata and I. aquifolium), limited
sexual reproduction (T. cordata), diseases (F. excelsior) and endemism (some
Sorbus spp.). S. neglécta and S. lancifólia are considered threatened due to very
marginal occurrences. Ulmus glabra is classified as threatened because of Dutch
Elm disease that may reduce genetic variability at the population level. Human
influence has minor impact on the above classification.

5.2.3 Genetic Knowledge

The first provenance and species trials with both native and introduced tree species,
in particular conifers, were planted in Norway approximately 100 years ago. Since
then, short- and long-term field trials with both native and introduced species have
provided knowledge about genetic differences between species, and of the
within-species genetic variability among provenances, populations within
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provenances and within populations. Studies have focused in particular on traits
that characterise adaptation to climatic conditions. More recently, molecular genetic
studies have been initiated, at present in eight native species. Forest tree species, for
which genetic knowledge is available, are listed in Table 5.2. Picea abies is the
only species that has a sufficient genetic characterisation at the provenance, family
and individual level.

Generally, there is a lack of knowledge of the importance and implications of
factors that may influence the genetic diversity of forest tree species.
Fragmentation of the landscape reduces gene flow among individuals and popu-
lations which may lead to a smaller effective population size and increased degree
of inbreeding. Yet gene flow among populations has been characterised for very
few tree species with a fragmented distribution in Norway. For many tree species,
regeneration is hindered by browsing from increasing population sizes of wild
animals such as moose and red deer, e.g. browsing on Taxus baccata. Change in
land use and logging influence growth conditions, in particular for hardwood
broadleaved species, and may change the competitive environment. Pests and

Table 5.2 Native forest tree species for which genetic variability has been evaluated at different
genetic levels

Species Genetic level of
material
evaluated

Morphology
traits

Adaptive and
production
characters assessed

Molecular
characterisation

Picea abies Populations,
families, clones

X X X

Pinus
sylvestris

Populations,
families

X X

Betula
pendula

Populations,
families

X X X

Alnus
glutinosa

Populations,
families

X X

Acer
platanoides

Populations,
families

X X X

Fraxinus
excelsior

Populations,
individuals

X

Sorbus
aucuparia

Populations,
families

X X

Ulmus
glabra

Populations,
families

X X X

Malus
sylvestris

Individuals X X

Taxus
baccata

Populations X

Fagus
sylvatica

Populations X

Quercus
petraea
Q. robur

Populations X X
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diseases, which may be more common due to an increasingly warmer climate at
northern latitudes, may lead to loss of populations and thereby reduced diversity for
some species. The implications of climate change on the forest genetic resources
are not well understood, in particular as the prediction of the future climatic con-
ditions is uncertain. More information should be generated about the influence of
these factors, and their interactive effects, on forest genetic diversity. In general,
prospects for future conditions are good, but pests and diseases (e.g. ash decline),
perhaps associated with climate change, and browsing pressure appear to be the
main causes for concern today.

5.2.3.1 Genetic Diversity in Picea Abies

Recent molecular studies confirm that the vast northern range of Picea abies was
colonised from a single Russian refugium and that the expansion westward took
place along two main migration routes (Tollefsrud et al. 2008). Populations in
southern Norway show relatively high levels of diversity compared to the northern
ones (Tollefsrud et al. 2009). In the north, limited seed and pollen production may
have increased inbreeding and decreased diversity, reflecting the marginality of the
species in the north.

Genetic information characterising adaptation of Picea abies to climatic condi-
tions is available from provenance, progeny and clonal trials. Measurements have,
in particular, been made of annual growth rhythm traits: the timing and duration of
the annual growth period, frost hardiness development in the autumn and dehard-
ening in the spring, and the occurrence of climatic damage under field conditions.
All studies demonstrate a clinal variation in growth rhythm traits in natural popu-
lations from the south to the north and from low to high altitudes. The southern and
lowland populations have the longest duration of growth season, and as a conse-
quence, the highest growth potential. They also develop latest autumn frost har-
diness. The only well-known characterisations of the adaptive process of spruce
populations are the responses to temperature and photoperiod. Within natural
populations, a large genetic diversity is present, also for traits that show clinal
variation at the provenance level and in populations at the geographic margin of the
species.

In addition, a number of studies have shown that trees of Picea abies can adjust
their performance in adaptive traits by a rapid epigenetic mechanism, through a
kind of long-term memory of temperature sum and photoperiod during reproduction
(see Johnsen et al. 2009 and references therein). Traits that are affected include the
timing of dehardening and bud burst in the spring, leader shoot growth cessation in
the summer and cold acclimation in the autumn. This memory may help the conifer
to cope with the anticipated rapid change in climatic conditions. It will have
importance for practical forest tree breeding and for the deployment of seedlings
produced in seed orchards. The molecular mechanism behind this striking epige-
netic memory mechanism is not yet unravelled, but transcriptional changes are
clearly involved (Yakovlev et al. 2014). The research on epigenetic effects on
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adaptive traits in Picea abies has high priority and is in particular being followed up
by molecular methods.

5.2.3.2 Genetic Diversity in Other Species

Pinus sylvestris colonised early after the ice retreated in Scandinavia and has had a
much longer period for adaptation than the other main conifer, Picea abies.
Provenance trials have shown that populations of Pinus sylvestris show a clinal
variation in adaptive traits depending on latitude, altitude and distance from the
coast, with a corresponding variation in growth traits.

Short-term tests of families from several populations of broadleaved tree species
(Table 5.2) have demonstrated large genetic variability within populations for
phenology, growth and morphology. For most species, similar variation is also
present among populations, and the large-scale variability patterns can in most
cases be related to climatic parameters of the populations characterised by latitude,
altitude and whether they are from coastal or inland areas. In Taxus baccata,
isozyme analyses demonstrate less genetic variability in the northernmost popula-
tions, indicating a higher level of inbreeding in the most marginal populations.
A study of molecular markers (microsatellites) in Malus sylvestris show that the
trees of this species are genetically differentiated from those further south in Europe
and indicate no decrease in genetic diversity in the northern range of the species.
The population genetic history of Fraxinus excelsior has been characterised both by
maternally inherited cpDNA and nuclear microsatellites. The analyses show that the
ash populations in the northern area are genetically different from those in the more
southern areas of Europe. Within Norway, there are genetic differences between
eastern and western populations and the genetic diversity decreases to the north.

5.3 National Programme for Forest Genetic Resources

Forest genetic resources, and their conservation and use, are explicitly mentioned in
several national policy documents related to forestry and climate challenges in the
agricultural sector, both in general terms and in recommendations related to the
production and use of forest reproductive material and in the implementation of
important measures to mitigate climate change. Genetic resources are also specif-
ically treated in the Nature Diversity Act adopted by the Parliament in 2009. This
Act regulates the conservation, access and use of genetic resources, and also the
import and release of alien organisms in Norwegian nature.

Thus, the importance of forest genetic resources was recognised, and in 2001, an
advisory committee was appointed. It approved the first National Programme for
the period 2003–2006. In 2006, the Norwegian Genetic Resource Centre was
established by the Ministry of Agriculture and Food to coordinate and promote
activities related to the conservation and sustainable use of national genetic
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resources in farm animals, crop plants and forest trees. Together with advisory
committees, the Centre develops and conducts national programmes for conser-
vation and sustainable use of genetic resources in these three sectors. During the
first two four-year periods from 2003, high priority was given to organisation and
establishment of a national network, documentation of knowledge and to initiate
research about national forest genetic resources.

The current action plan for forest genetic resources, for the period 2016–2019,
focuses on four major areas. These are basically the same as the priority areas in the
FAO Global Plan of Action for the Conservation, Sustainable Use and
Development of Forest Genetic Resources (FAO 2014):

• Generate knowledge and monitor processes influencing forest genetic resources.
• In situ and ex situ conservation activities.
• Sustainable use and development of forest genetic resources.
• Networking, coordination and dissemination of knowledge about forest genetic

resources and raising public awareness.

5.3.1 Major Challenges in the National Programme

For most of the national tree species, genetic knowledge is scarce and the gener-
ation of better genetic information should have high priority. This is particularly
important in view of the changing climatic conditions, both for the development of
adapted reproductive material for the present commercial species, but also for
broadleaved species that may become more important under future conditions, and
for the management of forest tree genetic resources in general. Monitoring of the
development of changes in genetic diversity is also a priority, in order to be able to
actuate specific conservation activities when needed. This is especially important
for rarer forest tree species and for their conservation in situ, which requires sus-
tainable management in nature reserves, or specific ex situ conservation actions.
A large number of actors collaborate in the National Programme, including nature
and forest management and administration, research institutions, tree breeders and
the users of genetic resources. Agreements on common objectives and how to
achieve these objectives are needed for the success of the Programme.
Governmental funding is available for projects and activities that contribute to the
follow-up of the action plan.

5.4 The State of In situ Genetic Conservation

In situ conservation of forest tree species comprises the conservation of viable
populations in their natural environment, be that a production forest or a protected
area. The term is often applied to naturally regenerating wild populations, but can
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also apply to managed production and multiple-use forests. The aim of in situ
conservation is often to conserve the functioning of an ecosystem and evolutionary
processes rather than just a given species. Under certain conditions, areas protected
by the Nature Diversity Act provide significant potential for in situ conservation of
forest genetic resources. Norway has chosen a strategy of establishing in situ gene
conservation units in protected areas for some target species. This forms part of our
national contribution to the common European project EUFGIS (www.eufgis.org),
which created an online information system for forest genetic resource inventories
in Europe, focusing on improving documentation and management of dynamic
conservation units of forest trees.

The Norwegian Nature Diversity Act provides mainly for three different types of
protected areas in forest, which differ in size, objectives (i.e. what is protected) and
management regulations. The three types are national parks, nature reserves and
protected landscapes. Altogether 3.3% of the productive forest area is protected in
national parks and nature reserves, covering approximately 285,000 hectares. In
cooperation with the Norwegian Environment Agency and the environmental units
of the County Governor, the Genetic Resource Centre has selected candidate nature
reserves for being considered as in situ gene conservation areas for specific species
and to be part of the EUFGIS network. Assessments have been made in the field of
the suitability of the selected reserves. This allows the possibility to combine in situ
conservation of genetic resources with other protection objectives in already pro-
tected areas. Nature reserves were considered to be the most relevant protection
category for in situ conservation of forest genetic resources because such areas are
quite well documented as regards species content, and the conservation regime is
relatively strict, development in such areas is to some extent monitored and some
management activities can be allowed. An online searchable database of the pro-
tected areas in forests and a listing of both main and associated tree species growing
there have been established by the Norwegian Genetic Resource Centre. It is based
on, and linked to, the database of all protected areas managed by the Norwegian
Environment Agency. The main aim of the searchable database is to show how
general protection of forest in protected areas also contributes to the protection of
forest genetic resources, in addition to more specifically planned gene conservation
units.

Certain requirements must be fulfilled in order for a nature reserve to qualify as a
gene conservation unit. The requirements relate to population size, number of
reproducing trees, sex ratio and whether trees are growing in stands or scattered.
Minimum requirements for a given species will depend heavily on a number of
factors including its reproductive biology and growth, ecology and kind of genetic
threats it is currently facing or will most likely face in the near future. Conservation
of the genetic resources of the specific species must be in accordance with the
original objectives for establishing the nature reserve. This is particularly important
for future management of the genetic resources in the area.

During the last 5 years, 23 gene conservation units, including ten forest tree
species on a total of 13,890 hectares, have been registered and are included in the
EUFGIS database. Some of the units include more than one species. They are
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shown in Table 5.3. The type of occurrence may differ for different species in the
nature reserves and they have different requirements for long-term existence. As an
example, Picea abies is a highly competitive species that occurs in large stands and
with sufficient sexual reproduction and natural regeneration capacity. Other species
occur as scattered single trees that may have low competitive ability or may not
have sufficient sexual reproduction, e.g. Tilia cordata. Management plans for the
genetic resource are therefore needed, and in some cases these are already included
in the management and conservation plans for the nature reserves.

The genetic resources for a number of Norwegian tree species are considered to
be vital, e.g. Pinus sylvestris, Populus tremula, Betula pendula and Alnus glutinosa
(Table 5.1); they have a wide and continuous occurrence and reproduce easily. It is
thus assumed that there is an extensive gene flow among populations and that they
maintain genetic diversity on a large scale. For such species, with the exception of
Picea abies, it has not yet been found necessary to establish specific gene con-
servation units. However, to follow up the pan-European conservation strategy with
at least one conservation unit per country for each climatic zone in that country (de
Vries et al. 2015), the establishment of additional conservation units for these
species is under consideration.

Several Sorbus species are endemic to Norway; they often have marginal geo-
graphic ranges and some are considered threatened or vulnerable (Table 5.1). Many
species have a large and often unique variation that should be given special pro-
tection. Specific conservation activities are needed to manage and conserve these
unique genetic resources. Based on former field studies, 43 localities have been
identified and described where these species occur with high variability or where
rare taxa have been found. Some of these localities are in protected areas, some of
which are designated for other purposes. However, most are not yet protected and
protection and management have been proposed, in some cases as a combination of
in situ and ex situ conservation. Ex situ collections of some of the Sorbus species
have been established. Other species for which such strategies should be proposed
are Taxus baccata, Ilex aquifolium and Malus sylvestris. Work is now ongoing to
establish in situ areas also for Malus sylvestris, based on new information on
distribution and genetic characterisation of the species (Tollefsrud et al. 2014).

Table 5.3 Target forest species included within the in situ conservation programme

Species Number of conservation units Total area hectares

Picea abies 5 13,151

Ilex aquifolium 3 81.3

Taxus baccata 3 118.4

Ulmus glabra 4 189.3

Fraxinus excelsior 3 74.2

Tilia cordata 3 253.1

Fagus sylvatica 2 25.9

Quercus petraea, Q. robur 3 68.6

Acer platanoides 2 46.7

All conservation units are established as part of the European EUFGIS project
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5.4.1 Challenges Related to in Situ Conservation

The climate change scenarios for Norway predict an increase in annual temperature,
with warming rates increasing with distance from the coast and with latitude.
Higher warming rates are projected in winter than in summer. Increasing annual
precipitation is also expected. This offers an opportunity for forest tree populations
to expand both to higher altitudes and to the north. The response of individual
species will depend on their biology in general and the size and distribution of
populations. Phenotypic plasticity, possible epigenetic responses and genetic
diversity in adaptive traits are factors that will be crucial for the adaptive potential
of species to the climate change conditions. Sufficient knowledge of these factors is
available only for Picea abies in Norway, indicating that the Norwegian spruce
populations have potential for adaptation to the climate change conditions and thus
for conserving spruce genetic resources. Several other species have been shown to
possess large genetic diversity in adaptive traits which may contribute to the con-
servation of their genetic resources under in situ conditions.

For some species, a major threat to their genetic resources may be diseases or
pests that have been shown to expand their range northward and to higher altitudes.
One example is the ash disease (Hymenoscyphus fraxineus) that during recent years
has spread to ash (Fraxinus excelsior) populations across the country as far north as
latitude 64°. The mortality of attacked trees is high and the population sizes of the
ash stands have been strongly reduced. However, resistance against the disease has
been demonstrated and research is under way to characterise the genetic diversity in
resistance and explore the possibility for breeding for more healthy ash trees. Seeds
are being collected from healthy trees with the intention to plant their offspring in
stands with few trees left in order to increase the number of healthy trees in the next
generation.

It is important to obtain full acceptance from the nature reserve managers that the
genetic resources of selected forest tree species should be conserved in nature
reserves and that management may be needed to fulfil this objective of the reserve.
Such management should be an integrated part of the management plan of reserves
that are selected for this purpose. More gene conservation units and more species
should be evaluated to be included in the in situ conservation programme in nature
reserves. A better cooperation is needed between local and regional managers of
both protected areas and forests.

Greater public awareness is needed about in situ conservation of vulnerable tree
species and the role of protected areas for such conservation. The online database of
protected areas in forest is updated with information about the gene reserves. It is
important that the Norwegian in situ conservation units at the marginal range of
several tree species are considered as an integral part of the gene conservation
efforts across their whole natural range through EUFGIS.
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5.5 The State of Ex situ Genetic Conservation

Ex situ conservation of forest genetic resources in Norway includes collections in
arboreta and botanical gardens; long-term tests of clones, families and provenances
in research plantations; progeny tests, clonal archives and seed orchards belonging
to the national breeding programme; and seed lots stored at The Norwegian Forest
Seed Centre and at the Svalbard Global Seed Vault. No in vitro storage for con-
servation purpose of forest genetic material is performed in Norway. Facilities for
such storage are available, however, both at research institutions and private
companies.

5.5.1 Arboreta and Botanical Gardens

Several arboreta and botanical gardens possess collections of forest trees, of both
native and exotic species. In most cases, these collections contain a small number of
individuals of each species and do not have a strategy for long-term regeneration.
Therefore, they are not considered as the main elements of the national conservation
strategy. Such collections often contribute to the maintenance of unique and rare
genotypes, but may also contain locally adapted populations of native species and
individuals from transferred provenances of native or exotic species. Some arboreta
and botanical gardens possess collections that have the potential to be important for
the ex situ conservation of some forest tree species. As an example, nearly 200
accessions of endemic Sorbus species have been established in a collection in a
cooperative project between arboreta and botanical gardens. A status report of ex
situ collections in arboreta and botanical gardens was published in Norwegian
during spring 2015 (Grundt and Fjellstad 2015). Collections of trees in arboreta
often have a role as public parks and are important for raising public awareness.
They are therefore valuable for demonstration and education.

5.5.2 Collections for Landscaping Purposes

A substantial number of trees of both native and exotic origins are planted in the
landscape: in parks, along the roadside and in private gardens. Cultivars and clones
with specific aesthetic values have been developed, tested and propagated for use in
such plantings. For Norwegian conditions, testing for frost hardiness is of specific
importance. Collections of such material, intended both for testing and demon-
stration purpose, contain valuable genetic resources. They offer a large variety of
genetic material and contribute towards increasing the diversity of tree plantings in
the landscape. The largest collection, located at the Norwegian University of Life
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Sciences, contains trees of approximately 120 different species of the genera Acer,
Alnus, Betula, Carpinus, Fraxinus, Prunus, Quercus, Salix, Sorbus, Tilia and
Ulmus. However, only a small number of trees of each genetic unit have been
planted, in most cases four, and the long-term conservation of the material is not
secured. Smaller collections exist in other parts of the country.

5.5.3 Long-term Trials of Clones, Families
and Provenances in Research and Breeding
Plantations

The first trials planted have given valuable information about the use of species and
provenances. However, the early research plantations were often planted in
experimental designs that were not suitable for long-term studies, and few of these
old trials exist today. During the last 50 years, a large proportion of the field trials
have dealt with the most important native conifer, Picea abies, and many of these
more recent trials still exist and constitute valuable genetic resources containing
genetic units from which genetic information on phenotypic traits is available. In
years with abundant flowering, seed lots were obtained from several individual trees
in a number of natural populations that often were distributed along climatic gra-
dients, and progeny tests were established. Several such collections were made by
the Norwegian Forest Research Institute during the period 1951–1997. More recent
trials with Picea abies were based on families from controlled crosses, and also
some with clones, with the objectives of characterising the genetic variability and
inheritance patterns of the species, both within natural populations and in breeding
populations. The database of research and breeding field experiments lists 160
species or provenance trials and 148 progeny trials for Picea abies alone. In
addition, several field tests have been conducted on broadleaved species.

5.5.4 Clonal Archives and Seed Orchards

Forest tree breeding with Picea abies started in the mid-1950s with the selection of
plus trees (superior phenotypes) in natural populations. These plus trees were
grafted in clonal archives and seed orchards. Seed lots were collected from the
selected trees, either in the forest or in the clone collections, or controlled crosses
were made on the grafts. The resulting families were planted in progeny tests at
multiple sites. Altogether, 5186 plus trees of Picea abies were selected and kept as
grafts in clonal archives or seed orchards, and 3832 families are being tested in
progeny tests. The Norwegian Forest Seed Centre is responsible for all breeding
material.
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5.5.5 Seed Lots in Storage

The Svalbard Global Seed Vault (SGSV) was established in 2008 by the Norwegian
Government as a backup storage of seed lots of the world’s crop genetic resources
and contains (in 2015) nearly 800,000 accessions. Recently seed lots of Picea abies
and Pinus sylvestris from the Nordic countries were stored at SGSV. The main
objectives of including forest tree seed lots at SGSV were

• Conservation of backup seed of, e.g. threatened populations, gene reserve for-
ests or other in situ conservation units that are managed by the depositor.

• Conservation of seed samples from representative natural populations for
backup storage of material that can be used for future monitoring of long-term
changes in genetic diversity of the natural forest.

• Conservation of seed samples from different stages and generations of breeding
populations or seed orchards to monitor changes in genetic diversity taking
place during breeding operations.

The Norwegian Forest Seed Centre is responsible for the procurement, storage
and trade of seeds for the forest sector. Seeds of recommended seed sources and of
both native and imported species are stored, with main emphasis on a wide
selection of native Picea abies provenance and seed orchard seed lots and Pinus
sylvestris provenances. Long-term seed storage is needed as seed years are scarce at
northern latitudes and at high altitudes. Seed lots are therefore kept for as long as
20–30 years until new representative seed crops become available. Optimal storage
conditions will guarantee a high-germination rate even after several decades of
storage. This seed storage is an important component in the management of the
forest tree genetic resources in artificial regeneration.

5.5.6 Challenges in Ex situ Conservation

There is no complete catalogue of all the material contained in ex situ collections
and no holistic evaluation has been made to assess which material should have
highest priority in ex situ conservation. Management is required in order to
maintain collections in long-term field trials. At the time field trials must be thinned
and finally harvested, decisions must be made for further conservation of the
genetic material. There is a particular need for strategies for ex situ conservation of
former breeding material in spruce as well as of genetic resources of species
threatened by diseases, the present ash decline being a case in point.
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5.6 Sustainable Use of Forest Genetic Resources

Forest genetic resources are used in production forestry when forests are regener-
ated after harvest, in afforestation on treeless land or for the replacement of other
tree species. They are also used for Christmas tree and greenery production, for
landscaping purposes or for ornamental use in gardens.

The Forestry Act requires that regeneration generally should take place within 3–
5 years after harvest, depending on environmental conditions. The local forest
authority is mandated to demand that the forest owner takes action to establish a
commercially viable stand within a reasonable period of time. Regulations are given
for silvicultural and environmental actions in the regeneration, such as change of
tree species, the introduction of exotic species, the transfer of provenances and the
recommended number of seedlings planted per hectare.

In production forestry, regeneration after harvest is executed differently for the
two major commercial species, Pinus sylvestris and Picea abies. Pinus sylvestris is
to a large extent naturally regenerated, using the seed-tree method. In the regen-
eration fellings, 30–150 seed trees are retained per hectare, depending on site
conditions. On sites with difficult regeneration conditions due to, e.g., harsh climate
and/or thick humus layers, soil scarification may be used to improve seedling
establishment.

Picea abies is regenerated both naturally and artificially by planting. When
natural regeneration is planned, the use of patch clear-cuts and shelter wood fellings
are common. When using the latter method, 150–400 trees are retained per hectare
for seed dispersal and to provide shelter. The shelter trees can also be other tree
species than Picea abies. At higher elevations, a significant proportion of the spruce
forest is also harvested by means of mountain forest selective cutting, where sub-
sequent recruitment is initiated by either natural regeneration or planting, or both.
However, clear-cut fellings and subsequent planting of seedlings is most common
in Picea abies and is considered to be the fastest regeneration method on most
forest sites.

National assessments are made annually of the regeneration methods used and
the results of the regeneration 3 years after harvest. In the assessment made in 2010
of the areas harvested in 2007, planting was the regeneration method used on 52.5%
of the area, while 10.2% was regenerated by a combination of planting and natural
regeneration. On 26.6% of the harvested areas, treatments were initiated to favour
natural regeneration. No actions were initiated to re-establish the forest on 10.6% of
the area, which is a reduction compared to earlier years. Approximately 75% of the
planted areas had a seedling density equal to or higher than the recommendations in
the legal regulations.
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5.6.1 Reproductive Material in Use

The number of seedlings delivered from Norwegian forest nurseries and planted in
production forestry has been strongly reduced, from close to 50 million seedlings
20 years ago to an average of 23 million during the last 5-year period and 30
million in 2014. More than 95% of the seedlings are Picea abies. The seedlings are
produced in 13 forest nurseries, which are located in different parts of the country.
In general, each nursery produces seedlings for its local region. Most of the
seedlings are 1- or 2-year-old container plants.

During the period 1950–1980, Central European provenances of Picea abies
were planted to a large extent in southern Norway. Both practical experience and
results from surveys showed that this was a bad choice of provenances for
south-eastern Norway, resulting in plantations with climatic damage and reduced
saw timber qualities (Skrøppa et al. 1993). It was feared that gene flow from such
stands would lead to reduced adaptedness in the next generation. Research results
have shown that this may not be the case, as there seems to be a rapid change in
adaptive performance from one generation to the next in Picea abies due to the
epigenetic mechanism discussed above (Skrøppa et al. 2009).

Forest reproductive material in Norway is classified according to the categories
of the OECD Forest Seed and Plant Scheme: source-identified, selected, qualified
and tested (OECD 2015). Import of seeds of Picea abies, which was quite high
50 years ago, is now at a low level. The percentage of seeds from seed orchards
(qualified or tested) has increased considerably during the last 5 years, in particular
in the southern part of the country, where seed orchard seed sold during the last
2 years amounted to 75% of the Picea abies seed sold, and with a percentage close
to 100 in south-eastern Norway.

5.6.1.1 Regions of Provenance and Transfer Rules

Before seeds from seed orchards came into use, most reproductive material of Picea
abies was of the category source-identified, collected in natural stands and char-
acterised by its region of provenance (Fig. 5.2). According to regulations mandated
in the Forestry Act, transfers within the country should not be made more than
200 km north or south or more than 300 m in altitude. During the last 20-year
period, the vast majority of Picea abies seed used has been from sources of native
origin. However, in western Norway, where Picea abies did not occur naturally,
provenances from Central Europe are recommended due to their superior volume
growth in coastal areas.
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5.6.2 Tree Improvement Programmes and Their
Implementation

Tree breeding activities in Picea abies started in Norway more than 60 years ago
with the selection of plus trees in natural stands, and grafted seed orchards were
established in the 1960s and 1970s. Breeding activities were also initiated with
other species (Pinus sylvestris, Picea sitchensis), but with a lower intensity than for

Fig. 5.2 Regions of provenance in Norway (red borders) and breeding zones according to the
revised breeding strategy from 2010. The regions of provenance are in addition characterised by
altitude in 100 m intervals. Source The Norwegian Forest Seed Centre
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Norway spruce. The selected plus trees were kept as grafts in the seed orchards or
clonal archives, and a progeny testing programme was slowly initiated. The earliest
established seed orchards are now terminated or are re-established with parents that
are being tested in progeny tests. All Norwegian seed orchards are still of
first-generation breeding populations, but with an increasing number of the tested
category.

A new national tree breeding strategy for the period 2010–2040 has been
developed during recent years with main priority given to Picea abies and the
introduced species Abies lasiocarpa, which is used for Christmas trees. Bred
material should provide higher survival and be possible to use over a larger area
than material from natural stands. The bred material should also be robust to future
climatic changes. Increased growth should contribute to mitigate the effect of CO2

from the atmosphere. Breeding should not decrease, and preferably increase, wood
density, improve form stability and reduce the frequencies of defects that cause
reduced value. Except for one breeding zone, for the mildest climatic conditions
along the coast, breeding is performed on material from native provenances. A high
level of genetic diversity is kept in the breeding programme of Picea abies by
having several breeding zones, several sub-populations within most zones and a
sufficient number of individuals within each population.

Norway is divided into eight breeding zones (Table 5.4) based on latitude,
altitude and known climatic gradients, for both administrative reasons and optimal
use of adapted reproductive material from the seed orchards. Breeding efforts and
objectives differ between zones depending on whether there are specific issues in
the wood production that have to be addressed, and also on the importance of
forestry in the region. In each zone, the breeding population is divided into one or
more sub-populations each containing 50 unrelated individuals. The planned
breeding zone G0, not shown in Fig. 5.2, will contain one sub-population with
individuals selected from more southern provenances adapted to climatic conditions
corresponding to a 2 °C increase in mean annual temperature. The other zones
should contain sub-populations with individuals from a limited geographic area
within the zone. Hence, the populations should then be adapted to the present
climate in the zone, but may also be ranked according to climatic gradients within
the zone. They should provide the basic material for reproductive material from
seed orchards that could be used in a wide area, but also be flexible for transfer if
the climate changes. All individuals in the sub-populations should be tested in
progeny tests planted at several sites. The importance of traits in selection will vary
among zones, but will generally include annual growth rhythm, height growth and
wood quality traits. The timing of flushing in spring is a key trait in regions where
spring frosts frequently occur and early flushing will be avoided. The recommen-
dations for the deployment of reproductive material should be revised as more field
test information becomes available.

It should be noted that breeding zones and deployment zones for seed orchards
are different and that there can be several deployment zones within each breeding
zone. The deployment zones are defined by the adaptive properties of the seedlings
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from each seed orchard, which have to be tested. Their performance may to some
extent be influenced by the seed orchard locality due to both pollen contamination
from surrounding forests and by epigenetic effects caused by the climatic conditions
at the seed orchard site, as discussed in Sect. 2.3.1. If a seed orchard is located
further south or at a lower altitude than the region of origin of its clones, then pollen
contamination may reduce the adaptability to that region of seedlings from seeds
from the orchard. The epigenetic effects due to the milder climate at the seed
orchard site may cause similar implications. In both cases, adjustment of the
deployment zones may have to be made based on genetic tests.

Adaptation to future climatic conditions is a major concern in the Norway spruce
tree breeding programme. An increase in winter and spring temperatures implies an
earlier start of growth processes and greater chances for damage caused by frost
events that most likely will occur during the spring. A proper timing of phenology
with late initiation of shoot growth is therefore important in the selection of
improved material. Another concern is to secure a large genetic diversity in the base
population, and in later generations both within and among the breeding popula-
tions. It is planned that in some zones individuals should be selected in commercial
populations established with bulked seed lots from the original base population.
DNA fingerprinting should be carried out to avoid relatedness among selected
individuals, a so-called breeding without breeding approach (El-Kassaby and
Lstiburek 2009).

Table 5.4 Breeding zones and regions of deployment for Picea abies in Norway

Breeding
zone

Region of deployment Altitude Number of
sub-populations

G0 Same as G1 and G4 with a 2 °C increase in
mean annual temperature

0–
250 m

1

G1 Interior south-eastern Norway
Lat. 58º–62ºN

0–
350 m

5

G2 Interior south-eastern Norway
Lat. 58º–62ºN

350–
650 m

4

G3 Interior south-eastern Norway
Lat. 58º–62ºN

650–
950 m

4

G4 Western Norway
Lat. 58º–62ºN

0–
350 m

2

G5 Central and northern Norway
Lat. 62º–66º30’N

0–
250 m

3

G6 Central and northern Norway
Lat. 62º–66º30’N

250–
550 m

3

G7 Northern Norway
Lat. 66º30’–70ºN

0–
250 m

1

In each breeding zone, there are one or more sub-populations each containing 50 unrelated
individuals from a limited geographic area within the zone
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5.6.2.1 Benefits from Breeding

Results from field trials suggest that seedlings of Picea abies from seeds produced
in untested seed orchards will have 10–15% better height growth when the stand
closes, and similar or better quality, compared to seedlings from stand seed (Jansson
et al. 2015). The gain from seed orchards with material tested in progeny tests may
be an additional 5–10%. This will contribute to an increase in the value of the forest,
and it has been estimated that the planting of 40 million seedlings from seed
orchard seed will result in an extra uptake of one million tons of CO2 (Kvaalen
unpublished).

5.7 Concluding Remarks

The conservation strategy for forest genetic resources in Norway has two major
objectives: to provide good conditions for future evolution and adaptation of natural
populations and to secure that reproductive material with sufficient genetic diversity
will be available for sustainable use of the resources in the future.

For the most important commercial species, Norway spruce, the use of sus-
tainable tree breeding to develop plant material in synthetic populations that are
adapted to a range of climatic conditions is an important component of the last
objective. This is particularly important considering the climate change scenarios
for the northern part of Europe, predicting increased mean temperatures, milder
winters, a longer growth season and an increase in rainfall, but with local variations
in the climatic parameters. The goal is to keep quite a large number of breeding
populations, each with a high-effective population size. Considerations of adaptive
traits, in particular phenology, in selection, should secure reproductive material with
both high genetic diversity and climate change adaptations.

For the non-commercial tree species, most of which have their northern limit in
Norway, the climatic change conditions should offer possibilities for migration
further north and to higher altitudes. However, a requirement is that the trees have
the ability to reproduce sexually and that they have available genetic diversity in the
adaptive traits. For some species, these conditions may be fulfilled, but for many of
them knowledge is lacking.

In situ conservation of forest genetic resources is carried out in nature reserves in
Norway. More gene conservation units and more species should be evaluated to be
included in the in situ conservation programme, in order to follow up the
pan-European conservation strategy and to secure forest genetic resources for future
adaptation and evolution. Greater public awareness is needed about in situ conser-
vation of vulnerable tree species and the role of protected areas for such conservation.

Norway has taken a broad approach in the conservation of forest genetic
resources: generation and dissemination of knowledge, activities in situ and ex situ
and sustainable use. The active involvement of a large number of institutions and
actors, all with a common understanding of the importance of the programme,
should be the best guarantee for success.
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Chapter 6
Use of Molecular Markers
in the Conservation Management
of Tropical Trees

S. Changtragoon, R. Jalonen and A.J. Lowe

Abstract Thousands of tropical tree species provide timber, fuel, food, fodder and
other ecosystem services for local and global communities. Yet, knowledge about
the status and trends of tropical tree genetic diversity, which provides the basis for
conservation and sustainability, remains limited. Nevertheless, the number of
molecular studies is rapidly increasing thanks to technological advances and
reduced costs. DNA markers provide ways to identify species or describe the
genetic diversity of populations that can be used for gene conservation and
restoration programs. Increasingly, molecular methods are also being used to
identify the origin of timber to help combat illegal logging. Technical developments
are also facilitating studies of adaptive traits, with expressed gene analysis offering
real potential for detecting adaptive genetic diversity. Combining information from
molecular studies with ecological and socioeconomic information related to, for
instance, current and predicted species distribution, protected area networks or
competing land use demands, enables the identification of the most suitable gene
conservation, management or restoration strategies for each species. In this chapter
we review advances in the development and application of molecular markers in
conservation planning, landscape restoration and DNA forensics of tropical tree
species, and discuss future directions.
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6.1 Introduction

Estimates of the number of tropical tree species in the world vary between 40,000
and 53,000 (Slik et al. 2015). Thousands of tree species across Africa, Asia-Pacific,
and Latin America and the Caribbean are actively managed for diverse purposes
such as timber, fuel, food and fodder, and provide important contributions to local
diets and livelihoods (FAO 2014a). Conservation and sustainable use of these
species is hampered by continued deforestation and forest degradation across the
tropical regions (FAO 2015) that result in habitat fragmentation and genetic erosion
(Lowe et al. 2005; Vranckx et al. 2012), and by the progressive climate change that
increases selection pressure on tree populations (Alfaro et al. 2014; Christmas et al.
2016). At a time when genetic diversity as the raw material of natural selection is
most needed, the world is losing it faster than ever.

Despite the importance of genetic diversity as the foundation for productivity,
resistance and adaptive capacity of tree populations (Ellstrand and Elam 1993;
Hughes et al. 2008), it is commonly overlooked in conservation planning and bio-
diversity monitoring (Laikre 2010). In addition, knowledge of the status and trajec-
tory of genetic diversity in tropical tree species remains limited. The TreeGenes
database, maintained by the University of California, Davis, USA, compiles data on
tree and shrub species that have been subject to genetic, genomic, transcriptome or
proteomic studies. Currently, the database includes information on 461 tropical tree
and shrub species from 65 genera, which is approximately 0.1% of the estimated
number of tropical tree species1 (Table 6.1). The majority of genetic diversity studies
have been carried out on commercially important, widely planted species and genera,
such as acacias (145 species), pines (42 species) and eucalypts (34 species) (data from
TreeGenes database). Many of the species identified as national conservation prior-
ities, especially for local use, have received little or no attention in research (FAO
2014a). However, the number of species being studied has increased rapidly since the
early 2000s, as technological advances make studies easier and cheaper.

Molecular markers have many useful applications for gene conservation man-
agement. Neutral DNA markers can provide information about the mating system,
gene flow and population history of a species, including determining evolutionary
lineages (Lowe et al. 2004a, b). They can support species identification and
delimitation of subspecies to help accurately assess the status of genetic diversity of
taxa (Ng et al. 2013; Ng and Szmidt 2013). Within species, molecular markers can
also be used to analyze patterns of genetic diversity, which are often considered as

1All species in the database which have at least part of their range within the tropical regions;
http://dendrome.ucdavis.edu/treegenes/species/ [February 16, 2016].
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baseline information for developing gene conservation strategies (e.g., Lee et al.
2006; Ayele et al. 2011; Vinceti et al. 2013; Ottewell et al. 2015). Recently,
molecular methods have been used increasingly to identify species and origin of
timber in combating illegal logging (Finkeldey et al. 2010; Tnah et al. 2010; Degen
et al. 2013; Dormontt et al. 2015; Lowe et al. 2016). Planning and monitoring of
forest and landscape restoration, a topic of many recent international commitments,
would equally benefit from molecular information on the target species, but to date
molecular studies in a forest restoration context have been very limited (Bozzano
et al. 2014).

Neutral DNA markers are unsuitable for estimating local adaptation and popu-
lation divergence or understanding the adaptive potential of populations under
changing environments, which are of equal importance in terms of information for
developing conservation plans (Kramer and Havens 2009). Only a weak correlation
between molecular marker diversity and quantitative trait variation has been
observed in a meta-analysis of 71 studies, that included both plant and animal species
(Reed et al. 2001). For example, a study of the monkey puzzle tree (Araucaria
araucana) demonstrated that neutral DNA makers (RAPDs) failed to detect genetic
divergence in an ecologically important trait related to drought tolerance when
neutral and quantitative genetic heterogeneity were compared within and among
populations across the natural range of the species in southern South America
(Bekessy et al. 2002). Karp et al. (1996) and Lowe et al. (2004b) have emphasized the
importance of first focusing on the specific question to be addressed using molecular
markers, and whether the choice of markers, sampling strategy and data analysis are
appropriate. Porth and El-Kassaby (2014) stressed the value of integrating knowl-
edge on adaptive complex traits as a companion to molecular markers for making
informative management and conservation decisions. One option is to use molecular
markers that can detect potentially adaptive genetic diversity (Krutovskii and Neale
2001a, b; Szmidt 1995; Szmidt andWang 2000). Information frommolecular studies
must also be complemented by ecological and socioeconomic information to design
effective strategies for conservation and sustainable use of tree genetic resources.

Table 6.1 Indicative number of tropical tree and shrub species for which genetic diversity has
been generated (figures in parentheses indicate number of genera studied). Data from TreeGenes
database (http://dendrome.ucdavis.edu/treegenes/species/ [February 16, 2016])

Region DNA
analyses

Transcriptome
studies

Proteomic
studies

Total

Asia 161 (48) 6 (6) 151 (46) 161
(48)

Africa 49 (10) 0 44 (10) 49
(10)

Latin America and the
Caribbean

111 (24) 4 (4) 104 (22) 111
(24)

Oceania (Australia) 138 (6) 6 (2) 123 (6) 138
(6)
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In this chapter we review advances in molecular marker application to the con-
servation and management of tropical tree species, and with a particular emphasis on
how such methods can contribute to the development of practical conservation and
management strategies. Case studies from across the tropics on socioeconomically
valuable tree species illustrate the applications of molecular methods.

6.2 Types of Molecular Markers

Studies of genetic diversity should consider the three distinct genomes that underlie the
biological function of a plant: the nuclear, chloroplast and mitochondria (Szmidt 1995).
All these genomes harbor genes which are vital to growth, photosynthesis, respiration
and other key biological processes. Each of these genomes differs in sequence,
structure, RNA synthesis, regulatory genes expression and has different modes of
inheritance, which may affect the extent of population differentiation for biparentally
(nuclear) versus uniparentally (chloroplast and mitochondrial) inherited genes. It is
therefore important to take account of the location of molecular markers and their
distribution in the genomes, as well as their potential adaptive significance (strongly
adaptive or near neutral) (Karp et al. 1996; Lowe et al. 2004a; Szmidt 1995).

Various types of molecular markers have been applied to the analysis of genetic
variation of plants and forest trees over the past few decades.

Isoenzymes (or allozymes) are codominant markers that have been used in forest
genetics since the 1960s, first on temperate and boreal tree species, and from the
mid-1980s also on tropical tree species, especially in Australia and Central and
South America (Finkeldey 2005). These markers are still used in some laboratories
for applications such as estimation of mating system parameters and genetic
diversity. However, the limited availability of allozymes would never allow for a
genome-wide scan of variability (Porth and El-Kassaby 2014; Table 6.2).

More recently, DNA markers have been developed, and since the 1980s,
restriction fragment length polymorphisms (RFLPs) have been applied in forest
genetics and breeding. However, there are many limitations with RFLPs, such as
the requirement for large amount of good-quality DNA, radioactive labelling,
cloning and characterization of probe (Kumar et al. 2009).

In the early 1990s many new DNA techniques and markers were developed,
made possible by the polymerase chain reaction (PCR), including randomly
amplified polymorphic DNA (RAPDs) and amplified fragment length polymor-
phisms (AFLPs) which are dominant markers.

Recently, DNA markers such as PCR-RFLPs, microsatellites or simple sequence
repeats (SSRs), AFLPs and RAPD markers have been widely used to determine
genetic diversity of forest populations because they can detect more polymorphic
loci than isoenzymes (Szmidt 1995; Changtragoon 1998; Table 6.2). Occasionally,
other markers have also been used on tropical trees, for example direct amplifica-
tion of length polymorphism (DALP) in Gonystylus bancanus Kurz (Fatma et al.
2011).
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Using microsatellite markers provides an improved method, compared to
isoenzymes, for estimating mating system parameters and gene flow in forest trees
since they are also codominant, but can detect higher levels of variation. In a
comparative study, Degen et al. (1999) investigated genetic variation and differ-
entiation of two pedunculate oak (Quercus roburs L.) stands using microsatellite
DNA makers and allozyme loci. The results showed that the number and effective
number of alleles were five to six times higher, and the observed heterozygosity
was three times higher, for SSR compared to allozyme loci. The results are con-
sistent with the study of Chase et al. (1996) who used SSR markers for an inves-
tigation of the population and conservation genetics of a tropical tree species,
Pithecellobium elegans Ducke. (Mimosoidaeae). The authors estimated the fre-
quency of SSR markers and assessed the level and distribution of variability at these
makers, and then contrasted the results with variability found at allozyme makers in
the same population. The results indicated that SSR loci are powerful tools for the
analysis of population structure and that they provide a means of accurately esti-
mating gene flow and paternity, two important parameters in conservation biology.

One of the shortcomings of SSR markers is that they cannot generally be used
for comparisons between species, although in some cases they have been applied to
species within a single genus (e.g., Shorea spp., Pandey and Geburek 2009;
Senakun et al. 2011) and also among closely related genera (e.g., Shorea and
Parashorea, Abasolo et al. 2009). Other disadvantages of SSR markers have been
the traditionally high cost and length of time required to develop markers (Lowe
et al. 2004a; Squirrell et al. 2003; also see, e.g., Boontong et al. 2008 and Pandey
and Changtragoon 2012 for Azadirachta indica A. Juss. var. indica and Phyllanthus
emblica L., respectively). With technological advances, these disadvantages have
been ameliorated by using next-generation sequencing (NGS) approaches to isolate
microsatellite loci, which allows the efficient identification of large numbers of
microsatellites at a fraction of the cost and effort of traditional approaches (Gardner
et al. 2011). The major advantage of NGS methods is their ability to produce large
amounts of sequence data from which to select and develop numerous
genome-wide and gene-based SSR loci (Zalapa et al. 2012). Ekblom and Galindo
(2011) reviewed how NGS has been, and can be, applied to ecological, population
genetic and conservation genetic studies of non-model species, in which there are
no (or very limited) genomic resources.

The innovation of automated DNA sequencing combined with the availability of
plant and forest tree genes (dendrome.ucdavis.edu/treegenes) and DNA sequence
databases on the NCBI database (National Center for Biotechnology Information,
www.ncbi.nlm.nih.gov), facilitate the development of new molecular markers for
determining genetic variation of forest trees at specific functional and regulatory
genes, regions of DNA and (nuclear, chloroplast and mitochondrial) genomes.
These new marker classes include specific amplicon polymorphisms (SAPs),
expressed sequence tag polymorphisms (ESTPs) and single nucleotide polymor-
phisms (SNPs) (Changtragoon 2004).

According to Krutovskii and Neale (2001a, 2005b), ESTPs are the most infor-
mative markers in terms of gene function among these most recently developed
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markers and are the first genetic markers that offer real potential for broad detection
of adaptive genetic diversity. Many EST sequences are available for several forest
tree species, such as Eucalyptus spp. and Populus spp. Yan et al. (2012) studied the
variations of SSRs within genes in different tree species and performed a
meta-analysis of 30,000 ESTs in pine (Pinus spp.), poplar (Populus spp.) and
eucalyptus (Eucalyptus spp.) downloaded from the NCBI database. The results
showed that the proportion of ESTs containing microsatellites was 18.7% in
eucalyptus and 15.3% in poplar, whereas only 8.2% occurred in pines. This study
not only provides important parameters for understanding the differentiation of
genomes of different tree species, but also provides a bioinformatics reference for
using sequence resources to develop polymorphic SSR markers (Yan et al. 2012).
Külheim et al. (2009) generated comparative SNP diversity among four Eucalyptus
species for genes from secondary metabolite biosynthetic pathways. Cheua-ngam
and Volkaert (2006) developed a DNA-based catalase gene marker in teak (Tectona
grandis Linn.f.) for applications such as evolutionary studies, population genetics,
outcrossing rate estimation and mating patterns in this tropical tree species.

New DNA technologies such as genome-wide discovery of SSRs and SNPs and
the detection of common and rare functional variants through next-generation
sequencing approaches have provided opportunities for affordable in-depth char-
acterization of plant genomes (Davey et al. 2011; Tsai et al. 2011; Marroni et al.
2011; Chen et al. 2013; Porth and El-Kassaby 2014) and have allowed the genome
to be much more densely sampled to determine the full range of evolutionary
processes acting across the genome (Allendorf et al. 2010; Stapley et al. 2010; Li
et al. 2012a; Narum et al. 2013). However, these approaches still face some
challenges in terms of capacity and support in developing countries if more work is
to be done on tropical forest trees.

The details of some of the above-mentioned molecular markers and their
application can be found in Amaral (2001), Harry et al. (1998), Karp et al. (1997),
Kristensen et al. (2001), Krutovskii and Neale (2001b), Wickneswari (2001), Wang
and Szmidt (2001), Szmidt (1995), Szmidt and Wang (2000), Schnabel and
Krustovskii (2004), Slavov et al. (2004), Krustovsky and Neale (2005a, b), Petit
et al. (2005), Krutovsky (2006), González Martínez et al. (2006), Krustovsky et al.
(2012, 2014).

6.3 Application of Molecular Markers to Conservation
and Management of Tropical Tree Species

6.3.1 Assessment of Genetic Diversity Using Molecular
Markers

Genetic diversity of species is influenced by six evolutionary processes (Lowe et al
2004a, b): (1) random genetic drift—the non-directional changes in genotypes
frequencies among generations due to random chance in small populations,

162 S. Changtragoon et al.



(2) natural selection, due to relative differences among genotypes in viability or
reproductive success, (3) migration, the exchange of genes between populations
that differ in genotypic frequencies, (4) mating, the process mediating the recom-
bination and assortment of genes between generations, (5) mutation (Wickneswari
2001) and (6) the Wahlund effect, inbreeding and the presence of subpopulation
structure, where gene flow is prevented by habitat fragmentation (Hartl and Clark
2007, Lowe et al. 2005; Porth and El-Kassaby 2014). These evolutionary processes
may affect the level and distribution of genetic variation either individually or in
concert. Migration may increase variation within populations if the populations
were originally distinct, but reduce variation between populations and possibly
reduce fitness. The size of the recipient population may increase, but the adapt-
ability of the resultant genetic variation is dependent on the forms of selection and
migration. However, if the processes that maintain the levels and distribution of
genetic variation remain unchanged, then the biological capacity for adaptability is
expected to remain at least as good into the immediate future (Wickneswari 2001).

Changtragoon (2004) reviewed papers related to molecular makers as follows:
Molecular genetic markers hold great promise for several conservation applications,
including measuring fundamental conservation parameters, such as effective pop-
ulation size, past bottlenecks, sex-specific gene flow or founder contributions
(Lowe et al. 2004b). Hedrick (2001) stated that they also can be used to infer the
historical and geographic relationships between groups (Hedrick 2001). The use of
molecular markers has revolutionized studies of mating systems, pollen movement,
seed dispersal and genetic processes. Results of such studies are of considerable
practical significance in relation to conservation and breeding programs and include
population sampling, seed orchard design and management, controlled pollination
methods and clonal forestry programs for conservation and breeding (Haines 1994).
Besides, Karp et al. (1996) mentioned that molecular markers may be used in four
types of measurements required for effective ex situ and in situ conservation of
plants: identity, similarity and structure, and detection of genetic background of
individuals, accessions, populations and taxa. However, Rajora and Mosseler
(2001) and Ottewell et al. (2015) stated that designing an effective gene conser-
vation strategy begins with an assessment of the genetic status (genetic diversity,
population structure, mating system, etc.) of a species across its range. While an
assessment based on both adaptive traits and molecular or biochemical genetic
markers is preferable, biochemical and molecular genetic variation alone can now
be used to provide an initial assessment.

Changtragoon (2004) stated that most of tropical countries have in situ and ex
situ forest gene conservation measures established based on silvicultural practices.
The application of molecular markers to genetic conservation of these programs
should involve two steps. Firstly, markers can be used to evaluate the status of
genetic background of ex situ plantations and in situ sites that are established based
on conventional silvicultural practices. Secondly, they can be used to check whether
the populations contain correctly identified clones and ramets and have sufficient
genetic diversity for conservation as a representative sample of the species’ gene
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pool. If not, remedial measures could then be taken according to the information
guidelines provided by molecular genetic investigations.

Table 6.3 shows an example of the application of molecular markers to a study
of genetic variation in some tropical forest trees and wild plants, including eco-
logically (e.g., mangrove species) and economically important species (e.g., teak,
Tectona grandis Linn.f, Dipterocarp spp., Shorea spp.). Ng et al. (2013) and Ng
and Szmidt (2013) used SNPs from the nuclear genome to identify natural hybrids
of the mangrove Rhizophora apiculata Blume, R. mucronata Poir. and R. stylosa
Griff., since it is difficult to identify those species and their natural hybrids based on
morphological features alone. The results have significance for conservation and
restoration approaches. Ng et al. (2015) also investigated genetic variation of
Rhizophora mangroves across the Malay Peninsula using one chloroplast (cpDNA)
region and five partial nuclear gene (nDNA) regions. They found that R. apiculata
Blume, R. mucronata Poir. and R. stylosa Griff. were characterized by low
intraspecific genetic variation and a deficiency of heterozygotes within populations.
These species also have different demographic histories, despite being closely
related and having sympatric distributions today. Furthermore, all three species
exhibited high levels of inbreeding, apparently as a result of limited pollen and
propagule dispersal, which also contributed to population differentiation. These
results are consistent with the study of Inomata et al. (2009) on R. apiculata and R.
mucronata from Thailand who used two cpDNA regions and five nDNA genes.
However, the study of Changtragoon (2007) on genetic diversity of R. apiculata
and R. mucronata in Thailand using AFLP makers revealed higher genetic diversity
and differentiation among populations (Table 6.3).

Minobe et al. (2010) evaluated the genetic diversity of another mangrove spe-
cies, Bruguiera gymnorrhiza (L.) from the southern islands of Japan, Thailand,
Malaysia, Indonesia, Macronesia and India, using one nDNA region and two
cpDNA regions. Low levels of polymorphism were found within each of the three
geographic regions, Pacific Ocean, Bay of Bengal and Arabian Sea. These results
are consistent with the hypothesis that low genetic diversity within any local
population and differentiation between the different regions are caused by very low
gene flow between the regions, coupled with frequent fluctuation of population
sizes due to changes in sea level.

Numerous studies have assessed genetic diversity of teak (Tectona grandsis
Linn.f.), which is a valuable timber species across tropical regions, even though its
natural distribution is limited to Asia. Allozymes, SSR, AFLPs, ISSR and cpSNP
have all been used to investigate genetic diversity of natural populations in India
(Ansari et al. 2012), Thailand (Changtragoon and Szmidt 1999, Changtragoon
2001a) and Myanmar (Thwe-Thwe-Win and Watanabe et al. 2015,
Thwe-Thwe-Win and Hirao et al. 2015), and in plantations within
(Thwe-Thwe-Win and Watanabe et al. 2015), and outside of species’ natural range,
in Brazil (Alcântara and Veasey 2013). The genetic diversity and differentiation
among populations as well as outcrossing rates in some of the studies are shown in
Tables 6.3 and 6.4, respectively. Watanabe et al. (2004) discriminated teak plus
trees in Indonesia using RAPD markers, while Narayanan et al. (2007)
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Table 6.4 Estimate of outcrossing rate (tm) of some tropical trees and wild plants, obtained using
isoenzyme gene and mixed mating model

Species Estimate of outcrossing
rate (tm)

References

Shorea megistophylla Ashton 0.71–0.87 Murawski et al. (1994)

Stemonoporus oblongifolius
Thwaites

0.84 Murawski and Bawa (1994)

Shorea congestiflora
(Thw.) P. Ashton

0.874 Murawski et al. (1994)

Shorea trapezifolia
(Thw.) P. Ashton

0.519–0.602 Murawski et al. (1994)

Pterocarpus indicus Willd. 0.908 Finkeldey et al. (1998, 1999)

Pterocarpus macrocarpus
Kurz

0.719–0.959 Liengsiri et al. (1995)

Pinus merkusii Jungh. & de
Vries

0.017–0.843 Changtragoon and Finkeldey
(1995a)

Tectona grandis Linn.f. 0.95 Kjær and Suangtho (1995)

Tectona grandis Linn.f. 0.983 Kertadikara and Prat (1995b)

Tectona grandis Linn.f. 0.872–0.995 Changtragoon and Szmidt
(1999)

Calamus palustris Griff. 0.862–0.980 Changtragoon, unpublished

Rhizophora apiculata Blume 0.2–0.97 Changtragoon, unpublished

Shorea leprosula Miq. 82.7 Lee et al. (2000b)

characterized teak plus trees in India using RAPD and ISSR makers. Thongthawee
and Volkaert (2014) analyzed the teak genome and its diversity using a complete
chloroplast genome assembly and partial mitochondrial genome. Three different
chloroplast haplotypes were detected among 10 trees collected from different
sources. This effort could be expanded and applied for the identification of origin in
future (e.g., Dormontt et al. 2015).

In a regional study of teak, Kertadikara and Prat (1995a, b) investigated genetic
structure and mating system in teak provenances within (India and Thailand) and
outside of the species’ natural distribution range (Indonesia, Ivory Coast and
Tanzania) using allozymes. They found a general lack of heterozygosity (average
fixation index 0.11), and the multilocus outcrossing rate was approximately 0.98.
More recently, Hansen et al. (2015) investigated genetic diversity and genetic
structure of twenty-nine provenances of teak (Tectona grandis Linn.f) representing
the full distribution range of the species in Asia, including India, Myanmar,
Thailand and Laos, using six SSR markers. The provenances originating from the
semi-moist east coast of India were the most diverse. On average, these provenances
had 34% more alleles than the overall mean across all 29 provenances. At the
opposite end of the spectrum, the two provenances from Laos clearly showed the
lowest genetic diversity, having approx. 60% fewer alleles than the overall mean of
the study. In the eastern part of the natural distribution area, comprising Myanmar,
Thailand and Laos, there was a strong clinal decrease in genetic diversity the further
east the provenance was located.
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Overall, the pattern of genetic diversity supports the hypothesis that teak has its
center of diversity in India, from where it spread eastwards. This finding is con-
sistent with the study of Fofana et al. (2009) of Indian, Lao and Thai provenances,
using fifteen SSR makers. Hansen et al. (2015) analyzed molecular variance
(AMOVA) which gave an overall highly significant FST value of 0.227. The esti-
mated overall differentiation (GST) was 0.632, implying a strong genetic structure
among populations. A neighbor-joining (NJ) tree contained three distinct groups:
(1) the eight provenances from Thailand and Laos, (2) Indian provenances from the
dry interior and moist west coast and (3) provenances from northern Myanmar.
Knowledge of the genetic patterns within and between major regions, as revealed in
this study, can support local efforts to develop and refine effective gene conser-
vation measures for this species. The results of this study can also serve as a
reference to test the origin of landraces which could support sustainable domesti-
cation of teak genetic resources in several countries.

Examples of the application of molecular markers to study genetic variation of
tropical tree species using genotype data to infer (a) genetic variation within and
among populations and (b) mating system are given in Tables 6.3 and 6.4,
respectively. The results could be used as a basis for conservation management in
the future.

6.3.2 Development of Gene Conservation Strategies

Up to half of the world’s tree species may be threatened, according to the Food and
Agriculture Organization of the United Nations, based on reports from 86 countries
(FAO 2014a). This proportion is considerably higher than that from a global
assessment a decade and a half earlier, which had estimated that 10% of all tree
species were threatened (Oldfield et al. 1998). The differences in the estimates are
partly explained by different assessment methods, but they also suggest that many
species estimated as not threatened at a global scale may be threatened within parts
of their distribution range. Furthermore, more than 1.5 million km2 of forests have
been lost between the two assessments, 32% of that loss being in the tropical
rainforest ecozone alone (2000–2012; Hansen et al. 2013), thus worsening the
conservation status for tropical tree species and limiting their potential to contribute
to socioeconomic development of the countries in which they occur. Genetic
diversity of offspring in fragmented tree populations is generally less than that of
adult trees, suggesting an extinction debt resulting from historical deforestation
(Lowe et al. 2015; Vranckx et al. 2012). The majority of the world’s tropical tree
species are assumed to have small population sizes or to be rare (Slik et al. 2015;
Hubbell 2013), which makes them vulnerable to overexploitation, habitat frag-
mentation and environmental changes. Yet, common plant species may be just as
susceptible to the population genetic consequences of habitat fragmentation as rare
species (Honnay and Jacquemyn 2007). Intraspecific diversity is commonly
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overlooked in conservation assessments and planning and monitoring that are based
on generic indicators such as species richness (Laikre 2010).

Gene conservation objectives vary from preserving the potential for particular
trait expressions to preserving maximum genetic diversity, and maintaining
adaptability (Finkeldey and Hattemer 2007). Maintaining adaptability is often
considered as the main objective for gene conservation (Christmas et al. 2016) as it
allows tree populations to respond to a range of potential selection pressures under
current and largely unknown future environments (Gregorius 1991). In practice,
genetic information for developing conservation strategies usually comes from
inventories of a small number of gene loci with neutral DNA markers. Even though
such markers cannot detect adaptive capacity of tree populations, they can
importantly complement conservation assessments and planning for example by
helping to identify centers of diversity (e.g., van Zonneveld et al. 2012; Vinceti
et al. 2013) and refugia (Thomas et al. 2015), genetic bottlenecks (Kamiya et al.
2012), connectedness of populations (Finger et al. 2012), and evaluating human
impacts, for instance from logging or habitat fragmentation (Lowe et al. 2005,
2015; Jalonen et al. 2014).

Independent of the specific conservation objectives, all genetic conservation
strategies need to consider (i) the number and location of conserved or sampled
populations to capture useful genetic diversity, (ii) the different types of populations
or collections to be conserved and management options for them, and (iii) in the
case of in situ or on-farm conservation, the number of individuals within a popu-
lation needed to maintain genetic diversity and withstand inbreeding depression
(White et al. 2007). These parameters vary depending on the conservation objec-
tives, the characteristics of the target species and environmental processes,
including changing climate—and even on the genetic parameters used for defining
priorities. Proposed approaches for identifying the number of populations and
individuals within populations to be conserved, by using molecular methods, are
briefly discussed below, and illustrated through Case study 1.

Conducting an inventory of the extent and distribution of genetic resources of
target tree species, to identify the number and location of populations that are
genetically particularly diverse or distinct, is commonly the first step in developing
practical gene conservation strategies for species. Populations may be clustered
according to their genetic similarity (Vinceti et al. 2013). Gene inventories can be
followed by the use of geographic information systems to overlay genetic infor-
mation with, for instance, species distribution data, protected area coverage and
occurrence of threats such as climate change or deforestation to identify gaps in
current conservation efforts and, subsequently, priority areas or populations for
conservation that best complement existing efforts (Lipow et al. 2003; van
Zonneveld et al. 2014). However, large datasets are required to analyze genetic
diversity across species distribution ranges using such approaches.

Practical approaches for designing a network of gene conservation areas com-
bining molecular data with ecological and socioeconomic information have been
developed for some threatened and socioeconomically important tropical species
(Ottewell et al. 2015). Changtragoon and Finkeldey (1995a, b) investigated genetic
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diversity and mating system of Pinus merkusii using allozymes genes and identified
priority populations for conservation, based on highest diversity and complemen-
tarity of the populations. Very high selfing rates were discovered in 9 of the 10
studied populations and associated with low population densities and overmature
stands, resulting in limited flowering and pollen production, poor synchronization
of flowering and scarcity of foreign pollen available for fertilization of ovules.
Hence, the authors recommended establishing complementary ex situ conservation
stands with high population densities to facilitate outcrossing, and seed collection
strategies to capture adequate diversity for establishing these stands.

Lee et al. (2006) studied the ecology and genetic diversity of a rare dipterocarp,
Shorea lumutensis, using SSR markers, and recommended specific attention be
given to one of the five existing populations, which did not cluster with the others
and also displayed the highest allelic richness of all populations. Ayele et al. (2011)
developed a weighted-score population prioritization matrix based on genetic
(microsatellite and AFLP markers) and morphological characteristics (leaf traits)
and demographic criteria to identify priority populations of endangered Hagenia
abyssinica for conservation and domestication. Vinceti et al. (2013) prioritized the
genetically most diverse populations (measured as allelic or haplotype richness) of
an Afromontane tree species, Prunus africana, but also selected populations for
conservation based on the highest presence of locally common alleles, climatic
clusters, and the minimum number of populations required to capture all genetic
diversity through the species’ range based on chloroplast and nuclear markers (Case
study 1). Analyzing the presence of locally common alleles and climatic clustering
can help capture variation in adaptive capacity and can complement information
obtained with neutral DNA markers. Including not only the most genetically
diverse populations, but also those that are peripheral could also help conserve
adaptive capacity, because peripheral populations may often harbor valuable
adaptive variation that has developed in response to the specific marginal envi-
ronments (Pandey and Geburek 2010; Fady et al. 2016).

After the priority populations have been identified, appropriate conservation
methods need to be selected. In situ conservation is often the only practical
approach for gene conservation of tropical tree species, the taxonomy, silvicultural
features, and potential uses of which are generally poorly known (Finkeldey and
Hattemer 2007). Moreover, many tropical tree species have recalcitrant seeds,
which do not tolerate desiccation and cannot be easily conserved in genebank
collections (Sacandé et al. 2004). Since forest trees live longer than annual or crop
plants, high genetic diversity and outcrossing rate in priority populations should
improve survival, viability, longevity, disease and insect resistance in an unpre-
dictable and changing environment (Changtragoon and Szmidt 1997). However, if
genetic and ecological studies reveal that genetically distinct priority populations,
for example, have too few reproductive individuals to be viable, have poor
regeneration, or are at risk because of climate change or deforestation, ex situ
conservation may be necessary (Lee et al. 2006; Vinceti et al. 2013). Van
Zonneveld et al. (2012) identified priority populations for ex situ collections of the
neotropical fruit tree Annona cherimola based on high frequencies of alleles not
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included in existing genebank collections and high observed levels of inbreeding in
these populations, suggesting a risk of genetic erosion.

Methods used to estimate effective population sizes for maintaining genetic
diversity were reviewed by Nunney and Elam (1994). Estimates of effective pop-
ulation sizes in natural populations have often been based on indirect information,
either demographic (e.g., mean and variance of the number of progeny per parent)
or genetic data (e.g., temporal changes in allele frequencies) that are generally
difficult to obtain (Lee et al. 2006).

Lee et al. (2006) concluded that estimates of minimum population sizes vary
based on the genetic and ecological assumptions, breeding systems of the target
species, proportion of genetic variation to be conserved, and levels of uncertainty,
necessitating species-specific estimates. Using microsatellite markers and simula-
tion methods, they estimated the minimum population size for maintaining 95% of
the genetic variation of the rare, locally common and predominantly outcrossing
Shorea lumutensis to be 270 individuals. The breeding unit was estimated to be 52
trees (12 ha with 4.3 trees ha−1). Similar methods were previously used to estimate
minimum population sizes for the common, outcrossing tree species Intsia
palembanica (Lee et al. 2002). Based on estimates of pollen dispersal within and
between populations, Konuma et al. (2000) estimated the breeding unit area for the
widespread, semi-gregarious and predominantly outcrossing dipterocarp
Neobalanocarpus heimii to include 62 trees, corresponding to an area of 68 ha and
population density of 0.7 reproductive trees ha−1.

For most species in need of conservation action, information on minimum
population sizes or even the genetic factors influencing them is simply not avail-
able, and rules of thumb are needed. Franklin (1980) suggested that a minimum
population size of 50 individuals is needed to avoid inbreeding depression and 500
individuals are needed to prevent genetic erosion as a result of genetic drift, while
subsequent estimates of minimum population sizes range from 150 to 5000 or more
individuals (Graudal et al. 2004; Lawrence and Marshall 1997; Lowe et al. 2005).
Based on evidence accumulated since the 1980s, Frankham et al. (2014) published
revised recommendations on minimum population sizes (to apply to both plant and
animal species), recommending effective population sizes of at least 100 individuals
to avoid inbreeding depression and at least 1000 individuals to maintain diversity
and evolutionary potential. They also highlighted that population viability assess-
ments typically overlook the impacts of inbreeding depression and evolutionary
potential which is particularly important with a changing environment.

While the above examples focus on the identification of populations for the
purpose of establishing in situ conservation sites or germplasm collections for ex
situ conservation, similar considerations can also be applied to production forests or
agroforestry species for conserving useful genetic diversity to maintain productivity
and adaptive capacity of the populations (Dawson et al. 2009; Jamnadass et al.
2009; Jalonen et al. 2014; Wickneswari 2016, this volume).

Case study 1 Identifying the number and location of populations to conserve:
Prunus africana
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Prunus africana is an indigenous African tree species widely collected and
exported for its medicinal value. Occurrence data from herbaria collections show a
broad but disjunct distribution of the species across Afromontane regions. The
species is important as a source of income for collectors and local processors, but is
threatened by overexploitation, agricultural expansion and environmental change.
Vinceti et al. (2013) identified priority populations for the conservation of genetic
diversity (measured as allelic and haplotype diversity) of P. africana, using two
alternative methods. The first method (S1) was to maximize genetic diversity and
distinctiveness of conservation units based on genetic and climatic criteria; the
second method (S2) was to optimize representativeness of the genetic diversity
found throughout the species’ distribution range. Both approaches aim at maxi-
mizing the evolutionary potential of the species by identifying and conserving
populations with the highest genetic diversity.

The analysis was based on occurrence data of the species from 1500 georefer-
enced observations and genetic information from a recent continent-wide genetic
study that sampled trees from 32 natural populations in nine countries (Kadu et al.
2011, 2013). Genetic data were analyzed using microsatellite markers at seven
chloroplast DNA loci (cpSSR) and six nuclear loci (nSSR). Molecular marker data
were formatted so as to attribute coordinates to each allele or haplotype, to enable
spatial analysis.

In the first method (S1) for identifying priority populations, populations were
grouped into five clusters according to their genetic (chloroplast- and
nuclear-based) and climatic similarity. In each genetic cluster, the population with
either the highest allelic or haplotype richness, and the highest presence of locally
common alleles was selected as priority sites. Only one of the populations selected
based on allelic diversity overlapped with those selected based on haplotype
diversity, resulting in a combined list of eight priority populations across five
countries (Cameroon, Tanzania, Kenya, Madagascar and Zimbabwe).
Subsequently, the results were compared with the four identified climatic clusters.
Populations within two climate clusters had not been selected based on genetic data,
and in each of these, the population with the highest rank in both allelic or hap-
lotype richness and locally common alleles was added to the list of priority pop-
ulations, resulting in a total of 10 populations in 6 countries (above-listed countries
and Equatorial Guinea).

The second method (S2) was based on the identification of a minimum number
of populations needed to capture all genetic diversity based on chloroplast and
nuclear markers. The first population chosen in this method was the one with the
highest allelic richness, and successive populations were selected based on how
they best complemented the intraspecific diversity already represented in the pre-
viously selected populations (Rebelo and Siegfried 1992). This method allows
identification of priority populations based not only on their intraspecific diversity,
but also on their complementarity. The method resulted in a list of 18 priority
populations to conserve the diversity found in the 31 studied populations (after
combining two populations that fell in the same grid cell in the spatial analysis
because of their proximity). This number was higher than that obtained using the
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first method because the second method focused on the representativeness of
diversity across the species distribution range. It also identified one of the popu-
lations in a distinct climatic cluster as a priority, in contrast to the first method.

Six populations in five countries (Tanzania, Kenya, Madagascar, Zimbabwe and
Equatorial Guinea) were identified as priority populations by both methods S1 and
S2 and constitute a core set of proposed conservation areas. The authors recom-
mended to inventory the populations in terms of area, number of individuals,
effective population sizes and regeneration success, to assess the viability of and
threats to these priority populations. Results of the molecular study were also
compared with the protection status of populations and predicted climate changes to
further prioritize populations for action. The modelled distribution of the species
was compared with the location of protected areas, which showed that two of the
six priority populations were not within the boundaries of protected areas and
should be protected as a priority. The impact of climate change was assessed by
modelling the species’ potential distribution under future climate conditions, using
climate projections for the year 2050. Results suggested that another two of the six
populations would become marginal for the species distribution range by 2050
under progressive climate change and deserve particular attention to understand and
help conserve their diversity to maintain evolutionary potential. Genetically less
diverse populations away from the core distribution area might be more vulnerable
to climate change than highly diverse populations. However, marginal populations
may also harbor useful traits for climate adaptation, which are not reflected in
results obtained using neutral markers.

6.3.3 DNA Forensics

Tropical forest trees have been illegally logged over decades as a result of poverty
and unsustainable management of forest and land use. Even though lots of effort has
been made to improve legislation and strengthen law enforcement in some tropical
countries, the problem remains. Therefore, timber consumer countries have
developed regulations such as the European Union Timber Regulation (EUTR)
(www.euflegt.efi.int) and the Lacey Act of the United States (forestlegality.org) to
ensure timber imported to their markets has not been illegally logged (Lowe et al.
2016).

DNA forensics has been long used on humans for legal matters such as paternity
tests (Butler 2005 and Kobilinsky et al. 2005), and more recently for plants and
wildlife (Craft et al. 2007; Zaya and Ashley 2012), to identify species or subspecies
and origin (Changtragoon 2012; Deguilloux et al. 2004; Dormontt et al. 2015;
Manel et al. 2002; Withler et al. 2004; Wasser et al. 2004, 2007, 2015).

Molecular genetic markers have been suggested as potential suitable tools for
identifying the origin of wood and wood products, and to identify false declara-
tions, due to the great stability of DNA and the impossibility to manipulate the
DNA contained in dead plant tissue (Finkeldey et al. 2007, 2010; Lowe 2007;
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Lowe and Cross 2011). Two basic requirements are needed to use DNA markers for
tracing the origin of wood and wood products. DNA needs to be isolated from
woody tissues, and informative markers need to be identified and investigated
(Finkeldey et al. 2010; Lowe and Cross 2011). In this regard, DNA markers and
DNA profiling have been acknowledged as an efficient tool to identify and verify
confiscated wood, whether it is illegally logged from protected species or from
individual trees and populations in National Parks or other protected areas. There
have been a number of efforts to develop DNA tools and markers as well as
methodologies for DNA extraction from wood samples in order to be used in
databases and as standards to compare with confiscated wood samples, and to
investigate potential illegal logging. DNA extraction from wood has been devel-
oped for various tropical tree species such as species of the Dipterocarpaceae
(Rachmayanti et al. 2006, 2009; Tnah et al. 2012; Gonystylus bancanus (Asif and
Cannon 2005); Tectona grandis Linn.f, Dalbergia cochinchinensis Pierre., and
Mangifera spp. (Changtragoon, unpublished).

Lowe (2007) and Lowe and Cross (2011) stated that the development of
methodologies in each of the areas of DNA extraction from wood, identification of
genetic variation across the natural range of tropical tree species and statistical
assignment frameworks, offers exciting possibilities for using DNA to verify timber
sources. Finkeldey et al. (2010) reviewed molecular genetic tools to infer the origin
of forest plants and wood and provided suggestions on DNA extraction practices
and protocols, as well as examples of the identification of species and origin of
wood of Dipterocarpaceae by using cpDNA (Indriogo et al. 2006) and AFLP and
sequence characterized amplified regions (SCAR) (Nuroniah 2009).

Verhaegen et al. (2010) used fifteen microsatellite DNA markers to determine
the genetic origin of teak introduced in Africa and Indonesia and found that nearly
95% of teak landraces in Benin, Cameroon, Ivory coast, Tanzania, Togo and
Senegal came from India, and 96% of Indonesian and Ghanaian teak appeared to be
very closely linked to Central Laos. The genetic origin of introduced teak was
confirmed by the main traits of interest of provenances observed in international
trials. These results could be applied for verification of origin of confiscated teak
timber and products in the future. Changtragoon and Singthong (unpublished)
developed SNPs to identify Dalbergia spp. for use in verifying whether confiscated
logged trees or products are Dalbergia spp., of which Dalbergia cochinchinensis
Pierre is a protected species and listed in CITES appendix II. Table 6.5 shows areas
of genetic research on DNA barcoding, phylogeography, genetic diversity, structure
and differentiation of tropical trees which could be applied for identification of
endangered and protected species and verification of timber origin. Lowe (2007)
mentioned that the main challenge is usually to establish whether timber has come
from sustainably managed, or at least legal, sources rather than illegal sources. To
verify such a claim using DNA-based methods, genetic variation needs to exist
within the species of interest and ideally needs to be geographically structured.
Suitable variation is established within natural populations of nearly all species due
to a combination of mutational and population processes (i.e., gene flow and drift).
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Table 6.5 Some areas of genetic researches in forest tropical trees which could be used as the
basis for potential applications in DNA forensics

Investigated
species/taxa/families

Country/region in
the tropics

Molecular
techniques/markers
used

References

1. DNA barcodes/molecular assay and phylogeny (application: species identification)

Many species and
families

Panama/Latin
America

matK, trnH-psbA,
rbcLa nucleotide
sequences in cpDNA

Kress et al. (2009)

Many species and
families

Puerto Rico matK, trnH-psbA,
rbcLa nucleotide
sequences in cpDNA

Kress et al. (2010)

149 species, 82
genera and 38
families

India/South Asia matK, trnH-psbA,
rbcL, ITS, ITS2

Tripathi et al.
(2013)

Pinaceae Asia cp (RFLP) Wang and Szmidt
(1993)

Many species and
families

French Guiana rbcLa, rpoB, matK,
ycf5, trnl,psbA-trnH,
ITS nucleotide
sequences in cpDNA

Gonzalez et al.
(2009)

Hopea spp. Malaysia/Southeast
Asia

cp DNA and Nu PgiC
sequences

Choong et al.
(2008)

Dipterocapaceae Southeast Asia PCR-RFLP Tsumura et al.
(1996)

Diperocarpaceae Southeast Asia matK, trnL Intron,
trnL-trnF nucleotide
sequences in cpDNA

Kajita et al.
(1998)

Rhizophora
apiculata Blume
R. mucronata Poir
R. stylosa Griff.

Indo-west
Pacific/Southeast
Asia

Multiplex PCR Ng and Szmidt
(2013)

Rhizophora
apiculata Blume
R. mucronata Poir
R. stylosa Griff. and
their hybrid

Malaysia/Southeast
Asia

Nucleotide sequences
in nDNA

Ng et al. (2013)

2. Phylogeography (application: origin verification)

Cedrela odorata L. Mesoamerica cpDNA Cavers et al.
(2003)

Lithocarpus spp. Southeast Asia cpDNA sequence, ITS
sequence

Cannon and
Manos (2003)

Swietenia
macrophylla King

Amazonia and
Central America

cpDNA (SSR) Lemes et al.
(2010)

Erythrophleum
ivorense A. Chev.

Africa cpDNA Duminil et al.
(2010)

(continued)
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Over time, genetic structure can develop at different spatial scales due to limited
pollen and seed dispersal within a population, limited gene flow between popula-
tions or historic disruption of a once continuous range of a species by climatic or
geographic changes. Each of these changes will produce genetic discontinuities and
clines within a species that can be identified using a range of DNA-based markers
(Lowe 2007).

Table 6.5 (continued)

Investigated
species/taxa/families

Country/region in
the tropics

Molecular
techniques/markers
used

References

E. suaveolens
(Guill. & Perr.)
Brenan

3. Genetic diversity, structure and differentiation (application: origin verification)

Swietenia
macrophylla King.

America Central,
Southern Brazil

SSRs and RAPD Novick et al.
(2003), Lemes
et al. (2003),
Gillies et al.
(1999)

Ceiba pentandra
(L.) Gaertn

Neotropics and
Africa

ITS nucleotide
sequences in cpDNA

Dick et al. (2007)

Vouacapoua
Americana Aubl

French Guiana and
the Amazon
Basin/Latin
America

Nucleotide sequences
in cpDNA

Dutech et al.
(2000, 2003,
2004)

Carapa guianensis
Aubl

Amazon
Basin/Latin
America

Nucleotide sequences
in cpDNA

Cloutier et al.
(2005)

Pterocarpus
officinalis Jacq.

Caribbean Basin AFLP Rivera-Ocasio
et al. (2002)

Vochysia ferruginea
Mart.

Costa Rica/Latin
America

PCR-RFLP and AFLP Cavers et al.
(2005)

Lonchocarpus
costaricensis (J.D.
Smith)Pittier

Guanacaste, Costa
Rica/Latin America

PCR-RFLP and AFLP Navarro et al.
(2005)

Irvingia wombulu
Vermoesen and
I.gabonensis
Aubry-Lecomte ex
O’Rorke

Nigeria, Cameroon
Gabon/Africa

RAPD Lowe et al. (2000)

Aucoumea
Klaineana Pierre

Gabon Nucleotide sequences
in cpDNA

Muloko-Ntoume
et al. (2000)

Gonystylus
bancanus
(Miq.) Kurz

Malaysia/Southeast
Asia

DALP fingerprinting Fatma et al.
(2011)

Tectona grandis
Linn.f

India, Myanmar,
Laos, Thailand/Asia

SSR Hansen et al.
(2015)
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A new European Union (EU) regulation came into force in 2010 that made it
illegal to place illegally harvested timber and timber products on the European
market. However, in the past there has been a lack of practical mechanisms for
identifying the origin of timber and wood products. Degen et al. (2013) developed
DNA tools and databases to verify the geographic origin of mahogany (Swietenia
macrophylla King.) in Latin America with DNA fingerprinting, and used six
nuclear microsatellite markers to generate DNA fingerprints for a generic reference
database characterizing the populations of origin of large set of mahogany samples.
For the databases, leaves and cambium from 1971 tree samples from 31 stands in
Bolivia, Costa Rica, Guatemala, Honduras, Mexico, Nicaragua, Panama, Belize and
Brazil were genotyped. A total of 145 different alleles were found, showing strong
genetic differentiation (g = 0.52, Fst = 0.18, Gst = 0.65) and clear correlation
between genetic and spatial distances among stands (r = 0.82, p < 0.05). The
authors used the genetic reference database and Bayesian assignment testing to
determine the geographic origins of two sets of mahogany wood samples, based on
their multilocus genotypes. In both cases the wood samples were assigned to the
correct country of origin. They also discussed the overall applicability of this
methodology to tropical timber trading.

Illegal logging of tropical trees of especially high economic value in natural
forests and protected areas is still common due to high demands in international
trade. DNA forensics is one tool to efficiently facilitate and enhance law enforce-
ment. Tnah et al. (2010) developed a feasibility study by using short tandem repeats
(STRs) as a tool to identify the sources of illegally logged timber in Malaysia, using
Neobalanocarpus heimii (King) (Dipterocarpaceae) as a model species. Thirty
natural populations of N. heimii were profiled using 12 STRs to develop DNA
profile databases. Cluster analysis divided the 30 populations into three genetic
clusters, corresponding to three subregions within Peninsular Malaysia. The DNA
databases were characterized at the levels of population, subregion and Peninsular
Malaysia. Independence tests within and among loci were violated in all the
databases. Yooyuen et al. (2011) have developed and used single nucleotide
polymorphisms (SNPs) in chloroplast genomes to identify populations of endan-
gered and CITES-listed species Dalbergia cochinchinensis (Pierre.) in Thailand,
which could be useful for identification of origin of illegally logged timber in the
future. Changtragoon (unpublished) used DNA tools to identify whether confiscated
wood was from protected forest tree species (Case study 2).

DNA markers can also be used by those in the timber trade to identify risk in
their own supply chains. In a study of merbau, Intsia palembanica, a high-value
timber species from Southeast Asia, samples were taken from 2627 logs harvested
from a target logging concession (Lowe et al. 2010). These logs were delivered to a
sawmill in Java, Indonesia, and wood samples were taken from a total of 741 logs at
the sawmill. It is this stage in the supply chain, between the concession and mill,
which is most prone to the substitution of illegally harvested timber and falsification
of documents certifying origin is rampant. For a random sample of 32 pairs of
samples (wood from the log collected at the logging concession and samples from
the same putative log collected at the saw mill), a unique genetic fingerprint was
generated using 14 microsatellite markers. An exact genotype match was provided
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between forest and sawmill samples for 27 out of 32 random paired log samples. Of
the five samples where this test was not possible to complete, four of the cases
involved the sawmill samples failing to amplify and for one case, non-overlapping
loci were amplified between forest and sawmill samples. This DNA tracking
methodology is actively being applied in the forestry industry to check for illegal
substitutions along supply chains, and complements paper certification methods and
DNA source identification methods based on genetic structure.

Case study 2 Species identification of confiscated wood in Thailand
A law enforcement case involved investigation of whether confiscated wood was

wild mango from protected tree species in the area of Ramkhamhaeng National
Park in the northern part of Thailand. Wild mango (Mangifera spp.) is a protected
species in Thailand. In order to investigate this case, cpDNA sequences at the
trnH-psbA region of the confiscated sample were compared with domesticated
mango varieties and wild mango species in Ramkhamheang National Park. The
results showed that expected size of the PCR products of DNA from the confiscated
wood had the same size as domesticated mango varieties, as shown in Fig. 6.1.

Furthermore, variable nucleotide sites in a noncoding trnH-psbA spacer region
in chloroplast DNA of the confiscated wood were the same as domesticated mango
varieties as shown in Fig. 6.2. The phylogenetic analysis in Fig. 6.3 shows that this

Domesticated mango

Wild mango

Confiscated wood

4 
11 10 9 8 7 

5 6 
1 2 3 

Fig. 6.1 PCR product from the DNA of confiscated wood (380 bp expected size), wild mango
(650 bp expected size) and domesticated mango (380 bp expected size) at noncoding trnH-psbA
spacer region in Chloroplast DNA (Changtragoon, unpublished). Remarks No. 1, 2, 3 confis-
cated wood; No. 4, 5, 6 wild mango; No. 7, 8, 9, 10, 11 domesticated mango varieties;
No. 7 Namdokmai; No. 8 Khieosawoey; No.9 Phimsen; No.10 Chok Anan; No.11 Khieo Yai
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Wild mango2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Domesticatemango(Kluay) A C A A T C C - - - - - - - - - - - - - T T G C C C C T - - - - - - - - - - - - - - - - - - - - T T G A T T A C T A C A A C G A G T C - - - A C A G A G C G - - - - - - - - - - - - - - - - - - - - - T T

Fig. 6.2 PCR product from noncoding trnH-psbA spacer region in chloroplast DNA. The
expected size wild of mango is 650 bp; expected size of confiscated and domesticated mango is
380 bp. Remarks No.. 1, 2, 3 confiscated wood; No. 4, 5, 6 wild mango; No. 7, 8, 9, 10, 11
domesticated mango; No. 7 Namdokmai; No. 8 Khieosawoey; No. 9 Phimsen; No. 10 Chok Anan;
No. 11 Khieo Yai
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confiscated wood sample is genetically more closely related to domesticated mango
varieties than to wild mango. This implies that the sample is from domesticated
mango rather than protected wild mango species.

6.3.4 Forest and Landscape Restoration

Global efforts to restore hundreds of millions of hectares of degraded and deforested
lands, in line with the 15th Sustainable Development Goal (SDG),2 are hampered
by the lack of information on how to ensure that restored sites will indeed develop
into functional and resilient forests able to adapt to changing environments and
deliver ecosystem services needed to meet the other SDGs, including those on
eliminating poverty and hunger and combating climate change. Typical survival
rates in restoration projects over the first years are as low as 50%, and it is estimated
that only a quarter of restoration projects succeed in establishing self-sustaining
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Domesticated mango (Khieosawoey) 
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0.005

Fig. 6.3 The phylogenetic analysis at trnH-psbA shows that the confiscated wood sample has
genetically closely related to domesticated mango varieties than wild mango (Mangifera spp). This
means it is from one among domesticated mango relatives and is not the protected wild mango
(Changtragoon, unpublised)

2Goal 15.3, Life on Land: By 2020, promote the implementation of sustainable management of all
types of forests, halt deforestation, restore degraded forests and substantially increase afforestation
and reforestation globally.
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populations that are capable of regenerating on their own, over time (Godefroid
et al. 2011).

Restoration success is commonly defined as the capacity of the reintroduced
populations to survive, reproduce and adapt to changing environmental conditions
(Godefroid et al. 2011). These outcomes are in part determined by the genetic
diversity of the propagation material and its match to the environmental conditions
on the restoration site (Ellstrand and Elam 1993; Hughes et al. 2008). A survey
among restoration practitioners showed that having some knowledge of the genetic
diversity of the target plant species and using propagation material from stable
rather than declining populations improved plant survival rates, which had an
increasing impact over time (Godefroid et al. 2011). However, genetic studies in
restored tree populations have repeatedly revealed notable founder effects resulting
from collecting germplasm from very few parent trees (Burgarella et al. 2007;
Navascués and Emerson 2007; Kettle et al. 2008; Salas-Leiva et al. 2009; Li et al.
2012b), and concerns about the viability of the seed, which often exhibits high
levels of inbreeding (Broadhurst et al. 2006; Broadhurst 2011; Salas-Leiva et al.
2009). For example, a seed source population used for restoring a mangrove spe-
cies, Avicennia germinans, was found to have been significantly reduced in size
because of habitat conversion, resulting in a higher inbreeding coefficient among
younger (<40 yrs) individuals, compared with more mature (>40 yrs) individuals
(Salas-Leiva et al. 2009). Moreover, few restoration practitioners are aware of, or
use specific strategies in sourcing germplasm to help the restored tree populations to
adapt to a changing climate (Bozzano et al. 2014). Tree populations that have
limited viability and capacity to adapt to environmental variation are unlikely to
fulfill the much anticipated role of forests in mitigating climate change. The iden-
tification and selection of appropriate sources of tree germplasm for a given
restoration site would ideally be guided by the strength of the interaction between
genotype performance and current and future environmental conditions
(genotype-by-environment, G x E interactions; Breed et al. 2013). Such interactions
are studied with multilocation progeny or provenance trials and climate modelling,
respectively (Sgrò et al. 2011), which help identify planting sources that are adapted
to particular sites and the range within which reproductive material of a species can
be moved.

Restoration efforts could make much better use of native, including threatened,
tree species than they have done in the past. For example, the proportion of native
species in afforestation or reforestation initiatives in South and Southeast Asia
between 2003 and 2007 was reported at six percent (FAO 2010: 92). However,
restoring self-sustaining forests with threatened tree species, which may already
suffer from the negative genetic impacts of disturbance, requires a careful choice of
approaches. Habitat fragmentation and exposure to other disturbances limit the
quality of remnant forest patches as seed sources in many of the landscapes that are
currently in need of restoration (Vranckx et al. 2012; Lowe et al. 2015). This
situation has been aggravated by a fairly common emphasis on using only ‘local’
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germplasm for restoration purposes sourced close to the restoration site (Broadhurst
2013; Breed et al. 2013). Although such an approach can help to maintain the
genetic integrity of the species, it can result in using planting material that is inbred
and having a narrow genetic base, especially when the targeted species have limited
pollen and seed dispersal. Molecular studies can help to assess inbreeding in
remnant forests and potential seed source populations (Broadhurst et al. 2006,
Salas-Leiva et al. 2009; Broadhurst 2011), genetic distances between planned seed
source populations and remnant natural populations near the site to identify the
range within which germplasm could be transferred (Pakkad et al. 2008; Ritchie
and Krauss 2012; Krishnan et al. 2012), or the potential of gene flow to restore
genetic diversity in restored forests (Céspedes et al. 2003; Ritchie and Krauss 2012;
Cruz Neto et al. 2014). Such information will help adapt restoration methods and
approaches for species and site contexts depending on the status of genetic diversity
of the target species. For species with very few remaining individuals, restoration
efforts should start with gene inventories across the remaining populations, fol-
lowed by tailored approaches to enhance cross-pollination and genetic diversity
(Ducci 2014). Despite the enormous demand for forest and landscape restoration in
tropical countries, there have been only a handful of studies to date assessing the
success of restoring genetic diversity of tropical tree species and populations
(Krishnan et al. 2012; Cruz Neto et al. 2014; Kettle et al. 2008; Pakkad et al. 2008;
Salas-Leiva et al. 2009).

Case study 3 Genetic diversity and gene flow between natural and planted pop-
ulations of Inga vera

To study how genetic diversity is retained in fragmented landscapes and trans-
mitted between remnant natural and planted populations, Cruz Neto et al. (2014)
genotyped five natural and five planted populations of Inga vera ssp. affinis in the
Atlantic forest of northeastern Brazil. Ten reproductive trees and approximately 50
seedlings were sampled in each population. All individuals were genotyped at four
microsatellite loci. Genetic diversity of adult trees in planted populations, measured
as allelic richness, was only half (AR = 7.599) that found in the remnant natural
populations (AR = 14.128) (Table 6.6). Twelve alleles were found exclusively in
natural populations, whereas no alleles were found exclusively in planted popula-
tions. Gene diversity was also lower in planted (Hs = 0.696) compared with natural
(Hs = 0.885) populations.

Of the 63 alleles found in natural populations, 62 were also found in seedlings.
In planted populations the number of alleles found in seedlings was 38% higher (43
alleles) than that found in adults (31 alleles). All of the alleles found in seedlings
but absent in adult trees of planted populations were present adults in natural
populations. The authors concluded that for self-incompatible species with exten-
sive pollen flow, plantations established with a narrow genetic base may regain
genetic diversity by outcrossing with remnant natural populations within the
landscape.
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6.4 Conclusions

The studies reviewed in this chapter demonstrate how different types of molecular
markers can be applied to yield information on genetic diversity patterns of tropical
tree species, in support of effective, targeted conservation strategies and planning,
DNA forensics, and forest and landscape restoration. Nevertheless, application of
molecular tools and, in particular, of the most recent technologies, still remains
woefully limited in developing countries, which harbor most of the world’s tree
diversity, and this is despite rapid technological advances and declining costs of
genetic and genomic analyses. In these countries, technical capacities, facilities and
financial resources are often inadequate for conducting molecular research on tree
species, especially on a systematic, programmatic basis. Existing projects often
focus narrowly on species of commercial importance. Recognizing these limita-
tions, the Global Plan of Action on Forest Genetic Resources (FAO 2014b) called
for increased efforts in north–south as well as south–south cooperation to strengthen
both education and research on forest genetic resources. It is our hope that such
collaborative initiatives multiply and benefit developing country researchers and
research organizations working to help conserve and sustainably manage these
species, and improve conservation management for a broader group of tropical tree
species.

Acknowledgements We would like express our sincere appreciation to Prof. Dr. S. Mohan Jain,
Department Agricultural Sciences, University of Helsinki, Finland; Dr. Timothy Bole, regional

Table 6.6 Genetic diversity of adults and seedlings of Inga vera in five planted and five natural
stands in the Atlantic forest of Brazil. Source: Cruz Neto et al. (2014)

Population Adults Seedlings

A AR A AR

Planted

P1 4.3 3.62 6 3.96

P2 4.8 3.98 5.75 5.35

P3 4.0 3.42 5.25 4.01

P4 4.3 3.45 6.25 5.58

P5 4.8 4.26 6.5 5.66

Mean 4.4 ± 0.33 3.7 ± 0.36 6.01 ± 0.48 4.91 ± 0.85

Natural

N1 8.3 8 7.5 6.64

N2 7.8 7.29 8 7.06

N3 8.0 7.29 7.25 6.37

N4 9.0 8.1 8.25 7.26

N5 8.5 7.89 9.5 7.95

Mean 8.3 ± 0.48 7.7 ± 0.4 8.1 ± 0.87 7.06 ± 0.6

A average number of alleles per locus
AR allelic richness rarefied to nine individuals

6 Use of Molecular Markers in the Conservation Management … 183



technical advisor, UN-REED Programme, UNDP; Associate Prof. Dr. A.E Szmidt, Department of
Biology, Graduate School of Science, Kyushu University, Japan; Dr. Pandey Manhav, senior
scientist, Molecular Research, LP; and Dr. Ng Wei Lun, postdoctoral researcher, Faculty of
Biomolecular Sciences, Putra University, Malaysia, for their editing, comments and suggestion for
this chapter.

References

Abasolo MA, Fernando ES, Borromeo TH, Hautea DM (2009) Cross-species amplification of
Shorea microsatellite DNA markers in Parashorea malaanonan (Dipterocarpaceae).
Philippine J Sci 138(1):23–28

Alcântara BK, Veasey EA (2013) Genetic diversity of teak (Tectona grandis L.F.) from different
provenances using microsatellite markers. Rev Árvore 37(4):747–758

Alfaro RI, Fady B, Vendramin GG et al (2014) The role of forest genetic resources in responding
to biotic and abiotic factors in the context of anthropogenic climate change. For Ecol Manage
333:76–87

Allendorf FW, Hohenlohe PA, Luikart G (2010) Genomics and the future of conservation
genetics. Nat Rev Genet 11:697–709

Amaral W (2001) Characterization, evaluation and conservation of forest genetic resources. The
potential and limitation of new biotechnology tools. In: Uma Shaanker R, Ganeshaiah KN,
Bawa KS (eds) Forest genetic resources: status, threats and conservation strategies. Oxford and
IBH Publishing, New Delhi/Calcutta, pp 115–125

Ansari SA, Narayanan C, Wali SA, Kumar R, Shukla N, Rahangdale SK (2012) ISSR markers for
analysis of molecular diversity and genetic structure of Indian teak (Tectona grandis L.f.)
populations. Ann For Res 55(1):11–23

Asif MJ, Cannon C (2005) DNA extraction from processed wood: A case study for the
identification of a endangered timber species (Gonystylusbancanus). Plant Mol Biol Reporter
23:180–187

Assogbadjo AE, Kyndt T, Sinsin B, Gheysen G, Van Damme P (2006) Patterns of genetic and
morphometric diversity in baobab (Adansonia digitata) populations across different climatic
zones of Benin (West Africa). Ann Bot 97:819–830

Ayele TB, Gailing O, Finkeldey R (2011) Assessment and integration of genetic, morphological
and demographic variation in Hagenia abyssinica (Bruce) J.F. Gmel to guide its conservation.
J Nat Conserv 19:8–17

Bekessy SA, Allnutt TR, Premoli AC, Lara A, Ennos RA, Burgman MA, Cortes M, Newton AC
(2002) Genetic variation in the vulnerable and endemic monkey puzzle tree, detected using
RAPDs. Heredity 88:243–249

Boontong C, Pandey M, Changtragoon S (2008) Isolation and characterization of microsatellite
markers in Indian Neem (Azadirachta Indica Var. Indica A. Juss) and cross-amplification in
Thai Neem (A. Indica Var. Siamensis Valenton). Conserv Genet. doi:10.1007/s10592-008-
9610-5

Bozzano M, Jalonen R, Evert T et al (eds) (2014) Genetic considerations in ecosystem restoration
using native tree species. A thematic study for the state of the World’s forest genetic resources
report. Food and Agriculture Organization of the United Nations, Rome, p 251

Breed MF, Stead M, Ottewell K, Gardner MG, Lowe AJ (2013) Which provenance and where?
Seed sourcing strategies for revegetation in a changing environment. Conserv Genet 14:1–10

Broadhurst LM (2011) Genetic diversity and population genetic structure in fragmented
Allocasuarina verticillata (Allocasuarinaceae)—implications for restoration. Aust J Bot
59:770–780

Broadhurst LM (2013) A genetic analysis of scattered yellow box trees (Eucalyptus melliodora A.
Cunn. ex Schauer, Myrtaceae) and their restored cohorts. Biol Conserv 161:48–57

184 S. Changtragoon et al.

http://dx.doi.org/10.1007/s10592-008-9610-5
http://dx.doi.org/10.1007/s10592-008-9610-5


Broadhurst LM, North T, Young AG (2006) Should we be more critical of remnant seed sources
being used for revegetation? Ecol Manage Restor 7(3):211–217

Burgarella C, Navascués M, Soto Á et al (2007) Narrow genetic base in forest restoration with
holm oak (Quercus ilex L.) in Sicily. Ann For Sci 64:757–763

Butcher PA, Moran GF, Perkins HD (1998) RFLP diversity in the nuclear genome of Acacia
mangium. Heredity 81:205–213

Butler JM (2005) Forensic DNA typing: biology, technology, and genetics of STR marker, 2nd
edn. Elsevier Academic Press, Burlington, Massachusetts, p 660

Cannon CH, Manos PS (2003) Phylogeography of the Southeast Asian stone oaks (Lithocarpus).
J Biogeography 30:211–226

Cavers S, Navarro C, Lowe AJ (2003) Chloroplast DNA phylogeography reveals colonisation
history of a Neotropical tree, Cedrela odorata L., in Mesoamerica. Mol Ecol 12:1451–1460

Cavers S, Navarro C, Hopkins P, Ennos RA, Lowe AJ (2005) Regional and population-scale
influences on genetic diversity partitioning within Costa Rican populations of the pioneer tree
Vochysia ferruginea Mart. Silvae Genet 54:258–264

Céspedes M, Gutierrez MV, Holbrook NM et al (2003) Restoration of genetic diversity in the dry
forest tree Swietenia macrophylla (Meliaceae) after pasture abandonment in Costa Rica. Mol
Ecol 12:3201–3212

Changtragoon S (1998) Application of Molecular Markers in Forest trees for developing countries.
In: The 7th Annual international conference of BIOREFOR, Manila, Phillipins, 3–5 Nov 1998,
pp 111–114

Changtragoon S (2001a) Forest genetic resources of Thailand: status and conservation. In: Uma
Shaanker R, Ganesaiah KN, Bawa KS (eds) Forest Genetic Resources: Status, Threats and
Conservation Strategies. Oxford and IBH Publishing Co. Pvt. L.t.d., pp 141–151

Changtragoon S (2001b) Evaluation of genetic diversity of Dipterocarpus alatus genetic resources
in Thailand using isozyme gene markers. In: Ex Situ and In Situ conservation of commercial
tropical trees: the contribution of genetic resource conservation to tree breeding, biotechnology,
and future commercial plantation programs, Yogyakarta, Indonesia, 11–13 June 2001
pp 351–356

Changtragoon S (2004) Thepotential for using molecular markers to facilitate gene management
and the in situ and ex situ conservation of tropical forest trees. In: Proceedings of the Asia
Pacific Forest Genetic Resources Programme (APFORGEN) inception workshop, Kepong,
Kuala Lumpur, Malaysia, 15–18 July 2003, pp 305–315

Changtragoon S (2007) Evaluating the status of genetic resources of Rhizophora apiculata and R.
mucronata in Thailand by using DNA and isoenzyme gene markers for conservation and
reforestation guideline. In: Mangrove Seminar, Holiday Inn Hotel, Petchaburi, Thailand, 12–14
September 2007 pp 201–210

Changtragoon S (2012) Wildlife Forensics in Thailand. In Huffman JE, Wallace JR (eds) Wildlife
forensics: methods and applications. John Wiley and Sons, Chichester, UK. doi: 10.1002/
9781119953142.ch16

Changtragoon S, Boontawee B (1999) The study of genetic diversity of Dipterocarpus alatus by
isoenzyme gene markers. In: Seminars on Dipterocarpus alatus and Dipterocapaceae, Kasetsart
University, Bangkok, Thailand, 17–18 November 1999, pp 107–114

Changtragoon S, Finkeldey R (1995a) Genetic variation of Pinus merkusii in Thailand. I: genetic
analysis of isozyme phenotypes. J Tropical Forest Sci 8(2):167–177

Changtragoon S, Finkeldey R (1995b) Patterns of genetic variation and characterization of the
mating system of Pinus merkusii in Thailand. Forest Genetics 2(2):87–97

Changtragoon S, Szmidt AE (1997) The evaluation of genetic diversity and resources of tropical
forest trees in Thailand by using molecular markers. In: The 6th annual international workshop
of BIO-REFOR, the university of Queensland, Brisbane, Australia, 2–9 December 1997,
pp 169–171

Changtragoon S, Szmidt AE (1999) Genetic diversity of Teak by means isoenzyme gene markers.
In: International teak conference: teak beyond year 2000, Empress Hotel, Chiang Mai,
Thailand, 23–25 August 1999, p 13

6 Use of Molecular Markers in the Conservation Management … 185

http://dx.doi.org/10.1002/9781119953142.ch16
http://dx.doi.org/10.1002/9781119953142.ch16


Changtragoon S, Szmidt AE (2000) Genetic diversity of teak (Tectona grandis L.f.) in Thailand
revealed by Randam Amplified Polymorphic DNA (RAPD. In: IUFRO working party 2.08.01
Tropical species breeding and genetic resources: forest genetics for the next millennium,
international conferences center, Durban, South Africa, 8–13 October 2000, pp 82–83

Chase M, Kesseli R, Bawa K (1996) Microsatellite markers for population and conservation
genetics of tropical trees. Am J Bot 83(1):51–57

Chen C, Mitchell S, Elshire R, Buckler E, El-Kassaby Y (2013) Mining conifers’ mega-genome
using rapid and efficient multiplexed high-throughput genotyping-by-sequencing (GBS) SNP
discovery platform. Tree Genet Genomes 9:1537–1544

Cheua-ngam J, Volkaerf H (2006) Development of catalase gene nuclear DNA-based marker for
population genetic analysis in Thai teak (Tectona grandis L.f.). Kasetsart J (Nat Sci) 40:91–98

Choong CY, Wickneswari R, Norwati M, Abbott RJ (2008) Phylogeny of Hopea
(Dipterocarpaceae) inferred from chloroplast DNA and nuclear PgiC sequences. Mol
Phylogenet Evol 48:1238–1243

Christmas M, Breed M, Lowe AJ (2016) Constraints to and conservation implications for climate
change adaptation in plants. Conserv Genet 17:305–320

Cloutier D, Povoa JSR, Procopio LC, Leao NVM, Wadt LH, Ciampi AY, Schoen DJ (2005)
Chloroplast DNA variation of Carapa guianensis in the Amazon basin. Silvae Genet
54:270–274

Craft KJ, Owens JD, Ashley MV (2007) Applications of plant DNA markers in forensic botany:
genetic comparison of Quercus evidence leaves to crime scene trees using microsatellites.
Forensic SciInt 165(1):64–70

Cruz Neto O, Aguiar AV, Twyford AD et al (2014) Genetic and ecological outcomes of Inga vera
subsp. affinis (Leguminosae) tree plantations in a fragmented tropical landscape. PLoS ONE
9(6):e99903. doi:10.1371/journal.pone.0099903

Davey JW, Hohenlohe PA, Etter PD, Boone JQ, Catchen JM, Blaxter ML (2011) Genome-wide
genetic marker discovery and genotyping using next-generation sequencing. Nat Rev Genet
12:499–510

Dawson IK, Lengkeek A, Weber JC, Jamnadass R (2009) Managing genetic variation in tropical
trees: linking knowledge with action in agroforestry ecosystems for improved conservation and
enhanced livelihoods. Biodivers Conserv 18(4):969–986

Degen B, Streiff R, Ziegenhagen B (1999) Comparative study of genetic variation and
differentiation of two pedunculate oak (Quercus robur) stands using microsatellite and
allozyme loci. Heredity 83:597–603

Degen B, Ward SE, Lemes MR, Navarro C, Cavers S, Sebbenn AM (2013) Verifying the
geographic origin of mahogany (Swieteniamacrophylla King) with DNA-fingerprints. Forensic
Sci Int: Genet 7(1):55–62

Deguilloux MF, Pemonge MH, Petit RJ (2004) DNA-based control of oak wood geographic origin
in the context of the cooperage industry. Ann For Sci 61:97–104

Dick CW, Bermingham E, Lemes MR, Gribel R (2007) Extreme long-distance dispersal of the
lowland tropical rainforest tree Ceiba pentandra L. (Malvaceae) in Africa and the Neotropics.
Mol Ecol 16:3039–3049

Dormontt E, Bonor M, Degen B, Breulmann G, Guillery P, Espinoza E, Gardner S, Koch G,
Lee SL, Rimbawanto A, Thomas D, Wiedenhoft A, Yafang Zahnen J, Lowe AJ (2015)
Forensic wood identification: it’s time to integrate disciplines to combat illegal logging. Biol
Cons 191:790–798

Ducci F (2014) Species restoration through dynamic ex situ conservation: Abies nebrodensis as a
model. In: Bozzano M, Jalonen R, Evert T et al (eds) Genetic considerations in ecosystem
restoration using native tree species. A thematic study for the state of the World’s forest genetic
resources report. Food and Agriculture Organization of the United Nations, Rome, pp 225–232

Duminil J, Heuertz M, Doucet J-L, Bourland N, Cruaud C, Gavory F, Doumenge C, Navascués M,
Hardy OJ (2010) CpDNA-based species identification and phylogeography: application to
African tropical tree species. Mol Ecol. doi:10.1111/j.1365-294X.2010.04917.x

186 S. Changtragoon et al.

http://dx.doi.org/10.1371/journal.pone.0099903
http://dx.doi.org/10.1111/j.1365-294X.2010.04917.x


Dutech C, Maggia L, Joly HI (2000) Chloroplast diversity in Vouacapoua americana
(Caesalpiniaceae), a neotropical forest tree. Mol Ecol 9:1427–1432

Dutech C, Maggia L, Tardy C, Joly HI, Jarne P (2003) Tracking a genetic signal of
extinction-recolonization events in a neotropical tree species: Vouacapoua americana Aublet in
French Guiana. Evolution 57:2753–2764

Dutech C, Joly HI, Jarne P (2004) Gene flow, historical population dynamics and genetic diversity
within French Guianan populations of a rainforest tree species, Vouacapoua americana.
Heredity 92:69–77

Dwiyanti FG, Chong L, Diway B, Fah LY, Siregar IZ, Subiakto A, Kamiya K, Ninomiya I,
Harada K (2015) Population genetic diversity in the genus Dryobalanops Gaertn. f.
(Dipterocarpaceae) Based on nuclear microsatellite markers. J Sustain 3(1):12–20

Ekblom R, Galindo J (2011) Applications of next generation sequencing in molecular ecology of
non-model organisms. Heredity 107:1–15

Ellstrand NC, Elam DR (1993) Population genetic consequences of small population-size:
implications for plant conservation. Annu Rev Ecol Syst 24:217–242

Fady B, Aravanopoulos FA, Alizoti P, Mátyás C, von Wühlisch G, Westergren M, Belletti P,
Cvjetkovic B, Ducci F, Huber G, Kelleher CT, Khaldi A, Dagher Kharrat MB, Kraigher H,
Kramer K, Mühlethaler U, Peric S, Perry A, Rousi M, Sbay H, Stoinic S, Tijardovic M,
Tsvetkov I, Varela MC, Vendramin GG, Zlatanov T (2016) Evolution-based approach needed
for the conservation and silviculture of peripheral forest tree populations. Forest Ecol Manage
375:66–75

FAO (2010) Global forest resources assessment 2010. Main report. Food and Agriculture
Organization of the United Nations, Rome

FAO (2014a) State of the World’s Forest Genetic Resources. Commission of the Genetic
Resources for Food and Agriculture, Food and Agriculture Organization of the United Nations.
Rome

FAO (2014b) Global plan of action for the conservation, sustainable use and development of forest
genetic resources. Commission of the genetic resources for food and agriculture, food and
agriculture organization of the United Nations. Rome

FAO (2015) Global forest resources assessment 2015. Desk reference. Food and Agriculture
Organization of the United Nations, Rome

Fatma NAH, Wickneswari R, Cannon CH (2011) Detection of genetic structure among ramin
(Gonystylusbancanus (Miq.) Kurz) populations in Peninsular Malaysia using a rapid DNA
fingerprinting technique. Malays Appl Biol 40(2):43–50

Finger A, Kettle CJ, Kaiser-Bunbury CN et al (2012) Forest fragmentation genetics in a formerly
widespread island endemic tree: Vateriopsis seychellarum (Dipterocarpaceae). Mol Ecol
21(10):2369–2382

Finkeldey R (2005) An introduction to tropical forest genetics. Georg-August-University,
Göttingen, Germany, Institute of forest genetics and forest tree breeding

Finkeldey R, Hattemer HH (2007) Tropical forest genetics. Springer, Berlin
Finkeldey R, Guzman ND, Changtragoon S (1998) Inheritance of isozyme phenotypes in

Pterocrpus indicus willd. Forest Genet 5(3):165–170
Finkeldey R, Guzman ND, Changtragoon S (1999) The mating system of Pterocarpus Indicus

Willd. at Mt. Makiling, Philippines. Biotropica 31(3):525–530
Finkeldey R, Rachmayanti Y, Gailing O (2007) Molecular genetic tools for the identification of the

origin of wood. In: Kües U (ed) Wood production, wood technology and biotechnological
impacts. Universitätsverlag Göttingen, Göttingen, pp 143–158

Finkeldey R, Leinemann L, Gailing O (2010) Molecular genetic tools to infer the origin of forest
plants and wood. Appl Microbiol Biotechnol 85:1251–1258. doi:10.1007/s00253-009-2328-6

Fofana IJ, Lidah YJ, Diarrassouba N, N’guetta SPA, Sangare A, Verhaegen D (2008) Genetic
structure and conservation of Teak (Tectona grandis) plantations in Côte d’Ivoire, revealed by
site specific recombinase (SSR). Trop Conserv Sci 1(3):279–292

Fofana IJ, Ofori D, Poitel M, Verhaegen D (2009) Diversity and genetic structure of teak (Tectona
grandis L.f) in its natural range using DNA microsatellite markers. New Forest 37:175–195

6 Use of Molecular Markers in the Conservation Management … 187

http://dx.doi.org/10.1007/s00253-009-2328-6


Frankham R, Bradshaw CAJ, Brook BW (2014) Genetics in conservation management: revised
recommendations for the 50/500 rules, Red ist criteria and population viability analyses. Biol
Conserv 170:56–63

Franklin IR (1980) Evolutionary change in small populations. In: Soulé ME, Wilcox BA
(eds) Conservation biology: an evolutionary-ecological perspective. Sinauer Associates,
Sunderland, MA, pp 135–150

Gardner MG, Fitch AJ, Bertozzi T, Lowe AJ (2011) Rise of the machines—recommendations for
ecologists when using second generation sequencing for microsatellite development. Mol Ecol
Res 11:1093–1101

Gillies ACM, Navarro C, Lowe AJ, Newton AC, Hernández M, Wilson J, Cornelius JP (1999)
Genetic diversity in Mesoamerican populations of mahogany (Swietenia macrophylla),
assessed using RAPDs. Heredity 83:722–732

Godefroid S, Piazza C, Rossi G et al (2011) How successful are plant species reintroductions? Biol
Conserv 144(2):672–682

González Martínez SC, Krutovsky KV, Neale DB (2006) Forest tree population genomics and
adaptive evolution. New Phytol 170(2):227–238

Gonzalez MA, Baraloto C, Engel J, Mori SA, Pétronelli P, Riéra B, Roger A, Thébaud C, Chave J
(2009) Identification of amazonian trees with DNA barcodes. PLoS ONE 4(10):e7483. doi:10.
1371/journal.pone.0007483

Graudal L, Yanchuk A, Kjær E (2004) National planning. In FAO, DFSC, IPGRI, forest genetic
resources conservation and management. overview, concepts and some systematic approaches,
vol 1. International Plant Genetic Resources Institute, Rome, pp 25–36

Gregorius H-R (1991) Gene conservation and the preservation of adaptability. In: Seitz A,
Loeschcke V (eds) Species conservation: a population-biological approach. Birkhäuser, Basel,
pp 31–47

Haines R (1994) Biotechnology in forest tree improvement. FAO Forestry Paper 118:230
Hansen MC, Potapov PV, Moore R et al (2013) High-resolution global maps of 21st-century forest

cover change. Science 15:850–853
Hansen OK, Changtragoon S, Ponoy B, Kjær ED, Minn Y, Finkeldey R, Nielsen KB, Graudal L

(2015) Genetic resources of teak (Tectona grandis Linn.f.)—strong genetic structure among
natural populations. Tree Genet Genomes 11:802. doi:10.1007/s11295-014-0802-5

Harry DE, Temesgen B, Neale DB (1998) Codominant PCR-based marker for Pinus taeda
developed from mapped cDNA clones. Theor Appl Genet 97:327–336

Hartl DL, Clark AG (2007) Principles of population genetics. Sinauer Associates Inc Publishers,
USA

Hedrick PW (2001) Conservation genetics: where are we now? Trends Ecol Evol 16(11):629–636
Honnay O, Jacquemyn H (2007) Susceptibility of common and rare plant species to the genetic

consequences of habitat fragmentation. Conserv Biol 21(3):823–831
Hubbell SP (2013) Tropical rain forest conservation and the twin challenges of diversity and rarity.

Ecol Evol 3(10):3263–3274
Hughes AR, Inouye BD, Johnson MTJ et al (2008) Ecological consequences of genetic diversity.

Ecol Lett 11(6):609–623
Indriogo S, Gailing O, Finkeldey R (2006) Moleculra phylogeny of diperocarpaceae in Indonesia

based on choroplst DNA. Plant Syst Evol 261:99–115
Inomata N, Wang X-R, Changtragoon S, Szmidt AE (2009) Levels and patterns of DNA variation

in two sympatric mangrove species, Rhizophoraapiculata and R. mucronata from Thailand.
Genes Genet Syst 84:277–286

Jalonen R, Hong LT, Lee SL, Loo J, Snook L (2014) Integrating genetic factors into management
of tropical Asian production forests: a review of current knowledge. For Ecol Manage
315:191–201

Jamnadass R, Lowe A, Dawson IK (2009) Molecular markers and the management of tropical
trees: the case of indigenous fruits. Trop Plant Biol 2(1):1

188 S. Changtragoon et al.

http://dx.doi.org/10.1371/journal.pone.0007483
http://dx.doi.org/10.1371/journal.pone.0007483
http://dx.doi.org/10.1007/s11295-014-0802-5


Kadu CAC, Schueler S, Konrad H et al (2011) Phylogeography of the Afromontane Prunus
africana reveals a former migration corridor between East and West African highlands. Mol
Ecol 20:165–178

Kadu CAC, Konrad H, Schueler S et al (2013) Divergent pattern of nuclear genetic diversity
across the range of the Afromontane Prunus africana mirrors variable climate of African
highlands. Ann Bot 111(1):47–60

Kajita T, Kamiya K, Nakamura K, Tachida H, Wickneswari R, Tsumura Y, Yoshimaru H,
Yamazaki T (1998) Molecular phylogeny of dipetrocarpaceae in southeast Asia based on
nucleotide sequences of matK, trnL Intron, and trnL-trnF Intergenic spacer region in
chloroplast DNA. Mol Phylogenet Evol 10(2):202–209

Kamiya K, Nanami S, Kenzo T, Yoneda R, Diway B, Chong L, Azani MA, Majid NM, Lum SKY,
Wong K, Harada K (2012) Demographic history of Shorea curtisii (Dipterocarpaceae) inferred
from chloroplast DNA sequence variations. Biotropica 44:577–585

Karp A, Seberg O, Buiatti M (1996) Molecular techniques in the assessment of botanical diversity.
Ann Bot 78:143–149

Karp A, Kresovich S, Bhat KV, Ayad WG, Hodgkin T (1997) Molecular tools in plant genetic
resources conservation: a guide to the technologies. IPGRI Tech Bull 2:47

Kertadikara AWS, Prat D (1995a) Isozyme variation among teak (Tectona grandis L.f.)
provenances. Theor Appl Genet 90:803–810. doi:10.1007/BF00222015

Kertadikara AWS, Prat D (1995b) Genetic structure and mating system in teak (Tectona grandis
L.f.) provenances. Silvae Genet 44:104–110

Kettle CJ, Ennos RA, Jaffre T et al (2008) Cryptic genetic bottlenecks during restoration of an
endangered tropical conifer. Biol Conserv 141(8):1953–1961

Kjær ED, Suangtho V (1995) Outcrossing rate in Tectona grandis L. Silvae Genetica 44:175–177
Kobilinsky L, Liotti T, Oeser-Sweat J (2005) DNA: forensic and legal applications. Wiley,

Hoboken, New Jersey, p 364
Konuma A, Tsumura Y, Lee CT et al (2000) Estimation of gene flow in the tropical-rainforest tree

Neobalanocarpus heimii (Dipterocarpaceae), inferred from paternity analysis. Mol Ecol
9(11):1843–1852

Kramer AT, Havens K (2009) Plant conservation genetics in a chnaging world. Trends Plant Sci
14:599–607

Kress WJ, Erickson DL, Jones FA, Swenson NG, Perez R, Sanjur O, Bermingham E (2009)
Plant DNA barcodes and a community phylogeny of a tropical forest dynamics plot in Panama.
PNAS 106(44):18621–18626. doi:10.1073/pnas.0909820106

Kress WJ, Erickson DL, Swenson NG, Thompson J, Uriarte M, Zimmerman JK (2010) Advances
in the use of DNA barcodes to build a community phylogeny for tropical trees in a puerto rican
forest dynamics plot. PLoS ONE 5(11):e15409. doi:10.1371/journal.pone.0015409

Krishnan SA, Ranker TP, Davis A et al (2012) The study of genetic diversity patterns of Coffea
commersoniana, an endangered coffee species from Madagascar: a model for conservation of
other littoral forest species. Tree Genet Genom 9(1):179–187

Kristensen VN, Kelefiotis D, Kristensen T, Borrensen-Dale AL (2001) High-throughput methods
for detection of genetics variation. Bio Techniques 30:318–332

Krutovskii KV, Neale DB (2001a) Forest genomics for conserving adaptive genetic diversity. In:
Forest genetic resources working papers, Working Paper FGR/3. Forest Resources
Development Service, Forest Resources Division, FAO, Rome

Krutovskii KV, Neale DB (2001b) Forest genomics for conserving adaptive genetic diversity.
Forest Genet Resour 29:7–9

Krutovsky KV (2006) From population genetics to population genomics of forest trees: integrated
population genomics approach. Russ J Genet 42(10):1088–1100

Krutovsky KV, Neale DB (2005a) Nucleotide diversity and linkage disequilibrium in
cold-hardiness and wood quality-related candidate genes in Douglas fir. Genetics
171:2029–2041

Krutovsky KV, Neale DB (2005b) Forest genomics and new molecular genetic approaches to
measuring and conserving adaptive genetic diversity in forest trees. In: Geburek Th, Turok J

6 Use of Molecular Markers in the Conservation Management … 189

http://dx.doi.org/10.1007/BF00222015
http://dx.doi.org/10.1073/pnas.0909820106
http://dx.doi.org/10.1371/journal.pone.0015409


(eds) Conservation and management of forest genetic resources in Europe. Arbora Publishers,
Zvolen, pp 369–390

Krutovsky KV, Burczyk J, Chybicki I, Finkeldey R, Pyhäjärvi T, Robledo-Arnuncio JJ (2012)
Gene flow, spatial structure, local adaptation and assisted migration in trees. In: Schnell RJ,
Priyadarshan PM (eds) Genomics of tree crops. Springer, New York, pp 71–116. doi:10.1007/
978-1-4614-0920-5_4

Krutovsky KV, Tretyakova IN, Oreshkova NV, Pak ME, Kvitko OV, Vaganov EA (2014)
Somaclonal variation of haploid in vitro tissue culture obtained from Siberian larch (Larix
sibirica Ledeb.) megagametophytes for whole genome de novo sequencing. In: Vitro cellular
and developmental biology—Plant 50:655–664

Külheim C, Yeoh S, Maintz J, Foley WJ, Moran GF (2009) Comparative SNP diversity among
four Eucalyptus species for genes from secondary metabolite biosynthetic pathways. BMC
Genom 10(452):1–11

Kumar P, Gupta VK, Misra AK, Modi DR, Pandey BK (2009) Potential of molecular markers in
plant biotechnology. Plant Omics J 2(4):141–162

Laikre L (2010) Genetic diversity is overlooked in international conservation policy implemen-
tation. Conserv Genet 11:349–354

Laphom R, Changtragoon S (2005) Evaluation of genetic diversity of some bamboos in Thailand
using AFLP(Amplified Fragment Length Polymorphism) and microsatellite markers. In: The
Proceedings of biodiversity of forest and wildlife seminar: research and activities in 2005,
Regent Cha-am Hotel, Petchaburi, Thailand, 21–24 Aug 2005, pp 352–370

Lawrence MJ, Marshall DF (1997) Plant population genetics. In: Maxted N, Ford-Lloyd BV,
Hwakes JG (eds) Plant genetic conservation: the in situ approach. Kluwer Academic
Publishers, Dordrecht, pp 99–113

Lee SL, Wickneswari R, Mahani MC, Zakri AH (2000a) Genetic diversity of a tropical tree
species, Shorealeprosula Miq. (Dipterocarpaceae), in Malaysia: implications for conservation
of genetic resources and tree improvement. Biotropica 32(2):213–224

Lee SL, Wickneswari R, Mahani MC, Zakri AH (2000b) Mating system parameters in a tropical
tree species, Shorealeprosula Miq. (Dipterocarpaceae), from Malaysian lowland dipterocarp
forest. Biotropica 32(4a):693–702

Lee SL, Ng KKS, Saw LG et al (2002) Population genetics of Intsia palembanica (Leguminosae)
and genetic conservation of virgin jungle reserves in peninsular Malaysia. Am J Bot
89(3):447–459

Lee SL, Ng KKS, Saw LG et al (2006) Linking the gaps between conservation research and
conservation management of rare dipterocarps: a case study of Shorea lumutensis. Biol
Conserv 131(1):72–92

Lemes MR, Gribel R, Proctor J, Grattapaglia D (2003) Population genetic structure of mahogany
(Swietenia macrophylla King, Meliaceae) across the Brazilian Amazon, based on variation at
microsatellite loci: implications for conservation. Mol Ecol 12(11):2875–2883

Lemes MR, Dick CW, Navarro C, Lowe AJ, Cavers S, Gribel R (2010) Chloroplast DNA
microsatellites reveal contrasting phylogeographic structure in mahogany
(Swieteniamacrophylla King, Meliaceae) from Amazonia and Central America. Trop Plant
Biol 3:40–49. doi:10.1007/s12042-010-9042-5

Li J, Haipeng L, Jakobsson M, Sjodin P, Lascoux M (2012a) Joint analysis of demography and
selection in population genetics: where do we stand and where could we go? Mol Ecol
21:28–44

Li Y, Tsang EPK, Cui M et al (2012b) Too early to call it success: an evaluation of the natural
regeneration of the endangered Metasequoia glyptostroboides. Biol Conserv 150(1):1–4

Liengsiri C, Yeh FC, Boyle TJB (1995) Isozyme analysis of a tropical forest tree, Pterocarpus
macrocarpus Kurz, in Thailand. For Ecol Manage 74:13–22

Lim LS, Wickneswari R, Lee SL, Latiff A (2002) Genetic variation of Dryobalanopsaromatica
Gaertn. F. (Dipterocarpaceae) in Peninsular Malaysia using microsatellite DNA markers.
Forest Genet 9(2):127–138

190 S. Changtragoon et al.

http://dx.doi.org/10.1007/978-1-4614-0920-5_4
http://dx.doi.org/10.1007/978-1-4614-0920-5_4
http://dx.doi.org/10.1007/s12042-010-9042-5


Lipow SR, Vance-Borland K, St. Clair JB et al (2004) Gap analysis of conserved genetic resources
for forest trees. Conserv Biol 18:412–423

Lowe A (2007) Can we use to identify the geographic origin of tropical timber? In: Proceedings of
the international workshop Fingerprinting methods for the identification of timber origins,
Bonn, Germany, Oct 8–9 2007

Lowe AJ, Cross HB (2011) The application of DNA to timber tracking and origin verification.
J Int Assoc Wood Anatomists 32(2):251–262

Lowe AJ, Wilson J, Gillies ACM, Dawson I (2000) Conservation genetics of bush mango from
central/west Africa, implications from RAPD analysis. Mol Ecol 9:831–841

Lowe AJ, Moule C, Trick M, Edwards KJ (2004a) Efficient large-scale development of
microsatellites for marker and mapping applications in Brassica crop species. Theor Appl
Genet 108:1103–1112

Lowe AJ, Harris SA, Ashton P (2004b) Ecological genetics: design. Anal Appl, Blackwells,
Oxford, p 326

Lowe AJ, Boshier D, Ward M et al (2005) Genetic resource impacts of habitat loss and
degradation; reconciling empirical evidence and predicted theory for neotropical trees.
Heredity 95(4):255–273

Lowe AJ, Wong KN, Tiong Y-S, Iyerh S, Chew F-T (2010) A DNA method to verify the integrity
of timber supply chains; confirming the legal sourcing of merbau timber from logging
concession to Sawmill. Silvae Genetica 59:263–268

Lowe AJ, Cavers S, Boshier D, Breed MF, Hollingsworth P (2015) The resilience of forest
fragmentation genetics—no longer a paradox—we were just looking in the wrong place.
Heredity 115:97–99

Lowe AJ, Dormontt EE, Bowie MJ, Degen B, Gardner S, Thomas D, Clarke C, Espinoza E,
Rimbawanto A, Wiedenhoeft A, Yin Y, Sasaki N (2016) Technologies for transparency in the
timber trade. BioScience 66(11):990–998

Manel S, Berthier P, Luikart G (2002) Detecting wildlife poaching: identifying the origin of
individuals with bayesian assignment tests and multilocus genotypes. Conserv Biol 16(3):650–
659

Marroni F, Pinosio S, di Centa E, Jurman I, Boerjan W, Felice N, Cattonaro F, Morgante M (2011)
Large-scale detection of rare variants via pooled multiplexed next-generation sequencing:
towards next-generation Ecotilling. Plant J 67:736–745

Minobe S, Fukui S, Saiki R, Kajita T, Changtragoon S, Ab Shukor NA, Latiff A, Ramesh BR,
Koizumi O, Yamazaki T (2010) Highly differentiated population structure of a Mangrove
species, Bruguiera gymnorhiza (Rhizophoraceae) revealed by one nuclear GapCp and one
chloroplast intergenic spacer trnF-trnL. Conserv Genet 11:301–310

Moran GF, Muona O, Bell JC (1989) Acacia mangium: A tropical forest tree of the coastal
lowlands with low genetic diversity. Evolution 43(1):231–235

Muloko-Ntoutoume N, Petit RJ, White L, Abernethy K (2000) Chloroplast DNA variation in a
rainforest tree (Aucoumea klaineana, Burseraceae) in Gabon. Mol Ecol 9:359–363

Murawski DA, Bawa KS (1994) Genetic structure and mating system of Stemonoporus
oblongifolius (Dipterocarpaceae) in Sri Lanka. Am J Bot 81:155–160

Murawski DA, Dayanandan B, Bawa KS (1994) Outcrossing rates of two endemic Shorea species
from Sri Lanka tropical rain forests. Biotropica 26:23–29

Narayanan C, Wali SA, Shukla N, Kumar R, Mandal AK, Ansari SA (2007) RAPD and ISSR
markers for molecular characterization of teak (Tectona grandis) plus trees. J Trop Forest Sci
19(4):218–225

Narum SR, Buerkle CA, Davey JW, Miller MR, Hohenlohe PA (2013) Genotyping-by-sequencing
in ecological and conservation genomics. Mol Ecol 22:2841–2847

Navarro C, Cavers S, Colpaert N, Hernandez G, Breyne P, Lowe AJ (2005) Chloroplast and total
genomic diversity in the endemic Costa Rican tree Lonchocarpus costaricensis (J.D.Smith)
Pittier (Papilionaceae). Silvae Genet 54:293–300

6 Use of Molecular Markers in the Conservation Management … 191



Navascués M, Emerson BC (2007) Natural recovery of genetic diversity by gene flow in reforested
areas of the endemic Canary Island pine. Pinus canariensis. For Ecol Manage 244
(1–3):122–128

Ng WL, Szmidt AE (2013) A simple and inexpensive molecular assay for species identification of
Indo-West Pacific Rhizophora mangroves for conservation and management. Conserv Genet
Resour. doi:10.1007/s12686-013-9973-x

Ng WL, Chan HT, Szmidt AE (2013) Molecular identification of natural mangrove hybrids of
Rhizophora in Peninsular Malaysia. Tree Genet Genomes. doi:10.1007/s11295-013-0619-7

Ng WL, Onishi Y, Inomata N, Teshima KM, Chan HT, Baba S, Changtragoon S, Siregar IZ,
Szmidt AE (2015) Closely related and sympatric but not all the same: genetic variation of
Indo-West Pacific Rhizophora mangrove across the Malay Peninsula. Conserv Genet 16
(1):137–150

Nguyen TPT, Tran TH, Nguyen MD, Sierens T, Triest L (2014) Genetic population of threatened
Hopea odorata Roxb. in the protected areas of Vietnam. J Viet Env 6(1):69–76. doi:10.13141/
jve.vol6.no1

Novick RR, Dick CW, Lemes MR, Navarro C, Caccone A, Bermingham E (2003) Genetic
structure of Mesoamerican populations of Big-leaf mahogany (Swieteniamacrophylla) inferred
from microsatellite analysis. Mol Ecol 12:2885–2893

Nunney L, Elam DR (1994) Estimating the effective population size of conserved populations.
Conserv Biol 8(1):175–184

Nuroniah HS (2009) Diagnostic markers for the identification of the tree species Shorea
leprosula Miq. and S. parvifolia dyer and the geographic origin of S. leprosula Miq. Ph.D.
Thesis, Göttingen University, Göttingen

Oldfield SF, Lusty C, MacKinven A (1998) The world list of threatened trees. World Conservation
Press, Cambridge

Ottewell KM, Bickerton DC, Byrne M, Lowe AJ (2015) Bridging the gap: A genetic assessment
framework for population-level threatened plant conservation prioritization and
decision-making. Divers Distrib 22:174–188

Pakkad G, James C, Torre F, Elliott S, Blakesley D (2003) Genetic variation of Prunus cerasoides
D. Don, a framework tree species in northern Thailand. New Forest 27:189–200

Pakkad G, Mazrooei SA, Blakesley D et al (2008) Genetic variation and gene flow among Prunus
cerasoides D. Don populations in northern Thailand: analysis of a rehabilitated site and
adjacent intact forest. New For 35:33–43

Pandey M, Changtragoon S (2012) Isolation and characterization of microsatellites in a medicinal
plant, Phyllanthusemblica (Euphorbiaceae). Am J Bot 99(12):e468–e469

Pandey M, Geburek T (2009) Successful cross-amplification of Shorea microsatellites reveals
genetic variation in the tropical tree, Shorea robusta Gaertn. Hereditas 146:29–32

Pandey M, Geburek T (2010) Genetic differences between continuous and disjunct populations:
some insights from sal (Shorea robusta Roxb.) in Nepal. Conserv Genet 11:977–984

Petit RJ, Duminil J, Fineschi S, Hampe A, Salvini D, Vendramin GG (2005) Comparative
organization of chloroplast, mitochondrial and nuclear divesity in plant populations. Mol Ecol
14:689–701

Porth I, El-Kassaby YA (2014) Assessment of the genetic diversity in forest tree populations using
molecular markers. Diversity 6:283–295. doi:10.3390/d6020283

Rachmayanti Y, Leinemann L, Gailing O, Finkeldey R (2006) Extraction, amplification and
characterization of wood DNA from Dipterocarpaceae. Plant Mol Biol Report 24:45–55

Rachmayanti Y, Leinemann L, Gailing O, Finkeldey R (2009) DNA from processed and
unprocessed wood: factors influencing the isolation success. Forensic Sci Int Genet 3:185–192

Rajora OP, Mosseler A (2001) Challenges and opportunities for conservation of forest genetic
resources. Euphytica 118:197–212

Rebelo AG, Siegfried WR (1992) Where should nature reserves be located in the Cape Floristic
Region, South Africa? Models for the spatial configuration of a reserve network aimed at
maximizing the protection of floral diversity. Conserv Biol 6:243–252

192 S. Changtragoon et al.

http://dx.doi.org/10.1007/s12686-013-9973-x
http://dx.doi.org/10.1007/s11295-013-0619-7
http://dx.doi.org/10.13141/jve.vol6.no1
http://dx.doi.org/10.13141/jve.vol6.no1
http://dx.doi.org/10.3390/d6020283


Reed DH, Frankham R, Roff D (2001) How closely correlated are molecular and quantitative
measures of genetic variation? A meta-analysis. Evol 55(6):1095

Ritchie AL, Krauss SL (2012) A genetic assessment of ecological restoration success in Banksia
attenuata. Restor Ecol 20(4):441–449

Rivera-Ocasio E, Aide TM, McMillan WO (2002) Patterns of genetic diversity and biogeograph-
ical history of the tropical wetland tree, pterocarpus officinalis (Jacq.), in the Caribbean basin.
Mol Ecol 11:675–683

Sacandé M, Jøker D, Dulloo ME et al (eds) (2004) Comparative storage biology of tropical tree
seed. IPGRI, Rome

Salas-Leiva DE, Mayor-Durán VM, Toro-Perea N (2009) Genetic diversity of black mangrove
(Avicennia germinans) in natural and reforested areas of Salamanca Island Parkway,
Colombian Caribbean. Hydrobiol 620:17–24

Schnabel A, Krutovskii KV (2004) Conservation genetics and evolutionary history of Gleditsia
caspica: inferences from allozyme diversity in populations from Azerbaijan. Conserv Genet
5:195–204

Senakun C, Changtragoon S, Pramual P, Prathepha P (2011) Genetic structure and diversity of
Shorea obtusa (Dipterocarpaceae) in Thailand. J Syst Evol 49(2):120–125

Sgrò CM, Lowe AJ, Hoffmann AA (2011) Building evolutionary resilience for conserving
biodiversity under climate change. Evol Appl 4(2):326–337

Slavov GT, Howe GT, Yakovlev I, Edwards KJ, Krutovskii KV, Tuskan GA, Carlson JE,
Strauss SH, Adams WT (2004) Highly variable SSR markers in Douglas-fir: mendelian
inheritance and map locations. Theor Appl Genet 108:873–880. doi:10.1007/s00122-003-
1490-y

Slik JWF, Arroyo-Rodríguez V, Aiba S et al (2015) An estimate of the number of tropical tree
species. PNAS 112(24):7472–7477

Squirrell J, Hollingsworth PM, Woodhead M, Russell J, Lowe AJ, Gibby M, Powell W (2003)
How much effort is required to isolate nuclear microsatellites from plants? Mol Ecol 12:1339–
1348

Stapley J, Reger J, Feulner PGD, Smadja C, Galindo J, Ekblom R, Bennison C, Ball AD,
Beckerman AP, Slate J (2010) Adaptation genomics: the next generation. Trends Ecol Evol
25:705–712

Szmidt AE (1995) Molecular population genetics and evolution: two missing elements in studies
of biodiversity. In: Boyle TJ, Boontawee B (eds) Measuring and monitoring biodiversity in
tropical and temperate forest. CIFOR, Bogor, Indonesia, pp 177–193

Szmidt AE, Wang XR (2000) Genetics markers in forest genetics and breeding—the tunnel
remains dark. In: Matyas C (ed) Forest Genetics and Sustainability, vol 63. Kluwer Acadermic
Publishers. Dordrecht, The Netherlands, pp 31–48

Thomas E, Alcázar Caicedo C, McMichael CH et al (2015) Uncovering spatial patterns in the
natural and human history of Brazil nut (Bertholletia excelsa) across the Amazon Basin.
J Biogeogr 42(8):1367–1382

Thongthawee S, Volkaert H (2014) Analysis of teak (Tectona grandis) genome and its diversity.
In: The 26th annual meeting of the Thai Society for Biotechnology and intermational
conference, pp 508–514

THWE-THWE-WIN, Hirao T, Watanabe A, Goto S (2015) Current genetic structure of teak
(Tectona grandis) in Myanmar based on newly developed chloroplast single nucleotide
polymorphism and nuclear simple sequence repeat markers. Trop Conserv Sci 8(1):235–256

THWE-THWE-WIN, Watanabe A, Hirao T, Isoda K, Ishizuka W, Goto S (2015) Genetic diversity
of teak populations in native regions and plantations in Myanmar detected by microsatellite
markers. Bull Univ of Tokyo For 132:1–15

Tnah LH, Lee SL, Ng KKS, Faridah QZ, Faridah-Hanum I (2010) Highly variable STR markers of
Neobalanocarpus heimii (Dipterocarpaceae) for forensic DNA profiling. J trop forest sci
22(2):214–226

6 Use of Molecular Markers in the Conservation Management … 193

http://dx.doi.org/10.1007/s00122-003-1490-y
http://dx.doi.org/10.1007/s00122-003-1490-y


Tnah LH, Lee SL, Ng KKS, Bhassu S, Othman RY (2012) DNA extraction from dry wood of
Neobalanocarpus heimii (Dipterocarpaceae) for forensic DNA profiling and timber tracking.
Wood Sci Technol 46(5):813–825

Tripathi AM, Tyagi A, Kumar A, Singh A, Singh S, Chaudhary LB, Roy S (2013) The internal
transcribed spacer (ITS) region and trnhH-psbA are suitable candidate loci for DNA barcoding
of tropical tree species of India. PLoS ONE 8(2):e57934. doi:10.1371/journal.pone.0057934

Tsai H, Howell T, Nitcher R, Missirian V, Watson B, Ngo KJ, Lieberman M, Fass J, Uauy C,
Tran RK, Khan AA, Filkov V, Tai TH, Dubcovsky J, Comai L (2011) Discovery of rare
mutations in populations: TILLING by sequencing. Plant Physiol 156:1257–1268

Tsumura Y, Kawahara T, Wickneswari R, Yoshimura K (1996) Molecular phylogeny of
dipterocarpaceae in Southeast Asia using RFLP of PCR-amplified chloroplast genes. Theor
Appl Genet 93:22–29

van Zonneveld M, Scheldeman X, Escribano P et al (2012) Mapping genetic diversity of
cherimoya (Annona cherimolaMill.): application of spatial analysis for conservation and use of
plant genetic resources. PLoS ONE 7(1):e29845

van Zonneveld M, Dawson I, Thomas E et al (2014) Application of molecular markers in spatial
analysis to optimize in situ conservation of plant genetic resources. Genomics of plant genetic
resources. Springer, Netherlands, pp 67–91

Verhaegen D, Fofana IJ, Logossa ZA, Ofori D (2010) What is the genetic origin of teak (Tectona
grandis L.) introduced in Africa and in Indonesia? Tree Genet Genomes 6:717–733

Vinceti B, Loo J, Gaisberger H, van Zonneveld MJ et al (2013) conservation priorities for Prunus
africana defined with the aid of spatial analysis of genetic data and climatic variables.
PLoS ONE 8(3):e59987. doi:10.1371/journal.pone.0059987

Vranckx G, Jacquemyn H, Muys B et al (2012) Meta-analysis of susceptibility of woody plants to
loss of genetic diversity through habitat fragmentation. Conserv Biol 26(2):228–237

Wang XR, Szmidt AE (1993) Chloroplast DNA-based phylogeny of Asian Pinus species
(Pinaceae). Pl Syst Evol 188:197–211

Wang XR, Szmidt AE (2001) Molecular markers in population genetics of forest trees. Scand J For
Res 16:199–220

Wanichkul J, Changtragoon S (2005) Investigation of genetic diversity of Paphiopedilum exul by
AFLP (Amplified Fragment Length Polymorphism) markers. In: The proceedings of
biodiversity of forest and wildlife seminar: research and activities in 2005, Regent Cha-am
Hotel, Petchaburi, Thailand, 21–24 Aug 2005, pp 342–36

Wasser SK, Shedlock A, Comstock K, Ostrander E, Mutayoba B, Stephens M (2004) Assigning
African elephant DNA to geographic region of origin. Applications to the ivory trade. Proc
Natl Acad Sci 101:14847–14852

Wasser SK, Mailand C, Booth R, Mutayoba B, Kisamo ES, Clark B, Stephens M (2007)
Using DNA to track the origin of the largest ivory seizure since the 1989 trade ban. Proc Natl
Acad Sci 104(10):4228–4236

Wasser SK, Brown L, Mailand C, Mondol S, Clark W, Laurie C, Weir BS (2015) Genetic
assignment of large seizures of elephant ivory reveals Africa’s major poaching hotspots.
Science 349(6243):84–87. doi:10.1126/science.aaa2457

Watanabe A, Widyatmoko A, Rimbawanto A, Shiraishi S (2004) Discrimination of teak (Tectona
grandis) plus trees using selected random amplified polymorphic DNA (RAPD) markers.
J Tropical Forest Sci 16(1):17–24

White TL, Adams WT, Neale DB (2007) Forest genetics. CABI
Wickneswari R (2001) Use of molecular markers to quantify genetic diversity parameters of forest

trees. In: Uma Shaanker R, Ganeshaiah KN, Bawa KS (eds) Forest genetic resources: status,
threats and conservation strategies. Oxford and IBH Publishing, New Delhi/Calcutta,
pp 127–139

Wickneswari R (2016) Impact of logging and disturbance on genetic diversity of tropical forest
species. In: Ahuja MR, Jain SM (eds) Biodiversity and conservation of woody plants. Place of
Publication, Springer, pp 37–67

194 S. Changtragoon et al.

http://dx.doi.org/10.1371/journal.pone.0057934
http://dx.doi.org/10.1371/journal.pone.0059987
http://dx.doi.org/10.1126/science.aaa2457


Wickneswari R, Norwati M (1993) Genetic diversity of natural populations of Acacia
auriculiformis. Aust J Bot 41:65–77

Withler RE, Candy JR, Beacham TD, Miller KM (2004) Forensic DNA analysis of Pacific
salmonid samples for species and stock identification. Environ Biol Fishes 69:275–285

Yan M, Dai X, Li S, Yin T (2012) A meta-analysis of EST-SSR sequences in the genomes of pine,
poplar and eucalyptus. Tree Genet Mol Breed 2(1):1–7. doi:10.5376/tgmb.2012.02.0001

Yooyuen R, Duangjaj S, Changtragoon S (2011) Chloroplast DNA Variation of
Dalbergiacochinchinensis Pierre in Thailand and Laos. In Heok-Choh S, Hamid SA, Mei L
(eds) Asia and the pacific workshop—multinational and transboundary conservation of
valuable and endangered forest tree species, Guangzhou, China, 5–7 Dec 2011, pp 84–87

Zalapa JE, Cuevas H, Zhu HY, Steffan S, Senalik D, Zeldin E, McCown B, Harbut R, Simon P
(2012) Using next-generation sequencing approaches to isolate simple sequence repeat
(SSR) loci in the plant sciences. Am J Bot 99:193–208

Zaya DN, Ashley MV (2012) Plant genetics for forensic applications. Methods Mol Biol
862:35–52. doi:10.1007/978-1-61779-609-8_4

6 Use of Molecular Markers in the Conservation Management … 195

http://dx.doi.org/10.5376/tgmb.2012.02.0001
http://dx.doi.org/10.1007/978-1-61779-609-8_4


Chapter 7
Genetic Diversity Utilization
and Conservation of Neem
(Azadirachta indica A. Juss.)

A.V.C. Silva, A.S. Jesus, A.N.R. Soares and A.S. Ledo

Abstract This chapter deals with recent studies on the genetic diversity of neem
(Azadirachta indica A. Juss.), its forms of use and conservation of genetic
resources, focusing on the applications of this species for livestock rearing, agri-
culture, medicine and industry. Information about germplasm banks and collections
of the species worldwide is also included. In addition, as a case study, we have
analyzed neem’s wide distribution in Brazil and the maintenance of an active neem
germplasm bank operated by Embrapa (Brazilian Agricultural Research
Corporation).

Keywords Azadirachtin � Bioinsecticide � Genetic diversity � In vitro
conservation � Cryopreservation � RAPD markers � Micropropagation

7.1 Introduction

The neem tree (Azadirachta indica, Meliaceae) was discovered in India approxi-
mately 4500 years ago (Patel et al. 2016) and is widely distributed today, including
in some parts of the Americas and other tropical and subtropical climatic regions
(Azevedo et al. 2015). In recent years, this species has become a focus of interest in
the scientific community from several areas, as its biocompounds have a myriad of
applications in agriculture, livestock rearing and medicine (Brasil 2013).
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A large number of biologically active compounds have been isolated from
various parts of the plant, making them commercially exploitable. More than 135
compounds of the tree have been isolated and divided into two main classes, the
isoprenoids and others (Brasil 2013). This tree adapts very well in hot climates,
including in semiarid regions. The neem tree grows rapidly and can reach heights of
15–20 m tall, even in areas with little precipitation (Moura and Soares 2006). The
fruits are drupe-like, variable in shape, from elongated to rounded, and can reach
1.4–2.8 cm x 1.0–1.5 cm when mature. The drupes are green in color when young
and yellow-green to yellow when ripe (Neem Foundation 2016).

The applications of neem are as follows: wood production for fences, furniture
and car bodies; plant insecticide against more than 100 types of insects (whitefly,
stable fly, cochineals, aphids, caterpillars); use against ticks and lice; vermicide for
animals (goats and sheep); and use in the cosmetics industry, including in creams,
toothpaste, soap and drugs for chilblains and head lice (Moura and Soares 2006).

Given its intrinsic nature as a medicinal plant and the fact it has “a thousand and
one uses,” this chapter will address recent studies on the genetic diversity of the
neem tree, its forms of use and conservation of genetic resources, focusing on the
applications of this species for livestock rearing, agriculture, medicine and industry.

7.2 Source and Geographical Distribution

Of Asian origin, from the arid regions of the Indian subcontinent, the neem tree is
widely distributed, especially in dry tropical and subtropical areas of Asia, Africa,
the Americas, Australia and South Pacific islands. The neem tree has an excellent
ability to adapt to climate change. It is cultivated successfully in arid, semiarid, wet
tropical and subtropical areas and tolerates temperatures of up to 49 °C; however, it
is susceptible to extreme cold (Hegde 1993).

In India, it is widely distributed in many states. In Myanmar, it is very common
in central parts of the country. There, studies with neem have intensified, focusing
on its potential for agriculture and medicinal purposes. Currently, the species plays
an important role in Myanmar’s rural development, and the deployment of projects
for commercial use has successfully been carried out in several countries such as
Kenya. This plant is also found in Fiji, in the South Pacific. In Australia, it was
introduced in the twentieth century. In Indonesia, the neem tree primarily occurs in
the northern and eastern lowland areas of Java. In Nepal, the trees are found in the
south, in the region of Tarai. In Sri Lanka, it is quite common in the driest parts of
the northern region of the island (Neem Foundation 2016).

The neem tree is found in Malaysia, especially in Kedah, Penang, Langkawi and
Perlis (Kumar and Navaratnam 2013). In China, the species was introduced in Pan
Zhi Hua, Sichuan Province. In Yunnan, 400,000 established trees contribute to the
city being the largest artificial area on the planet and the center for raw materials of
neem products in China. The species is also found in Iran, Iraq and the Arabian
Peninsula. In Qatar and Abu Dhabi, the neem tree was introduced with the aid of an
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irrigation system using desalinated seawater. This species was also introduced in
the plains of Arafat, near Mecca, to provide shade for pilgrims (Zhang et al. 2007).

In Brazil, the species was introduced for study as an insecticide plant by the
Paraná Agronomic Institute (Instituto Agronômico do Paraná—IAPAR) and has
been well received in the Brazilian North, Midwest, Southeast and Northeast
regions. Neem plantations have provided sizeable financial revenue to producers,
given the tree’s varied uses of dried leaves, wood and, especially, pesticide oil
extracts (Mourão et al. 2004).

7.3 Neem Uses

The neem tree (Fig. 7.1) is a source of a large number of natural products, including
azadirachtin, a powerful bioinsecticide (Rodrigues et al. 2014). In some countries, it
is highly valued for its medicinal value and other bioactive properties (Narnoliva
et al. 2014).

This species has been the target of research to better understand its properties to
provide alternatives to chemical products, such as fruit, seed, branch and leaf
extracts, as well as for the control of pests in crops where pesticide use is pro-
hibited, such as in the case of organic crops.

Fig. 7.1 Tree, leaves, flowers, fruits and seeds of neem
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A common characteristic of Meliaceae species is the presence of
oxygen-containing triterpenes, known as meliacines. Among them is the most
promising antifeedant discovered to date, azadirachtin, which is found in the leaves,
fruits and seeds and was initially isolated from neem. Other compounds, such as
triterpenoids, gedunin, nimbin and limonoids, among other substances, act together
to increase the insecticide activity (Brasil 2013). The neem tree is the most widely
known and used insecticide plant, and some formulations based on organic extracts,
raw oil or limonoids purified from its seeds are marketed in different countries
(Carvalho et al. 2015).

There are a vast number of published studies about neem use, and this chapter
will address recent studies on the use and application of oils and extracts, primarily
with respect to acaricide, insecticide, antimicrobial and antitumoral activity, as well
as the potential of the species to restore degraded areas.

The search for new acaricides from plant extracts comes from the need for safer
and less aggressive practices that impact humans and the environment, and it is
believed that the use of plant extracts alone or in combination can slow down the
rate of developed resistance (Brasil 2013). The use of an emulsion containing 10%
neem oil was effective in the treatment of sheep scab (Fernandes et al. 2012) and
against Sarcoptes scabiei var. in infested rabbits, presenting a promising acaricide
for veterinary use (Seddiek et al. 2013).

The oil and extracts of neem bark and leaves have therapeutic effectiveness
against leprosy, intestinal helminthiases and respiratory diseases in children
(Chouhan et al. 2015). The ingestion of neem oil affects the replacement of the
midgut epithelium, causing cytotoxic effects that can change the physiology of the
organism due to extensive cell injuries during metamorphosis of Ceraeochrysa
claveri (Scudeler et al. 2013).

The aqueous extract of the leaves inhibits the growth of the alga Scenedesmus
quadricauda because the extract contains bioactive compounds with activity
against microalgae, making it a cheap and non-toxic alternative for microalgal
control in aquatic ecosystems (Chia et al. 2016).

Azadirachtin is a tetraterpenoid that is more abundant in seeds compared with
other limonoid molecules. These neem oil compounds are responsible for the toxic
effects that affect growth and molting, as well as repellency, sterility and mortality,
resulting in cytotoxic effects in different organs and tissues with dysfunction of the
endocrine and neuroendocrine systems. The ingestion of oil by Ceraeochrysa
claveri causes morphological and ultrastructural changes in their cocoons (Scudeler
et al. 2014).

The sulfoquinovosyl diacylglycerol (SQDG) isolated from the methanol extract
of mature neem leaves showed antimicrobial activity against Gram-positive and
Gram-negative bacteria and the herpes simplex virus (Bharitkar et al. 2014).
Ethanol fractions of leaves and seeds have a leishmanicidal effect against
Leishmania donovani, the causative agent of visceral leishmaniasis (Chouhan et al.
2015). The azadiradione extracted from the ethanol extracts of the seeds exhibited a
potent antiulcer effect and displayed cytoprotective and anti-secretor effects (Singh
et al. 2015). The analysis by HPLC (high performance liquid chromatography)
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revealed the presence of terpenoids in the methanol extract with antifungal action
for the control of dermatophytosis (Ospina Salazar et al. 2015).

The methanol extract of neem has been used in vivo because of its pharmaco-
logical, antioxidant and anticoccidial properties, presenting effects against the
protozoan Eimeria papillata, the causative agent of coccidiosis (Dkhil et al. 2013).
Because the fractions of the leaf extracts contain a wide variety of limonoids that
inhibit cell proliferation and induce apoptosis, this species has become a promising
source of cancer chemopreventive agents (Manikandan et al. 2012).

Several studies indicate that the neem tree has the potential for the prevention
and treatment of multiple human cancers (breast, cervix, colon, bowel, liver, lung,
mouth, ovarian, prostate, skin, stomach and uterus) through cellular and molecular
mechanisms, including the elimination of free radicals, DNA repair, cell cycle
change, programmed cell death (apoptosis) and autophagy. However, quality
control of the extraction process is required, as is control of the environmental
factors that can vary and influence the active compounds (Patel et al. 2016).

Neem cake has activity against the eggs and larvae of Aedes albopictus
(Stegomyia albopicta) (Diptera: Culicidae), which is attributed to the composition
of nor-triterpenes, and is therefore a potential household insecticide (Nicoletti et al.
2012). The tree and its derivatives can be used in the control of the Aedes aegypti
mosquito population, responsible for Dengue and recently for Chikungunya. In
addition to being a natural insecticide, neem oil presents the advantage of being
biodegradable and cheaper than synthetic insecticides. The action mechanism of the
azadirachtin molecule present in the oil comprises the inhibition of a molting
protein, whose function is the development of arthropod eggs, influencing also the
larval development and overall growth of the insect (Oliveira 2015). The aqueous
extract of the leaves and seeds has anthelmintic activity in vitro (Barrabí-Puerta and
Arece-García 2013).

In agriculture, the oil extract exhibits repellency against the aphid Aphis gossypii
and its natural enemy Cycloneda sanguinea, which attack the watermelon (Souza
et al. 2015). The encapsulation and nanoencapsulation of neem oil using sodium
alginate, in addition to being stable, proved to be toxic in lymphocyte cells, which
has applications in medicine, aquaculture and soil agriculture (Jerobin et al. 2012).
Another study evaluated the systemic insecticide action and residual effect of
neem-based nanoformulations (azadirachtin and 3-tigloylazadirachtol) on nymphs
of Bemisia tabaci Biotype B (Hemiptera: Aleyrodidae), a pest of various crops of
economic importance (Carvalho et al. 2015). The application of neem-based
nanoformulations as an alternative to control the fall armyworm was also reported
by Maria et al. (2016).

Aqueous neem extracts have an effect on oocyte maturation, oviposition,
embryonic development and egg hatching of the fish ectoparasite Argulus ben-
galensis, suggesting population control effects for the parasites (Banerjee et al.
2014). The methanol extract of neem seeds inhibit mycelial growth in vitro of the
fungus Colletotrichum scovillei, which causes anthracnose in bell peppers,
demonstrating better efficiency than the fungicide mancozeb (Araujo et al. 2014).
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Similarly, neem oil can be used for the control of fungi associated with cowpea
seeds (Silva et al. 2014).

In addition to its pharmacological and agricultural uses, the species is increas-
ingly used for restoring arid and degraded lands in tropical and subtropical regions
worldwide, as it is highly adaptive (Kuravadi et al. 2013).

7.4 Urban and Rural Afforestation

In urban environments, thermal comfort has been gradually threatened by climate
change.

Due to multiple factors, a large percentage of urban populations increasingly
require methods to improve life within an often-hostile environment (Pivetta and
Silva-Filho 2002). It is precisely in such situations that plants can play a role by
bordering streets and avenue, thus reducing the aggressive effect of construction
that dominates landscapes in urban centers.

In India, neem is widely cultivated along avenues, within villages and within
rural areas in a very dispersed way (Syed et al. 2013).

In Brazil, the neem tree is one of the most commonly used species in urban
afforestation, especially in cities in the Northeast region (Fig. 7.2).

Studies conducted on urban afforestation in Rio Grande do Norte (Batista et al.
2013), Paraíba (Klippel et al. 2013) and Ceará (Souza et al. 2013) show this tree
species to be the most commonly used for this purpose.

In northeastern Brazil, neem trees have been widely used as an alternative for
urban and rural afforestation, being used in reforestation efforts and as windbreaks
in semiarid regions. This is because the species is extremely versatile, i.e., its
natural regeneration occurs in the rainfall range between 400 and 700 mm
(Delwaulle 1979), and it adapts to degraded soil conditions in arid regions

Fig. 7.2 Use of neem in
urban afforestation. Cascavel,
Ceará, Brazil
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throughout the world (Koul 2004). In addition, neem’s ability to adapt to the
climatic conditions of the Northeast region of Brazil enables the satisfactory growth
of its canopy and radicular system, in addition to providing pleasant aesthetics
(Crispim et al. 2014). Despite its widespread use, the neem tree can cause imbal-
ance in Brazilian ecosystems. Because it is an exotic species, it may cause eco-
logical changes in the environment and modify the local flora (Vale et al. 2011).

7.5 Genetic Diversity

Genetic diversity is one of the most important parameters evaluated by plant
breeders in the initial phase of a breeding program. Many methods are available to
evaluate plant populations, which vary in their ability to detect differences between
genotypes (Morales et al. 2011). The quantification of genetic diversity can be
accomplished through agronomic, morphological and molecular traits, among
others.

In plant breeding programs, information related to diversity is key because it
enables the identification of hybrid combinations that can produce high heterotic
effects, as well as provide greater genetic variability in segregating generations
(Gonçalves et al. 2009). In addition, it enables the identification of duplicates,
thereby reducing the maintenance costs of germplasm banks.

One way to study the genetic diversity of plants is through molecular markers. In
general, these methods are based on the amplification of DNA fragments by
polymerase chain reaction (PCR) and have been widely used in plant breeding
programs. They can be used, for example, in the study of the genetic diversity of
populations and in the evaluation of the potential of genetic resources available and
their associations with agronomic characteristics (Benko-Iseppon et al. 2003).

Using the molecular markers RAPD to estimate the variation and genetic rela-
tionships between neem accessions, it was possible to confirm the formation of four
genetic independent groups in the Genebank. These data enable the formulation of
appropriate strategies for conservation and breeding programs (Silva et al. 2013)
(Fig. 7.10). The genetic diversity of 12 neem populations collected in Nigeria was
evaluated using RAPD markers. Using this marker, no variation was detected
between the 12 populations in terms of genomic composition (Awodele et al. 2011).

Studies by Syed et al. (2013) of populations distributed in 40 locations in nine
states of India indicate a large genetic variability among individuals. Comparing 37
Indian genotypes with four Thai genotypes, Mishra (2005) observed a low coeffi-
cient of genetic similarity between the Indian and Thai genotypes.

For neem, Rajakani et al. (2013) developed a modified protocol for high-quality
RNA extraction that will contribute to the biotechnological study of medicinal
plants rich in secondary metabolites such as polyphenols, polysaccharides, flavo-
noids, alkaloids, terpenoids and quinones that hinder the RNA extraction process.

Experiments to identify genes and metabolic pathways in species were described
by Kuravadi et al. (2013). In that study, the genome and transcriptome were

7 Genetic Diversity Utilization and Conservation … 203



sequenced using next-generation sequencing technologies. The sequencing plat-
form Illumina 454 resulted in a 267-Mb sequence, which corresponds to 70% of the
estimated size of the neem genome. It was possible to identify candidate genes
related to the biosynthesis of azadirachtin, as well as SSRs (simple sequence
repeats) and SNPs (single nucleotide polymorphism), and to establish phylogenetic
relationships between the neem tree and other species, such as citrus. The results of
this study help in the understanding of the biopesticide properties and biochemical
pathways of neem and other species of the Meliaceae family.

Krishnan et al. (2012) sequenced the genome and four transcriptomes of
A. indica, contextualizing the sequences obtained with molecular phylogeny,
transcript expression and the terpenoid biosynthesis pathway. Narnoliva et al.
(2014) isolated and characterized a total of 387 and 512 ESTs (expressed sequence
tags), respectively, from the endocarp and mesocarp of neem fruits, in which genes
were related to biological processes and molecular function and cell components.
The cDNA library and the EST database represent a valuable resource for breeding
this species, which has economic and medicinal value.

7.6 Propagation and Conservation

Despite being the focus of recent studies, the species has been used for a long time
in traditional medicine by Ayurveda, Unani and homeopathic systems (Chouhan
et al. 2015; Nicoletti et al. 2012; Singh et al. 2015). Every part of the neem tree has
a wide variety of biologically active compounds containing medicinal potential.

Due to its importance, high concentrations of azadirachtin were produced
in vitro using cell culture techniques (Rodrigues et al. 2014). The clonal propa-
gation of neem was conducted through direct and indirect regeneration in vitro. The
formation of calluses in the stem base was observed, and the regenerated stem tips
were micropropagated and rooted in a medium supplemented with IBA (indole-
butyric acid), which allows entire plants to be obtained (Houllou et al. 2015).

The neem propagates through seeds, but its recalcitrance decreases its viability.
In addition, the natural heterozygosis of the plant hinders the selection of plants
with a high azadirachtin yield and rapid growth from the seedling stage (Houllou
et al. 2015). The degree of maturation at the time of harvest can influence the
germination of seeds because when immature seeds are harvested, they can express
low vigor and germinating power. This problem is worse in fleshy fruits due to the
difficulty in determining the time of physiological maturation of the seeds, as there
is not always a need to wait for complete visual maturation (Alvarenga et al. 1984).

In this context, studies were developed with the goal of studying the neem seed
germination in different stages of maturation, in addition to factors such as the
substrate, fruit maturation stage and temperature. Soares et al. (2016) assessed the
influence of two maturation stages in different substrates on the germination of the
neem seeds (Figs. 7.3 and 7.4; Tables 7.1 and 7.2). These authors concluded that
the seeds from mature fruits in interaction with the vermiculite substrate expressed
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Fig. 7.3 Germination of
neem seeds

Fig. 7.4 Emission of radicle (A) and seedling (B) of neem
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the best results. The largest percentages of hard, deteriorated seeds and abnormal
seedlings were observed for seeds subjected to the substrate paper and that origi-
nated from green fruits.

In a study that included the germination of seeds, Pedroso et al. (2008) con-
cluded that seeds from fruits collected on the ground exhibited better physiological
qualities. Vidigal et al. (2007) noted that the substrates vermiculite and germination
(germitest) paper provided the best results for the germination test under a constant
temperature of 35 °C. However, the results observed by Paula et al. (2009)
demonstrated that seedlings of yellow and green fruits did not differ among
themselves in terms of height, root length and dry mass.

7.6.1 Micropropagation

To be used in agroforestry, neem mother plants must have superior characteristics,
evaluated based on certain characteristics, such as the age of the tree,
height-to-diameter ratio, yield and seed chemical content. This is essential to pro-
mote the rapid production of a large number of clonal plants from individuals with
desirable characteristics (Arora et al. 2010).

Tissue culture is a tool that can promote the systematic multiplication of plants
via a micropropagation process. This technique can be employed in the production
of secondary metabolites with pharmaceutical applications (Pereira et al. 2009).
In micropropagation, small portions of tissue are used, which can be mature,

Table 7.1 Germination (%) and germination speed index (GSI) of neem seeds in different
substrates and stages of maturity

Substrates Germination (%) GSI

Mature fruits Green fruits Mature fruits Green fruits

Vermiculite 47 a A 30 b A 2.13 a A 1.1 b A

Paper 0.0 b B 0.0 b B 0.0 b B 0.0 b B

Mean values followed by the same lowercase letter in the row and uppercase letter in the column
do not differ among themselves, according to Tukey’s test at 5% probability

Table 7.2 Hard seeds (%), deteriorated seeds (%), and abnormal seedlings (%) of neem seed
germination in different stages of maturation and substrate

Substrate Hard seeds (%) Deteriorated seeds (%) Abnormal seedlings
(%)

Mature
fruits

Green
fruits

Mature
fruits

Green
fruits

Mature
fruits

Green
fruits

Vermiculite 46 a B 54 a B 2 a A 14 a A 5 a A 2 a A

Paper 15 b B 0 a A 15a A 62 b B 70 b B 38 a A

Mean values by the same lowercase letter in the row and uppercase letter the column do not differ
among themselves, according to Tukey’s test at 5% probability
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such as leaf and stem, or meristematic, consisting of cells in the process of division,
tissues. Through this technique, it is possible to supply the market plants with long
life spans, as well as use them for species conservation purposes (Kerbauy 1997).

The micropropagation of neem can help with the homogeneous production of
azadirachtin to enable the cloning of mother plants. Thus, the tissue culture method
has broad potential for rapid clonal propagation of high levels of azadirachtin. Some
studies have been conducted with the goal of developing tissue culture protocols for
the neem species. Neem regeneration was observed in leaf-derived calluses
(Narayan and Jaiswal 1985), anthers (Goutam et al. 1993) and cotyledons
(Rodrigues et al. 2009). Micropropagation was also performed using stem nodal
segments (Arora et al. 2010) and segments of roots cultivated in a liquid medium
(Arora et al. 2011).

The in vitro culture of embryos is a tool that can be used to control embryo-
genesis, the rescue of interspecific embryos, the production of haploids and
breaking dormancy, as well as provide insight on issues such as embryo nutrition
and other applications (Collins and Grosser 1984; Hu and Ferreira 1998). Studies
on organogenesis and somatic embryogenesis of neem were conducted by Parveen
et al. (1995) and Wewetzer (1998).

Assays conducted to evaluate the efficiency of extracts from leaves, calluses and
cell suspensions in vitro, employing the tissue culture method for the production of
bioinsecticides from neem, demonstrated that all extracts were effective in con-
trolling Schistocerca gregaria (desert locust), suggesting the effective use of this
technique for producing neem extracts (Zypman et al. 1997). Studies involving
neem germination in different culture conditions in vitro (Fig. 7.5) were conducted
by Lédo et al. (2008). In that study, zygotic embryos and seeds under different
culture conditions in vitro were used. Houllou et al. (2015) concluded that it is
possible to induce differentiation and development of whole neem plants through
tissue culture.

Fig. 7.5 Phases of in vitro germination of neem; abnormal and normal seedlings
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7.6.2 Germplasm Databases, Collections, Enrichment
and Characterization

There are few reports in the literature about the development of collections and
databases of neem germplasm. The first attempts to test and improve the procedures
for seed collection of neem accessions, handling and exchange date back to 1993–
1994. In 1993, a total of 23 accessions were collected in India, Nepal, Pakistan, Sri
Lanka and Thailand and dispatched to 10 countries in Africa, Asia and Latin
America. In 1994, a neem evaluation program was started by an international neem
network that was developed by several countries and international institutions such
as CIRAD, DANIDA (Danish International Development Agency) Forest Seed
Centre, FAO (Food and Agriculture Organization of the United Nations), FORSPA
(Forestry Research Support Program for Asia) and IPGRI (International Plant
Genetic Resources Institute), now known as Bioversity International (FAO 2007).

The National Research Center for Agroforestry, located in Jhansi (in Uttar
Pradesh), in India, has a collection with accessions from 40 provinces created in the
year 2000 (Syed et al. 2013), where multiple phenotypic and genetic variation
studies have been conducted.

In Brazil, many exotic species, such as neem, are introduced for economic
purposes. However, studies on genetic diversity for future breeding programs and
the selection of superior individuals are needed (Vitória et al. 2013).

In this context, the Active Neem Germplasm Bank of Embrapa Coastal
Tablelands was created in 2009, in the municipality of Aracaju, Sergipe state, in
Brazil’s Northeast region (10°57’01” S and 37°03’06” W longitude). The Embrapa
is working to increase the genetic variability of A. indica A. Juss. through the
introduction of germplasms from multiple origins (Figs. 7.6 and 7.7).

The Active Germplasm Banks (Bancos Ativos de Germoplasma—BAGs) are an
alternative for the conservation of plant genetic resources. Additionally, the

Fig. 7.6 Neem Germplasm
Bank of Embrapa Coastal
Tablelands. Aracaju, Brazil,
2015
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development of germplasm collections is the first step for identifying duplicates and
genitors. This will allow hybrids with greater commercial potential (Freitas et al.
2012) to be obtained and is a way to reconcile the agrobiodiversity conservation
efforts with sustainable development.

The characterization of germplasm databases is important for identifying neem’s
accessions and to extend its genetic basis, offering multiple materials with high
genetic quality. Knowledge of the extension and organization of neem’s genetic
diversity would be important for the effective assessment, identification, docu-
mentation and use of genetic resources for conservation and efficient use programs
(Deshwal et al. 2005). For this purpose, the germplasm characterization can be
made using different methods, including morphological and agronomic descriptors
and molecular markers (Vicente et al. 2005).

Morphological characterization consists of providing an identity for each entry
by utilizing knowledge of a series of data that enables the genetic variability of each
sample to be studied (Ramos and Queiroz 1999), thus excluding the possibility of
duplicates and assessing the influence of morphology in clustering through a
dendrogram (Neiva et al. 2011) or other clustering methods.

The neem BAG has 54 genotypes (Table 7.3), periodically evaluated in terms of
morphological, agronomic and molecular traits. In 2013, Vitória et al. (2013)
evaluated 18 genotypes in terms of total height, circumference, diameter at breast
height (DBH) and stem diameter.

The knowledge of the degree of genetic variability, through divergence studies,
is fundamental in the process of identifying new sources of genes of interest.
Molecular characterization represents a way to evaluate this diversity, allowing the
degree of diversity between individuals and between populations to be inferred
using genetic markers, unaffected by environmental conditions. For the formation
of cultivated varieties, it is essential that there be sufficient genetic diversity to allow

Fig. 7.7 Neem Germplasm
Bank of Embrapa Coastal
Tablelands. Aracaju, Brazil,
2016
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for the selection of individuals that can be used in breeding programs. Therefore,
the study of the variability components of the species is fundamental, especially for
native species that are minimally studied, whose magnitude of diversity is not yet
fully known (Costa et al. 2011).

The genetic diversity of the accessions of the neem BAG of Embrapa Coastal
Tablelands was estimated by RAPD (random amplified polymorphic DNA) (Silva
et al. 2013) and ISSR (inter-simple sequence repeats) (Vitória et al. 2013) and
revealed 100% polymorphism between the genotypes. New collections (Fig. 7.8)
and introductions (Fig. 7.9) are still being created with the goal of extending the
existing diversity and conserving these genetic resources (Fig. 7.10).

Table 7.3 Neem (Azadirachta sp.) accessions analyzed by RAPD markers from Germplasm
Bank of Embrapa Coastal Tablelands, Aracaju, Brazil

Accessions Original location Accessions Original location

Ae1 Cenargen Ai28 CPAC

Ae2 Cenargen Ai29 Cruangi sugar mill

Ae3 Cenargen Ai30 Cruangi sugar mill

Ae4 Cenargen Ai31 Cruangi sugar mill

Ae5 Cenargen Ai32 Cruangi sugar mill

Ae6 Cenargen Ai33 Cruangi sugar mill

Ae7 Cenargen Ai34 Cruangi sugar mill

Ae8 Cenargen Ai35 Cruangi sugar mill

Ae9 Cenargen Ai36 Cruangi sugar mill

Ae10 Cenargen Ai37 Cruangi sugar mill

Ae11 Cenargen Ai38 Cruangi sugar mill

Ae12 Cenargen Ai39 Cruangi sugar mill

Ae13 Cenargen Ai40 Cruangi sugar mill

Ae14 Cenargen Ai41 Cruangi sugar mill

Ae15 Cenargen Ai42 Petrobras

Ae16 Cenargen Ai43 Petrobras

Ae17 Cenargen Ai44 Petrobras

Ae18 Cenargen Ai45 Petrobras

Ae19 Cenargen Ai46 Petrobras

Ae20 Cenargen Ai47 Petrobras

Ae21 Cenargen Ai48 Petrobras

Ae22 Cenargen Ai49 Petrobras

Ai23 CPAC Ai50 Petrobras

Ai24 CPAC Ai51 Petrobras

Ai25 CPAC Ai52 Petrobras

Ai26 CPAC Ai53 Petrobras

Ai27 CPAC Ai54 Petrobras

210 A.V.C. Silva et al.



7.6.3 In Vitro Conservation of Genetic Resources

In a global change scenario, where ecosystems face major climate change and
strong anthropogenic pressures, genetic erosion is an increasingly present reality.
Thus, the conservation of genetic resources represents a priority established and
recognized at a global level (Lopes et al. 2013).

The germplasm conservation of plant species has been employed as a way to
avoid the risk of extinction, as well as allow multiple genotypes to be available for
future use. Among the different methods of the preservation of germplasm, con-
servation in vitro is well established, where plant collections are kept under labo-
ratory conditions in the medium and long term (Sarasan et al. 2006).

The advantages of conservation in vitro include the maintenance of genotypes in
aseptic conditions, reductions in costs and labor and physical space optimization, in

Fig. 7.8 Harvest of neem for
introduction of new access in
germplasm bank

Fig. 7.9 Neem seedlings
production
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Fig. 7.10 Dendrogram of genetic similarity generated using the Jaccard coefficient and the
UPGMA method with analysis bootstraps for 54 Neem accessions (Azadirachta sp.) belonging to
Embrapa Coastal Tablelands, Aracaju, Sergipe, Brazil

212 A.V.C. Silva et al.



addition to the ease of plant material exchange (Engelmann 2011). In general, two
methods have been adopted for plant conservation in vitro: cryopreservation and
slow growth. In cryopreservation, the plants are kept at ultra-low temperatures, and
therefore, there is a complete suppression of growth (Flores et al. 2013).

In cryopreservation, liquid nitrogen (LN) (−196 °C) or its vapor phase (−150 °
C) are used for storing biological material at ultra-low temperatures, where all cell
divisions and metabolic activities are stopped. Therefore, the plant material can be
stored without change or modification for a theoretically unlimited period of time
(Berjak et al. 2011). For Zeliang and Pattanayak (2012), cryopreservation is the
most suitable method for the conservation of germplasm in a small space, requiring
little maintenance and maintaining the characteristics of the cryopreserved material.

This technique has achieved good results, especially because it highly reduces
any cell activity, minimizing biological deterioration during storage (Tresena et al.
2009). It is an alternative to preserving species that are brought in from fields,
botanical gardens, natural reserves or in vitro collections in slow-growth conser-
vation systems (Pérez-Molphe-Balch et al. 2012).

The first report on cryopreservation of neem was documented by Chaudhury and
Chandel (1991); these authors were successful in the cryopreservation of embryonic
axes and desiccated neem seeds from Mombasa, Kenya. Dumet and Berjak (2002),
in their studies on the cryopreservation of embryonic axes and neem seeds not
desiccated and desiccated for one or two days, observed a decrease in the water
content of seeds. The survival rate achieved better results with one-day desiccation,
enabling up to four months of storage under cryopreservation conditions. Seeds
were cryopreserved successfully for 12 months, with a survival rate of 45%
(Varghese and Naithani 2008).

7.7 Concluding Remarks

Despite its large worldwide distribution and applications in various areas, actions
on ex situ conservation, characterization and breeding need to be increased.
Directed investigations for the selection of genotypes based on their application in
the pharmaceutical, cosmetics, pesticide and others should be prioritized in research
institutes.
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Chapter 8
Biotechnological Approaches
for Conservation of the Genus Pistacia

Hülya Akdemir and Ahmet Onay

Abstract Climate change with the combination of increased population growth,
unplanned urbanization, habitat loss and degradation, pollution and diseases,
overexploitation of valuable species are the major causes of the loss of plant bio-
diversity. Moreover, since environment and environmental factors will change
faster than the most of the plant’s adaptation, conservation strategies become
critically essential for preservation of plant species. In this chapter, we described the
current status of biotechnological conservation approaches for Pistacia species.
Since in vitro conservation and most of cryopreservation methods rely on tissue
culture-based methods, we described here micropropagation, micrografting, and
somatic embryogenesis procedures in addition to in vitro conservation and cryop-
reservation in Pistacia species. Because there is no one ‘universal protocol,’
biotechnological conservation studies for Pistacia are still limited with a few
species of the genus as described in this chapter. Development and optimization of
appropriate techniques especially for long-term preservation of different Pistacia
species can lead to establish cryobanks to conserve germplasm. Furthermore, the
developed technologies will provide to prevent possible genetic erosion of Pistacia
species.
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8.1 Introduction

The genus Pistacia L. is a member of the family Anacardiaceae (cashew family) of
order Sapindales (Zohary 1952; Pell 2004). The genus encompassing nine species
and five subspecies according to the most recent botanical study is one of the most
valuable plant genera in the angiosperms (Al Saghir and Porter 2012). Pistachio
(Pistacia vera L.) and lentisk (mastic tree, Pistacia lentiscus) are the members of
the genus that are cultivated and grown commercially for the production of pista-
chio nuts and mastic gum, respectively. The other species are generally used as
rootstocks of P. vera, and they can be easily distinguished from P. vera with their
much smaller seeds. The genus Pistacia is indigenous to the eastern Mediterranean
(Cyprus and Turkey to Israel and Syria), Iran, Central Asia, and Xinjiang, but trees
of the genus can be also found naturally in several regions of the world such as from
North Africa to the Philippines and in Honduras and Mexico to Texas (Al Saghir
and Porter 2012). Trees of the genus are dioecious, deciduous, and xerophytic and
grow up to 10 m in height. Moreover, the fruits and resins of several species of the
genus Pistacia which have potential usage to cure numerous human ailments have
been used since ancient times because there are several products obtained from the
fruit and different parts of the trees of the genus. Therefore, an extensive cultivation
of especially P. vera L. has been made in the different regions of the world. Major
centers of commercial pistachio production are Iran, Turkey, and California (USA.).
World production of pistachios in 2015/16 has been estimated almost 524,000
metric tons (MT) (in shell basis), that is, 8% down compared with the previous
season and 24% up over 2005/06. Furthermore, in 2015, Iran’s production as a
main producer was 210,000 MTs (40% share) and Turkey as a second and USA as a
third produced 145,000 MTs (28% share) and 127,000 MTs (24% share), respec-
tively. These countries remain the major producers, accounting for 92% of pista-
chios world production (Anonymous 2015a). USA and Iran led the exports of
pistachios with 106,375 MT and 101,121 MT, respectively, accounting for the 68%
of total exports. Top five pistachio producing countries in the world were shown in
Fig. 10.1. The second cultivated species of the genus is P. lentiscus var. Chia, and it
is considered native to the Canary Islands, most Mediterranean coastal countries
such as Israel, Tunisia, Morocco, Albania, Greece, and the coastal areas of the
Aegean region of Turkey. Lentisk produces an aromatic resin known as mastic,
which has a long history of usage; for example, it is noted to have been used in
ancient Egypt as part of the embalming process (Hanelt et al. 2001). Although there
is no endangered (EN) Pistacia species, it has been noted that there are five Pistacia
species under conservation status according to the IUCN Red List of Threatened
Species (Anonymous 2015b). These are P. aethiopica (NT, near threatened)
P. mexicana (VU, vulnerable), P. malayana (LC, least concern), P. cucphuongensis
(VU), and P.vera (NT). On the basis of the IUCN conservation criteria, extinction
of and declines in Pistacia diversity are increasing due to several factors such as
increased population growth, high rates of habitat loss and degradation, unplanned
urbanization, deforestation, overexploitation of natural resources, pollution,
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diseases, climate change (Khan and Hussain 2013). All these negative factors lead
to an international initiation as IPGRI Project in 1994 for the characterization,
collection, and conservation of Pistacia genetic resources to maintain its biodi-
versity (Padulosi et al. 1996; Özden-Tokatli et al. 2010). In the frame of the Project,
several in situ, ex situ, and private collections were constituted for maintaining the
conservation strategies especially in valuable cultivars (Barazani et al. 2003;
Ghorbel et al. 2001). Complementary successful unconventional in vitro methods
such as organogenesis, somatic embryogenesis and micrografting (Koç et al. 2014a;
Onay et al. 2016), and slow growth storage conditions for medium-term preser-
vation and long-term preservation of P. vera L. (Akdemir et al. 2013) were pre-
viously reported. However, the majority of studies carried out on Pistacia genus
were related to unconventional biotechnological methods such as micropropaga-
tion, organogenesis, somatic embryogenesis, protoplast culture, micrografting,
in vitro conservation, and cryopreservation. There are also other biotechnological
approaches for the conservation of Pistacia germplasm such as molecular marker
technology, additional markers, plant DNA bank, and genetic manipulation
approaches for improvement of yield and quality traits.

As above mentioned, plant germplasm can be conserved either in situ or ex situ,
however, the few species survive successfully in ex situ (off-site) conservation and
in situ (in natural habitat) conservation is difficult for most of the plant species due
to changes in climate, habitat and/or diseases (Engelmann 2011). Since environ-
mental and anthropogenic factors are responsible for genetic erosion of Pistacia
species in a natural habitat, the best and safe strategy for Pistacia germplasm
conservation is using both in situ and ex situ techniques to complement conven-
tional and unconventional methods. Here, we describe biotechnological conserva-
tion methods reported on Pistacia species as well as in vitro culture techniques
which are convenient for maintaining ex situ germplasm collections using P. vera
and P. lentiscus as case studies.

Fig. 8.1 Main pistachio producing countries on the world (The countries were shown in yellow)
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8.2 Biotechnological Conservation Methods of Pistacia
Species

Increasing concern about the loss of valuable plant species has stimulated in situ
and ex situ conservation strategies for the maintenance of plant germplasm
(Paunescu 2009). Moreover, the conservation methods are essential for both of the
traditional and modern plant breeding projects. In in situ methods, plant material
conserves in their natural habitat but both habitat destruction and the transforma-
tions of these natural environments may cause the loss of biodiversity (Cruz-Cruz
et al. 2013). Since in situ strategies alone are not sufficient, ex situ methods can be
used as a complementary way, thereby maintaining the biological material outside
their natural habitats in the any form of plant or plant parts including seeds, pollens,
vegetative propagules, tissue, or cell cultures (Paunescu 2009; Cruz-Cruz et al.
2013). Among the various ex situ methods, in vitro conservation of plant germ-
plasm especially for vegetatively propagated and for non-orthodox seed plants
allows protection of plant genetic diversity for different periods of time (Engelmann
2011). Usage of in vitro culture techniques offers many advantages such as easy and
safe exchange of plant materials, maintaining culture collections in minimum space,
providing necessary plant materials for molecular investigations and ecological
studies (Tandon and Kumaria 2005; Cruz-Cruz et al. 2013). It is clear that the
in vitro conservation methods for short term and medium term and cryopreservation
for long term should be developed in Pistacia species in order to safeguard their
germplasm.

8.2.1 In Vitro Culture Techniques

8.2.1.1 Micropropagation

Micropropagation is a tissue culture technique used not only for the production of a
large number of plants in an artificial nutrient medium under aseptic conditions but
also in vitro conservation method for economically important plant species having
special phenotypical characters. Several micropropagation protocols were reported
for the genus Pistacia, and these protocols include axillary shoot multiplication,
cotyledonary node culture, indirect organogenesis, direct organogenesis, and
somatic embryogenesis (Ozden-Tokatli et al. 2010 and references therein). Main
method for the establishment of in vitro culture was apical or nodal bud culture, and
it was based on the formation of rooted plantlets from in vitro regenerated shoot tip
explants which is called organogenesis. Production of embryos or embryoids by
somatic embryogenesis is the second method of plant regeneration in microprop-
agation (Onay et al. 1995; Onay and Jeffree 2000a). The other methods used for the
in vitro regeneration of plantlets include meristem culture (Çetiner et al. 1996),
callus culture (Alderson and Barghchi 1982), suspension culture (Ahmad 1993),
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embryo culture (Abousalim et al. 1992; Benmahioul et al. 2009; Onay et al. 2007a),
and protoplast culture (Chan et al. 2002).

All these methods allow the production of numerous plant species in a limited
space and short period of time, and keep alive the regenerated plant materials by
regular subculturing. Micropropagation of the different species of the genus
Pistacia by tissue culture has been reported more than three decades ago (Alderson
and Barghchi 1982). Since then, several papers reporting successful propagation of
cultivars and rootstocks of Pistacia by various medium modifications and culture
conditions and the most recent being from Blackwell (2016) were published. Some
of these important in vitro studies carried out on mature and juvenile explants of
Pistacia rootstock and cultivar species are detailed in Tables 8.1 and 8.2.

Micropropagation of Pistacia Rootstocks

Since the first in vitro culture study of Pistacia species (Barghchi 1982), large
numbers of micropropagation studies on different Pistacia rootstock species were
carried out (Table 8.1). Micropropagation protocols from juvenile P. vera
(Barghchi 1982; 1986a; Barghchi and Alderson 1983a, b; Barghchi and Alderson
1985; Guerrero et al. 2002; Benmahioul et al. 2009; Chelli and Drira 2002; Garcia
et al. 2010), P. terebinthus (Pontikis 1984; Gannoun et al. 1995; Guerrero et al.
2002; Benmahioul et al. 2009; Chelli and Drira 2002; Garcia et al. 2010),
P. integerrima, P. intergerrima � atlantica (Blackwell 2016), P. palaestina
(Barghchi 1982; 1986a), P. atlantica (Barghchi 1982; 1986a; Picchioni and Davies,
1990; Mederos Molina and López Carreño 1991), P. khinjuk Stocks (Barghchi
1982;1986a; Tilkat et al. 2005), P. mutica (Barghchi 1982; 1986a), P. lentiscus
(Yıldırım 2012; Koç et al. 2014a, b; Kılınç et al. 2014, 2015), Pistacia chinensis
Bunge (Parfitt et al. 2007; Tang et al. 2012), P. atlantica � P. integerrima (UCB-1)
(Almehdi et al. 2002), and adult explants of P. vera and P. terebinthus (Gannoun
et al. 1995; Onay 2000a; Tilkat et al. 2009a; García et al. 2010) have been reported,
and all these researchers mentioned about in vitro adaptation problems such as the
abundant presence of exudates in the culture medium (Tabiyeh et al. 2006; Marín
et al. 2016). Therefore, the developed micropropagation protocols seem that they
can be inapplicable for most of the nurseries which have no sufficient facilities to
establish micropropagation systems for most species. In the recent years, especially
private companies in the USA are offering growers micropropagated Pistacia
rootstocks from juvenile seedlings which parents are proved their superior char-
acteristics. Although it was reported that micropropagation of pistachio rootstock
species and hybrids has been difficult due to lower proliferation rates and difficulties
on rooting step (Barghchi and Alderson 1983a), very recently a new and distinct
Pistacia cultivar of P. intergerrima � P. atlantica named ‘P.N.B.1’ is disclosed
and characterized by increased crop yield when micropropagated plants used as a
rootstock (Blackwell 2016).
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Table 8.2 Important micropropagation studies carried out on different cultivars of P. vera L

Cultivar/explant
type

Age of
Explant

Results References

Kalleghochi/AT,
NB

J Multiple shoot proliferation,
rooting, plantlet production

Barghchi 1982;
Barghchi and
Alderson 1983b, 1985

Ohadi/AT,NB,
Callus,
IVP Callus,

J Multiple shoot proliferation,
rooting, plantlet production,
embryoids/meristemoids

Barghchi 1982;
Barghchi and
Alderson 1983b, 1985

Kerman/AT,NB M Shoot growth Barghchi 1986b;
Barghchi and
Martinelli 1984

Peter’s/AT,NB M Shoot growth Barghchi 1986b;
Barghchi and
Martinelli 1984

Lambertin/AT,
NB

M Shoot growth Barghchi 1986b;
Barghchi and
Martinelli 1984

Lambertin/INF M Callus; some differentiation Barghchi 1986b;
Barghchi and
Martinelli 1984

Mesocarps J Callus formation Zaheer et al. 1989

ST,NB J Plantlet regeneration Yang and Lüdders
1993

Kerman/ST J Multiple shoot formation Parfitt and Almehdi
1994

ST J Plantlet regeneration Dolcet Sanjuan and
Claveria 1995

Antep/ST,NS M Plantlet regeneration Onay 2000a

Kırmızı/ST,NS,
CN,

J Multiple shoot proliferation and
plantlet regeneration

Özden-Tokatli et al.
2003

Kırmızı/NS J Multiple shoot proliferation and
plantlet regeneration

Özden Tokatli et al.
2004

Kırmızı/NS J Multiple shoot proliferation and
plantlet regeneration

Özden-Tokatli et al.
2005

Kırmızı/CN J Multiple shoot proliferation and
plantlet regeneration

Özden-Tokatli et al.
2006

Atlı/AB M Multiple shoot proliferation and
plantlet regeneration

Tilkat et al. 2008b

Atlı/AT M Plantlet regeneration Tilkat et al. 2009b

Siirt/AL, Axenic
leaves

M Multiple shoot proliferation and
plantlet regeneration

Tilkat and Onay 2009

Atlı/AT M Plantlet regeneration Tilkat et al. 2009a

Uzun/IK J Embryogenic tissue, somatic
embryo, somatic plantlet

Onay et al. 1995

Uzun/IK J Encapsulated embryogenic tissue,
synthetic seeds, plantlet

Onay et al. 1996

(continued)
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Micropropagation of Pistacia Cultivars

The cultivars of P. vera L. are used for the production of edible pistachio nuts in
most of the reported in vitro studies. Some of these important in vitro studies carried
out on juvenile or mature explants of Pistacia spp. are detailed in Table 8.2. It is
clear that the most of the propagation studies were carried out using juvenile
explants of P. vera cultivars (Barghchi and Alderson 1983a, b; Barghchi and
Alderson 1985; Barghchi 1986a; Yang and Lüdders 1993; Parfitt and Almehdi
1994; Ozden-Tokatli et al. 2003, 2004, 2005, 2006, Table 8.2). Even the micro-
propagation of mature P. vera L. cultivars has been more difficult compared to
using juvenile explants due to same difficulties observed in rootstock propagation, a
few studies have been already reported for some cultivars (Onay 1996; Onay
2000b; Barghchi and Alderson 1983a). Micropropagation protocols for Pistacia
species used as rootstocks and cultivars have also been reported for several species
of the genus Pistacia (Tables 8.1 and 8.2). The general approach for the main
method (organogenesis) involves four stages, which are presented in Fig. 8.2.

(1) Surface sterilization and culture initiation: The surface sterilization or dis-
infection is the primary stage of micropropagation, and it is critically affecting
the success of the protocol. While insufficient sterilization results in contami-
nated shoot tips, oversterilization causes the death of the explants. At the
beginning of sterilization, since tissues collected from fields are more con-
taminated than the explants grown in greenhouse, the explants are usually
pre-washed in running tap water for several hours. Then, the surface steril-
ization is accomplished with a commercial sterilization agent like
sodium/calcium hypochlorite solution followed by repeated washes with sterile
distilled water. Concentrations and duration in the solution depend on plant
species, type and age of explant, and the place and date where and when the
explant was collected. After sterilization step, the explants are placed in an

Table 8.2 (continued)

Cultivar/explant
type

Age of
Explant

Results References

Uzun/L J Callus, embryogenic tissue Onay and Namli 1998

Uzun/IK J Callus, embryogenic tissue,
somatic embryo, somatic plantlets

Onay and Jeffree 2000

Kırmız/IK/MK J Somatic embryogenesis, plantlet
regeneration

Onay et al. 2007a, b

Kırmızı/AL J Development of somatic embryos
from single epidermal cell

Onay 2000b

P. vera/JL J Protoplast culture Chan et al. 2002

P. vera/Seeds J Embryo culture Benmahioul et al.
2016

Abbreviations: AT, apical tip; ND, nodal bud; INF, inflorescence; IVP, in vitro produced; Cot,
cotyledon, Ad, adventitious shoots; CN, cotyledonary nodes; AL, axenic leaves; IK, immature
kernels; L, leaves, IK, immature kernel; MK, mature kernels; JL, juvenile leaf
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artificial sterile growth medium. In the sterilization protocol, endogenic bac-
terial contamination causes serious problems especially when the explants are
used from mature trees. The problem can be partially avoided by using the
forced flushing buds grown under greenhouse conditions (Onay 2000a) and the
explants harvested from current year shoots in the spring. Moreover, it was
reported that usage of small meristematic tips (approximately 1 mm) from
actively growing shoots of mature P. vera plants can totally eliminate the
contamination problems in tissue culture conditions (Tilkat et al. 2013). The
forced shoot tips expanded at the base and extended in length 10–19 mm within
4 weeks of culture (Fig. 8.2a) when the forced shoot tips were used for the
initiation of axenic cultures. Four weeks after culture, the newly formed shoots
were cut into segments containing a shoot tip, and these microshoots were used
for further proliferation or transferred to fresh MS medium.

(2) Shoot proliferation and maintenance: Following to surface sterilization, the
explants (0.1–1-cm-long shoot tips or nodal bud segments containing one
shoot) are placed on a solidified Murashige & Skoog medium (MS, Murashige

Fig. 8.2 Micropropagation of Pistacia: A. Shoot formation from the forced apical shoot tips of
P. vera L. cv. Atlı cultured on the culture initiation medium after 4 weeks of culture (Tilkat et al.
2013); B. Shoot proliferation from in vitro-derived leaf explants of pistachio, P. vera L. cv. Siirt
(Tilkat and Onay 2009); C. Rooting microshoots of Pistacia vera L. ‘Atli’ on modified MS
Medium supplemented with 2 mg l−1 IBA (Tilkat et al. 2008a); D. Plantlets acclimatized from
microshoots following establishment in a mixture of sterile compost (soil:peat, 3:1)
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and Skoog 1962) containing agar or gelrite, sucrose, and plant growth regulator
(s) (PGRs) such as combination of auxin and cytokinin. The type and level of
cytokinins are important for optimization of the protocol. The levels from 1 to
4 mg/L of cytokinins (such as benzyl-adenin, BA) will favor shoot formation
and multiplication while an addition of a low-level auxin to multiplication
medium will favor proliferation of most Pistacia species (Barghchi and
Alderson 1989; Tilkat and Onay 2009; Onay 2003; Tilkat et al. 2012).
Additionally, vitamins and amino acids are sometimes added to specific media.
Most media used for the in vitro culture of Pistacia species have been modified
from MS or DKW (Driver Kuniyuki Walnut medium, Driver and Kuniyuki
1984) medium (Onay 1996). Manipulation of micronutrient levels in MS
medium leads to superior shoot multiplication in mature P. vera (Onay 2000a).
Tilkat and Onay (2009) later developed the method by enhancing release and
proliferation of axillary buds cultured in MS medium. The maximum number of
shoots (5.20) was obtained from explants on a MS medium containing
1.0 mg/L BA, followed by 4.96 shoots from the medium with 2.0 mg/L BA
(Fig. 8.2b).

(3) Rooting: Although there have been a few successful reports on the production
of Pistacia species from stem cuttings (Dunn et al. 1996a, b) and P. vera (Al
Barazi and Schwabe 1982) under in vivo conditions, there is no applicable
method described for mass propagation. Because cuttings are not useful for
pistachio propagation, elite clones grafted onto heterozygous rootstocks and
these grafted buds are used for clonal propagation (Onay et al. 1995).
Therefore, presently, all pistachio rootstocks in all producing countries are
produced from seeds. However, individual seedlings developed from
heterozygotic seeds are genetically variable since pistachio is a natural out-
breeder. The development of protocols for clonally propagation of Pistacia
rootstocks is highly fascinating to obtain genetically elite genotypes. The
reports on in vitro rooting of juvenile materials of several Pistacia species
(Pontikis 1984; Barghchi and Alderson 1989; Picchioni and Davis 1990; Parfitt
and Almehdi 1994; Onay 1996; Onay 2003; Tokatli et al. 2004; Tilkat et al.
2005; Tokatli et al. 2009; Onay 2005) and mature materials of P. vera (Tilkat
et al. 2008a, 2009a; Tilkat and Onay 2009) can be summarized below: After a
multiplication phase, the shoot tips (generally longer than 2 cm) were separated
and moved to a solidified rooting medium containing generally sucrose as
source of carbon and an auxin as a PGR, followed by acclimation in a
peat-based solid axenic substrate. During rooting period, the type and level of
auxin directly affect the initiation of roots of regenerated pistachio shoots
(Barghchi and Alderson 1989; Parfitt and Almehdi 1994; Onay 2000a; Ozden
Tokatli et al. 2005; Tilkat et al. 2008a). All those previous studies showed that
auxins of intermediate stability (i.e., indole-3-butyric acid IBA) were found to
be more effective for the induction of rooting in pistachio than auxins of lower
(i.e., indole-3-acetic acid, IAA) or higher stability (i.e., 1-naphthaleneacetic
acid, NAA). In accordance with the reported results, the regenerated material of
most Pistacia species may be readily rooted in vitro in the presence of IBA.
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The highest rooting frequencies (92% and 94%) of axenic microshoots of
Pistacia vera L. ‘Atlı’ (Fig. 8.2c) and P. lentiscus L. were recorded at micro-
shoots among all those reported studies, respectively (Tilkat et al. 2008a; Kılınç
et al. 2015). Generally, root formation capacity by means of number and length
may directly be affected by applied medium strength, type of auxin, and explant
size.

(4) Acclimatization:
The final stage of micropropagation is the acclimation of rooted explants.
Generally, a mixture of solid compost containing soil and peat or soil, peat, and
sand medium, watered with a balanced nutrient solution supplemented with half
strength MS solution, was used for the acclimatization of Pistacia species. In
these conditions, the regenerated plants did not show visible variation in
morphological or growth characteristics compared with the donor plants
(Fig. 8.2d, Tilkat et al. 2009a). The details of the successfully developed
acclimatization methods are emphasized or described in the literature (Onay
2000a; Onay 2005; Tilkat and Onay 2009; Tilkat et al. 2009a; Tilkat et al.
2008a, b).

Somatic Embryogenesis

Somatic embryogenesis is another asexual form of plant propagation reported for
the Pistacia rootstocks. A few studies have claimed somatic embryogenesis in
Pistacia (Onay et al, 1995, 2004a, 2007a, b; Onay 2000a; Onay and Jefree 2000a;
Onay 2000b, 2005; Onay and Namlı 1998). The effects of in vitro culture condi-
tions and nutrient composition in medium on induction of somatic embryogenesis
are detailed in the following publications (Onay and Jeffree 2000a; Onay 2005;
Tilkat et al. 2012). These reports mainly for P. vera L. have been supported by
convincing proofs such as histologically (Onay 2000c) and cytologically (Onay and
Jeffree 2000a), but not with molecular markers. Spontaneous formation of somatic
embryos that resemble zygotic embryos may be obtained by direct embryogenesis
which were developed without intervening callus phase, or by indirect embryo-
genesis including an intermediary callus phase (Onay and Jeffree 2000a; Onay et al.
2007a). It is obtained that the type and concentrations of plant growth regulators
(PGRs) are critically important as well as the type of basal medium and other
additives, light, and other abiotic conditions. The cytokinin BA and TDZ (thidi-
azuron) currently proved the most potent and useful PGRs for the regeneration of
embryogenic tissues from mature fruits (Onay et al. 2007b), immature fruits (Onay
et al. 1995), and juvenile leaf explants (Onay and Namlı 1998) of Pistacia vera L.
As a plant regeneration method, somatic embryogenesis may be utilized in
large-scale propagation, synthetic seed production, and as a source of protoplasts
(Onay et al. 1996). Moreover, this protocol has various applications on
low-temperature storage and cryoconservation for maintaining plant germplasm.

8 Biotechnological Approaches for Conservation … 231



Micrografting

Several horticultural taxa are traditionally propagated by grafting (Hartmann et al.
1997) to overcome rooting problems and speed up growth of mature fruit trees.
Micrografting can be defined as the rejuvenation of the mature miniaturized scion
shoot tip onto the in vitro or in vivo grown juvenile rootstock. This method was
developed in the 1980s (Jonard 1986) and studied in vivo as well as in vitro.
Micrografting may be used for the rejuvenation and/or the invigoration of mature
shoot materials, the production of disease-free scions, the study of graft unions and
the enhanced potential for true to type cloning mature plants (Onay et al. 2003).
Barghchi (1986b) first attempted to rejuvenate mature materials of Pistacia vera
through micrografting, but slow growth of the scion was observed and no elon-
gation was obtained. Micrografting of P. vera was also investigated in vivo as well
as in vitro by Abousalim and Mantell (1992), but no rejuvenation was reported
when mature P. vera trees were used as scions. Pistachio micrografting success
depends on numerous factors: humidity, temperature, oxygenation, rootstock
diameter, or rootstock activity. Onay et al., (2004b) tested the success of various
in vitro micrografting methods of shoot tips of pistachio (P. vera L. var. Siirt) by
examining the variables including grafting method, size of microscion, effects of
time of the year at which shoot tips effects of culture medium and gave all details of
the developed protocol in Onay et al. (2007c). Several papers reported the suc-
cessful micrografting of P. vera using various medium modifications and culture
conditions and the most recent being from Onay et al. (2016). This most recent
study reported the regeneration of mature lentisk genotypes. These studies descri-
bed on the micrografting of Pistacia taxa, especially P. vera indicate that the
production of micrografted plants may also contribute to ex situ conservation of the
possible threatened species of Pistacia.

8.2.2 Conservation of Pistacia Species

Biotechnological advances provide several advantages for plants including selec-
tion genotypes with desirable traits, identification, and transfer of genes to improve
yield and quality, multiplication, and conservation genetic biodiversity
(Gonzalez-Arnao et al. 2014). However, establishment and management of large
in vitro collections have important drawbacks such as loosing of germplasm due to
contamination or loosing of plant genetic stability through occurrence of soma-
clonal variations (Scowcroft 1984; Gonzalez-Arnao et al. 2014). In this case,
in vitro conservation techniques including cryopreservation offer safest alternative
to maintain plant germplasm (Gonzalez-Arnao et al. 2014).
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8.2.2.1 Medium-Term Conservation

Plant germplasm can be stored in a period—a few months up to a few years using
synthetic seed production (Fig. 8.3a) or slow growth storage conditions such as
incubation on lower temperature and light intensity (sometimes in dark) and culture
in reduced nutrients for medium-term conservation (Ashmore 1997; Cruz-Cruz
et al. 2013). In vitro preservation of pistachio was firstly reported by Barghchi
(1986c). In this study, pistachio plantlets stored in the medium supplemented with
abscisic acid and mannitol for up to 18 months at 4 °C but recovery rates of the
conservation period were not addressed. Similarly, pistachio plantlets were stored in
standard culture medium (MS) containing 30 g/L sucrose as the sole carbon source
at 4 °C in the dark and finally 91.3% of the in vitro-conserved microshoots of male
‘Atlı’ and 100% of female ‘Siirt’ cultivar remained green even after 12 months
(Akdemir et al. 2013). Since 97% of proliferation was obtained following to
transfer of shoot apices excised from the 12 months stored microshoots to standard
proliferation conditions, the results indicated that in vitro-grown pistachio micro-
shoots can be stored for longer periods at low temperature for medium-term con-
servation (Akdemir et al. 2013). As above mentioned, encapsulation of plant
explants (i.e., somatic embryos, shoot tips, nodal segments) is another option
(Standardi and Piccioni 1998) for the medium-term conservation of plant species at
low temperatures. Somatic embryos and embryogenic masses (Onay et al. 1996)
and axillary buds of pistachio (Ozden-Tokatli et al. 2009) have been encapsulated
with using Na-alginate. 14% of the synseeds containing somatic embryos were
germinated, while more than 75% of the synseeds containing axillary buds were
able to convert to shoots after 4 weeks of culture. Encapsulated somatic embryos
are conserved up to 2 months at 4 °C with 14% recovery rate (Onay et al. 1996). In
the recent report, shoot apices of mature pistachio ‘Atlı’ and ‘Siirt’ cultivars were
encapsulated in 3% Na-Alg (w/v) and 0.4 M sucrose-containing MS liquid salt
solution(Ca2+−free) and then conserved in the cold room at 4°C in dark for different
durations up to 12 months (Akdemir et al. 2013). Since high percentages of
recovery rates (more than 88%) were obtained for both cultivars even after

Fig. 8.3 A. Pistachio plantlet recovered from medium-term conserved (bar: 0.25 cm) B. Synseeds
regrowth of cryopreserved and thawed shoot tips of pistachio using droplet-vitrification method
(bar: 0.5 cm). (unpublished data)
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12 months’ storage, it seems that encapsulation procedure can be effectively used
for medium-term conservation in pistachio (Akdemir et al. 2013). The same
encapsulation protocol has been recently used for medium-term conservation of
lentisk shoot tips, and it was possible to preserve the shoot tips at 4 °C without
illumination for up to 6 months with a frequency of 87.5% plant regrowth (Koç
et al. 2014b). Both slow growth storage and synthetic seed technology seem to be a
promising approach for short- and medium-term conservation of some Pistacia
germplasm.

8.2.2.2 Long-Term Conservation

Plant germplasm can be cryopreserved by using vegetative tissues, cell cultures,
and seeds at ultra-low temperatures, normally using liquid nitrogen (LN, −196 °C)
for unlimited periods theoretically (Sarasan et al. 2006).

A cryopreservation protocol includes several steps:

(1) Cold hardening at generally 4 °C,
(2) Preculture generally in sucrose-containing medium,
(3) Reduction of the intracellular water physically by dehydration over silica gel or

chemically through the use of highly concentrated plant vitrification solutions
(i.e., PVS2),

(4) Rapid immersion in LN,
(5) Thawing, and
(6) Conversion to plantlets (Akdemir et al. 2013).

A few studies have reported on the cryopreservation of Pistacia species
(Table 8.3). There is only one cryopreservation protocol available for seeds of
different species of Pistacia by using dehydration-based one-step freezing tech-
nique (Ozden-Tokatli et al. 2007). In this protocol, the seeds were surface-sterilized
and desiccated to reduce MC of the seeds using activated silica gel, then directly
immersed into LN and incubated for at least 1 h at this temperature. After thawing,
the seeds were cultured in MS medium for germination. Finally, 90% germination
was achieved in this following the reduction of MC to 11.7% from 20% with 8-h
desiccation in silica gel and direct immersion in LN for P. vera, while 47% of the
Spanish P. lentiscus and 16% of the Italian P. terebinthus were able to germinate
after relatively shorter periods of desiccation (15 min and 1 h, respectively, to
reduce their MC to about 20%) and cryopreservation (Ozden-Tokatli et al. 2007).
Apart from cryopreservation of seeds, pistachio axillary buds were firstly cryostored
by using vitrification and one-step freezing technique (Ozden-Tokatli et al. 2009).
Treatment of the axillary buds in PVS2 for 60 min at 0 °C resulted in 11% of
viability and only callus formation from the all survived propagules without shoot
proliferation. Prolonging of the PVS2 treatment period up to 90 min resulted in
relatively less viability (6.7%), but higher shoot proliferation (3.3%). After that,
both encapsulation-dehydration and droplet-vitrification techniques were applied to
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shoot tips of mature pistachio ‘Atlı’ cultivar (Akdemir et al. 2013). Cryopreserved
encapsulated shoot apices of ‘Atlı’ showed only 5% viability when MC of beads
dropped to 18% prior to plunge to LN. As regards droplet-vitrification, 13.6%
recovery was obtained with incubation of explants in the droplets of vitrification
solution for 150 min at 0 °C followed by direct immersion in liquid nitrogen (LN),
rapidly thawed, and then cultured on MS medium containing 1 mg/L BA and
0.5 mg/L GA3 (gibberellic acid) (Akdemir et al. 2013). The same
droplet-vitrification and one-step freezing technique were also assessed for
long-term conservation of lentisk (Koç et al. 2013), and 17.6% of regeneration was
achieved with incubation of basal shoots in the droplets of PVS2 (plant vitrification
solution) for 45 min at 0 °C followed by direct immersion in liquid nitrogen.
Figure 8.3b represents regrowth of cryopreserved and thawed shoot tips of pista-
chio using droplet-vitrification method (unpublished data). Even the
droplet-vitrification technique appeared as a promising procedure for long-term
preservations of pistachio and lentisk, the most recent developed cryoplate proce-
dure (Yamamoto et al. 2011) which combines encapsulation-dehydration and
droplet-vitrification method should be used for all Pistacia species.

8.2.3 Assessment of Genetic Integrity in Micropropagated
and Conserved Pistacia Species

The assessment of genetic integrity is critically important to obtain genetically
stable plant material following to in vitro culture and conservation procedures. The
experimental steps applied in tissue culture such as explant type (meristems, leaves,
roots, etc.) and preparation, propagation method, type and concentration of plant
growth regulators, duration in subculture as well as plant species and genotype may
cause tissue culture-induced somaclonal variations (Pierik 1987; Akdemir et al.
2013). In case of cryopreservation, applied methods may also lead to occurrence of
genetically instable regenerants. Similar to tissue culture conditions, plantlets
obtained from cryopreserved germplasm have subjected to several treatments
including in vitro culture, pre-growth, desiccation, or vitrification depending on
cryopreservation method, freezing/thawing, regrowth, and finally tissue culture
conditions to enhance regeneration, and it is clear that all these factors have also
potential on occurrence of somaclonal variation in conserved plant materials
(Harding 1997).

DNA-based molecular marker technology was utilized in assessment of genetic
variations at molecular level in different plant species. Inter-simple sequence repeat
(ISSR, Zietkiewicz et al. 1994) markers were used, and low rates of polymorphism
were obtained between regenerants of long-term propagated London plane tree and
donor plant (Huang et al. 2009). Usage of two marker systems [ISSR and randomly
amplified polymorphic DNA (RAPD, Williams et al. 1990)] revealed genetic
instability between tissue culture-propagated bonnet bellflower plantlets and donor
plant. In case of Pistacia species, occurrence of somaclonal variation in
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micropropagated juvenile pistachio shoots was firstly detected by RAPD primers
(Ozden-Tokatli et al. 2006). Recently, reasonable polymorphism was found in
long-term (up to 7 years) micropropagated mature pistachio via RAPD, ISSR, and
amplified fragment length polymorphism (AFLP, Vos et al. 1995) markers
(Akdemir et al. 2016). Figure 8.4 shows representative gel profile of AFLP primer
pairs (E-AAG and M-CAT) from long-term micropropagated mature male pistachio
plantlets (Akdemir 2013). Similarly, genetic instability was detected among in vitro
cultured (up to 12 months) four genotypes of lentisk plantlets by using
inter-retrotransposon amplified polymorphism (IRAP) markers which revealed the
variations in inter-retrotransposon regions (Kalendar and Schulman 2006, Kılınç
et al. 2015). Regarding conserved Pistacia species, RAPD analysis revealed that
cryopreserved mature pistachio plantlets by droplet-vitrification method had high
levels of genetic stability even after they were subcultured for at least 3 months
following cryopreservation (Akdemir et al. 2013). In another study, evaluation of
genetic stability of micropropagated lentisk shoot cultures which have been cold
stored for 6 months was established by inter-retrotransposon amplified polymor-
phism (IRAP) and AFLP marker systems (Koç et al. 2014b).

Fig. 8.4 Example of AFLP patterns assessed with E-AAG and M-CAT primer combinations from
long-term micropropagated mature male pistachio plantlets; lanes D: donor plant, G: greenhouse
material, 1-10: five-year micropropagated plants, 20-26: seven-year micropropagated plants, M:
marker (some polymorphic bands were shown with arrowheads) (from Akdemir 2013)
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The study showed that similarity value of the non-stored plant and cold stored
clones ranged from 0.66 to 0.84 and reasonable genetic instability after 6 months of
storage (Koç et al. 2014b). Since each molecular marker screens particular portion
of genome, genetic stability assessments should be performed using more than one
molecular marker. But as a quality measure and risk management practice, the
assessment of genetic integrity should also be accomplished by biochemical,
cytological, and morphological markers.

8.2.4 Potential Problems of Conservation Strategies

Unconventional conservation methods of plant germplasm are considered as a
suitable method to maintain plant germplasm. Several techniques such as micro-
propagation, organogenesis, somatic embryogenesis, micrografting, in vitro con-
servation, and cryopreservation can be applied for the conservation plant species of
economically important crops. Despite the various attempts to conserve Pistacia
germplasm by in vitro conservation or cryopreservation, most of studies focused on
specific species of the genus. The main obstacle on application of cryopreservation
protocols is the lack of availability of in vitro systems for mass proliferation (Kartha
1985) since in vitro conservation and cryopreservation are generally proceeded by
tissue culture techniques (Niino and Arizaga 2015) and sometimes necessity of
development of species-specific conservation techniques. One of the main con-
straints to the application of micropropagation technology to the pistachio industry
is in vitro recalcitrance due to the expression of the adult phase. In some cases, it
has been shown that it is possible to rejuvenate adult apical tips utilizing serial
in vitro micrografting techniques. Therefore, the production of micrografted plants
may contribute also to ex situ conservation of Pistacia species. As stressed in
Sect. 2.3., somaclonal variation may also be induced in in vitro culture of Pistacia
taxa. Somaclonal variation produced during in vitro culture reduces the economic
value of any regenerated plants. Therefore, the regenerated plantlets should have
minimum somatic variations through micropropagation method by reducing the
number of subculturing and axillary shoot tip or bud culture. Although several
attempts have been performed in Pistacia conservation lately, the studies still need
to optimize the protocols in order for cryobanking.

8.2.5 Conclusions and Future Perspectives

Climate change with the combination of increased population growth, habitat loss
and degradation, unplanned urbanization, overexploitation of valuable species,
pollution and diseases are the major causes of the loss of plant biodiversity.
Moreover, since environment and environmental factors will change faster than the
most of the plant’s adaptation, conservation strategies become critically essential
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for preservation of plant species (Hawkins et al. 2008). We described the current
status of biotechnological conservation approaches for Pistacia species. Since
in vitro conservation and most of cryopreservation methods rely on tissue
culture-based methods, we described here micropropagation, micrografting, and
somatic embryogenesis procedures in addition to in vitro conservation and cryop-
reservation in Pistacia species. Because there is no one ‘universal protocol,’
biotechnological conservation studies for Pistacia are still limited with a few
species of the genus as described in this chapter. One of the major obstacles in
Pistacia conservation is to develop successful regeneration protocol, and it is not
available for some Pistacia species. The investigations should conduct optimization
and standardization of regeneration and conservation procedures together in order
to apply the technology for all species of the genus. Development and optimization
of appropriate techniques especially for long-term preservation of different Pistacia
species can lead to establish cryobanks to conserve germplasm. Furthermore, the
developed technologies will provide to prevent possible genetic erosion of Pistacia
species.
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Chapter 9
Biodiversity and Conservation of Elaeis
Species

Maizura Ithnin, Norhalida Mohamed Serdari, Norziha Abdullah,
Ahmad Kushairi and Rajinder Singh

Abstract The current oil palm planting materials yield three times more than the figure
recorded six decades ago. This was partly achieved through genetic improvement and
selection procedures imposed on the oil palm breeding populations. The repeated cycles
of selection applied had removed a lot of ‘unwanted’ alleles from the breeding popu-
lations. However, this might have affected the populations’ ability to withstand envi-
ronmental threat and genetic gains in the future. Realizing the important role of oil palm
germplasms in harmonizing these effects, several research organizations had accumu-
lated a large number of Elaeis guineensis and Elaeis oleifera accessions from their
centers of origin. Thesematerials exhibit greater genetic diversity and can offer genes for
many economically important traits valuable for future oil palm improvement. These
potential germplasm materials should be strategically conserved to ensure effective and
continuous accessibility, in line with the long-term breeding cycle of the oil palm. Core
collection can effectively preserve the genetic diversity of the oil palm germplasms.
Apart from maintaining the genetic resources in the living ex situ field plots, in vitro
methods of storinggeneticmaterialswithin smaller size facilities are also available. These
methods offer conservation of high numbers of materials, protection from diseases and
low cost of maintenance. Both, the ex situ and in vitro methods provide complementary
means for effective long-term conservation of the oil palm geneticmaterials for posterity.

Keywords Oil palm germplasm � E. guineensis � E. oleifera � Biodiversity
Ex situ collections � In situ collection � In vitro conservation � Core collection

9.1 Introduction

Oil palm is the major source of vegetable oil in the world. Being the most efficient
oil crop, oil palm yields on average 3.61 tonnes of oil per hectare (Oil World
2016a), which is about four to seven times more than other oilseed crops. In terms
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of production, oil palm contributes to about 40% of the world’s vegetable oils, but
occupies only 8% of the total area planted with oilseed crops. In 2015, Indonesia
recorded 8.63 million ha of land under mature oil palm cultivation, which consti-
tutes approximately 49.8% of the land area worldwide planted with mature oil palm
(Fig. 9.1). This is closely followed by Malaysia with 4.79 million ha of mature oil
palm, while South and Central America has 1.2 million ha and another 2.67 million
ha in other countries. The main producers of palm oil are Indonesia and Malaysia,
accounting for 85% (53.3 million tonnes) of the global palm oil production.
Approximately 3.8 million tonnes of palm oil was contributed by Central and South
America and another 5.3 million tonnes was produced by other countries.

Among the major oilseeds, palm oil alone contributed 62% (47.7 million tonnes)
to the world vegetable oil exports in 2015 (Fig. 9.2) (Oil World 2016b). Indonesia
and Malaysia are also the main exporters, accounting for about 90% of the total
palm oil export. The major importers are India, European Union, China, Pakistan,
Egypt, Bangladesh, and USA.

9.2 Taxonomy of Elaeis Species

The oil palm is a monocotyledonous perennial tree belonging to the genus Elaeis
under the Arecaceae family in the order of Arecales. Elaeis is placed together with
Cocos genus under the Cocoineae tribe (Kahn 1997; Schultes 1990). The word
‘Elaeis’ was derived from the Greek word ‘elaion,’ which means oil. There are two
species in the genus Elaeis, namely Elaeis guineensis Jacq and Elaeis oleifera (H.B.
K) Cortés. The species name, ‘guineensis’ is attributed to the Guinea coast
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(Schultes 1990; Corley and Tinker 2003; Hartley 1988). Occasionally, Elaeis
guineensis and Elaeis oleifera are also addressed according to their origins, African
and American oil palm, respectively. The African oil palm is commercialized
mainly in Southeast Asia and Africa while the hybrids of E. oleifera and E.
guineensis (OxG) are more commonly planted in the plantations in South America
due to the susceptibility of E. guineensis to the bud rot disease in the region.

9.3 Natural Distribution and Origin of Elaeis Species

The natural distribution of the African oil palm or E. guineensis is greatly influ-
enced by rainfall. The rapid decline of rainfall northward has resulted in narrow belt
of oil palm in West Africa. In this region, oil palm natural groves can be found in
Sierra Leone, Liberia, Ivory Coast, Ghana, Togoland, Nigeria, and Cameroon. In
Central Africa, oil palm grows along the Congo region and Angola. They also
occupy the forest fringes of lowland regions especially near the rivers, freshwater
swamp, generally close to human habitation (Gerritsma and Wessel 1997). Oil palm
also grows well in areas with sufficient water supply, but not stagnant as the species
is unable to tolerate permanent high water tables in impermeable soils (Hartley
1988). Natural populations of oil palm were not found in eastern Africa due to the
dry climate and extreme altitude. Nevertheless, oil palm was introduced to Uganda,
Kenya, Tanzania, Rwanda, and Burundi as well as Madagascar Island. The wide
distribution of the oil palm in this region was believed to be associated with tribal
migration and Arab slave trade (Smith et al. 1992). Owing to these introductions,
oil palm groves are found in the region between 16° north in Senegal to 15° south in
Angola as well as eastwards to Zanzibar and Madagascar.

The natural populations of the E. oleifera or American oil palm are located at the
tropical regions of South and Central America, particularly in Brazil, Colombia,
Venezuela, Panama, Costa Rica, Nicaragua, Honduras, French Guyana, and
Surinam. In Colombia, E. oleifera grows under stress condition between rolling
areas of fallow land. Pure and dense stand of palms were found in swampy areas
near the riverbanks. The palms cover large areas of the San Juan and Escondido
riverbanks in Nicaragua. In Costa Rica, the palms can be found on sloping or steep
fallow lands but are less dense in tracts of unoccupied riverside and semi-swamp
regions. The palms in Brazil were commonly found in the central of Amazonas
above Manaus while the palms in Surinam are relatively smaller in size and can be
found in dense stand on poor and sandy soil (Corley and Tinker 2003; Ooi et al.
1981).

There have been several postulations on the basis of fossil, historical, and lin-
guistic evidences with regards to the origin of the oil palm. Fossil evidences were
reported by Zeven (1964), Elenga et al. (1994), and Reynaud-Farrera et al. (1996).
Oil palm pollen was claimed from sediments (Zeven 1964, Elenga et al. 1994),
dated 2200 BP and more increasingly observed around 1600 BP in the forest of
southwest Cameroon (Reynaud-Farrera et al. 1996). Sowunmi (1999) reported that

9 Biodiversity and Conservation of Elaeis Species 247



the oil palm nut shell, dated to originate in the late Holocene periods, was dis-
covered in the rainforest of West Africa. Despite these reports, Corley and Tinker
(2003) favored a linguistic evidence of oil palm described in the Ca’ da Mosto, a
compilation of plants description recorded by Crone (1937).

9.4 Importance of Genetic Diversity in the Oil Palm

The commercially planted oil palm is hybrid seeds, known as tenera (thin shell),
which are derived from crossing two parental palms, dura (thick shell) and pisifera
(shell-less). In oil palm conventional breeding, two basic plans are used namely,
Modified Reciprocal Recurrent Selection and Modified Recurrent Selection (Soh
1999) whereby the parental palms are evaluated and selected from separate popu-
lations. The parental palms are subjected to progeny testing to estimate progeny
performance and combining abilities. Duras and pisiferas that show good com-
bining ability with outstanding progenies are used for commercial DxP seed
production.

Oil palm breeders worldwide have been depending on the Deli dura populations
derived from very restricted origin. The Deli dura sub-populations include
Chemara, Dami, Socfindo, Socfin, Dabou, and Banting. However, the Nigerian
Institute for Oil Palm Research (NIFOR) also actively uses non-Deli duras in their
breeding programme. The Deli dura populations are descended from four palms
planted at the Bogor Botanical Garden, introduced as ornamental plants in 1848
from West Africa. Some examples of the common pisiferas used are AVROS,
Ekona, La Me, Yangambi, and NIFOR (Rajanaidu et al. 2007). These populations
are relatively more genetically diverse than the duras, but still were restricted to
only the breeding stocks utilized in the improvement programs carried out in the
West African countries such as Zaire, Ivory Coast, and Nigeria. Joint research
programs were established since 1950s whereby genetic materials and breeding
populations were introduced, exchanged, and sold among the participating agencies
from Malaysia, Indonesia, South and Central America as well as West Africa.
Through these initiatives, these oil palm breeding populations were widely dis-
tributed across the regions and have been applied in the genetic improvement
programs for a number of generations. This likely contributed to the global average
oil yield of 3.61 tonnes per hectare, (Oil World 2016a) recorded in 2015.

In Malaysia, the average palm oil yields have fluctuated between 3.5 and
4.0 tonnes per hectare for more than two decades (Kushairi et al. 2010). These
figures reflect yield improvement of approximately three times (Davidson 1993),
attributed to conventional genetic improvement initiated since 1920s as well as
better management practices. These factors are equally important in determining
productivity in oil palm plantations. Improved planting materials established in
plantations that have poor management practices would result in low yield recovery
and vice versa. In this regards, several research groups have reported impressive oil
yield from the commercial materials planted in experimental plots that applied
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superior management practices. The best tenera progenies developed in Malaysia
possess between 5 and 11 tonnes/hectare/year oils, e.g., Isa et al. (2005, 2013), Chin
et al. (2005), Donough et al. (2005), and Zuraini et al. (2013). Oil palm seed
producers in Indonesia have also reported oil yield ranging from 8.5 to
11.6 tonnes/hectare/year, e.g., Purba et al. (2013), Sharma et al. (2016), and
Turnbull et al. (2016). These demonstrate that despite the narrow genetic base of
their progenitors, current tenera hybrids are capable of yields higher than the global
average yield. Therefore, superior planting materials should be rapidly adopted and
coupled with appropriate plantation management, significant yield improvement
can be realized, nationally and globally.

Although satisfactory yield is attainable from the present oil palm planting
materials, the high selection procedure applied in breeding has led to the narrowing
of the genetic diversity of the breeding populations. Although palm uniformity is
favorable to the breeders and plantations, the disappearance of allelic variants can
have harmful effects on the ability of the species to withstand any future envi-
ronmental changes and challenges. These effects can be exacerbated by the active
exploitation of clonal method to propagate elite tenera palms and selected parental
lines for clonal (mono/semi and bi) production of oil palm commercial hybrid seeds
(Wong et al. 2010; Musa et al. 2011; Mohaimi 2011; Zulhermana et al. 2011;
Prasetyo et al. 2011). The clonal propagation method generates large number of oil
palms that are genetically similar. Establishment of these clones commercially
would result in the lower genetic diversity in oil palm plantations.

One of the greatest challenges faced by the oil palm industry worldwide is the
economic loss due to disease occurrences. In Malaysia, the economic loss due to
basal stem rot (BSR) caused by Ganoderma species was estimated at USD 375
million (Idris and Norman 2015). There is an increasing incidence of BSR in
Malaysia and Indonesia especially in new replantings. The high incidence of this
disease is believed to be due to the high susceptibility of the parental populations
used to produce oil palm commercial seeds. Although some breeding populations
recorded putative tolerance to diseases (Normahnani and Siang 2016; Rajanaidu
et al. 2012; Norziha et al. 2012; Purba et al. 2012; Turnbull et al. 2014), the
tolerance has shown to be not stable across fungal isolates or pathotypes and
environments. The wild oil palm materials may provide additional genetic source
for the development of stable tolerant breeding populations and consequent com-
mercial varieties.

The global drastic changes in weather patterns attributed to climate change have
caused extreme fluctuations in temperature and rainfall in various parts of the
world. These changes have caused oil palm to become more prone to diseases and
possibly induce aggressiveness of several secondary pests and diseases. In fact,
climate change has been attributed to the increased outbreak of pest and diseases,
reduction of soil fertility, occurrence of bunch rot diseases, and overall reduction in
oil palm productivity (Nuzul 2015). The outbreak of several other species of leaf
eating caterpillars, replacing the major nettle caterpillar was reported in oil palm
plantations in Indonesia (Sudharto et al. 2016). Excessive rainfall had also led to
increased damage to oil palm bunches caused by Marasmius palmivorus (Nuzul

9 Biodiversity and Conservation of Elaeis Species 249



2015). Purportedly, due to climate change, bud rot disease became epidemic in
Tumaco and Puerto Wilches of Colombia (Mauricio and Fontanilla 2015). These
incidences point to the need for developing oil palm planting materials tolerant to
drought, heat, cold, and other abiotic stresses. The genes of these traits may not be
available in the current genetic pools. As such, oil palm breeders have to rely on
wild and unimproved populations in seeking for palms that possess tolerance to
abiotic stresses to be introgressed into the commercial oil palm.

There appears to be a great necessity to apply new genetic stocks from the oil
palm wild populations in dealing with the threat caused by diseases and climate
change. The inclusion of these materials will enhance the genetic diversity of both,
the breeding as well as the commercial materials. This will overall improve
agro-biodiversity and adaptation to climate change in oil palm plantations (Soh
et al. 2015; Heslop-Harrison 2012).

9.5 Collection of Elaeis Genetic Resources

Many oil palm research groups had initiated collection programs for genetic
materials in Africa and South America. Initially, a small collection of E. guineensis
was obtained from a few sites by some oil palm workers in the Belgian Congo
(Vanderweyen 1952; Pichel 1956). In the early 1960s, the Nigerian oil palm
breeders collected 72 open-pollinated progenies from the eastern part of Nigeria.
These materials were planted and evaluated at the NIFOR main station. Some
outstanding palms were selected and introduced into their current breeding pro-
grams (Okwuagwu 1986).

In Cameroon, Blaak (1967) sampled oil palm materials in Bamenda Highlands
and parts of the collections were planted at Lobe, Cameroon. Between 1974 and
1975, Institute de Researches pour les Huiles et Oleagineux (IRHO) prospected E.
guineensis materials from the western region of Cameroon. The French oil palm
workers systematically evaluated natural stand of oil palms in Ivory Coast, and
selected palms were progeny-tested and utilized as new foundation materials in
their breeding program (Meunier 1969; Meunier and Baudouin 1986). It was
reported that IRHO also selected four palms in this country and another 38 palms in
Dahomey and used them as their original tenera stock.

A number of systematic prospections to collect oil palm genetic materials were
mounted by researchers from the Malaysian Palm Oil Board (MPOB). The
objective of the explorations was not only to broaden the genetic base of the current
oil palm breeding materials, but also to ensure conservation of oil palm genetic
resources for posterity. The first attempt was accomplished in Nigeria (Rajanaidu
1986a) in 1976, followed by collections from some other countries in Africa
namely, Cameroon, Zaire, Tanzania, Madagascar (Rajanaidu and Rao 1987),
Angola, Senegal, Gambia, Sierra Leone, and Guinea Conakry (Rajanaidu 1995) and
Ghana (Rajanaidu et al. 2013). In the expeditions accomplished between 1983 and
1996, a total of 1838 accessions were collected. In 1991, NIFOR initiated another
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expedition in the peripheral areas of oil palm natural distribution in Nigeria. A total
of 80 accessions were collected (Ataga et al. 2000). Pillai et al. (2000) prospected E.
guineensis genetic materials in Cameroon, Guinea Bissau, Tanzania, and Zambia.
Oil palm bunches were taken from 60 sites across the four countries. These
materials were believed to be tolerant to cold and drought. Later, Rey et al. (2004)
explored five regions in Angola and assembled 44 accessions. A group of
researchers from the oil palm research institute in Ghana had also taken the ini-
tiative to collect 22 accessions from five locations in the northern region of the
country (Sapey et al. 2012). This region is well known for its irregular rainfall and
high temperature. The materials assembled may be useful for developing drought
planting materials. The Indonesian team had also performed collection of genetic
materials in Cameroon and Angola (Purba et al. 2013) and a total of 230 accessions
were gathered. In 2010, MPOB together with the governments of Indonesia and
Angola also carried out prospection of oil palm materials in Angola. One hundred
and twenty-seven accessions were collected (Marhalil and Rajanaidu 2011).
Recently, Arias et al. (2011) collected 74 oil palm accessions from 21 sites in
Cameroon.

Efforts to assemble the E. oleifera genetic materials from the species’ natural
areas of distribution were initiated as early as in 1967. The collection was mounted
in batches by the United Brands Company. E. oleifera seeds were gathered from the
natural populations of E. oleifera in Costa Rica, Panama, and Colombia, followed
by other populations in Surinam, Honduras, Nicaragua, and Brazil between 1975
and 1976 (Escobar 1982). The entire collection covered 36 zones and a total of 326
accessions were assembled. An oil palm private company in Malaysia acquired E.
oleifera genetic materials from Colombia, Costa Rica, Panama, and Brazil (Sharma
2000). The materials were delivered in batches by IRHO between 1975 and 1983.
A total of 141 accessions were sampled covering 23 sites. In 1982, Andrade
prospected E. oleifera materials from 53 populations dispersed across 13 geo-
graphic groups in the Amazon basin in Brazil (Andrade 1982). In the same year, a
team from MPOB explored Honduras, Costa Rica, Nicaragua, Panama, and
Colombia (Rajanaidu 1986b) and collected 167 accessions from 59 sites. The same
group once again visited Colombia as well as Peru, Ecuador, and Brazil in 2004 to
specifically collect genetic materials with excellent fruit set, high mesocarp to fruit
ratio, and reasonable stalk length (Rajanaidu et al. 2013).

9.6 Classical Genetic Characterization of Elaeis Species
and Harnessing Valuable Traits

In oil palm breeding and selection, data on fresh fruit bunch (FFB) yield, bunch
quality, vegetative and physiological characteristics are collected for each experi-
mental individual palm. FFB refers to the weights of bunches produced by a par-
ticular palm. FFB and oil to bunch (O/B) ratio are the two main determinants for
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palm oil yield (OY). O/B is determined based on the values of three bunch quality
components, namely, fruit to bunch (F/B), mesocarp to fruit (M/F), and oil to wet
mesocarp (OTWM) ratios. Any increase in the values of these components will also
increase O/B. Correlation analysis also showed strong relationship for several other
pair of traits. For instance, M/F is negatively correlated with shell to fruit (S/F)
ratio. S/F however, showed positive correlation with kernel to bunch (K/B) ratios
(Kushairi et al. 1999). Hence, higher O/B can be attained from bunches that
recorded high M/F, but low shell to fruit (S/F) ratios. Oil palm breeders critically
examine these component traits for selecting potential parental palms for com-
mercial seed production.

The value of the oil palm genetic resources relies on the massive work of
collecting and measuring the appropriate phenotypic parameters. Despite the high
cost and massive labor required for this exercise, the information obtained are
highly valuable and could certainly enhance efficient exploitation of the germplasm
materials. Numerous efforts in evaluating the genetic diversity of oil palm breeding
populations have been reported. Phenotypic characterization of the Nigerian oil
palm germplasm collections assembled by the Malaysian team revealed individual
palms with high yield (>10 tonnes/hectare/year) and low height increment
(<25 cm/year) (Rajanaidu et al. 2000). The incorporation of these materials into
breeding programs revealed remarkable oil yields. Selected tenera hybrids derived
from crosses involving short and high yielding Nigerian palms revealed
7–10 tonnes oil/hectare (Musa and Gurmit 2008; Junaidah et al. 2008). In addition
to the Nigerian materials, Ang (2003) also exploited some pisiferas derived from
Ghana germplasm. Combining these genetic materials with Deli duras had resulted
in yield potential of more than 9 tonnes oil/hectare. Some Nigerian derived pro-
genies exhibited shorter rachis length (Junaidah et al. 2008; Veriappan et al. 2008)
and half of the average height of the standard cross (Isa et al. 2008) which, opened
up the possibility of developing compact palms suitable for higher density planting.
The selected Nigerian palms were combined with Deli duras to obtain reasonable
compactness, bunch number, and bunch size. This may overall improve oil palm
productivity.

Slow height increment palms, approximately 15 cm/year were also identified
among the Nigerian genetic populations collected by NIFOR (Ataga et al. 2000).
Genes for slow height increment are also available from E. oleifera germplasm
materials. As low as 4.6 cm/year of height increment was recorded for individual E.
oleifera palms from Colombia (Mohd Din et al. 2000). The current maximum
economic lifespan of the oil palm is about 25 years as beyond this age, the oil palm
trees are too tall, causing difficulties in bunch harvesting. Introgressing these
materials into breeding programs will generate planting materials with reduced
height increment which facilitate harvesting and extends the economical lifespan of
the crop. The efficiency of harvesting can also be enhanced if the oil palm bunches
have longer stalk. Such trait is available in the MPOB Angola oil palm germplasm
collection. Some palms in this collection posess stalk length of 20–30 cm as
compared to 10–15 cm recorded in the present planting materials (Kushairi et al.
2003c). The long stalk trait can be introgressed into virescens oil palms. Such palms
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produce fruit with distinct color change, from the immature green to reddish orange
when ripe (Rao 1996) which, facilitates identification of mature bunches timely for
harvesting. Low lipase genotypes are also available in MPOB (Kushairi et al.
2011). Low lipase activity among oil palm ripe fruits is desirable to delay free fatty
acid (FFA) accumulation which could reduce the palm oil quality (Ebongue et al.
2008). Morcillo et al. (2013) reported that bunches harvested from selected low
lipase palms recorded FFA below 5% even when processing is delayed thus, pre-
serving the palm oil quality. Non-abscising genotypes of oil palm (Roongsattham
et al. 2012) are interesting as incorporating the trait into the commercial varieties
will reduce the need for frequent harvesting rounds and minimize lost due to
inefficient loose fruit collection in the palm plantations.

Several other superior yield related traits were discovered in the oil palm germ-
plasm collection. Palms with low S/F ratio, between 2.8 and 7.4% were identified in
the MPOB germplasm collection from Tanzania (Kushairi et al. 2003a). Low S/F
results in higher M/F if K/B and fruit size are constant. Some palms from Angola
showed larger fruit size, between 24 and 34 g (Kushairi et al. 2003b). This trait,
measured based on the mean fruit weight (MFW), can also increase the M/F ratio of a
bunch. The current planting materials contain 12% and 10 g, S/F and MFW,
respectively. Introgressing the selected palms that possess low S/F and high MFW
into breeding programs can increase M/F ratios and subsequently increase OY.

Escobar (1982) reported that the E. oleifera germplasm from the Central
America also showed interesting bunch composition. Superior fresh fruit bunch
(FFB) production was observed among palms from Colombia with average value of
123.8 kg/palm/year. This is considered high as compared to the germplasm of other
countries that showed mean FFB between 90.8 and 103.2 kg/palm/year. Similar
results were also described by Sharma (2000) who attained 138 kg/palm/year of
FFB. Higher O/B, at 4.59 and 4.92% were recorded for populations from Costa
Rica and Panama, respectively. In addition, palms from Brazil showed low S/F ratio
as well as large fruit size (mean = 10.91 g) which contributed to higher O/B and
OTDM ratios. These findings signify that valuable genetic resources for oil
improvement via the interspecific hybrids (OxG) route, are available from the E.
oleifera germplasm collections.

Apart from oil yield, the wild genetic materials also offer genes for high iodine
value (IV). Some palms from Nigeria and Madagascar exhibited iodine value (IV) of
more than 60, which is relatively higher than the current levels (<50) (Kushairi et al.
2003c). Introgressing these materials into the present breeding populations have
resulted in increased IV (57–58) in the progenies (Musa and Gurmit 2008). Genes for
high IV are also accessible from the E. oleifera germplasm collection. At the country
level, the E. oleifera palms recorded an impressive mean IV of more than 80 (Mohd
Din et al. 2002). IV is a measure of the saturation levels of palm oil. Oil with higher
iodine value is more unsaturated and remains liquid in temperate countries. This
feature provides opportunity to expand palm oil markets in cold climatic countries. In
addition, the ability to produce unsaturated palm oil naturally can significantly
reduce the cost incurred by industries utilizing palm olein for frying. Currently, palm
olein is produced using the expensive multi-stage fractionation method.
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Oil palm generates two types of oils, namely, palm and palm kernel oils,
respectively, extracted from the mesocarp and kernel of the oil palm fruit. Oil palm
kernel is one of the major sources of lauric oils. The physical and chemical
properties of oil palm kernel are similar to coconut oil and have become an
important source of raw materials for the oleochemical industry. The current oil
palm planting materials has kernel to bunch (K/B) ratio of 4–8%. Palms with K/B
ratio of more than 10% were identified in the Nigerian germplasm collection.
Economic analysis revealed that increasing the K/B ratio from 5 to 10% would
generate a 3% increase in the gross income based on the kernel oil recovery,
estimated for every 100 tonnes of fresh fruit bunch (Rajanaidu and Jalani 1994).
Palm kernel cake (PKC) is a solid leftover from the extraction process of oil from
palm kernel. PKC is an important ingredient for feedstock production. The current
palm kernel cake contains about 16–18% protein. Thus, any feedstock produced
using PKC is classified as energy feed. In Malaysia, the production of protein feed
relies on the imported ingredients such as soybean and corn. Increasing the protein
content of PKC would provide domestic raw materials for protein feed production
at a reduced cost. Genetic materials that posess more than 20% crude protein in the
kernel were identified in germplasm collections from Senegal (Noh et al. 2008).
The introduction of these materials into commercial populations can improve the
protein content in the palm kernel.

9.7 Developing Oil Palm with Novel Traits

The oil palm germplasm collections also offer the genetic foundation for developing
planting materials with value added palm oil. Such oil can diversify the use of palm
oil and thus, increase revenue for the industry. Selected palms from the germplasm
collections produced oils with high vitamin E and carotene content. Vitamin E is
measured based on the level of tocopherols and tocotrienols in the palm oil. The
current planting materials produce oil with 600–1000 ppm tocopherols and toco-
trienols which are lower than that observed in selected palms from the Nigeria and
Cameroon germplasm collections. These palms possess more than 1000 ppm of
both tocopherol and tocotrienols (Kushairi et al. 2003c). The mean carotene content
of the E. oleifera palms collected by the researchers from Malaysia ranged between
1285 and 2220 ppm (Mohd Din et al. 2000). These palms can be exploited to
improve the carotene contents of the current planting materials which are reported
at 500–700 ppm. The improved materials would produce palm oil applicable for the
pharmaceutical and nutraceutical industries. Diversification of the palm oil uses
would intensify returns and enhance sustainability and competitiveness.

Rachier et al. (2009) reported some wild oil palms grown in the highlands of
Lake Tanganyika in Tanzania and high altitude area in Cameroon that are believed
to be well adapted to cold temperatures. These palms have been exploited in the oil
palm breeding programs in Kenya. The MPOB germplasm materials assembled
from Senegal, Nigeria, Cameroon, Tanzania, Madagascar, and Angola had
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experienced extreme low rainfall (Marhalil et al. 2015). Palms from these collec-
tions are potentially useful for development of drought and heat tolerant planting
materials. Krishnan (2015) described some Nigerian prospected materials that
showed positive response to drought. These materials also possess high bunch
number which indicated potential sustainable yields under unfavorable weather
conditions. Recently, Alvarado and Escobar (2016) reported several crosses derived
from Deli dura, Ekona, and selected palms from Ghana, Nigeria, and Tanzania that
showed high tolerance to drought, low temperature, and low solar radiation.
Xianhai et al. (2016) identified some high yield and cold tolerant palms in the
province Guangdong in Southern China. New genetic foundation is therefore
available in the oil palm germplasm materials and could be exploited to create
planting materials with better adaption to climate change.

Basically, there are three main diseases which occur in oil palm plantations.
Basal stem rot is the major oil palm disease in South East Asia. Vascular wilt and
bud rot have impeded the oil palm commercial development in Africa and South
America, respectively. Implementing protection measures are not easy due to the
requirements for specific devices and trained labor. Therefore, development of new
planting materials resistant to oil palm diseases may provide longer term solution.
Genetic materials resistant to vascular wilt were identified in oil palm genetic
populations originating from Angola, Ivory Coast, Nigeria, Cameroon, and Congo
(Durand-Gasselin et al. 2000). Idris et al. (2004) described a partially resistant
progeny against basal stem rot disease that was derived from a cross between palms
from Congo and Cameroon. Some E. oleifera materials collected from Ecuador
showed in situ resistance to bud rot (Julian Barba 2012). Alvarado et al. (2012)
reported oil palm hybrids derived from mother palm originating from Manaus,
Brazil crossed with compact pisiferas revealed high tolerant to bud rot. Another set
of interspecific hybrid palms from Coari, Brazil also showed partial resistance to
bud rot disease (Restrepo et al. 2012). The genes for development of planting
materials tolerant to some oil palm diseases are available. This could allow sus-
tainable oil palm cultivation in regions with high occurrence of diseases.

The identification of palms carrying valuable traits described above signifies the
importance of incorporating new source of genetic materials in the oil palm
breeding programs. Undeniably, the impact from improved planting materials can
only be realized after several decades. This is due to the long (25 years) economic
cycle of a plantation, and replanting usually only covers 2–5% of existing acreage.
Nevertheless, the oil palm industry should rapidly exploit the genetic potential of
the germplasm materials to achieve improved productivity and remain competitive
and sustainable in the future.

9.8 Molecular Genetic Diversity of Elaeis Species

In addition to evaluating phenotypic traits, DNA-based methods are increasingly
being used for assessing genetic diversity of oil palm. Some examples include
Restriction Fragment Length Polymorphisms (RFLPs), Random Amplified
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Polymorphic DNAs (RAPDs), Amplified Fragment Length Polymorphisms (AFLPs),
Simple Sequence Repeats (SSRs), and Single Nucleotide Polymorphisms (SNPs).

Despite its laborious protocol, RFLPs have been applied to evaluate the genetic
diversity of oil palm in the early days. The genetic diversity and structure of E.
guineensis and E. oleifera accessions were studied using three pairs of AFLP primers
and 37 RFLP probes developed from E. guineensis (Barcelos et al. 2000, 2002).
Allele specific to each of the Elaeis species were detected. Both markers revealed
higher level of diversity in the E. oleifera accessions than in the E. guineensis.
Among the E oleifera accessions analyzed, high polymorphism was attained for the
palms from Brazil. The factorial analysis of correspondence (FAC) showed grouping
of the accessions based on country. The AFLP dendrogram clearly distinguished the
African accessions from the American groups. Using 16 RFLP probe and enzyme
combinations, Maizura et al. (2006) screened 55 genetic populations collected from
11 African countries. Highest polymorphism was detected among E. guineensis
populations from Nigeria populations. These populations also recorded the most
number of rare alleles suggesting that Nigeria may likely be the center of diversity
for E. guineensis. Most of the germplasm populations revealed higher diversity than
the dura breeding populations indicating that there was much genetic variation in the
germplasm that could be exploited for oil palm improvement programs. The den-
drogram revealed five broad genetic groups. The genetic differentiation between oil
palm populations was 0.143 which also showed that 85.7% of the total variation was
due to differences within palms in the populations.

Moretzsohn et al. (2002) analyzed E. oleifera germplasm from the Amazon
River Basin in Brazil and several E. guineensis accessions from Africa using 95
polymorphic RAPD markers. The clustering results clearly showed the dispersal of
palms that followed the Amazon River network. Similar to the report by Maizura
et al. (2006), most of the variation observed in the samples was attributed to the
differences within populations. Kularatne et al. (2001) extended the diversity study
of the populations analyzed by Maizura et al. (2006) using eight primer combi-
nations of AFLPs. Similarly, high genetic diversity was attained for samples from
Nigeria. The diversity levels gradually decreased toward the west and east of the oil
palm natural distribution in Africa. This finding supported the earlier evidence
which point to Nigeria as the center of diversity for the African oil palm. The AFLP
analysis also revealed higher portion of genetic diversity within than between
populations. Lower diversity was also detected in the Deli dura populations.

Several research groups have developed microsatellite (SSR) markers using the
genomic information of both E. guineensis (Billotte et al. 2001; Rajinder et al.
2008; Ting et al. 2010); and E. oleifera (Mohd Zaki et al. 2010, 2012). Application
of these markers revealed successful cross-species and cross-taxa amplification
suggesting the markers’ ability for various genetic studies and phylogenetic analysis
of Elaeis and several other palm species.

SSRs analysis of the oil palm germplasm collections assembled from the African
continent generally revealed a separation of populations collected from the west
from those assembled from the central-east regions (Cochard et al. 2009; Zulkifli
et al. 2012; Bakoume et al. 2015). Using 14 SSRs, Cochard et al. (2009) attained a
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third cluster that consisted of 99 samples of the advanced breeding materials.
Bakoume et al. (2015), however, reported the grouping of the advanced materials
into the central cluster. Both Bakoume et al. (2015) and Zulkifli et al. (2012)
described the separation of Madagascar samples from the other germplasm col-
lections analyzed in their studies. Both also proposed Nigeria as the center of
diversity for E. guineensis based on the high number of rare alleles and polymor-
phism attained in their analyses. SSR diversity analysis of the oil palm germplasm
also revealed greater variation within than between populations (Cochard et al.
2009). Greater variability within population was also attained from the genetic
diversity studies involving oil palm germplasm populations collected from
Cameroon (Arias et al. 2011) and Angola (Rey et al. 2004) using SSR markers.

The increased improvement achieved in sequencing technologies and bioinfor-
matics analysis had provided researchers with the ability to apply SNPs for
genotyping the oil palm populations. Maizura et al. (2013) analyzed selected oil
palm populations from Nigeria, Tanzania, Angola, and Madagascar using 1164
SNPs. Population structure analysis revealed two sub-groups with populations from
the central Africa forming the biggest cluster, separated from those coming from
Madagascar. Using 815 SNP markers, Alves et al. (2015) reported higher variability
within than between populations. Moderate level of heterozygosity (0.185) was
recorded indicating that the populations analysed were derived from unrelated
individuals. The higher genetic variability within populations has implication on
strategies for future collections and conservation (as discussed later) while the
ability to separate populations (Wong et al. 2015) facilitates the development of
heterotic populations for hybrid breeding and production.

Reports on the genetic diversity analysis among the advanced oil palm breeding
populations mainly focused on applying SSR markers. Analysis of several DxP
hybrid populations revealed clustering according to the parental lines used to create
them (Norziha et al. 2008; Arias et al. 2012). Based on 21 SSRs, oil palm popu-
lations from China showed lower diversity than that from Malaysia (Zhou et al.
2015). The oil palm was introduced to China in 1926. The batch of seeds that were
deposited in the country at that time may represent only a part of the entire diversity
that exist in the breeding populations in Malaysia. This explained the lower
diversity of the populations in China. The principle component analysis indicated
one big cluster signifying close genetic relationship among the populations of the
two countries. Population structure analysis of hybrid populations derived from
Deli dura and AVROS genetic backgrounds exhibited four groups, corresponding
to the different seed producers in Thailand (Taeprayoon et al. 2015). This implied
the ability of the SSRs in distinguishing the genetic background of the populations.
This was also demonstrated by Wong et al. (2015) using 11 SSR markers. The
genetic diversity estimation of oil palm parental palms was also reported (Wening
et al. 2013). Using eight SSR markers, the pisifera parents were found to be more
variable than the duras. The markers are applicable for determining parental palms
with highest homozygosity, which are more favorable to the breeders.
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9.9 Conservation Initiatives for Elaeis Species

Basically, there are two approaches in conserving plant genetic resources, ex situ
and in situ conservations. In situ conservation refers to preserving germplasm in
their natural habitats. The ex situ conservation, on the other hand, denotes to the
preservation of genetic materials outside their natural habitats (Engelman 1991).
Some approaches of ex situ conservation include field genebanks, seed storage,
pollen storage, in vitro storage, and botanical gardens, while the in situ approach
encompasses of genetic reserves, on-farm and home garden conservation (Maxted
et al. 1997).

9.9.1 Oil Palm Ex Situ Living Collection

As far as the Elaeis species is concerned, ex situ conservation was established by
several oil palm research centers. Among others are MPOB in Malaysia, French
Agricultural Research Centre for International Development (CIRAD) in France,
Indonesian Oil Palm Research Institute (IOPRI) in Indonesia, and the Empresa
Brasileira de Pesquisa Agropecuaria (EMBRAPA) in Brazil. At a planting density
between 136 and 148 palms per hectare, these conservation efforts inhabit several
hundred or even thousand of hectares of land. The MPOB and IOPRI oil palm
germplasm collections (Fig. 9.3) occupy approximately 600 and 150 ha of land,
respectively. Conservation cum evaluation of these large germplasm resources is a
daunting but nevertheless important task.

Apart from the expensive cost involved in maintaining these living collections,
the genetic materials are also exposed to diseases and extreme weather conditions.
Excellent and valuable materials may be lost at any time. The current germplasm
collections may also contain duplications (materials that are genetically similar),
populations with low diversity, and individual palms that do not possess eco-
nomically valuable traits, which reduce land utilization efficiency. Further, at 25th
year, the oil palms also become very tall (>10 m) and are not easily accessible for
crossing and/or introgression programs. These issues pose a great challenge to the
genebank managers, oil palm breeders, and researchers who have interest in the
species. As these technical groups hold diverse responsibilities toward the germ-
plasms, appropriate consultation among them is crucial in drawing up conservation
strategy to achieve effective management of land use and access of the genetic
materials in the future.

One of the ways to achieve efficient management and access of germplasm
collections is through the establishment of core collection. The term core collection
was first coined by Frankel (1984) which was defined as a limited set of accessions
representing the genetic diversity of a crop species and/or its wild relatives with
minimum repetitiveness. The basic target of core collection is to capture the
maximum genetic diversity of the whole collection while minimizing accession
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number and redundancy to a manageable size of living collections. More impor-
tantly, the goal is to ensure effective function of the collection in the future. For the
oil palm germplasm collection, phenotypic evaluation is a mandatory activity as this
information can directly point to the individuals that carry valuable traits for use in
breeding and improvement. In addition, some of the germplasm materials have also
been assessed using molecular marker systems. Combining both, the phenotypic as
well as molecular diversity evidences will greatly enhance the efficiency in
selecting individuals and/or populations for core collection. Nowadays, powerful

Fig. 9.3 Oil palm ex situ living collection maintained at Malaysian Palm Oil Board
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software such as M-Strat (Gouesnard et al. 2001), genetic distance sampling
(Jansen and van Hintum 2007), PowerCore (Kim et al. 2007), and CoreHunter
(Thachuk et al. 2009) are available that could be applied in analyzing the pheno-
typic and marker data and subsequently shortlist samples for core collection. The
resulting individuals from this analysis will fulfill the aspirations of genebank
managers, i.e., to conserve the diversity of the collections within a reduced popu-
lation size.

The selection of core samples using computer softwares certainly has merits.
Nonetheless, the genetic variability parameters computed from molecular marker
analysis applied on the germplasm collections will also help in the identification of
diverse populations. Previous reports showed that oil palm natural populations from
Nigeria and Brazil revealed higher diversity (Maizura et al. 2006; Moretzsohn et al.
2002). It may be worthwhile to include some populations from these countries into
the core collection. The molecular marker analysis also indicated that greater
variability in oil palm populations was attributed to within rather than between
populations. For future conservation of oil palm, sampling more individuals within
a few populations is therefore recommended. Previous work indicated that there
was no significant difference in terms of the genetic diversity values estimated for
oil palm with population size 20 against 30 (Hayati et al. 2004). At this juncture,
preserving 20 palms would sufficiently cover the genetic diversity that is present in
the population. Alternatively, conserving 16 palms per population can also be
considered, as this is the typical number of palms per cross that are field planted in
one replicate in an oil palm breeding plot.

Genetic similarity values among the populations were also estimated from the
molecular marker data analysis. These values are often illustrated in the form of
phylogenetic tree or principle component analysis. Populations that are genetically
similar were grouped together or distributed closely to each other. Depending on
the size of the group or distribution area, sampling individuals from one or several
populations from each group would cover a wider range of variability than selecting
at random.

Apart from the software-based and marker-based selections, germplasm palms
that exhibit economically important traits are precious resources for oil palm
improvement. From the oil palm breeders’ point of view, these palms deserve
special attention for core collection and are justified for systematic long-term
conservation. In order to ensure the survival of these gene pools, selected palms can
be selfed or intercrossed with palms from the same family. The procedure has to be
initiated once every 20 or 25 years for continuous accessibility of the important
genes, in line with the development of new and improved planting materials that
require approximately 30–40 years.

260 M. Ithnin et al.



9.9.2 In Vitro Conservation Method of Elaeis Species

9.9.2.1 Cryopreservation Method

Conservation of large size species like oil palm in the form of living collections
provides direct access of the genetic materials to the oil palm breeders.
Nevertheless, this method requires large amount of land, man power, and high cost
of maintenance. Cryopreservation is an alternative method that serves as a desirable
storage protocol of biological materials under extremely low temperature
(−196 °C). This method has the advantage of limited space requirement, protection
of plant materials from diseases, cost efficiency, and storage for an unlimited period
of time. Cryopreservation has become an important method for maintaining plant
genetic resources that complements the field preservation techniques (Engelmann
2000). Plant cryopreservation was pioneered by Sakai (1965) who froze mulberry
twigs in liquid nitrogen. Since then, a huge variety of plants have been successfully
cryopreserved for long-term conservation (Bajaj 1984; Makeen et al. 2005; Normah
et al. 1994; Radhamani and Chandel 1992). This method has been used for the
storage of many different types of plant material such as cells, protoplasts, shoot
apices, somatic embryos, seed, or excised zygotic embryos (Engelmann 2004).
Cryopreservation appears to be the most practicable method for storing recalcitrant
seeds and species that are vegetatively propagated.

Oil palm seeds are neither recalcitrant nor orthodox. This intermediate type of
seed can only withstand partial dehydration and is also cold sensitive (Ellis et al.
1990, 1991). Previous reports indicated that such seeds have embryos that are
relatively more tolerant to desiccation and cryoexposure than whole seeds (Bajaj
1984; Radhamani and Chandel 1992; Normah et al. 1994, Makeen et al. 2005). The
in vitro technology for the conservation of oil palm germplasm did not only focus
on zygotic embryos (Grout et al. 1983), but also on somatic embryos (Engelmann
et al. 1985) and pollen (Tandon et al. 2007). These tissues are relatively smaller in
size as compared to seeds and kernels thus, less sensitive to desiccation and
freezing. The cryopreservation of oil palm zygotic embryos was first reported by
Grout et al. (1983). Using the silica gel method, Norziha et al. (2011) successfully
reduced the moisture content of zygotic embryos to 10–20% and subsequently
attained 70% survival rate of the cryopreserved materials. The method is currently
being applied to cryopreserve more than 68,000 zygotic embryos excised from
selected individual palms originating from Tanzania, Guinea, Gambia, Madagascar,
Cameroon, Angola, Sierra Leone, Senegal, Nigeria, Ghana, and Zaire (Fig. 9.4).

In 1993, Dumet et al. (1993) reported that dehydration could be performed either
by placing oil palm somatic embryos for 0–10 h under the laminar flow or in
air-tight boxes containing silica gel for 0–18 h. Polyembryoids of oil palm were
cryopreserved with a successful revival rate of 68% using the droplet vitrification
technique (Gantait 2015). Duval et al. (2000) described the cryopreservation of 80
different genotypes of oil palm polyembryogenic cultures in the cryopreservation
facilities in CIRAD. A total of 150 clones had been tested for cryopreservation in
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Indonesia, Malaysia, Ivory Coast, and France (Engelmann 1991). The materials
were stored at ultra-low temperature for 52 months without any effect on the
recovery rate (Engelmann 1992).

9.9.3 Pollen Conservation

Oil palm pollen was shown to be tolerant to desiccation and low temperature. After
drying at 37 °C for 2–8 h, the pollen could be kept for 12 months at −15 °C
(Ekaratne and Senathirajah 1983). Tandon et al. (2007) described the feasibility of
storing oil palm pollen for long periods in liquid nitrogen without any significant
loss in viability and germination ability. Cryopreserved pollen grains recorded as
high as 54% viability (compared with 62% before storage) and 49% in vitro ger-
mination ability (compared with 52% before storage). In general, an ideal survival
rate is achieved when samples are frozen with water content of between 10 and 20%
on fresh weight basis (Engelmann 1992). Depending on the species and tissues
applied for cryopreservation, survival rates between 20% (Golmirzaie and Panta
2000) and 70% (Malik et al. 2012) could be attained. More importantly, since the
method developed is genotype specific, researchers need to carry out modification
when dealing with new genotypes or genetic materials.

Fig. 9.4 Cryopreservation facilities at Malaysian Palm Oil Board
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9.9.4 Maintenance Under Growth Limitation

In vitro maintenance of whole plants is another method for conserving plant mate-
rials. This method applies minimal growth conditions to slow down metabolism
which allow the plants to be kept for short and medium term. Using genetic materials
obtained from the oil palm genebank established at EMBRAPA, Camillo and
Scherwinski-Pereira (2015) had attempted minimal growth conditions on 10 cm size
plants regenerated from oil palm zygotic embryos. The effect of low temperature and
various types and concentrations of carbohydrates on the survival rate of the materials
were tested. It was found that keeping the plants at 20 °C in media containing 3%
sucrose significantly reduced the growth of the plants. Applying these parameters had
successfully generated normal looking plants with a survival rate of 95%.

9.9.5 Artificial Seeds

Artificial seed is a technology that involves encapsulating somatic embryos, shoot
tips, axillary buds, stem, and root segments using coating materials. Some examples
of coatings used are polyoxyethylene, sodium alginate complexed with calcium
chloride or calcium nitrate, sodium alginate mixed with gelatin complexed in calcium
chloride, carrageenan mixed with locus bean gum and complexed with potassium or
ammonium chloride and Gelrite gel (Ravi and Anand 2012). This technology offers a
solution for long-term and high-scale storage of genetic materials at low cost (Ghosh
and Sen 1994). A method to encapsulate oil palm secondary somatic embryos (SSEs)
was developed by Inpuay and Te-chato (2012). The SSEs were attained from green
mature somatic embryos known as haustorium embryos (Te-chato and Hilae 2007;
Chehmalee and Te-chato 2008). It was reported that the most suitable protocol for
encapsulation of these materials was 2.5% sodium alginate polymerized in 100 mM
calcium nitrate for 15 min. Encapsulated colyoptile SSEs gave a high germination
rate of 73% after cultured on germination medium for 1 week.

As described above, methods have been developed for preserving various oil
palms tissues including zygotic embryos, pollen, shoot tips, segments of stems and
roots, small oil palm plants as well as tissue-culture derived materials such as
somatic embryos, polyembroids, and secondary somatic embryos. These reports
provided useful references to genebank managers or researchers who wish to apply
low temperature, minimal growth, and cryopreservation methods to preserve oil
palm genetic materials.

9.9.6 DNA Banking

Plant DNA banks have emerged as new resource with great potential for charac-
terizing and utilizing biodiversity. MPOB has also taken the initiative to preserve
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DNA of important palms used in crossing programs as well as the germplasm
materials maintained in the ex situ living collections. These DNA collections will
become reference samples for analyses of parentage or verification of specific
genotypes or crosses. Leaf samples of the palms selected for cryopreservation are
also targeted for DNA banking. The extracted DNA is stored in a 1.5 ml tubes and
kept at 4 °C. The leaf and DNA samples are stored at two different locations. To
date, MPOB had collected a total of 3312 leaf samples from its germplasm col-
lections and extracted DNA from 1854 samples.

A database that contained large number of dura, pisifera, and tenera palms from
different sources such as Deli, Yangambi, La Me, AVROS, and Ekona selected over
many generations was established (Seng et al. 2009). The DNA from these palms
was also extracted. Coupled with molecular marker analysis, the database is useful
for routine illegitimacy tests in oil palm breeding crosses, seed production, and
fingerprinting of tissue-cultured derived clones.

9.10 Conclusion

In the course of selection, oil breeding populations have lost numerous alleles and
this was clearly demonstrated through molecular marker analysis. This may one
way or another affect the ability of the crops to adapt to the changing environments
that may be stressful to the plant. This will also cause the crop to be more prone to
diseases, especially since climate change is predicted to occur worldwide.
Therefore, efforts to improve the diversity of the present breeding populations by
introgressing the underutilized germplasm materials into the breeding schemes
should be initiated actively.

Phenotypic characterization revealed enormous number of valuable genes pre-
sent in the oil palm germplasm collections. Among others are high oil yield, slow
height increment, longer stalk, tolerance to diseases, high iodine value, high car-
otene, high kernel, and high vitamin E contents. Palms with ability to efficiently
utilize resources and adapt effectively to climate change are likely present in the
germplasm. Preliminary efforts to incorporate some of these materials with inter-
esting phenotypes into breeding schemes revealed encouraging results. Adopting
such planting materials in commercial plantations would take decades to achieve
due to the perennial nature of oil palm. Nonetheless, introgressing these genes into
the current breeding programs will overall enhance diversity, productivity, envi-
ronmental adaptation and add value to palm oil and oil palm products.

There is also increasing concerns over the loss of genetic resources of crop
plants. The progress of crop improvement depends on conservation efforts of these
resources and their effective utilization by plant breeders. Several oil palm research
organizations had attempted to accumulate E. guineensis and E. oleifera genetic
resources from their centers of natural distributions. As far as ex situ conservation is
concerned, computer software that make use of phenotypic and molecular marker
data are available to help genebank managers and oil palm researchers select palms
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for establishment of core collection. This collection represents the genetic diversity
of the main collection in a minimum population size. In addition, selected palms
that carry genes of economic values should also be continuously maintained in the
form of selfed or introgressed progenies to ensure long-term and effective acces-
sibility. The in vitro conservation methods have been developed for oil palm tis-
sues. These are alternatives which offer low cost for maintaining large number of
samples for long periods at smaller facilities. Despite the specific expertise required
for the management of such facility, methods have been established for various oil
palm tissues. Maintaining palms or tissues in such a way ensures the genetic
materials are free from external threats such as diseases and extreme weather
condition.

Such conservation methods will ensure that oil palm breeders will always have
the necessary genetic resources to breed for the sustainability of the crop and
industry in a climate change world.

References

Alvarado A, Escobar R (2016) Seed production and oil palm breeding in ASD Costa Rica.
Proceedings of the international seminar on oil palm breeding and seed production and field
visits, Kisaran, Indonesia, pp 21–38, 29–30 September 2016

Alvarado A, Escobar R, Henry J (2012) The OxG hybrid: a new alternative for areas affected by
bud rot disorder. Proceedings of the international seminar on breeding for oil plam disease
resistance and field visits, Bogota, Colombia, 21–24 September 2012

Alves AA, Pereira VM, Filho JAF, Leao AP, Formighieri EF, Souza MT Jr, Rios SA (2015)
Genetic diversity patterns and genetic structure among subpopulations of Elaeis oleifera based
on genome-wide SNP markers. Proceedings of the 8th Brazilian congress of plant breeding,
Goiania, Brazil, 3–6 August 2015

Andrade EB (1982) Relatorio da Expedicao para Coleta de Germoplasma de Caiaue Elaeis
oleifera (H.B.K.) Cortes, na Amazonia brasileira. EMBRAPA-CNPSD. Manaus, p 31

Ang BB (2003) Early performance of PT Asian Agri DxP test-cross progeny trials on peat and
alluvial soils. Paper presented at seminar on progress of oil palm breeding and selection,
Medan, Indonesia, 6–9 October 2003

Arias D, Montoya C, Rey L, Romero H (2012) Genetic similarity among commercial oil palm
materials based on microsatellite markers. Agronomia Colombiana 30(2):188–195

Arias DM, Daza ES, Montoya C, Romero HM (2011) Genetic collection of oil palm materials
from Cameroon. PALMAS 32:27–37

Ataga CD, Okwuagwu CO, Okolo EC (2000) Oil palm genetic resources in Nigeria—a review.
Proceedings of the international symposium on oil palm genetic resources and their utilization,
Kuala Lumpur, Malaysia, pp 142–156, 8–10 June 2000

Bajaj YPS (1984) Introduction of growth in frozen embryos of coconut and ovules of citrus.
Cryoletters 23:1215–1216

Bakoumé C, Wickneswari R, Siju S, Rajanaidu N, Kushairi A, Billote N (2015) Genetic diversity
of the world’s largest oil palm (Elaeis guineensis Jacq.) field genebank accessions using
microsatellite markers. Genet Resour Crop Evol 62:349–360

Barcelos E, Amblard P, Berthaud J, Seguim M (2000) The genetic diversity of the American oil
palm Elaeis oleifera (Kunth) cortes revealed by nuclear RFLP markers. Proceedings of the
international symposium on oil palm genetic resources and their utilization, Kuala Lumpur,
Malaysia, pp 544–555

9 Biodiversity and Conservation of Elaeis Species 265



Barcelos E, Amblard P, Berthaud J, Seguim M (2002) Genetic diversity and relationship in
American and African oil palm as revealed by RFLP and AFLP molecular markers. Pesq
Agropec bras Brasilia 37(8):1105–1114

Billotte N, Risterucci AM, Barcelos E, Noyer JL, Amblard P, Baurens FC (2001) Development,
characterization and across-taxa utility of oil palm (Elaeis guineensis Jacq.) microsatellite
markers. Genome 44:413–425

Blaak G (1967) Oil palm prospection tour in the Bamenda highlands of West Cameroon. Internal
Report, Unilever, London

Camillo J, Scherwinski-Pereira JE (2015) In vitro maintenance, under slow-growth conditions of
oil palm germplasm obtained by embryo rescue Pesquisa Agropecuária Brasileira. 50(5), 426–
429

Chehmalee S, Te-chato S (2008) Induction of somatic embryogenesis and plantlet regeneration
from cultured zygotic embryo of oil palm. J Agric Technol 4:137–146

Chin CW, NG WJ, Junaidah J, Shuhaimi S, Mohd Nasruddin M (2005) Developing high oil yield
DxP: the Felda experience. Proceedings of the 2005 national seminar on advances in breeding
and clonal technologies for super yielding planting materials, Seri Kembangan, Selangor,
Malaysia, pp 152–174

Cochard B, Adon B, Rekima S, Billotte N, Desmier R, Koutou A et al (2009) Geographic and
genetic structure of African oil palm diversity suggests new approaches to breeding. Tree
Genet Genomes 5:493–504

Corley R, Tinker P (2003) The oil palm, 4th edn. Blackwell Publishing, New Jersey
Crone GR (1937) The voyages of Cadamosto and other documents on Western Africa in the

second half of the fifteenth century. Hakluyt Soc Series II, 80 [1.1.2]
Davidson L (1993) Management for efficient cost—effective and productive oil palm plantations.

Proceedings of the PORIM international palm oil conference, Kuala Lumpur, Malaysia,
pp 153–170

Donough CR, Chia CC (2005) Breeding oil palms for high oil yield DxP in IOI group: first cycle
development of OPGL-derived materials. Proceedings of the 2005 national seminar on
advances in breeding and clonal technologies for super yielding planting materials, Seri
Kembangan, Selangor, Malaysia, pp 175–216

Dumet D, Engelmann F, Chabrillange N, Duval Y (1993) Cryopreservation of standard oil palm
(Elaeis guineensis Jacq.) somatic embryos involving a desiccation step. Plant Cell Rep 12:352–
355

Durand-Gasselin T, Diabate S, de Franqueville H, Cochard B, Adon B (2000) Assessing and
utilizing sources of resistance to Fusarium wilt in oil palm (Elaeis guineensis Jacq.) genetic
resources. Proceedings of the International Symposium on oil palm genetic resources and their
utilization, Kuala Lumpur, Malaysia, pp 446–470

Duval Y, Chabrillange N, Dumet D, Engelmann F (2000) Ex situ conservation of oil palm (Elaeis
guineensis Jacq.) genetic resources using biotechnology. Proceedings of the International
Symposium on oil palm genetic resources and their utilization, Kuala Lumpur, Malaysia,
pp 471–479

Ebongue FN, Koona P, Nouy B, Zok S, Carriere F, Zollo PH et al (2008) Identification of oil palm
breeding lines producing oils with low fatty acids. Eur J Lipid Sci Technol 110:505–509

Ekaratne SNR, Senathirajah S (1983) Viability and storage of pollen of the oil palm. Elaeis
guineensis Jacq. Ann Bot 51(5):661–668

Elenga H, Schwartz D, Vincens A (1994) Pollen evidence of late quarternary vegetation and
inferred climate changes in Congo. Palaeogeogr Palaeoclimatol Palaeoecol, pp 345–356

Ellis RH, Hong TD, Roberts EH (1990) An intermediate category of seed storage behaviour? I.
Coffee. J Exp Bot 41:1167–1174. doi:10.1093/jxb/41.9.1167

Ellis RH, Hong TD, Roberts EH, Soetisna U (1991) Seed storage behaviour in Elaeis guineensis.
Seed Sci Res 1:99–104. doi:10.1017/S0960258500000726

Engelmann F (1991) In vitro conservation of tropical plant germplasm—a review. Euphytica
57:227–243

266 M. Ithnin et al.

http://dx.doi.org/10.1093/jxb/41.9.1167
http://dx.doi.org/10.1017/S0960258500000726


Engelmann F (1992) Cryopreservation of embryos, reproductive biology and plant breeding. In:
Dattee C, Dumas C, Gallais A (eds), Springer, Berlin, pp 281–290

Engelmann F (2000) Importance of cryopreservation of plant genetic resources. In: Engelmann F,
Takagi, H (eds) Cryopreservation of tropical plant germplasm. Current research progress and
applications, Rome, JIRCAS, Tsukuba/IPGRI, pp 8–20

Engelmann F (2004) Plant cryopreservation: progress and prospects. In Vitro Cell Dev Biol-Plant
40:427–433

Engelmann F, Duval Y, Dereuddre J (1985) C.R. Acad. Sci. Paris 301, Sér. DI, 111–116. Survieet
proliferation d’embryons somatiques de palmier huile (Elaeis guineensis Jacq.) après
congélationdansl’azoteliquide. Comptes Rendus de I’Acadéniie des Sciences Paris, Série
111 301, 111–116

Escobar R (1982) Preliminary results of the collection and evaluation of the American oil palm
Elaeis oleifera (HBK, Cortes) in Costa Rica. In: Pushparajah E, Chew PS (eds) The oil palm in
agriculture in the eighties, vol 1. Incorporated Society of Planters, Kuala Lumpur, pp 79–93

Frankel OH (1984) Genetic perspectives of germplasm conservation. In: Arber W, Llimensee K,
Peacock WJ, Starlinger P (eds) Genetic manipulation: impact on man and society. Cambridge
University Press, Cambridge, pp 161–170

Gantait S, Sinniah UR, Suranthran P et al (2015) Improved cryopreservation of oil palm (Elaeis
guineensis Jacq.) polyembryoids using droplet vitrification approach and assessment of genetic
fidelity. Protoplasma 252:89

Gerritsma W, Wessel M (1997) Oil palm: domestication achieved? Neth J Agric Sci 45:463–475
Ghosh B, Sen S (1994) Plant regeneration from alginate encapsulated somatic embryos of

Asparagus cooperi baker. Plant Cell Rep 9:189–194
Golmirzaei AM, Panta A (2000) Advances in potato cryopreservation at CID. In: Engelmann F,

Takagi, H (eds) Cryopreservation of tropical plant germplasm. Current Research Progress and
Application, Japan International Research Center for Agricultural Sciences, Tsukuba, Japan,
pp 250–254

Gouesnard B, Bataillon TM, Decoux G, Rozale C, Schoen DJ, David JL (2001) MSTRAT: An
algorithm for building germplasm core collections by maximizing allelic or phenotypic
richness. J Hered 92:93–94. doi:10.1093/jhered/92.1.93

Grout BWW, Sheltan K, Prichard HW (1983) Orthodox behaviour of oil palm seed and
cryopreservation of the excised embryos for genetic conservation. Ann Bot 52:381–384

Hartley C (1988) The oil palm, 3rd edn. Longman Scientific & Technical, London
Hayati A, Wickneswari R, Maizura I, Rajanaidu N (2004) Genetic diversity of oil palm (Elaeis

guineensis Jacq.) germplasm collections from Africa: implications from improvement and
conservation of genetic resources. Theor Appl Genet 108:1274–1284

Heslop-Harrison JSP (2012) Traits with ecological functions. Ann Bot 110:139–140
Idris AS, Kushairi A, Ismail S, Ariffin D (2004) Selection for partial resistance in oil palm

progenies to Ganoderma basal stem rot. J Oil Palm Res 16(2):12–18
Idris AS, Norman K (2015) Upstream management practices to reduce Ganoderma disease

outbreak—the industry’s approach. Book of abstract of the PIPOC 2015: Agriculture,
Biotechnology & Sustainability (ABS) Conference, Kuala Lumpur, Malaysia. pp 9–10

Inpuay K, Te-chato S (2012) Primary and secondary somatic embryos as tool for the propagation
and artificial seed production of oil palm. J Agric Technol 8(2):597–609

Isa ZA, Kushairi A, Chin, CW, Sharma M, Chia CC, Rajanaidu N, Mohd Din A (2005)
Performance of Malaysian DxP—third round evaluation. Proceedings of the 2005 national
seminar on advances in breeding and clonal technologies for super yielding planting materials,
Seri Kembangan, Selangor, Malaysia, pp 95–137

Isa ZA, Ong KP, Norasyikin I, Suboh O (2008) Performance of MPOB-Nigerian population 12—
an update. Proceedings of the 3rd seminar on performance of MPOB PS1 and PS2 materials
and elite germplasm, Bangi, Selangor, Malaysia, pp 139–149

Isa ZA, Suboh O, Azhar D, Norasykin I (2013) Performance of Dami DxP planted in inland soil in
Tereh Utara, Kulim Plantations. Proceedings of the international seminar on oil palm breeding
—yesterday, today and tomorrow, Kuala Lumpur, Malaysia, pp 40–63

9 Biodiversity and Conservation of Elaeis Species 267

http://dx.doi.org/10.1093/jhered/92.1.93


Jansen J, van Hintum T (2007) Genetic distance sampling: a novel sampling method for obtaining
core collections using genetic distances with an application to cultivated lettuce. Theor Appl
Genet 114:421–428

Julian Barba R (2012) Ecuadorian oleiferas minimize losses caused by bud rot in Latin America.
Proceedings of the international seminar on breeding for oil plam disease resistance and field
visits, Bogota, Colombia, 21–24 September 2012

Junaidah J, Chin CW, Rafii MY, Syuhada WH (2008) Performance and utilization of
MPOB-Nigerian oil palm materials in FELDA. Proceedings of the 3rd seminar on performance
of MPOB PS1 and PS2 materials and elite germplasm, Bangi, Selangor, Malaysia, pp 73–90

Kahn F (1997). The palms of eldorado (Edition Champlour ed) Orstom
Kim KW, Chung HK, Cho GT, Ma KH, Chandrabalan D, Gwag JG, Kim TS, Cho EG, Park YJ

(2007) PowerCore: a program applying the advanced M strategy with a heuristic search for
establishing core sets. Bioinformatics 23:2155–2162. doi:10.1093/bioinformatics/btm313

Krishnan S (2015) Fine tuning the Nigerian germpalsm breeding programme at FGV for climate
change in Malaysia. Proceedings of the international seminar on gearing oil palm breeding and
agronomy for climate change, Kuala Lumpur, Malaysia, p 8

Kularatne RS, Shah F, Rajanaidu N (2001) The evaluation of genetic diversity of Deli dura and
African oil palm genrmplasm collection by AFLP markers. Trop Agric Res 13:1–12

Kushairi A, Rajanaidu N, Jalani S, Mohd Rafii Y, Mohd Din A (1999) PORIM oil palm planting
materials. PORIM Bull 38:1–13

Kushairi A, Rajanaidu N, Mohd Din A, Isa ZA, Noh A, Junaidah J (2003a) Performance of
Tanzania germplasm. Proceedings of the seminar on progress of PS1 and PS2 planting
materials and release of elite germplasm to the industry, Bangi, Selangor, Malaysia, pp 91–112

Kushairi A, Rajanaidu N, Mohd Din A, Isa ZA, Noh A, Junaidah J (2003b) Performance of
Angola genetic materials. Proceedings of the seminar on progress of PS1 and PS2 planting
materials and release of elite germplasm to the industry, Bangi, Selangor, Malaysia, pp 75–90

Kushairi A, Rajanaidu V, Mohd Din A (2003c) Mining the germplasm. Paper presented at ISOPB
seminar on the progress of oil palm breeding and selection, Medan, Sumatra, Indonesia, 6–9
October 2003

Kushairi A, Tarmizi A H, Zamzuri A, Ong-Abdullah M, Rohani O, Samsul Kamal R, Ooi S E,
Ravigadevi S, Mohd Basri W (2010) Current status of oil palm tissue culture in Malaysia.
Proceedings of the clonal and quality replanting material workshop: towards increasing the
national productivity by one tonnes FFB/ha/year, Kuala Lumpur, Malaysian, pp 3–14, 10
August 2010

Kushairi A, Mohd Din A, Ranaidu N (2011) Oil palm breeding and seed production. In: Mohd
Basri W, Choo YM, Chan KW (eds) Further advances in oil palm research (2000-2010), vol 1.
Malaysian Palm Oil Board, Kuala Lumpur, pp 47–93

Maizura I, Rajanaidu N, Zakri A, Cheah S (2006) Assessment of genetic diversity in oil palm
(Elaeis guineensis) using Restriction Length Polymorphism (RFLP). Genet Resour Crop Evol
56:187–195

Maizura I, Suzana M, Ting NC, Leslie Ooi CL, Norziha A, Rajinder S. (2013) Population structure
of selected oil palm germplasm as revealed by SNP markers, a pre-requisite for association
mapping. Proceedings of MPOB International Palm Oil Conference (PIPOC), Kuala Lumpur,
Malaysia

Makeen AM, Normah MN, Dussert S, Clyde MM (2005) Cryopreservation of whole seeds and
excised embryogenic axes of Citrus suhuiensis cv. Limau langkat in accordance to their
desiccation sensitivity. Cryoletters 26:259–268

Malik SK, Chaudhury R, Pritchard HW (2012) Long-term, large-scale banking of citrus species
embryos: comparisons between cryopreservation and other seed banking temperatures.
Cryoletters 33(6):453–464

Marhalil M, Mohd Din A, Rajanaidu N, Kushairi A (2015) Utilization of MPOB oil palm
germplasm for climate change. Proceedings of the international seminar on gearing oil palm
breeding and agronomy for climate change, Kuala Lumpur, Malaysia, p 7

268 M. Ithnin et al.

http://dx.doi.org/10.1093/bioinformatics/btm313


Marhalil M, Rajanaidu N (2011) Oil palm (Elaeis guineensis) germplasm in Angola: second
prospection. Proceedings of the international seminar on breeding for sustainability in oil palm,
Kuala Lumpur, Malaysia, pp 133–154

Mauricio M, Fontanilla C (2015) Bud rot technology validation in oil palm plantations from the
Colombian Central Zone. Book of abstract of the PIPOC 2015: Agriculture, Biotechnology &
Sustainability (ABS) Conference, Kuala Lumpur, Malaysia, pp 24–25

Maxted N, FordLlyod BV, Hawkes JG (1997) Plant genetic conservation: the in situ approach.
Chapman and Hall, London, UK

Meunier J (1969) Etude des populations naturelles d’Elaeis guineensis en Cote d’Ivoire.
Oleagineux 24(2):195

Meunier J, Baudouin L (1986) Evaluation and utilization of Yocoboue population of Elaeis
guineensis. Proceedings of the international workshop on oil palm germplasm and utilization,
Bangi, Selangor, Malaysia, pp 144–152

Morcillo F, Cros D, Billotte N, Ngando-Ebongue GF, Domonhédo H, Pizot M et al (2013)
Improving palm oil quality through identification and mapping of the lipase gene causing oil
deterioration. Nat Commun 4:2160. doi:10.1038/ncomms3160

Mohaimi M (2011) Updates of the evaluation of semi-clonal DxP progenies in Sime Darby.
Proceedings of international seminar on breeding for sustainability in oil palm, Kuala Lumpur,
Malaysia, pp 101–111

Mohd Din A, Rajanaidu N, Jalani S (2000) Performance of Elaeis oleifera from Panama, Costa
Rica, Colombia and Honduras. J Oil Palm Res 12(1):71–80

Mohd Din A, Rajanaidu N, Kushairi A, Rafii M, Isa ZA, Noh A (2002) PS4- High Carotene E.
oleifera planting Materials. MPOB Information Series No. 154. MPOB TT No. 137. MPOB,
Bangi, Selangor

Mohd Zaki N, Ismail I, Rosli R, Chin TN, Singh R (2010) Development and characterization of
Elaeis oleifera microsatellite markers. Sains Malaysiana 39(6):909–912

Mohd Zaki N, Singh R, Rosli R, Ismail I (2012) Elaeis oleifera genomic-SSR markers:
exploitation in oil palm germplasm diversity and cross-amplification in arecaceae. Int J Mol Sci
13:4069–4088. Available online: doi:10.3390/ijms13044069

Moretzshon MC, Ferreira MA, Amaral ZPS, Coelho PJA, Grattapaglia D, Ferreira ME (2002)
Genetic diversity of Brazillian oil palm (Elaeis oleifera H.B.K.) germplasm collected in the
Amazon forest. Euphytica 124:35–45

Musa B, Gurmit S (2008) Utilization of MPOB germplasm at UPB. Proceedings of the 3rd seminar
on performance of MPOB PS1 and PS2 materials and elite germplasm, Bangi, Selangor,
Malaysia, pp 43–72

Musa B, Sritharan K, Xaviar A (2011) Performance of bi-clonal DxP planting material at United
Plantations Berhad. Proceedings of international seminar on breeding for sustainability in oil
palm, Kuala Lumpur, Malaysia, pp 78–100

Noh A, Kushairi A, Mohd Din A, Maizura I, Marhalil M, Osman A, Rajanaidu N (2008) Genetic
variation for long stalk and high protein kernel in oil palm germplasm. Proceedings of the 3rd
seminar on performance of MPOB PS1 and PS2 materials and elite germplasm, Bangi,
Selangor, Malaysia, pp 150–167

Normah MN, Reed BM, Yu YL (1994) Seed storage and cryoexposure behaviour in hazelnut
(Corylusavellana L. cv. Barcellona). Cryoletters 15:315–322

Normahnani MN, Siang SC (2016) Screening for Ganoderma disease tolerant oil palm progenies
in Sime Darby. Program book of the 6th IOPRI-MPOB International seminar on current
research and management of pests, Ganoderma and pollination in oil palm for higher
productivity, Medan, Indonesia, pp 32, 27–29 September 2016

Norziha A, Marhalil M, Maizura I (2011) Dessication and cryopreservation of oil palm (Elaeis
guineensis Jacq.) embryos. Proceedings of agriculture, biotechnology and sustainability
conference PIPOC 2011, Kuala Lumpur, Malaysia, pp 300–303

Norziha A, Noh A, Fadila AM, Zulkifly Y, Mohd Din A (2012) Ganoderma infection studies in
selfed and intercrossed Deli dura progenies. Proceedings of the international seminar on

9 Biodiversity and Conservation of Elaeis Species 269

http://dx.doi.org/10.1038/ncomms3160
http://dx.doi.org/10.3390/ijms13044069


breeding for oil palm disease resistance and field visits, Bogota, Colombia, 21–24 September
2012

Norziha A, Rafii MY, Maizura I, Ghizan S (2008) Genetic variation among oil palm parent
genotypes and their progenies based on microsatellite markers. J Oil Palm Res 20:533–541

Nuzul HD (2015) Agricultural practices strategies in oil palm plantations to adapt climate change.
Proceedings of the international seminar on gearing oil palm breeding and agronomy for
climate change, Kuala Lumpur, Malaysia, pp 9–16

Oil World (2016a) Fading growth in palm oil raises the dependence on seed oil 59(4):37–39 (29
Jan 2016)

Oil world (2016b) Soya oil temporarily gaining market share from palm oil 59(8):89–92 (26 Feb
2016)

Okwuagwu CO (1986) The genetic base of the NIFOR oil palm programme. Proceedings of
international workshop on oil palm germplasm, Bangi, Selangor, Malaysia, pp 228–237

Ooi S, Da Silva E, Muller A, Nascimento J (1981) Oil palm genetic resources—native E. oleifera
populations in Brazil offer promising sources. Pesq agropec bras 16(3):385–395

Pichel R (1956) L’Ameriolation du Palmier a huile du Congo Belge Conf. Franco-Brittanique sur
le palmier a huile. Bull Agron Min Fr d’outre Mer 14:59–66

Pillai RSN, Blaak G, Paul Closen H (2000) Collection of oil palm (Elaeis guineensis Jacq.)
germplasm from Africa. Int Jour of Oil Palm 1(1&2):23–37

Prasetyo JHH, Sitepu B, Iswandar HE, Djhujana J, Nelson SPC (2011) Performance of Sumbio
semi-clonal progenies. Proceedings of the agriculture, biotechnology and sustainability
conference PIPOC 2011, Kuala Lumpur, Malaysia, pp 212–216

Purba AR, Arif M, Yenni Y (2013) Current oil palm breeding programs and commercial planting
materials. Proceedings of the International Seminar on oil palm breeding—yesterday, today
and tomorrow, Kuala Lumpur, Malaysia, pp 30–42

Purba AR, Setiawati U, Susanto A, Rahmaningsih M, Yenni Y, Tahmadi HY, Nelson SPC (2012)
Indonesia’s experience of developing Ganoderma tolerant/resistant oil palm planting materials.
Proceedings of the international seminar on breeding for oil palm disease resistance and field
visits, Bogota, Colombia, 21–24 September 2012

Rachier GO, Wabule MN, Wasilwa L, Odenya JO, Orondo SG, Mambiri G, Wanjalla AW,
Cheboi P, Makheti PT (2009) Introduction and promotion of cold tolerant oil palm (Elaeis
guineensis) in Western Kenya. Proceedings of agriculture, biotechnology and sustainability
conference PIPOC 2009, Kuala Lumpur, Malaysia, pp 1035–1044

Radhamani J, Chandel KPS (1992) Cryopreservation of embryonic axes of trifoliate orange
(Poncirus trifoliate (L) Raf.). Plant Cell Rep 11:204–206

Rajanaidu N (1986a) The oil palm (Elaeis guineensis) collections in Africa. Proceedings of
international workshop on oil palm germplasm and utilization, Bangi, Selangor, Malaysia,
pp 59–83

Rajanaidu N (1986b) Elaeis oleifera collection in Central and South America. Proceedings of
international workshop on oil palm and utilization, Bangi, Selangor, Malaysia, pp 84–94

Rajanaidu N (1995) PORIM oil palm gene bank. Palm Oil Tech Bull 1(4):7
Rajanaidu N, Ainul MM, Kushairi A, Mohd Din A (2013) Historical review of oil palm breeding

for the past 50 years—Malaysian journey. Proceedings of the international seminar on oil palm
breeding—yesterday, today and tomorrow, Kuala Lumpur, Malaysia, pp 11–28

Rajanaidu N, Jalani BS (1994) Prospects for breeding for kernels in oil palm (Elaeis guineensis).
The Planter 70(820):307–318

Rajanaidu N, Kushairi A, Chan KW, Mohd Din A (2007) Current status of oil palm material in the
world and future challenges. Proceedings of agriculture, biotechnology and sustainability
conference, vol 1, Kuala Lumpur, Malaysia, pp 503–520

Rajanaidu N, Kushairi A, Mohd Din A, Norziha A, Ainul M (2012) Breeding for disease
resistance in oil palm—current status. Proceedings of the international seminar on breeding for
oil palm disease resistance and field visits, Bogota, Colombia, 21–24 September 2012

270 M. Ithnin et al.



Rajanaidu N, Kushairi A, Rafii M, Mohd Din A, Maizura I, Jalani BS (2000) Oil palm breeding
and genetic resources. In: Basiron Y, Jalani BS, Chan KW (eds), Advances in oil palm
research. Malaysian Palm Oil Board, Kuala Lumpur, pp 171–237

Rajanaidu N, Rao V (1987) Oil palm genetic collections: their performance and use to the industry.
Proceedings of international oil palm/palm oil conference in agriculture, Kuala Lumpur,
Malaysia, pp 59–85

Rajinder S, Noorhariza MZ, Ting NC, Rozana R, Tan SG, Low ETL, Maizura I, Cheah SC (2008)
Exploiting an oil palm EST database for the development of gene-derived SSR markers and
their exploitation for assessment of genetic diversity. Biologia 63(2):227–235

Ravi D, Anand P (2012) Production and applications of artificial seeds: a review. Int Res J Biol Sci
1(5):74–78

Rao V (1996) Ripening in the virescens oil palm. Proceedings of the international conference on
oil and kernel production in oil palm: a global perspective. Bangi, Selangor, p 226

Restrepo EF, Navia EA, Avila RA, Daza EE (2012) Use of epidemiological tools to differentiate
the ability of various oil palm materials to respond to bud rot disease under field conditions.
Proceedings of the international seminar on breeding for oil palm disease resistance and field
visits, Bogota, Colombia, 21–24 September 2012

Rey L, Gómez PL, Ayala I, Delgado W, Rocha P (2004) Colecciones genéticas de palma de aceite
Elaeis guineensis (Jacq.) y Elaeis oleifera (H.B.K.) de Cenipalma: Características de
importancia en el sector palmicultor. PALMAS 25(2):39–48

Reynaud-Farrera I, Maley J, Wirrmann D (1996) Vegetation and climate in the forest of
South-West Cameroon since 4770 years BP: pollen analysis of sediments from Lake Ossa. C.
R. Acad. Sci. Ser. IIA. Sciences de le terre et des plantes 322:749

Roongsattham et al (2012) Temporal and spatial expression of galacturonase members reveals
divergent regulation during fleshy fruit ripening and abscission in the monocot species oil
palm. BMC Plant Biol 12:150

Sakai A (1965) Determining the degree of frost-hardiness in highly hardy plants. Nature 185:393–
394

Sapey E, Adusei-Fosu K, Agyei-Dwarko D, Okyere-Baoteng G (2012) Collection of oil palm
(Elaeis guineensis Jacq.) germplasm from the northern regions of Ghana. Asian J Agric Sci 4
(5):325–328

Schultes RE (1990) Taxonomic, nomenclatural and ethnobotanic notes on Elaeis. Elaeis 2(1):172–
187

Seng TY, Siti Hawa MS, Junaidah J, Chin CW, Sharifah SRSA (2009) Developing a DNA
database of Felda’s critical breeding palms. Proceedings of the international seminar on oil
palm genomics and its application to oil palm breeding, Kuala Lumpur, Malaysia

Sharma M (2000) Exploitation of (Elaeis oleifera) germplasm in improving the quality of palm oil.
Proceedings of the international symposium on oil palm genetic resources and their utilization,
Kuala Lumpur, Malaysia, pp 322–398

Sharma M, Beng AB, Harkingto, Sidhu M (2016) Performance of Asian Agri Group’s 2nd
generation DxP planting materials—moving to the next level of improved DxP. Proceedings of
the international seminar on oil palm breeding and seed production and field visits, Kisaran,
Indonesia, p 7

Smith NJH, Williams JT, Plucknett DL Talbot JP (1992) Rubber, oils and resins. In: Tropical
forests and their crops. Cornell University Press, New York, pp 207–263

Soh AC (1999) Breeding plans and selection method in oil palm. Proceedings of the symposium
on the science of oil palm breeding. Montpellier, France, pp 65–95

Soh AC, Walker S, Ong CK (2015) Breeding for sustainability. Book of abstracts PIPOC 2015
Kuala Lumpur, Malaysia, p 5

Sowunmi M (1999) The significance of the oil palm (Elaeis guineensis jacq.) in the late Holocene
environments of west and central Africa: a further consideration. Veg Hist Archaeobotany
8:199–210

Sudharto P, Giono, Alam S, Taofik M, Salman M, Pujangga, Advento AD, Caliman MN (2016)
Research and management of major oil palm pests: strategy for control of bagworm in oil palm

9 Biodiversity and Conservation of Elaeis Species 271



plantation. Program book of the 6th IOPRI-MPOB international seminar on current research
and management of pests, Ganoderma and pollination in oil palm for higher productivity,
Medan, Indonesia, p 16

Taeprayoon P, Tanya P, Lee SH, Srinives P (2015) Genetic background of three commercial oil
palm breeding in Thailand revealed by SSR markers. Aust J Crop Sci 9(4):281–288

Tandon R, Chaudhury R, Shivana KR (2007) Cryopreservation of oil palm pollen. Curr Sci 92(2),
pp 182–183 (Ref. 15)

Te-chato S, Hilae A (2007) High-frequency plant regeneration through secondary somatic
embryogenesis in oil palm (Elaeis guineensis Jacq. var. tenera). J Agric Technol 3:345–357

Thachuk C, Crossa J, Franco J, Dreisigacker S, Warburton M, Davenport GF (2009) Core hunter:
an algorithm for sampling genetic resources based on multiple genetic measures. BMC
Bioinform 10:243. doi:10.1186/1471-2105-10-243

Ting NC, Zaki NM, Rosli R, Low ETL, Ithnin M, Cheah SC, Tan SG, Singh R (2010) SSR mining
in oil palm EST database: application in oil palm germplasm diversity studies. J Genet 89
(2):135–145

Turnbull N, Cazemajor M, Guerin C, Louise C, Amblard P, Cochard B, Durand-Gasselin, T
(2016) Oil palm breeding and seed production in PalmElit. Proceedings of the international
seminar on oil palm breeding and seed production and field visits, Kisaran, Indonesia, pp 8–20

Turnbull N, de Franqueville H, Breton F, Jeyen S, Syahoutra I, Cochard B, Poulin V,
Durand-Gassellin T (2014) Breeding methodology to select oil palm planting material partially
resistant to Ganoderma boninense. Paper presented at the 5th quadrennial international oil
palm conference, Bali Nusa Dua Convention Center, Indonesia, 17–19 June 2014

Vanderweyen R (1952) La prospection des palmeraies congolaises et ses premier results. Bull
Inf INEAC 1:357–382

Veriappan A, Rajanaidu N, Johari O, Ahmad SF (2008) Performance of MPOB population 12 in
SPAD. Proceedings of the 3rd seminar on performance of MPOB PS1 and PS2 materials and
elite germplasm, Bangi, Selangor, Malaysia, pp 91–116

Wening S, Wilkinson MJ, Filianti H, Djuhjana J, Forster BP, Nelson SPC, Caligari PDS (2013)
Genetic diversity of commercial oil palm seed production parents. Oil Palm Bulletin 67:1–4

Wong WC, Jit TC, Kien WC, Mayes S, Singh R, Soh AC (2015) Development of an effective
SSR-based fingerprint system for commercial planting materials and breeding applications in
oil palm. J Oil Palm Res 27(2):113–127

Wong CK, Choo CN, Liew YR, Ng WJ, Krishnan K, and Tan CC (2010) Benchmarking best
performing semi-clonal seeds against tenera clones: avenue for superior clonal ortet
identification. Proceeding of the advances in oil palm tissue culture, Yogyakarta, Indonesia,
29 May 2010

Xianhai Z, Genglang P, Zhao L, Junming C, Weifu L (2016) Evaluation of cold tolerant high
yielding oil palm germplasm in Guangdong province of South China, a northern tropical
region. J Oil Palm Res 28(3):266–280

Zeven A (1964) On the origin of the oil palm (Elaeis guineensis Jacq.). Grana Palynologica,
pp 121–123

Zhou LX, Xiao Y, Xia W, Yang YD (2015) Analysis of genetic diversity and population structure
of oil palm (Elaeis guineensis) from China and Malaysia based on species-specific simple
sequence repeat markers. Genet Mol Res 14(4):16247–16254

Zulhermana, Puspitanigrum Y, Sirait MR, Raganata AP, Asmady, Asmono D (2011) Current
progress on Sampoerna Agro DxP semi-clones. Proceedings of the agriculture, biotechnology
and sustainability conference PIPOC 2011, Kuala Lumpur, Malaysia, pp 266–270

Zulkifli Y, Maizura I, Rajinder S (2012) Evaluation of MPOB oil palm (Elaeis guineensis Jacq.)
germplasm populations using EST-SSR. J Oil Palm Res 24:1368–1377

Zuraini S, Jayne JJ, Hoong HW (2013) Exploitation of sabah breeding programme in enhancing
the performance of Sawit Kinabalu DxP planting materials. Proceedings of the international
seminar on oil palm breeding—yesterday, today and tomorrow, Kuala Lumpur, Malaysia,
pp 40–63

272 M. Ithnin et al.

http://dx.doi.org/10.1186/1471-2105-10-243


Chapter 10
Conservation of Woody Plant Diversity
in Kenya

Kimberly E. Medley, John K. Maingi and Christine M. Mutiti

Abstract Environmental conditions along humid to arid gradients in Kenya con-
tribute to woody plant diversity patterns and complicate their conservation as an
important resource for human livelihoods. Applied conservation research links
floristic and ethnobotanical inventories of woody plant species, measures landscape
ecological complexity and the value of woody vegetation types as a cultural
resource, and effectively integrates research with application in the context of global
environmental policies. For Kenya, and through a case study of an
Afromontane/bushland corridor between Tsavo East and West national parks, the
review highlights the importance of “water tower” forests but also recognizes a
diversity of other woody vegetation types that show unique floristic affinities, high
measures of cultural plant resources derived from significant local knowledge, and
complex ecological patterns across landscapes in relation to physical–environ-
mental and human resource relationships. Much woody vegetation occurs outside
the area measured as forest or woodland cover by international and national
authorities, substantiating a need to spatially broaden policies for woody plant
conservation and better engage local stakeholders. Global to national policies and
practices for carbon accrual, especially with financial inflows from the UN-REDD
+ program, strengthen the need to conserve woody plants in Kenya and promote
adaptive co-management practices that contribute to the country’s sustainable
development.
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10.1 Introduction

Kenya represents an interesting case example to examine the conservation of
woody plant diversity. Straddling the equator in Tropical East Africa, much of the
country represents an “impressive climatic anomaly” (Trewartha 1981, p. 134).
Rather than falling under the influence of the equatorial low and the consistent
convective showers that should maintain tropical wet conditions, over 80% of the
country is classified as arid to semiarid with rainfall much below 1000 mm and
distinct dry seasons that dominate from 5 to 8 months of each year. Indigenous high
stature “humid” forests are estimated at just over 2% of the land area and conserve
about 50% of Kenya’s woody plant diversity (Wass 1995). These forests are
restricted to a very narrow belt along the Indian Ocean coast, isolated mountains
that can capture and destabilize the moisture that flows westward as monsoonal
winds off the Indian Ocean, and an isolated extension of the central African rain-
forest to lowlands bordering Lake Victoria. Humid to arid latitudinal, longitudinal,
and elevational gradients across the country support the occurrences of woody
plants in evergreen to deciduous forest, woodland, bushland, thorn scrub, and
wooded grassland settings (Lind and Morrison 1974; Beentje 1994). Environmental
heterogeneity over short distances in Kenya contributes significantly to geographic
patterns of diversity among woody plants and complicates their conservation.

Under global conservation priority plans, Kenya captures parts of three “bio-
diversity hotspots” out of eight mapped for the African continent (Mittermeier
et al. 2011) and six “global 200 ecoregions” (Olson and Dinerstein 2002).
Following a “politics of efficiency,” these classification schemes recognize regions
of rich species densities, endemic species occurrences, and high human threat
(Youatt 2015, p. 31). Their overlap in Kenya highlights the fragmented occur-
rences of different vegetation types and an equally important reliance on these
ecosystems by human populations. Conservation as sustainable development in the
country needs to be sensitive to the indigenous rights and knowledge of local
populations (Laird 2002; Adams and Hutton 2007), better understand how woody
plants contribute as an important entitlement to livelihood conditions (Cunningham
2001) and recognize “[t]he poor conservation outcomes that followed decades of
intrusive resource management strategies” (Agrawal and Gibson 2001, p. 1).
Narratives and counter-narratives that debate fortress and community-based man-
agement provide context for the evaluation of conservation strategies for woody
plants in Kenya (Western et al. 1994; Adams and Hutton 2007). They also elevate
the importance of conservation research that includes local, culturally sensitive
interpretations of woody plant diversity, and its value as a livelihood resource (see
Medley and Kalibo 2007 for “Global Localism;” Nabhan 2016 on “Ethnobiology
for the Future”). The conservation agenda would be to move from the view of
humans as a threat to their role as partners in sustainable development strategies
(Brown 2002) and aim to achieve a better focus on “long-term communal inter-
ests” (Bell 1987, p. 79).
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We structure our review to show how physical–environmental conditions and
human resource relationships define diversity patterns for woody plants in Kenya
and guide a critique of opportunities and constraints for conservation. First, the
chapter reviews how woody plant botanical and ethnobotanical inventories estab-
lish species distribution patterns across the country, showing Kenya’s unique
floristic biogeography and highlighting important plant resources for human
livelihoods especially across the more expansive arid and semiarid lands. Second,
an analysis of ecological research focused on the composition, and structure of
woody plant vegetation types across complex landscapes jointly considers the role
of physical–environmental conditions and human resource practices as influences
on diversity patterns. For example, we collaboratively review research findings for
an Afromontane/bushland setting in southeast Kenya. The chapter concludes with
an analysis of how global initiatives for sustainable development can promote more
adaptive policies, planning, and practice that engage countries, like Kenya, in the
conservation of woody plants.

10.2 Floristic Biogeography and Cultural Plant Resources

The Flora of Tropical East Africa (FTEA 1948–2012) for the countries of Kenya,
Uganda, and Tanzania represents globally one of the largest regional–tropical
floras, providing records for 12,500 plant species, 12,000 collection localities
(Polhill 1988) and 2700 plant collectors in the region since 1793 (Polhill and Polhill
2015). The work globally positioned botanical research in Kenya at the East
African Herbarium (EA), National Museums of Kenya (NMK), which now holds
700,000 plant specimens and significant expertise to support field inventories.
Beentje’s (1994) Kenya trees, shrubs, and lianas completed at EA and published by
NMK provides the most definitive account of woody plants in the country, building
off the 1000 trees and shrubs reported by Dale and Greenway (1961) to include
descriptions and distribution records for “some 1800 species” of woody plants
(p. 3), and accordingly a foundation for the record of new woody plant occurrences.
Moreover, the Journal of East African Natural History published by the East Africa
Natural History Society and NMK provide a “natural home and repository for
biodiversity information of the East African region” (Bytebier 2005, p. 1) that
greatly supports any floristic review. Following the guidelines under the convention
on biological diversity signed by 150 countries at the 1992 Rio Earth Summit, the
United Nations Environmental Program (UNEP) helped to establish the Center for
Biodiversity at NMK to serve as the coordinator of biodiversity research, encour-
aging effective integration between the recognition of biological and cultural plant
resources.

For woody plants in Kenya, highest concentrations of species are reported for
high stature indigenous forest (Wass 1995). Between 1991 and 1994, the Kenya
Indigenous Forest Conservation Program (KIFCON) compiled comparative biodi-
versity records for trees and shrubs from sample plots in western rainforest,
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Afromontane, and coastal forests. Their sites, following the vegetation map pre-
pared by White (1983), show distinct taxa from Guineo-Congolian, Afromontane,
and Zanzibar-Inhambane floristic regions, but each forest differs uniquely in its
biogeographical mix. Luke (2005) compiled an annotated checklist for Shimba
Hills in southeast Kenya that includes 21% of Kenya’s total and 44% of the coastal
flora (1396 species), of which 67% are documented as woody plants (152 tree
species), and none shows affinities to the Guineo-Congolian or Afromontane
region. Fischer et al. (2010), working under Biodiversity Monitoring Transect
Analysis in Africa (BIOTA) framework (www.biota-africa.org), report an annotated
checklist of 986 species (15.2% of Kenya’s flora) for Kakamega Forest in western
Kenya that is “floristically strongly related to the Central and West African lowland
rainforest, but is also further enriched by Afromontane forest elements from the Rift
Valley escarpment” (p. 133). For Kenya’s Eastern Arc Mountains, Medley and
Maingi (2014) report nearly equal proportions of tree species with Afromontane
and coastal affinities at Mt. Kasigau (c.f. Rodgers and Homewood 1982 for the East
Usambaras in Tanzania) in contrast to the absence of trees with coastal affinities
reported for the Taita Hills, Kenya located 50 km to the west (Aerts et al. 2013;
Mbuthia 2003; c.f. Faden et al. 1988). Botanical surveys in other isolated “hill”
forests also document unique species occurrences (e.g., Bagine 1998 for Ramogi
Hill; Bytebier and Bussmann 2000 for Mt. Nyiru; Githae et al. 2008 for Mt.
Marsabit), further substantiating a complex biogeography that contributes to
regional and local patterns of species endemism across the country.

Less is known about diversity patterns across the more broadly distributed
“other” woody vegetation types located mostly outside of protected areas and under
the direct influence of local human resource relations. Collaborative mixed method
approaches that link “local” vernacular naming with “scientific” plant names show
significant contributions (c.f. Gachathi 2007; Kokwaro and Johns 2013). For
example, “A checklist of indigenous trees and shrubs at Bura, Tana River District,
Kenya, with Malakote, Orma, and Somali names” includes a record for 228 woody
plant species in semiarid eastern Kenya (Gachathi et al. 1994), and the “Vernacular
names and uses of plants in northern Kenya” documents names and uses for 92% of
888 species from the Pokot, Turkana, and Marakwet (Timberlake 1994). Working
under the 1992–2004 people and plants initiative (see http://peopleandplants.org/),
Maunder et al. (2001) conducted an extensive ethnobotanical survey of Loita
Maasai that explores the names and uses of over 250 plant species from the Loita
Hills, gains measures of plant values to resident populations, and applies these
qualitative and quantitative data toward community management of natural
resources in the region. Ethnobotanical surveys help to locally guide conservation
strategies particularly through their identification of “cultural keystone” plants
(Garibaldi and Turner 2004; see Kokwaro 1995 on “Ethnobotany in Africa”) and
places (Cuerrier et al. 2015; e.g. Sheridan and Nyamweru 2008 on African Sacred
Groves), and the inherent value that plants have to human livelihoods (e.g.,
Maunder et al. 1999 on Traditional food plants of Kenya compiled under the
indigenous food plants program, 1989–1992). Recognizing the role of indigenous
knowledge to biodiversity conservation, the Kenya Resource Center for Indigenous
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Knowledge (KENRIK) was established in 1995 under the Center for Biodiversity at
NMK “to document and preserve the endangered/threatened indigenous knowledge
held by different communities in Kenya, which has traditionally served an impor-
tant role in environmental conservation, natural resource management, food secu-
rity, and traditional healthcare systems” (http://www.museums.or.ke/content/view/
117/83/1/1/).

10.3 Landscape Ecological Complexity among Woody
Vegetation Types

Beentje’s (1994) Kenya trees, shrubs, and lianas provide distribution records for
woody plant species by 55 km2 (0.5°) grid cells that can be used to map out spatial
patterns of diversity for the country (Kissling et al. 2008). A modeling approach
proposed by Field et al. (2005), and the physical–environmental hypotheses tested
by Kissling et al. (2008) show the importance of environmental, particularly
topographic, heterogeneity for predicting spatial patterns of species richness
(c-diversity, regional) across the country. Prinzing et al. (2003), employing a
“higher taxon approach,” found that plant family richness may be used to predict
species richness for a grid cell (a-diversity, habitat) but higher taxon predictions of
species turnover by grid (b-diversity, landscape) were low for the country and even
within defined biogeographic regions. These studies support hierarchical analyses
of species diversity (c.f. Whittaker et al. 2001 for regional, landscape, and habitat
distinctions) and substantiate ecological research that compares diversity patterns
among woody vegetation types across heterogeneous landscapes. For example,
ecological studies in Kenya show the important role of floodplain hydrology in
determining riverine forest communities and landscape heterogeneity along the
Tana (Medley and Hughes 1996; Maingi and Marsh 2006) and Turkwel (Stave
et al. 2003) rivers, the role of landscape and climatic factors as they influence
woody vegetation across the drylands of Turkana district (Coughenour and Ellis
1993), and the role of elevation and aspect in a syntaxonomic classification of forest
types on Mt. Kenya (Bussmann and Beck 1995).

10.3.1 Ecological Complexity in the Kasigau Corridor

We review landscape ecological research conducted since 2002 for Mt. Kasigau
and surrounding semiarid Acacia–Commiphora bushland that exemplifies how
complex physical–environmental conditions and human resource activities con-
tribute to heterogeneity among woody plant vegetation types and their value as a
resource for human livelihoods. Biogeographically, tropical seasonal forests–
woodlands should comprise a major vegetation type (biome) across seasonally
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wet–dry lands in Kenya (Lind and Morrison 1974). Woody plants are dominant
(>50%) across the bushland landscape (Lind and Morrison 1974), but the ecological
transitions among vegetation types and their seasonal dynamics are complex in
response to total precipitation, the length of the dry season(s) and the amount of rain
received during the wet season(s) (Walter 1971). On isolated hills, elevational
gradients that capture structural and phenological differences are compressed over
short distances in response to temperature changes and consequent moisture
availability (Lomolino 2001).

Located in southeastern Kenya, Mt. Kasigau is the most north-eastern mountain
in the ancient crystalline Eastern Arc Mountains, a global 200 ecoregion (Olson and
Dinerstein 2002) that is also part of the Eastern Afromontane biodiversity hotspot
(Mittermeier et al. 2011). The Eastern Arc Mountains are among the oldest
mountains on the African continent and noted for high species densities and a high
concentration of endemic species in isolated montane forest fragments (Küper et al.
2004; Newmark 2002). The study area includes montane forests along a steep
elevational gradient on Mt. Kasigau to its summit at 1640 m, five village settle-
ments and farms at the mountain’s base, and lowland bushland thicket vegetation in
the Kasigau Trust lands, Rukinga Wildlife Sanctuary, privately owned and man-
aged by Wildlife Works (http://www.wildlifeworks.com/), and Kasigau ranch, a
cooperative (by payment) grazing area (Fig. 10.1). Lowland bushland thicket
vegetation forms a wildlife corridor between Tsavo East and Tsavo West national
parks as part of the northern Acacia–Commiphora ecoregion (Burgess et al. 2004).

Fig. 10.1 Kasigau corridor between Tsavo East and West national parks in the Northern Acacia–
Commiphora and Eastern Arc ecoregions, showing a study region that includes the five villages
around Mt. Kasigau in the trust lands, Rukinga ranch, and Kasigau ranch
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A nearby weather station at Voi, Kenya reports an annual average of 549 mm of
precipitation, which ranged from 200 to 800 mm between 2002 and 2015.

Field research at Mt. Kasigau investigated landscape patterns of diversity in
woody plants by integrating a floristic and ethnobotanical survey of all woody
plants (Medley et al. 2007) with ecological measures on woody plant composition
and structure as they varied among 55 plot samples for trees >10 cm diameter at
breast height (dbh; 0.1 ha plots) and all woody plants >1 m height and <10 cm dbh
(0.02 ha plots) (Medley et al. 2010; Medley and Maingi 2014), participatory maps
(Kalibo and Medley 2007), and the collection of landscape ethnoecological nar-
ratives about places (Medley and Kalibo 2007). Working with Kasigau Taita local
experts and residents, we employed cooperative exercises and collaborative
learning to share information about woody plants and interpret landscape changes
along an elevational gradient that extended from the lowest farm and bushland sites
(*480 m) to cloud forest at the mountain’s summit (1640 m; Medley and Kalibo
2005; Medley et al. 2010). Medley et al. (2007) report 338 woody plants in 74
families and 208 genera provide Kasigau Taita names for 74% (252) of those plants
and describe 758 material uses and over 200 ecosystem services (see also Medley
et al. 2013). Most woody plant uses were reported for the bushland plots, and the
greatest number of woody plant species with uses occurs in lower- to mid-montane
plots, but the research identifies locations, all below evergreen forest, that are
particularly species rich and/or valued for certain resources (Medley et al. 2010).
Mt. Kasigau is unique among Afromontane locations because of its near contiguous
forest cover on the mountain, an absence of plantation tree crops (c.f. Omoro et al.
2010 for Taita Hills), and cumulatively high diversity of plant species and cultural
plant resources over such a small area and elevational range. Local residents helped
to map 139 named places of historical–cultural significance from the five villages
that added to our collaborative interpretations of diversity patterns.

From a record of 140 trees species >10 cm dbh, 56% occurred in one or two
plots, suggesting much heterogeneity at the landscape scale (Medley and Maingi
2014). Cluster and indicator species analyses identified woody vegetation types
characterized by the relative importances of these trees (Medley and Maingi 2014).
Elevation partly explained differences among the community types, where we
measured steep lapse rates (annual = 8.1 °C/1000 m in 2011–2012 and 8.6 °
C/1000 m in 2012–2013), among the highest in the documented literature, and
corresponding increases in relative humidity in just over 1000 m of elevation gain
to the summit (Fig. 10.2; see Henkin et al. 2015 for 2011–2012 data). Cloud forest
shows a narrow and biophysically discrete occurrence near the summit of this
relatively low peak in the Eastern Arc Mountains, and the elevational change from
deciduous to evergreen vegetation types is distinctive on the mountain. Among the
montane woodland vegetation types, however, we found continua of change in
relation to local topography and a complex history of human activities. Lower
montane and semi-evergreen woodland plots showed high b-diversity. Highest
c-diversity, cumulative species richness for all plots, was calculated for the lower
montane woodlands (Medley and Maingi 2014).
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At Mt. Kasigau, we applied ecological data toward the creation of a
fine-resolution land cover map based on the classification of a layer stack of wet
(12/31/12) and dry (10/07/10) Landsat images (Fig. 10.3). Landsat
TM/ETM + spectral bands were radiometrically corrected to top-of-atmosphere
reflectances (Moran et al. 1992) and also for atmospheric effects, using the dark

Fig. 10.2 Elevational gradients in temperature measured from HoboPro v2 data loggers placed in
the different montane vegetation types

Fig. 10.3 Land cover map for Mt. Kasigau, showing the heterogeneity of vegetation types on the
mountain and in the surrounding bushland
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object subtraction method (Chavez 1988). In order to reduce topographic shad-
owing found in the rugged Mt. Kasigau landscape, we applied the c-factor topo-
graphic normalization technique (Teillet et al. 1982). The classification procedure
also used several image enhancements that included tasselled cap brightness,
greenness, and wetness images generated by applying Kauth–Thomas transform
techniques (Kauth and Thomas 1976). Ancillary data on elevation from an
ASTER-derived DEM and slope, aspect, and topographic position computed from
the DEM were included in the layer stack for classification. Land cover classifi-
cation relied on Garmin GPS training data obtained from the field in June–July
2012, December 2012, and June–July 2013. Additional training data were obtained
from a high spatial resolution WorldView-2 image acquired in July 2010.
A supervised classification procedure, employing a neural network classifier with
adaptive boosting, was found to be the best classifier. Field- and image-based data,
not used in training the classifier, were used for an assessment of the land cover
map, producing an overall accuracy of 92.7% and a kappa coefficient of 0.919.

The land cover classes matched the forest community types empirically derived
from the measured ecological plots except that the Lower montane woodland II and
riverine forest classes were merged into a single class (Fig. 10.2), representing
mostly concave intermittent to permanent stream drainages on the mountain
(Fig. 10.3). Moreover, spectral signatures identified in the land cover classification
identified heterogeneity in the “bushland” lowlands, where further ecological
samples confirmed differences in the relative importances of trees that occur on
black cotton, limestone, and lateritic soils. Also “Evergreen Woodland on red soils”
at the base of the mountain, locally called magagarenyi, occurs on heavily
weathered and eroded basement rock of volcanic origin where we found open
occurrences of stunted trees and shrubs. These findings further substantiate a
diversity of woody plant vegetation types in this montane setting and our capacity
to effectively integrate ecological sampling, field survey, and remote sensing
technology for fine-scale mapping of diversity patterns.

Working within a corridor between Tsavo East and Tsavo West national parks,
Mutiti (2010) employed remote sensing and landscape ecological techniques in
GIScience to explore spatial patterns of heterogeneity among bushland vegetation
types at a more regional scale. Photos and vegetation descriptions compiled during
a field survey were used to guide an unsupervised classification of a 30 m reso-
lution Landsat ETM + image acquired for February 6, 2003 (see Fig. 10.1). The
acquisition date fell within the dry season, which made it possible to distinguish
between areas dominated by deciduous species such as Commiphora species and
those that mostly remain evergreen, including some Acacia species. Landsat
ETM + data were converted to reflectance values for bands 1–5 and 7 (Moran et al.
1992) and then put in a layer stack with a mapped soil and atmospherically resistant
vegetation index (SARVI-2, Huete et al. 1997). Distinctive reflectance signatures
were used to classify and map eight vegetation types (Fig. 10.4): (1) Commiphora
stands (29% of the land area) where Commiphora species were dominant often with
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Lannea and Boswellia species, but with no Acacia; (2) Acacia stands (18%) where
Acacia species occurred alone or were notably dominant with Commiphora, Cordia
and Boscia species; (3) Mixed stands (10%) characterized by both Acacia and
Commiphora species; (4) Open bushland (9%) stands with open occurrences of
Acacia and Commiphora species; (5) Thickets (7%) with a dense cover of
deciduous (Terminalia species) or evergreen (Manilkara mochisia, Diospyros
consolatae) trees at the base of the mountain or in lowland clusters; (6) Forests
(3%) mapped on Mt. Kasigau; (7) Grasslands where grasses dominated with a low
occurrence of trees; and (8) Shrublands with Premna, Bauhinia, and
Sericocomopsis species that are either erect or spreading with occasional trees such
as Delonix elata, Melia volkensii, and Acacia species. Most of the lowlands are
mapped as closed canopy “bushland” but landscape statistics confirm a lack of
dominance by any particular vegetation type and high patchiness among bushland
types (47 patches/km2). Different spatial patterns of diversity among the three land
units relate partly to the underlying lithology and consequent soil conditions, but
also suggest consequent effects from different land utilization practices. For
example, agricultural lands included on the map as “other” predominate from the
study villages at the base of Mt. Kasigau and along the main road to the northwest,
and local utilization practices on the Kasigau Trust lands may partly explain the
greater abundances of Acacia-dominated stands near their farms (Fig. 10.4). In
Tsavo East national park, deliberate actions to increase wildlife populations through
prescribed burning, and the construction of temporary catchment basins expanded
open grasslands (Belsky 1989) in contrast to its much lower occurrence in the
wildlife sanctuary recently designated for Rukinga ranch (Mutiti 2010). Landscape
ecological research focused at different scales of analyses in “bushland” shows
much potential to better understand spatial patterns of diversity in this valuable
resource for woody plant conservation in Kenya.

Fig. 10.4 Spectral signatures and classified vegetation map for Rukinga Ranch, Kasigau Trust
lands, and Kasigau Ranch

282 K.E. Medley et al.



10.4 Adaptive Policies, Planning, and Practice for Woody
Plant Conservation

The UN conferences on the environment and development, especially since the
1992 Earth Summit (UNCED), influence policy and planning in tropical countries
like Kenya as they move from “legitimacy” to “effectiveness concerns” in the
North–South debates for sustainable development (Najam 2005). Under UNCED’s
Agenda 21, Kenya’s National Environmental Action Plan for 2009–2013 (National
Environmental Management Authority 2009) shows country support as a signatory
under the “global” Convention for Biological Diversity (CBD) and the UN
Framework Convention for Climate Change (UNFCCC), but also elaborates on
how the plan supports Kenya’s Vision 2030 (http://www.vision2030.go.ke/) to be a
“globally competitive and prosperous nation.” The UN FAO International Panel on
Forests (1995–1997) guided the preparation of Kenya’s Ministry of Environment
and Natural Resources (MENR 2016) National Forest Program (NFP) as a col-
laborative document that includes representation from the Kenya Forest Service
(KFS), Kenya Forest Research Institute (KEFRI), and other public–private stake-
holders. The NFP frames an inter-sectoral “tree” of support for forest conservation
and management that is rooted in national policy and responsive to the UN 2016–
2030 Sustainable Development Goals (SDG; https://sustainabledevelopment.un.
org/).

First, we highlight a shift in global forest monitoring from measures of defor-
estation to a focus on forest growth achieved through protection, conservation, and
restoration (c.f., SDG 15.1 and 15.2; Chazdon 2008). A strategic goal under
Kenya’s NFP (MENR 2016) and for the Kenya Forest Service (KFS) is to increase
forest cover in the country to 10%. Forest cover, however, relates to how forests are
measured as a woody vegetation type. Earlier estimates of forest cover from Wass
(1995) at 2.1% measure the distribution of indigenous closed canopy high stature
(>10 m) stands of trees. Kenya’s NFP adopts a broader interpretation from the FAO
Forest Resource Assessments (FRA 2000) to include a:

“land area of more than 0.5 ha, crown cover of 10%, trees of at least 2.5 m height, which
is not primarily under agricultural or other specific non-forest land use. In line with the
Constitution, the NFP also operates with ‘tree cover,’ e.g. trees on farms.” (MENR 2016,
p. xi).

The Kenya Forest Service (KFS) presents a narrower definition (i.e., 15% cover
with trees at least 5 m height; see “history of forestry in Kenya” at http://www.
kenyaforestservice.org/) but the amount of land reported by MENR (2016), and
KFS is the same at 6.99%. The protection of high-canopy forest vegetation on the
“water towers” that includes Mt Kenya, Mt Elgon, Aberdare Ranges, Mau
Complex, and Cherangani Hills remains a top national priority (MENR 2016;
Pearce 2015) but “forest” monitoring by KFS also includes tree growth on farms
and land areas covered by seasonal woodlands along rivers and drier hills (see
Gachathi 1996; Wass 1995).
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At our study location in the corridor between Tsavo East and West national
parks, gazetted evergreen forest above 1000 m and all montane woodland types on
Mt. Kasigau would be included as “forest” in this assessment, but the diversity of
plant communities that comprise the lowland bushland are not included under the
National Forest Program (MENR 2016). Interestingly, the 2010 FAO Forest
Resource Assessment for Kenya reports that 6% of the land is in forest, comparable
to Kenya’s report, but that 50% of the country’s lands are in “other wood land.” The
estimation of forest and/or other woody vegetation types is certainly complicated by
the country’s heterogeneous landscape. For woody plants, all land types show
unique and important contributions to floristic–ecological diversity protection and
for the effective use and management of culturally valued plant resources.

Second, Kenya’s Draft National Forest Policy, 2015 (ROK 2015, p. 5) supports
the UN’s definition of sustainable forest management that values “equitable sharing
of accrued benefits for the present and future generations.” Kenya’s Forest Act
2005, which established the Kenya Forest Service as a corporate (parastatal) agency
under the Ministry of the Environment and Natural Resources, also provided a
mechanism to decentralize forest management toward participatory “bottom-up”
decision making under community forest associations. The forestry sector’s con-
tribution to the national economy is largely undocumented, supporting a need for
more “local” insight on how resources are acquired to meet subsistence needs or
traded in an informal economy. In practice, participatory forest management
activities at coastal Arabuke Sokoke (Matiku et al. 2013), north-central Ngare
Ndare (Chomba et al. 2015); central Mau (Mutune and Lund 2016) and western
Kakamega (Guthiga et al. 2015) forests question intended support for local liveli-
hoods, reduced vulnerability, and poverty alleviation.

Community forest associations, estimated at 325 by Pearce (2015), gain
responsibility for “diverse management activities” but not the “decisions-making,
revenue streams, and overall resource control rights” that guide those activities
(Mogoi et al. 2012, p. 182). Problems arise from the “elite capture” of benefits that
weaken the devolution process and contribute to the marginalization of certain
groups (Chomba et al. 2015; Guthiga et al. 2015). Moreover, research in political
ecology substantiates a need to deepen inquiry on the “chains of explanation” and
“webs of relation” as they are influenced by extra-local forces on local adaptive
practices (Rocheleau 2008). In order to avoid critiques of “participation as tyranny”
(Cooke and Kothari 2001), all stakeholders need to be engaged early in the process
of problem recognition and maintain better control over management outcomes. We
recommend methodologies that promote participation as a research approach that is
jointly focused on the process and outcome of new learning (e.g., Nemarundwe and
Richards 2002), better validates local “community” knowledge (Medley and Kalibo
2007) and effectively applies that knowledge for the adaptive comanagement of
resources (Armitage et al. 2009).

Third, we emphasize global policy and practices as they financially value woody
plants as an ecosystem/environmental service. Payment for ecosystem services
(PES), while under some critique as a “win–win” option (Wunder 2013), does
present opportunities in Kenya to meet livelihood needs for income in support of
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broader conservation goals (Kairo 2008). Namirembe et al. (2014), in a comparative
review of 50 African projects, distinguish three types of tree-based services as
commoditization for products, compensation for non-use, and co-investment
through joint management. In Kenya, the World Bank Global Environmental
Facility funded a commodity-focused “Integrated Ecosystem Management Project”
in 2005 for watershed protection in the Lake Victoria basin and in 2006 provided
BioCarbon funds to the Green Belt Movement (2005), mobilizing community
groups to co-invest in closing 2000 ha of degraded land with indigenous trees in the
Afromontane Aberdare forests (Namirembe et al. 2014; Jindal et al. 2008).

Conference of Parties (COP) agreements under the UN Framework Convention
for Climate Change (UNFCCC) formulated and approved UN-REDD+ as a
market-based mechanism for Reducing Emissions from Deforestation and forest
Degradation, plus forest conservation, sustainable management of forests and
enhancement of forest carbon stocks. REDD+ offers “performance based pay-
ments,” which can challenge the “international willingness to pay and national
willingness to play” (Angelson 2009, pp. xii, xvii). Jindal et al. (2008, p. 116)
identifies East Africa as a “preferred destination for carbon investors” and high-
lights potential financial inflows for the region. In response, Kenya Forest Service’s
(KFS 2010) “REDD Readiness Preparation Proposal” emphasizes carbon gains by
increasing forest land area (up to 10%), emphasizes the protection/restoration of
forest cover on the water towers, and shows interest in promoting and better
monitoring tree growth promoted through agroforestry practices on farms (c.f.
Minang et al. 2014).

In 2006, the private-sector Kasigau Corridor REDD+ project under Wildlife
Works Carbon began working in the same semiarid corridor between Tsavo East
and West that we investigated for its diversity of woody plant resources, hetero-
geneous bushland landscape, and significant human-resource relations as a “first
project ever to issue carbon credits under an internationally accepted carbon stan-
dard” (Veronesi et al. 2015). Recent assessments of the Kasigau Corridor
[demonstration] project hypothesize inequities that might arise when land tenure
arrangements are unclear or where structural hierarchies promote marginalization
and the ‘elite capture’ of project benefits (Chomba et al. 2016). Moreover,
top-down PES (payment for ecosystem services) or integrated conservation and
development (ICDP) activities may lose local participation with consequent land-
scape effects (Atela et al. 2015). A focus on the positive, however, would certainly
show how financial REDD+ inflows, when continued over a long time period,
could and should have the potential to alleviate poverty and promote the conser-
vation of woody plants in the country. The conservation challenge would be to
apply lessons learned toward adaptive co-management practices that contribute to
sustainable development.
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Chapter 11
Woody Plant Diversity and Density
in Selected Eucalyptus and Other
Plantation Forest Species in Ethiopia

Shiferaw Alem and Muhammad Nakhooda

Abstract Eucalyptus spp. forests play a vital role in meeting the global demands for
wood, paper, pulp and timber products. They are established in many countries
worldwide in varying climates and are significant contributors to the regional and
global economies due to their relatively diverse gene pool. Despite this, Eucalyptus
spp. are often considered to be detrimental to the diversity and density of indigenous
woody plants than other exotic plantations since they may inhibit the natural
regeneration of local flora. Through the consolidation of various data, this review
highlights the impact of Eucalyptus spp. forests on woody plant diversity and
density. Data from three sites in Ethiopia were investigated: plantations of E.
camaldulensis in the Bedele area and Abelti Gibie Valley, and E. grandis in Belete
Gera Forest. The results indicated that far from being inhibitory, Eucalyptus
spp. plantations sustain a greater number of woody plants in terms of density and
diversity compared with other exotic plantation forests. In all cases, the Shannon
Diversity Index (H’) within an investigated Eucalyptus spp. plantation was above
1.57. Furthermore, Eucalyptus spp. forests were shown to contain densities of at least
2293 woody plant species/ha, which compares favourably against other plantation
forests containing species such as Pinus or Acacia. It is suggested that when man-
aged well, with appropriate species-to-site establishment, Eucalyptus spp. forests
may favour the selection of woody plants for sustainable agroforestry practices and
should be considered in conjunction with conservation initiatives.
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11.1 Introduction

Plantation forests are cultivated forest ecosystems established by planting and/or
seeding, which aids in the process of afforestation and reforestation for the purposes
of wood biomass production, soil and water conservation and/or wind protection
(FAO 2012). Plantations comprise either introduced species (all planted stands) or
intensively managed stands of indigenous species, which meet the following cri-
teria: one or two species of uniform age that are regularly spaced and are charac-
terised by relatively short rotations when compared with natural forests (FAO
2012). At present, the area used for plantation forests globally totals 277.9 million
ha, which represents only 6.95% of total forest area (Payn et al. 2015). The majority
of planted forests comprise native species, with only 18–19% of the total area
comprising introduced species (Payn et al. 2015). The vast majority of the world’s
plantation forests are monocultures, with just a small number of widely used tree
genera such as Eucalyptus, Pinus and Tectona spp. (FAO 2001; Evans and Turnbull
2004).

In addition to their direct benefits for timber production, plantation forests have
also been integrated into biodiversity management strategies through the reduction of
logging pressure on natural forests and their role towards the restoration of degraded
lands (Evans and Turnbull 2004). Plantation forests, adjacent to exposed remnants of
indigenous forests, can provide shelter, reduce edge effects, increase connectivity
between forest fragments and accommodate edge-specialist and generalist forest
species (Davis et al. 2000; Norton 1998; Christian et al. 1998; Telila et al. 2015). In
Ethiopia, as in many other parts of Africa where such plantations are established,
forests are also an important source of income for local communities, providing wood
for fuel and construction (Davidson 1995). The sale of Eucalyptus poles and products
has substantial potential to raise farm incomes, reduce poverty, increase food security
and diversify smallholder farming systems (Jagger and Pender 2000). In some areas
of central Ethiopia, forestry species such as Eucalyptus globulus provide high yields,
i.e. 1.3–1.7 times that of land area and 1.2–1.5 times that of labour input, as compared
to sole wheat plantations (Selamyihun 2004). Furthermore, by providing material for
firewood, plantation forests significantly reduce the pressure on natural and indige-
nous forests for such products (Evans 1989).

Despite the many uses of plantation forests, intensive monocultures of exotic
species are widely viewed as unfavourable to biological diversity conservation
(Carnus et al. 2003). Among the different plantation forest species established
worldwide Eucalyptus has faced the most criticism (FAO 2001; Evans and Turnbull
2004), primarily due to the claim that such forests suppress ground vegetation and
thus impede diversity (Jagger and Pender 2000). The present review therefore seeks
to consolidate various studies with a view to: (1) assessing the woody plant
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diversity and density under different Eucalyptus spp. plantation forests established
in various localities in Ethiopia, (2) comparing these Eucalyptus spp. plantations
with that of other exotic and indigenous plantation forests in Ethiopia and
(3) evaluating the role of Eucalyptus plantations with respect to indigenous woody
plant conservation. The density and diversity of woody plants under E. grandis and
E. camaldulensis plantations, and relative to exotic and indigenous plantations, was
also investigated.

11.2 Diversity of Woody Plants

The Shannon Diversity Index (H´) was used for comparison of woody plants under
the canopies of different Eucalyptus spp. plantations in different localities in
Ethiopia (summarised and presented in Tables 11.1 and 11.2). The diversity of
woody plants in E. camaldulensis plantations was previously reported to be 1.57 for
a 26-year-old plantation in the Bedele area, Southwestern Ethiopia (Alem et al.
2015), 1.64 for a 27-year-old plantation in the Abelti Gibie Valley (Alem and Pavlis
2012) and 2.02 for a 33-year-old plantation in the Belete Gera forest (Hundera
2010). This indicated that among the investigated E. camaldulensis plantations,
woody plant diversity was greatest in Belete Gera forest, followed by Abelti Gibie
valley and then Bedele. A tentative indication is that the diversity of woody plants
in E. camaldulensis plantations appears to increase with plantation age. However,
this does not seem to be consistent with E. saligna plantation diversity data.
Senbeta et al. (2002a) showed that the diversity of woody plants in 11-, 22- and
27-year-old E. saligna plantations established in southern Ethiopia was 1.98, 1.89
and 1.79, respectively (Table 11.2). This indicates a decrease in diversity with
increasing age of the E. saligna plantation. Nevertheless, Hundera (2010) reported a
woody plant diversity index of 2.13 in a 33-year-old E. saligna plantation, located
in southwestern Ethiopia. This suggests that the diversity of woody plants in E.
saligna plantations in Ethiopia varies with plantation locality, most likely associ-
ated with factors such as differences in the amount of rainfall, distance from natural
forest and also with the previous land use history.

For E. globulus plantations in southern Ethiopia, Senbeta et al. (2002a) showed
that the diversity index of woody plants was 1.86, 1.72 and 1.03 for 13-, 16- and
22-year-old plantations, respectively. In the central parts of Ethiopia, however, a
17-year-old E. globulus plantation had a woody plant diversity index of 2.3
(Senbeta and Teketay 2001), whilst in the northern parts of Ethiopia woody plant
diversity was recorded as 1.8 for an E. globulus plantation that is more than
20 years old. Second and fourth coppices of E. globulus plantations yielded 1.99
and 1.98 woody plant diversity indices, respectively (Yirdaw and Luukkanen
2003). A variety of factors, such as age of the forest, location and geographical
parameters, distance from the natural forest, and previous land use history could be
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Table 11.1 List of woody plant species and their respective densities (per ha) in Eucalyptus
spp. plantations from various localities in Ethiopia [From: Alem and Woldemariam (2009), Alem
and Pavlis (2012) and Alem et al. (2015)]

No. Species Family Tree density/hectare

E. camaldulensis
(Bedele)

E. camaldulensis
(Gibie Valley)

E. grandis
(Belete
Forest)

1 Acacia abyssinica
Hochst. Ex. Benth

Mimosaceae 3

2 Acacia nilotica (L.)
Del.var. adansonii O.
Ktze

Mimosaceae 18

3 Acacia tortilis
(Forsk.) Hay

Mimosaceae 3

4 Acokanthera
schimperii (DC.)
Olive.

Apocynaceae 3

5 Albizia
grandibracteata
Taub.

Fabaceae 3

6 Albizia gummifera (J.
F.Gmel.) C.A. Sm.

Mimosaceae 3 53

7 Allophylus
abyssinicus (Hochst.)
Radlk.

Sapindaceae 25

8 Apodytes dimidiata E.
Mey. Ex Benth.

Icacinaceae 4

9 Bersama abyssinica
Fres.

Melianthaceae 256 24

10 Brucea
antidysenterica J.f.
Mill

Simaroubaceae 11

11 Calpurnia aurea
(Lam.) Benth.

Fabaceae 22 3 35

12 Carissa edulis
(Forsk.) vahl

Apocynaceae 78

13 Cassipourea
malosana (Bak.)
Alston

Rhizophoraceae 4

14 Catha edulis (Vahl)
Forsk., ex Endl.

Celastraceae 4

15 Celtis africana Burm.
f.

Ulmaceae 14

16 Clausena anisata
(Willd.) Hook. F. ex
Benth

Rutaceae 122 74

17 Coffea arabica L. Rubiaceae 22 1035
(continued)
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Table 11.1 (continued)

No. Species Family Tree density/hectare

E. camaldulensis
(Bedele)

E. camaldulensis
(Gibie Valley)

E. grandis
(Belete
Forest)

18 Combretum
ghasalense Engl.&
Diels

Combretaceae 9

19 Cordia africana Lam. Boraginaceae 4

20 Croton
macrostachyus
Hochst.ex A. Rich.

Euphorbiaceae 111 9 11

21 Deinbollia
kilimandscharica
Taub.

Sapindaceae 15

22 Dichrostachys
cinerea (L.) Wight &
Arn.

Mimosaceae 212

23 Diospyros abyssinica
(Hiern.) White

Ebenaceae 3

24 Diospyros
mespiliformis Hochst.
Ex Dc

Ebenaceae 3

25 Dodonaea
angustifolia

Sapindaceae 4268

26 Dracaena
afromontana Mildbr.

Agavaceae 6 3

27 Dracaena steudneri
Schweinf. Ex Engl.

Agavaceae 8

28 Ehretia cymosa
Thonn.

Boraginaceae 22 32

29 Ekebergia capensis
sparrman.

Meliaceae 22 3 3

30 Entada abyssinica
Steud.ex A.rich

Mimosaceae 12

31 Euclea schimperii ex.
Robyns

Ebenaceae 729

32 Ficus sur Forsk Moraceae 26 19

33 Ficus vasta Forsk. Moraceae 2

34 Flacourtia indica
(Burm.f.) Merr

Flacourtiaceae 56 6

35 Flueggea virosa
(Roxb. Ex Willd.)
voigt

Phyllanthaceae 9

36 Galiniera coffeoides
Del.

Rubiaceae 20

37 Galiniera saxifraga
(Hochst.) Bridson

Rubiaceae 67 249

38 Glinus lotoides L. Aizoaceae 2
(continued)
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Table 11.1 (continued)

No. Species Family Tree density/hectare

E. camaldulensis
(Bedele)

E. camaldulensis
(Gibie Valley)

E. grandis
(Belete
Forest)

39 Grewia bicolor Juss. Tiliaceae 38

40 Grewia ferruginea
Hochst

Tiliaceae 97

41 Jasminum
abyssinicum Hochst.
Ex Dc.

Oleaceae 34

42 Maesa lanceolata
Forsk

Myrsinaceae 11 17

43 Maytenus gracilipes
(loes.) Sebsebe

Celastraceae 24 190

44 Maytenus ovatus var.
argutus (Loes.)
Blakelock

Celastraceae 2022

45 Maytenus
senegalensis (Lam.)
Excell

Celastraceae 24

46 Millettia ferruginea
(Hochst.) Bak

Papilionaceae 89 12 164

47 Nuxia congesta R. Br.
Ex Fres

Loganiaceae 74

48 Olea capensis L. Oleaceae 50 14

49 Oncoba spinosa
Forsk.

Flacourtiaceae 3

50 Paveta abyssinica
Fres.

Rubiaceae 43

51 Phytolacca
dodecandra L’ Herit

Phytolaccaceae 2

52 Pittosporum
viridiflorum Sims.

Pittosporaceae 7

53 Polyscias fulva
(Hiern.) Harms

Araliaceae 7

54 Premna schimperia
Engl.

Verbenaceae 41

55 Prunus africana
(Hook.f.) Kalkm.

Rosaceae 44

56 Pterolobium
stellatum (Forsk.)
Chiov.

Fabaceae 2

57 Rhamnus prinoides
L’Herit

Rhamnaceae 3

58 Rhus natalensis
Benth. Ex Krauss

Anacardiaceae 447

(continued)
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responsible for the wide range of woody plant diversity indices observed among the
different Eucalyptus plantations.

The mean diversity of woody plants (arranged by species) under different
plantation forests in various regions of Ethiopia is presented in Fig. 11.1.
Collectively, the mean diversity of woody plants under E. saligna, E. camaldulensis
and E. globulus plantations in Ethiopia was 1.95, 1.74 and 1.5, respectively. This
clearly shows a decrease in woody plant diversity, which suggests that E. saligna
plantations are able to support the highest mean diversity of woody plants in
Ethiopia as compared with the other Eucalyptus species. Mean results also indicate
that the diversity of woody plants in the E. saligna (1.95) plantation was higher than

Table 11.1 (continued)

No. Species Family Tree density/hectare

E. camaldulensis
(Bedele)

E. camaldulensis
(Gibie Valley)

E. grandis
(Belete
Forest)

59 Rubus apetalus poir Rosaceae 3

60 Schefflera abyssinica
(Hochest.) ex A.Rich)
Harms

Araliaceae 3 3

61 Solanum species Solanaceae 11

62 Stereospermum
kunthianum Cham.

Bignoniaceae 6

63 Syzygium guineense
(Willd.) DC.

Myrtaceae 2

64 Terminalia brownii
Pers.

Combretaceae 421

65 Vepris dainellii (Pic.
Serm) kokwaro

Rutaceae 11 3

66 Vernonia amygdalina
Del.

Asteraceae 26

67 Vernonia
thomsoniana oliv. &
Hiern

Asteraceae 1222 145

68 Woodfordia uniflora
(A. Rich.) Koehne

Lythraceae 11

69 Ximenia americana
L.

Oleaceae 9

70 Ziziphus spina-christi
(L.) Willd.

Rhamnaceae 15

71 Aba bira© 11

72 Cheyi© 189

Total 4413 6604 2293
© Species with common names only
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that of Cupressus lusitanica (1.75) and Acacia decurrens (1.53) plantations, sug-
gesting that some Eucalyptus plantations in Ethiopia may be more diverse than
certain coniferous and nitrogen-fixing plantation forest species (Fig. 11.1).

According to Kent and Coker (1994), the optimum value of the Shannon
Diversity Index (H’) lies between 1.5 and 3.5. The results from Fig. 11.1 indicate
that most Eucalyptus spp. plantations in Ethiopia display a diversity value greater
than 1.5. This supports the claim that Eucalyptus plantations in Ethiopia may not be
poor with respect to woody plant diversity, as is often the criticism. The lack of
uniformity in woody plant diversity among the various Eucalyptus plantations,
between and within different locations, is indicative of external factors influencing
this parameter, such as availability of seed sources, distance from the natural forest,
previous land use history, disturbances and local climatic conditions. A regression
analysis result (Fig. 11.2) indicates a poor relationship (R2 = 0.011) between the
density of Eucalyptus plantation forest trees/ha with the diversity of woody plants
recorded in the plantations. Generally, the diversity of woody plants in Eucalyptus
plantations in Ethiopia is comparable with several other studies within Ethiopia
(Yirdaw 2001; Senbeta and Teketay 2001; Senbeta et al. 2002a, b; Yirdaw and
Luukkanen 2003) and in other countries such as Congo (Loumeto and Huttel 1997),
Hawaii (Harrington and Ewel 1997), China (Chen et al. 2003) and in certain
tropical countries (Lugo 1992; Parrotta 1995; Parrotta et al. 1997).
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Fig. 11.1 Mean diversity (H´), mean density (per ha) and mean number of woody plant species
under different plantation forests in Ethiopia
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11.3 Floristic Composition of Undergrowth Woody Plants

In terms of the distribution, composition and relationship of plant species among
the investigated sites, 34 woody plant species, representing 20 families, were
recorded in the E. camaldulensis plantation in Gibie valley, 22 woody plant species
(19 families) in the E. camaldulensis plantation in the Bedele area and 39 woody
plant species (26 families) in the E. grandis plantation in Belete forest (Table 11.1).
Four species were common among the investigated plantations: Calpurnia aurea,
Ekebergia capensis, Croton macrostachyus and Millettia ferruginea. A number of
woody plant species were found exclusively within each of the three sites inves-
tigated, i.e. 9 species in the E. camaldulensis plantation (Bedele), 23 in the E.
camaldulensis plantation (Gibie Valley) and 21 in the E. grandis plantation (Belete
forest) (Table 11.1).

Certain Eucalyptus plantations were found to sustain a greater number of woody
plant species compared with non-eucalypt forests (Table 11.2). For example, 19
woody plant species were recorded in a 24-year-old Cordia africana plantation in
southern Ethiopia (Lemenih et al. 2004), 20 in a 27-year-old Cupressus lusitanica
(exotic) plantation in southwestern Ethiopia (Alem et al. 2015), 15–18 in a Pinus
patula plantation ranging between 10 and 28 years old in central Ethiopia (Senbeta
et al. 2002a), 15 and 17 in 24-year-old Pinus radiata and P. patula plantations in
central Ethiopia, respectively (Senbeta and Teketay 2001) and 17 in a 24-year-old
Cupressus lusitanica plantation in central Ethiopia (Senbeta and Teketay 2001)
(Table 11.2). This shows that a higher number of woody plant species were
recorded for E. grandis plantations in Belete forest (Alem and Woldemariam 2009)
and E. camaldulensis plantations in Gibie Valley (Alem and Pavlis 2012) than in
certain indigenous and exotic non-eucalypt plantation forests across Ethiopia. This
could indicate that some Eucalyptus plantations may have the potential to harbour
higher numbers of woody plant flora than previously thought.
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Fig. 11.2 Regression analysis showing the relationship between density of Eucalyptus trees/ha
and the diversity of woody plants under their canopies in Ethiopia
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The mean number of woody plant species recorded in different Eucalyptus and
non-eucalyptus plantation forest species in Ethiopia is presented in Fig. 11.1. The
average number of woody plant species recorded in 25–33-year-old E. camaldu-
lensis plantations, 11–22-year-old E. globulus plantations and 11–33-year-old E.
saligna plantations was 30.6, 19 and 21, respectively. This could show that among
these plantations in Ethiopia, those of E. camaldulensis appear to sustain the highest
mean number of woody plant species, followed by E. saligna and finally E.
globulus. Furthermore, these eucalypt plantations possess even greater numbers of
woody plants than plantations containing nitrogen-fixing species, such as Acacia
decurrens and A. melanoxylon (Table 11.2). Overall, the number of identified
woody plant species under the canopies of different Eucalyptus plantation forests in
Ethiopia was comparable to the total number of woody plants recorded under the
canopies of Eucalyptus species from countries such as Zimbabwe (Tyynela 2001),
Vietnam (Van et al. 2005), China (Daun et al 2010) and South Africa (Geldenhuys
1997).

11.4 Vegetation Structure and Density of Woody Plants

The relative density of woody plants/ha in different diameter classes in E. camal-
dulensis (Bedele and Gibie Valley) and E. grandis (Belete forest) plantations,
presented in Fig. 11.3, is taken from several sources (Alem and Woldemariam
2009; Alem and Pavlis 2012; Alem et al. 2015). Results in Fig. 11.3 indicate that
the relative density of woody plants in the stem diameter classes of 0.1–1 cm was
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1.9% for E. grandis in Belete forest, 18.3% for E. camaldulensis in Gibie Valley
and 73.5% for E. camaldulensis in Bedele. The relative density of woody plants
(stem diameter class: 10.1–11 cm) in the E. grandis plantation (Belete forest) and
E. camaldulensis plantations (Gibie valley and Bedele) was 0.6, 0.4 and 0.3%,
respectively. This revealed that for Eucalyptus plantations in Ethiopia, the relative
density of woody plants decreases as the stem diameter classes increase (Fig. 11.3).

The total density of woody plants/ha in the E. camaldulensis plantation in Gibie
Valley, E. camaldulensis plantation in Bedele and E. grandis plantation in Belete
forest was 6604/ha, 4413/ha and 2293/ha, respectively (Table 11.1). These findings
could indicate that, from the investigated sites, the highest relative density of native
woody plant species was found in the E. camaldulensis plantation in Gibie Valley,
followed by the E. camaldulensis plantation in Bedele, and lastly the E. grandis
plantation in Belete forest. These differences in the densities of regenerated woody
plants/ha could potentially result from factors such as differences in the density of
Eucalyptus trees/ha (Table 11.2). Varying Eucalyptus densities could create dif-
ferences in the light penetrating the canopies, thereby influencing the recruitment of
native woody plant species. Lemenih et al. (2004) found that differences in canopy
density coupled with canopy-influenced variations in understory environmental
factors in the plantation stands were responsible for many of the discrepancies in
the regeneration parameters of woody plants in various plantation forests. This
further indicates that those plantations with lighter canopies allow for greater
diversity and density of naturally regenerated native woody species, larger
breast-height trunk diameter and increased total height, when compared with spe-
cies with denser/heavier canopies. Despite this, a regression analysis result of the
presently investigated Eucalyptus plantations in Ethiopia revealed no significant
relationship between density of Eucalyptus trees/ha and density of regenerated
woody plants/ha (Fig. 11.4). This implies that besides the density of plantation trees
other factors such as availability of seed sources, age of the plantation trees, cutting
cycles, etc., could have influences on the regeneration of woody plants which in
turn affects the density.

y = -6.72x + 108
R² = 0.14

0
2000
4000
6000
8000

10000
12000
14000
16000
18000
20000

0 200 400 600 800 1000

D
en

si
ty

 o
f r

eg
en

er
at

ed
 w

oo
dy

 
pl

an
ts

/h
a

Density of  Eucalyptus plantations/ha

Fig. 11.4 Regression analysis graph showing the relationship between density of Eucalyptus
plantation trees/ha and density of regenerated native woody plants/ha in Ethiopia

304 S. Alem and M. Nakhooda



The results from Table 11.1 further indicate that Maytenus ovatus in the E.
camaldulensis plantation (Bedele), Dodonaea angustifolia in the E. camaldulensis
plantation (Gibie Valley) and Coffea arabica in the E. grandis plantation (Belete
forest) had the highest density of woody stems/ha when compared with other
regenerated woody plants found in those plantations. This suggests that E. grandis
plantations have the potential to accommodate coffee, one of the most important
economic crops in Ethiopia. An evaluation of coffee grown in E. grandis planta-
tions versus that grown in a natural forest showed no significant difference in the
bean size or the cup quality of the coffee (Alem and Woldemariam 2010); hence,
some Eucalyptus species plantations can serve more than a single agroforestry
purpose, which goes a long way towards sustainable land use practices. Other
studies have also shown that the consumable products of some crops, grown
alongside and/or within eucalypt plantations, are not affected by the dual-purpose
plantation environment. Stocking (1993) showed that in Sri Lanka, E. grandis
forms a successful agroforestry combination with cardamom. Zeng (1992) reported
a highly favourable economic yield when sweet potato was inter-cropped in
208.7 ha of Eucalyptus plantations in China. In some parts of Costa Rica,
Eucalyptus deglupta is commonly used as coffee shade, and no evidence of
diminished growth, yield and mineral nutrition has been recorded (Schaller et al.
2003). The use of some Eucalyptus trees in agroforestry (silvo-pastoral systems) is
also fairly common in the savannah region of Nigeria (Igboanugo et al. 1990).

In the E. camaldulensis plantation in the Bedele area, tree densities of selected
species were recorded as follows: Vernonia thomsoniana: 1222/ha; Bersama
abyssinica: 256/ha; Clausena anisata: 122/ha; Croton macrostachyus: 111/ha;
Millettia ferruginea: 89/ha; Carissa edulis: 78/ha; Galinaria saxifrage: 67/ha; and
Flacourtia indica: 56/ha (Table 11.1). Similarly, in the E. camaldulensis plantation
in Gibie valley, the stem densities for selected species were recorded as follows:
Euclea schimperii: 729/ha; Rhus natalensis: 447/ha; Terminalia brownii: 421/ha,
Dichrostachys cinerea: 212/ha, Grewia ferruginea: 97/ha; Nuxia congesta: 74/ha;
and Olea capensis: 50/ha (Table 11.1). Finally, in the E. grandis plantation located
in Belete forest, selected woody plant species stem densities were: Galiniera sax-
ifrage: 249/ha; Maytenus gracilipes: 190/ha; Millettia ferruginea: 164/ha; Vernonia
thomsoniana: 145/ha; Clausena anisata: 74/ha; and Albizia gummifera: 53/ha
(Table 11.1). These results suggest that different Eucalyptus plantation species may
favour the recruitment of different woody plant species under their canopies. It may
also indicate that, as an over story tree, the different Eucalyptus plantations foster
the natural regeneration and growth of these selected species. The enhanced
recruitment of the selected woody plant species could be associated with the
phytochemicals (allelochemicals) produced by the different Eucalyptus trees, since
these may sometimes be stimulatory to the growth of other plants (Rizvi et al.
1992). Different studies have indicated that allelochemicals, which inhibit the
growth of some species at certain concentrations, may promote the growth of other
species at lower concentrations (Narwal 1994). The stimulatory allopathic effects of
any plant on another plant can be used to develop eco-friendly, cheap and effective
‘Green Growth Promoters’ (Oudhia et al. 1998). There is evidence to indicate that
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some Eucalyptus plantations have the potential to enhance the recruitment, estab-
lishment and success of certain native woody species, such as Dodonaea angus-
tifolia, a species commonly used for soil conservation (Loumeto and Huttel 1997;
Yirdaw 2001; Senbeta et al. 2002a; Mulugeta and Alemayehu 2014). On the other
hand, some species, such as Ehretia cymosa and Dracaena afromontana were
relatively sparse in the various Eucalyptus plantations (Table 11.1). This could be
attributed to the shade intolerance of the regenerated woody plant species, poor soil
seed bank of the species, etc. These results tentatively suggest that, as a manage-
ment option, it is possible to assess and identify the species which display
favourable densities for a given Eucalyptus plantation and establish these within
those particular Eucalyptus plantations to increase overall woody plant density and
diversity.

The density of regenerated woody plants/ha in different plantation forests in
Ethiopia is presented in Table 11.2. For certain sites in southern Ethiopia, the
number of woody plants per hectare was recorded as 3575 in an 11-year-old E.
saligna plantation, 2300 on a 13-year-old E. globulus plantation, 2325 on a
10-year-old Pinus patula plantation, 3750 on a 21-year-old Pinus patula plantation
and 2525 on a 28-year-old Pinus patula plantation (Senbeta et al. 2002a). Similarly,
the same authors recorded a total number of woody stems/ha of 10,100 in a
22-year-old E. saligna plantation, 18,650 in a 27-year-old E. saligna plantation and
13,400 in a 22-year-old E. globulus plantation in southern Ethiopia, whilst Hundera
(2010) noted a total of 8564 woody stems/ha in a 33-year-old P. patula plantation.
Senbeta and Teketay (2001) recorded 18,270 woody stems/ha in a 42-year-old
indigenous J. procera plantation, located in Central Ethiopia. The fact that the
highest number of woody stems/ha was recorded in a E. saligna plantation
(Table 11.2) shows that in some cases Eucalyptus spp. plantations show potential
for sustaining greater numbers of woody stems per ha when compared with other
indigenous and exotic plantation forests.

The mean density of woody plants/ha in the different plantation forests in
Ethiopia was calculated as 2590 stems/ha, 6113 stems/ha, 8375.8 stems/ha in the
Acacia decurrens, E. camaldulensis and E. saligna plantations in Ethiopia,
respectively (Fig. 11.1). However, the mean density of woody plants/ha in the
Juniperus procera, Pinus patula and P. radiata plantations of different ages in
Ethiopia was 11,870 stems/ha, 4266.5 stems/ha and 3130 stems/ha, respectively
(Fig. 11.1). This could indicate that some Eucalyptus plantation forests have the
potential to facilitate the recruitment of indigenous woody plants under their
canopies more effectively than some non-eucalyptus and exotic plantation forest
species. In general, these results indicate that Eucalyptus plantations in Ethiopia are
not ‘green deserts’ as some authors have expressed but should be better considered
as plantation forests which can harbour high numbers of woody plant stems/ha.
Figure 11.5 also indicated a photo that shows the regeneration of different woody
plant species under the canopies of different Eucalyptus plantation forests in dif-
ferent localities of Ethiopia
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11.5 The Role of Plantation Forest in Indigenous Woody
Plant Conservation

In Ethiopia, considerable debate has focussed on the effects of Eucalyptus planta-
tions on conservation initiatives. These concerns have resulted in government
nurseries abandoning Eucalyptus production from the early 2000s, despite it being
the main tree seedling produced for over a decade (Mekonnen 2010). The major
worry was the allelopathic effects that Eucalyptus plantations are often criticised
for, such as high moisture and nutrient requirements which result in drier and
nutrient-depleted soils. The assumption would then be that these plantations would
inhibit the establishment of native woody species; however, the present analysis
indicates the other way. Although forestry plantations are not expected to compete
with the fecundity of natural native forests, certain indigenous woody plant species
such as Catha edulis, Phytolacca dodecandra, Rubus apetalus, recorded within
Eucalyptus plantations, were not recorded in natural forests (Alem and
Woldemariam 2009; Alem and Pavlis 2012), thus the potential of Eucalyptus
plantation forests to complement conservation initiatives cannot be ignored. Yirdaw

Fig. 11.5 Photo that shows the regeneration of woody plants under different Eucalyptus
plantation forests in Ethiopia. A = E. grandis in Wondo genet forest; B = E. globulus in
Shashemene; C = E. camaldulensis in Wondo genet; D = E. camaldulensis in Bedele
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(2002) and Mekonnen (2010) have demonstrated that, with appropriate manage-
ment practices, Eucalyptus plantations may even help restore degraded lands to
accommodate native woody plants. Bremer and Farley (2010) have stated that when
Eucalyptus plantations are established on degraded lands, as opposed to replacing
natural forest ecosystems, they becomes key contributors to land restoration due to
their resilient nature.

In order to realise the potential of Eucalyptus plantations in indigenous woody
plant conservation, the following evidence-based management options are
recommended:

11.5.1 Density of the Plantation Forest

Dessie and Erkossa (2011) stated that planting less density of Eucalyptus trees per
ha is important to allow more light to reach in the understory canopy which will
support the establishment of understory vegetation. An increase in the diversity of
indigenous species has been recorded in Ethiopia in a E. globulus plantation where
the density of the plantation was decreased (Debush et al. 2015). As the density of
Eucalyptus trees/ha increases (Fig. 11.6) the potential of the plantations in
recruiting indigenous woody plants and to serve for conservation purposes may
decrease.

11.5.2 Age of Plantation and Duration of Cutting Cycles

Since nutrient and water consumption increases with cutting cycles in Eucalyptus
plantations, it is suggested that extending the time between cutting cycles, which
also reduces recurrent litter raking, may reduce any negative impact on native
woody plants. Selwyn and Ganesan (2009) indicated that as the age of the

Fig. 11.6 High density of Eucalyptus/ha in Kajimma Umbullo kebele, Sidama Zone, Southern
Ethiopia
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Eucalyptus plantations increases, the number of regenerated indigenous woody
plants also increases. The cutting cycle of Eucalyptus plantations also affects
indigenous woody plant conservation, as demonstrated by Zewdie (2008). In this
study of an Ethiopian E. globulus plantation, vegetation cover, species diversity and
richness decreased with increased cutting cycles.

11.5.3 Availability of Seed Sources

The presence of native soil seed banks is important for the regeneration of
indigenous woody plants under Eucalyptus plantation canopies. Senbeta and
Teketay (2001) found that Eucalyptus plantations can foster the regeneration of
native woody species and increase biodiversity in the stands when seed sources are
available in the vicinity of the plantations. Similarly, Mulugeta and Alemayehu
(2014) indicated that Eucalyptus plantation forests can support natural regeneration
and succession provided that there is an adjacent seed source and dispersal agents.
Importantly, Yirdaw (2002) demonstrated the crucial role of the small remnant
patches of natural forests as a source of diaspores for the restoration of the woody
species diversity in different Eucalyptus plantations that where established in
degraded areas of the Ethiopian highlands.

11.6 Conclusions and Future Prospects

The synthesised results of the different published works indicate that the diversity
and density of indigenous woody plants in different Eucalyptus plantations in
Ethiopia is comparable, and in certain cases, greater than other indigenous and
exotic plantation forests. If the plantation forest species is well managed, it can
serve not only for timber production, but also complement conservation efforts,
which is particularly true if Eucalyptus plantations are established on degraded
lands. In order to realise the complete value of Eucalyptus plantations and improve
the diversity of woody plants under the canopies of different Eucalyptus plantations
in Ethiopia, the following points are recommended: (1) establish Eucalyptus at low
densities of trees/ha; (2) establish Eucalyptus plantations close to a natural forests
where the natural forest can serve as a seed source for the recruitment of woody
plants under the canopy; (3) thinning of Eucalyptus plantations to allow more light
to filter through the canopy, and thus permit the growth of native vegetation;
(4) identify eco-friendly woody plants and shade-tolerant species, and establish
these alongside Eucalyptus plantations to create mixed plantation forests; and
(5) establish soil and water conservation structures in Eucalyptus plantation forests
to increase the availability of soil moisture, which could in turn enhance the
regeneration and growth of woody plants underneath the canopies.
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Chapter 12
Biodiversity and Conservation
of Date Palm

Adel A. Abul-Soad, S. Mohan Jain and Mushtaque A. Jatoi

Abstract Date palm is one of the main horticultural crops of the ancient and recent
world and an important source of food. Geographical distribution between 24° and
34°N latitude is considered as the main biodiversity centers of date palm distri-
bution. There are about 5000 date palm cultivars besides countless varietal strains
throughout the world, but every date-producing country has only few top com-
mercial cultivars being cultivated and exported in all over the world. Commercial
laboratories of tissue culture-derived date palm have contributed in spreading the
cultivation and exchange safely cultivars of date palm worldwide. However, the
date palm diversity is nowadays facing crucial problems such as Bayoud disease
and red palm weevil (RPW) besides water shortage, urban settlement and disrup-
tion, rapid soil and genetic erosion and uncontrolled commercial exploitations of
cultivating only elite cultivars. Numerous efforts have been made for in situ/on-farm
conservation methods though effective but quite expensive and hence found only on
small scale. The ex situ conservation methods of seed and DNA storage are not
applicable due to their recalcitrant seeds and heterozygosity nature. Nevertheless,
the in vitro conservation of date palm in form of shoot tips, axillary buds, embryos,
and callus for longer periods by using slow growth or cold storage in vitro cultures
and cryopreservation techniques is promising but might undergo somaclonal vari-
ation and less viability after thawing. The maintenance of field gene banks is found
to be highly effective for conservation and providing the long-term preservation but
relatively expensive and requiring huge space.
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12.1 Introduction

The date palm (Phoenix dactylifera L.) is an important horticultural crop as well as
heart of oasis cultivation systems in the date palm-growing countries (Fig. 12.1). It
is widely cultivated for edible sweet fruit mainly in the arid or semiarid zones of the
world as the date fruit ripening requires long and hot summer with very low
humidity. The 200–250-mm rainfall is ideal for date palm cultivation. However,
rainfall during flowering and ripening stages may lead to the loss of fruit production
and quality; e.g., in Pakistan (mainly Sindh Province), the date production is
severely affected by monsoon rains (Abul-Soad et al. 2010). It can grow on diverse
range of soils, but sandy loam and clayey loam soils are considered highly suitable
though it can even grow on highly saline soils. With life span of 100–150 years, it
may reach to 30 m in height (Gepts 2002). However, the commercial production
age of trees is less (mostly from 15 to 30 years) and the height above 15–20 m
increases the risk and efforts to reach the crown for pollination and harvesting.
Nevertheless, there were date palm plants seen commercially productive for
50 years. Date palm productivity is degrading due to gradual decline in the number
of emerged spathes every year. Date palm is heterozygous in nature and hence
required cross-pollination either naturally (wind pollination) as in the case of tra-
ditional oasis or artificially by hand. Spathes from a single palm can be utilized to
pollinate 40–50 female trees (Jatoi et al. 2009).

12.1.1 Problems Facing Date Palm Biodiversity
Maintenance and Utilization

Despite of rich cultural and natural diversity, the date palms are facing some
maintenance problems and its utilization is sometimes hampered by different biotic

Fig. 12.1 Date palm at
‘Ghardaia’oasis in Algeria
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and abiotic stresses globally, which varies in level and nature of the problems as per
cultivar, location, climate conditions, and cultural practices (Zaid and de Wet 2002).
Moreover, date palm presence has recently endangered by modernization and
industrial activities. In Egypt, date palm is widely cultivated on both banks of river
Nile (Fig. 12.2), and hundreds of trees have been destroyed due to the construction
of new buildings even after the restrictions imposed by the government. Date palm
tree is considered as a wealth that must be conserved on-farm in all date
palm-producing countries. Although the state legislations and laws prohibiting
export of adult trees of commercial cultivars, Egypt is on the top of the countries
getting off the non-commercial adult for export. Before the current new legislation
of 6-month incubation at isolated place before export, amount of about 50 thou-
sands trees/year were been exported to other countries mainly for landscaping
purposes (Fig. 12.3). Another case study in the deserts of Baluchistan Province,
where date palm is the main crop specie in the dispersed Bedouins communities are

Fig. 12.2 Seeded date palm
trees growing on both banks
of river Nile at Aswan
governorate in Egypt

Fig. 12.3 Depletion of
productive date palm trees of
3–6 m height through
exportation from Egypt for
landscaping purposes
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threatened for the survival. This is due to fall in water table and rainfall fluctuations
and may be the mining activities in the copper belt (Abul-Soad et al. 2009).

Pests and diseases invade date palm plantations, especially in date palm-growing
countries. Bayoud disease, caused by Fusarium oxysporum f.sp. albedinis, has
destroyed millions of palm trees in Morocco and Algeria during the last few dec-
ades (Sedra 2011). The spreading like a fire disease has declined thousands of trees
in Sindh Province, Pakistan, which is caused by Fusarium solani. Symptoms start
with yellowing the midrib of outer fronds followed by drying out the leaflets toward
the central fronds. This disease can infect the date palm at any age and kill the plant
within short period of few months (Abul-Soad et al. 2011c), while Al-Wijam dis-
ease is caused by phytoplasma mainly reported in Saudi Arabia. The common
symptoms are leaf stunting, yellow streaking, and a marked reduction in fruit and
stalk size, which leads to failure in fruit production at harvest (Alhudaib et al.
2007). The red palm weevil (RPW) spread rapidly from India to Arabian Gulf
countries, and then Egypt in the North Africa in early nineteenth century, and
southern Europe through shipment of adult seedling palm for landscaping purposes
in the last decade (Fig. 12.3). Although a number of methods have been used to
control this RPW, but keep watching the trees by the growers to detect any early
infestation (oozing brown sap with bad smell from the trunk) and control it
immediately remained the only acceptable application. By destroying the date palm
seedlings at the date palm biodiversity centers—Elche Valley of Spain and Aswan
Governorate in Upper Egypt—may forever lose naturally created elite palms.
Micropropagation technique could help to conserve rapidly such nature-created
models. This can be done through using the floral buds as in vitro explants without
destroying the parent unique plant (Abul-Soad 2011a). Nevertheless, the demand of
well-known date palm cultivars propagated by tissue culture has been increasing,
which creates a fear of extinction of rich biodiversity of date palm worldwide. In
addition to developing the supercultivars of date palm through genetic engineering
with resistance to Bayoud and RPW, drought, high salinity, aged trees, and genetic
erosion are the major threats to combat the loss of date palm biodiversity in global
scenario nowadays.

12.2 Date Palm Domestication and Diversification
in Ancient and New World

Date palm is the oldest companion of the mankind and believed to be cultivated
since the dawn of human civilization. Due to its complicated historical background,
extensive cultivation trend, distribution, and exchange of date cultivars make it
difficult to know the exact origin of date palm (Popenoe 1924; Lee 1963; Chao and
Krueger 2007; Jatoi et al. 2009; Zabar and Borowy 2012; Jatoi 2013). Nonetheless
the historical evidences depicted in ancient sculptures and date seeds explorations
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in some ancient archaeological sites of different ancient civilizations, the
researchers assumed Mesopotamia (ancient southern Iraq) (Nixon 1959), Nile
valley (Riad 1993; Zohary and Hopf 2000), Arabian Peninsula (Zohary and Hopf
2000), or Indus civilization (currently Pakistan) (Marshal 1931; Wrigley 1995; Jatoi
et al. 2009) the center of origin of date palm. The Mesopotamian region is the most
likely date palm center, and several mud tablets depicted with date palm and
cultural trend are found in ancient Assyrian, Sumerian, and Babylonian eras as well
as the well-known Code of Hammurabi, which delimited laws relating to date palm
trend and sales (Popenoe 1973). However, the date palm and its cultivation have
been known from the earliest records of predynastic Egypt (before about 3000 BC).
Mahmud (1958) reported the date palm presence in Indo-Pak subcontinent may be
the consequence of dispersal from other centers of origin. However, the explo-
rations of date seeds from ancient archaeological sites of Mohenjo Daro (2500 BC)
and Mehrgarh (3000 BC) in Pakistan advocating its presence at that time and
claiming Pakistan as one of the possible center of origin of date palm as well
(Marshal 1931; Costantini 1985; Beech 2003).

The Arabs and Nomads used to move long distances in large caravan and
always carried the date fruits as the source of their daily complete nutritious diet.
Dates were easy to carry long distances without proper storage facilities due to its
long-lasting storage features. They threw out the date seeds extensively during
travel from the ancient business routes, and it seems to be the cause of its
extensive cultivation throughout the known world at that time. Later on, military
expeditions from Muslim world (from the seventh to the twelfth century A.D) to
some European, Asian, and African regions further extended its cultivation to
those regions. As a result, the world largest seeded palm grove still present in
Elche Valley of Spain containing 180,000 adult trees (Rivera et al. 2015). The
Spanish voyages to the new world further distributed this specie into some
warmer parts of North and South American continents. The small patches of its
cultivation still found near the old missionaries’ buildings and in old botanical
gardens or home gardens of old buildings (Nixon 1959). In early twentieth cen-
tury, a large number of suckers were imported from main date-producing coun-
tries and planted in California and Arizona states of USA. The dates that showed
better yield and quality were further commercially adopted and distributed in
other dispersed warmer areas of these two states. Still Coachella Valley of
California produces a large number of quality dates, and they are exported all over
the world (Fig. 12.4). In 1957, the Coachella Valley accounted for 85% of the
date acreage in the USA (Nixon 1959). A tree sample at least from each variety
was conserved in a collection farm of the date palm and citrus repository in
Coachella Valley (Fig. 12.5). The fruit quality of many cultivars indicates the
suitability of the climate to grow many commercial varieties (Fig. 12.6a). But date
palm in this area is mainly grown for landscaping purpose (tennis courts) which
made particular cultivars dominate others such as ‘Deglet Nour,’ ‘Medjool,’ and
‘Barhee’ (Fig. 12.6b).

12 Biodiversity and Conservation of Date Palm 317



The recent commercial importance of date fruits and advancement of date palm
tissue culture has attracted some non-date-producing countries to start date palm
cultivation in the new environmental conditions such as Afghanistan (Osmanzai
et al. 2010), Kenya (Gammell 1989; Wasilwa et al. 2007), Namibia (Zaid and de
Wet 2002), North of Nigeria (Aisueni et al. 2009; Sani et al. 2010), South Africa
(McCubbin 2007), Cameroon (Bourou et al. 2006; Elhoumaizi 2007; Bourou et al.
2015), Chile and Peru (Escobar and Valdivia 2015), Bangladesh (Das 2009),
Thailand (koratdatepalm.com 2016). Mostly, the cultivation in these countries has
started by seed; then, recently, systematic plantation has been developed by
importing healthy elite cultivars, derived from tissue culture. It is worth to mention
that superior date palm genotypes grown from seeds are mostly adapted with the
local climate and can be conserved by tissue culture technique using the inflores-
cence explants (Abul-Soad and Mahdi 2010, 2012; Abul-Soad 2011a).

Fig. 12.4 Date palm groves of ‘Deglet Nour’ in Coachella Valley, California, USA

Fig. 12.5 Date palm geographical distribution in the world (FAO 2014)
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(a) Different cultivars in Date Palm Repository at 
Coachella Valley, USA.  

(b) 'Medjool' cv. native to Morocco.  

(c) 'Saidi' or 'Siwy' cv. at New Valley in Egypt. (d) Dry dates of (1) 'Pertamoda', (2) 'Malakaby',
(3) 'Sakoty' cvs. at South of Egypt.

(e) 'Samany' cv. at Date Palm Repository, 
Coachella Valley which is native to Egypt.

(f) 'Aseel' cv. at 'Khairpur' in Pakistan.

Fig. 12.6 Fruit quality of date palm for top world cultivars, from a to f. a Different cultivars in
date palm repository at Coachella Valley, USA. b ‘Medjool’ cv. native to Morocco. c ‘Saidi’ or
‘Siwy’ cv. at New Valley in Egypt. d Dry dates of 1 ‘Pertamoda,’ 2 ‘Malakaby,’ 3 ‘Sakoty’ cvs at
South of Egypt. e ‘Samany’ cv. at date palm repository, Coachella Valley which is native to Egypt.
f ‘Aseel’ cv. at ‘Khairpur’ in Pakistan
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12.3 Date Palm Biodiversity

Generally, date palm can be found in the warmer areas of all continents (excluding
Antarctica) but varying in area and production. Sawaya (2000) suggested the
importance of latitude and altitude to explain its geographical distribution. The date
palm distribution for both Northern and Southern Hemispheres are between 10°N
(Somalia) and 39°N (Elche/Spain or Turkmenistan) rendering to the latitude,
whereas the promising regions are found between 24° and 34°N in Morocco,
Algeria, Tunisia, Libya, Egypt, Iraq, Iran, and Pakistan (Zohary and Hopf 2000).
The sea level from 392 m below to 1500 m above with an altitude range of 1892 m
is suitable for date palm cultivation. The major date production areas are therefore
from the Middle East, Northern Africa, and Pakistan, while some small production
comes from dispersed parts of North America and South Europe (Fig. 12.5).

12.3.1 The Genus Phoenix or Species Diversity

It is a monocot angiosperm woody diploid (2n = 2x = 36) dioecious species of
Arecaceae (palm family) plant family. There is a confusion regarding the exact
number of species in genus Phoenix. In this genus, 19 species have been known so
far but most often mentioning 12 valid species (Miller et al. 1930; Chevalier 1952;
Moore 1963; Munier 1973; Dowson 1982; Jaradat 2011; Zabar and Borowy 2012)
with little variations in the names of species. Among them, widely accepted species
are P. acaulis, P. canariensis, P. dactylifera, P. paludosa, P. reclinata, P. rupicola,
and P. sylvestris, while there is a confusion over the other spp. However, Chevalier
(1952) and Munier (1973) accepted P. atalantica as a valid species, though it is
perhaps a hybrid of P. dactylifera that does not deserve species status (Krueger
2001). According to Dowson (1982), the family contains 200 genera, among which
Phoenix contains 12 of the total 1500 species, while The Plant List Web site
mentions 185 genera among which Phoenix contains 14 species of the total
accepted 2522 species. Uhl and Dransfield (1987) reported the genus comprises
approximately 17 species. There is also a bit variation in names of species of genus
Phoenix given by several researchers due to the synonyms of the species as listed in
Table 12.1. The main specimen type of this genus is P. dactylifera L. which is
commercially cultivated worldwide. It is characterized and distinguished by pin-
nated leaves and conduplicate leaflets with acute tips (Uhl and Dransfield 1987) as
compared to two other common palm species, P. canariensis and P. sylvestris.
P. theophrasti, an endemic palm specie native to southern Greece (Crete islands)
and southwestern Turkey (Datça Peninsula) before its acceptance status as a sep-
arate specie was usually mixed with P. dactylifera as almost similar in overall
appearance but usually shorter, 15 m tall, with small fruit with only a thin,
sour-tasting flesh layer around the seed. The leaves of P. theophrasti are also used
in Palm Sunday celebrations like date palm (Barrow 1998). P. atlantica or Cape
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Verde palm is a close relative of P. dactylifera that merely represent the feral date
populations of date palm (Jaradat 2011) or might be a product of spontaneous
hybridization between P. dactylifera and other phoenix spp. Henderson et al. (2006)
revealed the genetic discontinuity with microsatellite markers that supported the
status of P. atlantica as a separate species, which suggests its isolation long ago
without any gene flow even though having very similar characteristics like its
mainland relative, P. dactylifera.

12.3.2 Genetic Diversity

Genetic diversity is defined as the genetic variations between species, subspecies,
cultivars, populations, or individual clones that can be measured at the morpho-
logical, physiological, biochemical, and molecular levels (Jaradat 2015). The
present-day date palm cultivars are the outcome of thousands of years of selection
practice of seedlings holding desired features. As per statement of Wrigley (1995),
each cultivar is derived from a unique single seed, cloned and multiplied vegeta-
tively. There are about 3000 (Zaid and de Wet 2002) or 5000 (Bashah 1996) date
palm cultivars exist globally but sometimes might be synonyms of one cultivar
found in different countries under a different name, but about 10% of them of a
commercial importance (Johnson 2011). However, each country got its own top elite
cultivars of commercial value. The situation gets critical when the same cultivars
being cultivated in other countries by replacing or altering its Arabic names into their
local languages which makes the task difficult to know the exact numbers of cultivars
found in the Arabian Peninsula, Northern Africa, and Middle East (Chao and
Krueger 2007). Like ‘Abattamoda’ in Sudan, ‘Bertamoda’ or ‘Pertamoda’ in Egypt
is the altered name for cv. ‘Barakawi,’ which is the most famous cultivar of Sudan
(Khairi 2015). Another example from Egypt is the most famous cultivar ‘Siwy’
which is widely cultivated in Siwa oasis, Al Wahat (el-Bahariya oasis), and
Al-Fayum and Giza governorates and was originally named ‘Saidi’ in the main
export area with low humid air ‘New Valley’ governorate (Fig. 12.6c). Fruit of cv.
‘Saidi’ is characterized with a brown ring that made the fruit having two colors.
‘Saidi’ cultivar is present in Libya and Date Palm Repository in USA too.

The date cultivars around the famous date-producing countries evaluated so far
estimated about 450 in Saudi Arabia (Bashah 1996), 400 in Iran (Hajian and
Hamidi-Esfahani 2015), 400 in Iraq (Zabar and Borowy 2012), 1000 in Algeria
(Bouguedoura et al. 2015), 250 in Tunisia, 244 (Zaid and de wet 2002) or 453
(Sedra 2015) in Morocco, 95 in Libya (Battaglia et al. 2015), 400 in Sudan (Osman
1984; Elshibli 2009), 250 in Oman (Al-Yahyai and Al-Khanjari 2008; Al-Yahyai
and Khan 2015), 321 in Yemen (Ba-Angood 2015), 52 cultivars in Egypt (Rabei
et al. 2012) 300 in Khairpur, Pakistan (Mahar 2007; Markhand et al. 2010;
Abul-Soad et al. 2015), besides numerous cultivars in other date-producing coun-
tries. Each date-growing country has its own won cultivars in addition to various
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other cultivars (Abul-Soad et al. 2015; Al-Khayri et al. 2015a, b), and their dis-
tribution is restricted to these regions due to numerous reasons (Al-Khalifa 2006).

Dates are categorized into soft, semidry, and dry cultivars as per their moisture
content, texture, fruit appearance, and sugar content. For instance, the dry substances
in soft cultivars are nearly 80% of invert sugars (mixture of equivalent extent of
fructose and glucose) with high moisture (>30%) and soft flesh, e.g., cvs. ‘Barhi,’
‘Khadrawy,’ and ‘Hayany.’ The second group is the semidry cultivars that maintain
about 40% invert sugars and 40% sucrose with firm flesh and fairly low moisture
(20–30%), e.g., cvs. ‘Medjool,’ ‘Siwy,’ ‘Aseel,’ ‘Khalas.’ Fruits of this group are in
the top of export cultivars due to the taste and reasonable good shelf life. The dry
cultivars are distinguished by having around 20–40% invert sugars and 40–60% of
sucrose with hard or dry flesh and low moisture (<20%), e.g., cvs. ‘Barakawi,’
(Bender and Bender 2005; Zabar and Borowy 2012), ‘Sakoty,’ ‘Malakaby,’ and
‘Pertamoda’ in Upper Egypt (Fig. 12.6d). The cultivars of later group are limited to
very hot areas such as South Egypt (in Aswan), North Sudan, and West Pakistan.
Cultivars are also considered as early, mid-season, and late cultivars on the basis of
duration of time required to produce mature fruit (Jatoi 2013).

According to Panga (2014), the date palm has normally 36 chromosomes
(n = 18; 2n = 36), but polyploidy cases are also reported with some date palm
cultivars of Iraq (n = 64). In addition, differences among cultivars have also been
found like cv. ‘Sayer’ (2n = 32) which is an early cultivar as compared to a late
cultivar ‘Khasab’ (2n = 36). In addition, aneuploidy and euploidy in both cultivars
were also reported, e.g., cv. ‘Sayer’ (32, 34, 36, and 64) and ‘Khasab’ (32 and 36).

The climatic conditions (air temperature and humidity) and soil type play sig-
nificant role in the fruit properties of any cultivar during months of ripening. The
cv. ‘Deglet Noor’ develops black nose (blackening and shriveling of the tip) and
fruit checks (small, linear scars near the apex) when grown in humid conditions.
‘Deglet Noor’ is a native cultivar of Algeria and Tunisia where it performs as a dry
cultivar, while it is generally a semidry cultivar under USA environmental condi-
tions (Krueger 2015). It is noticed that the soft cultivar of Egypt ‘Samany’ showed
semidry fruit quality when cultivated in the date palm repository in USA
(Fig. 12.6e). Moreover, under non-appropriate environmental conditions, cv.
‘Deglet Noor’ yields and quality were often unsatisfactory as in case when culti-
vated in ‘Punjab’ Province in Pakistan, ‘Wadi an Natrun’ in Egypt. Sometimes
these differences happened even in small intra-zones like, Khairpur Sindh, Pakistan,
where ‘Aseel’ is a predominant cultivar (Fig. 12.6f). Cv. ‘Aseel’ is mainly confined
to Khairpur district of Sindh; surprisingly, the ‘Aseel’ fruits from the eastern part of
Khairpur district (near to hills or mountain range) contain low moisture and sub-
sequently having the longer shelf life in comparison with same cultivar in the rest of
the district and province (Markhand et al. 2010). Brac de la Perrière and Benkhalifa
(1989) also found some intra-cultivar variability due to environmental effects on
fruits of cv. ‘Deglet Noor’ in Algeria and observed that the fruits from Tolga or
Biskra oasis are excellent in quality, i.e., semi dry with 20–30% moisture content,
buttery, and shiny as compared to the same cultivar grown in M’zab region which
were largely drier and smaller and thus of less quality (Fig. 12.7).
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12.3.3 Natural, Oasis Eco-diversity

Date palm being adopted to long dry summers and mild winters thrives well in
desert and oasis environment (Al-Bakr 1972). These groves or oasis are vital
ecological niches for indigenous wildlife and play a critical role in the desert
ecosystems (Chao and Krueger 2007). Date palm trees create their own protection
from the sun, accumulate water moisture, attract insects, produce humus which they
often feed on, protect the ground from atmospheric agents, i.e., soil fixation, and
allow cultivation under their foliage, which further increases the positive dynamics
triggered by the palms. This is the oasis effect, capable of creating self-reproducing
and self-sustaining life cycles in conditions of scarce resources (Sirjacobs 1988).
An oasis should be understood as an artificial creation that exists because of the
sophisticated environmental knowledge of the humans who live there (Mancini
2010). The natural oasis system usually comprises date palm originated from seeds
and hence presents very important diversity as the agronomic traits differ greatly
normally with inferior date quality. Like the series of oasis (Siwa, Baharia, Farafra,
Dakla, Kharga, and Fayoum) in Egypt where total number of trees are approx.
700,000 and about 50% of them originated from seeds (Riad 1993). However, the
this number has been increased now into about 4 million date palm trees. Al-Abbad
et al. (2011) mentioned approximately three million date palm trees in the Al-Hassa
oasis (eastern Saudi Arabia) where the cv. ‘Khalas’ represents more than 50% of the
area. Depending on only one cultivar or monoculture farming system might
increase the probability of pests and diseases attack in the future. However, Mikki
(1998) suggested that the date cultivars, grown in the Middle East oasis, are well
adapted to the local climate, edaphic, and socioeconomic conditions and quality of
their fruit. In Libya, each date palm grove is represented by a distinct cultivar
composition resulted from local selection within the oases (Battaglia et al. 2015).

Fig. 12.7 Intra-cultivar variability due to environmental conditions on fruits of cv. ‘Deglet Noor’
in Algeria. a At Biskra oasis with buttery and semidry properties, and b at ‘Ghardaia’ oasis with
drier and less fruit quality
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The MENA (Middle East and North Africa) region possessing the number of
distinctive oasis agro-ecosystems having the date palm as the main crop covers 1
million ha area which is small but supports the livelihood of about 10 million
inhabitants. Some of the famous oases in MENA region are Al-Qatif and Al-Ahsa
(Saudi Arabia), Al-Ain (UAE), Buraimi, Maghta and Bahla (Oman), Bahraiya,
Siwa (Fig. 12.8) and Kharga (Egypt), Ghadames and Kufra (Libya), Ouargla, Taut,
Ghardaia and Timimoun (Algeria), Tozeur and Tamerza (Tunisia), Tafilalt and
Ourzazat (Morocco) (Jaradat 2011). There are some scattered patches of oases in
Balochistan Province of Pakistan such as Tahlab, Washab, Gualishtop (Fig. 12.9),
Brouhook, Esa Tahir, Yak-Mach, Hamun-e-Mashkhel, and Nokkundi where date
palm relies mainly on the groundwater (Abul-Soad et al. 2009, 2015). Roots of date
palm trees can reach water table within 7–8 m depth, but higher levels must be
pumped to provide irrigated plantations with their water requirements.
Consequently, date palm productivity will be dropped according to water avail-
ability (Abul-Soad et al. 2009).

Fig. 12.8 Siwa oasis19 m
below sea level in Egypt in
the middle of desert

Fig. 12.9 Scattered date
palm oases at Balochistan,
Pakistan. In photograph
‘Gualishtop oasis,’
Balochistan, Pakistan
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The date palm oases are threatened by number of factors: frequent and lethal
infection with Bayoud in the Northern African countries particularly Morocco and
Algeria, declining date palm populations and genetic diversity and hence destabi-
lizing the integrity of the oasis ecosystem. Recently, RPW infestation extended to
reach Siwa oasis in Egypt and Mauritania. The depletion of groundwater level, loss
of vegetation cover, soil erosion due to overgrazing, urban settlement and disrup-
tion, salinity and environmental pollution add additional problems in declining
oasis ecosystem.

12.3.4 Induced Diversity of Date Palm

The historic Elche palm grove is an example of introduced oasis system in Europe
(Johnson et al. 2013) containing about 180,000 adult date palm trees (Rivera et al.
2015). The palm grove of Elche (Southern Spain) is comprised of completely
different genotypes, which are originated from seeds and hence exhibited very high
phenotypic diversity. Unlike commercial orchards to get just fruit production, the
Elche grove is consisting of old mature palms due to no economic interest mainly
for the production of white leaves or lulavs (palma blanca in Spanish) used in Palm
Sunday for Christians and Jewish Sokkot religious festivals as there is no or less
market value of dates produced. Recently, efforts have been taken by the local
Phoenix station and administrations to replace the old palms by the selective
genotypes produced from tissue culture like cv. ‘Medjool’ (Ferry et al. 2002; Rivera
et al. 2015). However, seeds were used for the creation of new elite genotypes. In
Sindh, Pakistan, one progressive grower sown about 18,000 seeds of different
Arabian cultivars in his private orchard. They were sorted out at the time of fruiting
and reduced to about 20 superior new lines. In Egypt and Sudan especially in the
oasis, and non-date-producing countries, still seeds are used for propagation pur-
pose and emerged trees of inferior quality for animal feeding.

12.3.5 Maintenance of Date Palm Diversification

Studies on the manifestation of the date palm diversification and their maintenance
in natural ecosystems and community uses of uncultivated varieties in
agro-diversity are limited. However, there are some cultivars which constitute a
fairly large component of several natural and induced oasis systems and agricultural
areas worldwide. Further, date palm is serving as a source of shelter for both plants
and animals and playing an important role in the interdependency among polli-
nating, seed dispersing, and other ecological functions. Breeding and selection for
improving oasis varieties need basic knowledge, and there are several desired
characteristics of those cultivars that could be selected for domestication and
commercial purposes. To improve the diversity needs, these populations should be
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maintained under natural or oasis conditions so that they can continue to cross with
each other and in the long term continue to evolve new gene pools. Oasis and
agro-biodiversity status of date palm on global level are being exposed by rapid
genetic erosion because of natural habitat devastation and further financial and
cultural pressures, such as habitat destruction, extension of agriculture, conversion
of biodiversity rich sites for human settlement and industrial development, and
uncontrolled commercial exploitation. Eco-lodge is a recent concept of housing
created to overcome the negative impact of urbanization on oasis ecosystem. All
materials in the eco-lodge were made from natural substances to keep oasis nature
and at same time encourage the tourism at these places (Fig. 12.10).

Commercialization has increased the cultivated area under monoculture condi-
tion and reduced species diversity in recent years. Those modern commercial
cultivars tend to replace the traditional farmers’ cultivars, reducing available
diversity and many associated values. An extreme example comes from cv. ‘Aseel’
(Sindh, Pakistan) replaced numerous other cultivars being utilized before its huge
commercialization for ‘Chuhhara’ purpose in Khairpur district. Establishment of
orchards comprised of only single cultivar has increased uniformity and simulta-
neously susceptibility to pests and diseases. Likewise, cv. ‘Aseel’ found to be more
susceptible to sudden decline in disease of date palm than cv. ‘Karblian’ and ‘Fasli’
in Sindh Province, Pakistan (Maitlo 2015). Nevertheless, the famous cultivars such
as ‘Medjool’ and ‘Barhee’ can replace the seed-originated palms with inferior
qualities which usually been used for grazing animals. This is in addition to the
good selections from the locally evaluated seed palms with competitive fruit
quality. Needless to say seed is not preferred as propagation part for date palm as it
is heterozygous except for breeding purpose which is difficult due to long gener-
ation of a date palm tree to mature (about 7 years).

Fig. 12.10 The eco-lodge maintains oasis system and encourage tourism
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The effective conservation of date palm cultivars presents particular problems,
and satisfactory methods have not as yet been developed. In situ/On-farm con-
servation is extremely costly and requires field gene banks because its seeds being
heterozygous nature cannot be stored. Furthermore, these gene banks suffer severe
losses due to disease and other causes and need constant replacement. The devel-
opment of in vitro methods for date palm has been reported on large scale, but still
there is an urgent need to develop and upscale successful ex situ and in vitro
strategies to conserve both natural and agro-biodiversity of date palm.

Most of the date palm institutes and centers are investing in collection and
maintenance of date palm diversity in field gene banks as it holds the key for
characterization and evaluation and for their utilization in breeding improvement
programs. Date Palm Research Institute (DPRI) in Pakistan has set up a collection
farm containing large number of Pakistani cultivars. However, they are the com-
mercial and well-known cultivars only. Therefore, trees at this farm were under the
continuous attack of RPW which inflamed the cost to maintain such ex situ farm.

Using the nature-gifted trait of seedling-germinated date palms that sometimes
possessing fabulous fruit quality or natural resistance to a threat would maintain the
date palm biodiversity and can lead to develop new commercial cultivars too. When
Bayoud disease has destroyed millions of date palm trees in Morocco and Algeria,
some cultivars such as cvs. BSTN and IKL are claimed to be resistant (Saaidi
1992). In fact, these valuable individual date palms can be considered at risk of
extinction and should be protected through rapid propagation. In a research project
funded by Science, Technology, and Development Fund (STDF), Egypt, a number
of superior date palm genotypes from Siwa and Aswan have been selected and
evaluated and after then subjected to micropropagation using inflorescence explants
(Abul-Soad et al 2016). Production of date palm derived from tissue culture
maintains these valuable domestic genotypes from disappearance, as in Fig. 12.11
(Abul-Soad 2011b).

Fig. 12.11 Tissue-cultured
date palm plants produced
using inflorescence explants
ready to be planted in open
field
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12.3.6 Characterization of Date Palm Cultivars

The characterization of date palm cultivars is of paramount importance toward the
conservation of diversity of date palm. There are thousands of cultivars existing, but
most of them are either synonyms of one cultivar being cultivated in inter- or
intra-zones or varietal lines. The characterization of these cultivars can be done by
evaluating the fruit morphological traits, viz. shape, size, weight, color, and texture
(El-Houmaizi et al. 2002; Markhand et al. 2010), and by using some biochemical
markers such as isozymes and proteins (Baaziz and Saaidi 1988). But the accuracy
of such markers is not reliable as sometimes same cultivar grown under two dif-
ferent ecological conditions might exhibit some variations in general appearance.
The use of molecular markers for studying genetic diversity of date palm cultivars is
a recent trend started few decades ago. It helps to construct genetic maps, which in
turn is an important selection tool for breeding programs as the genetic improve-
ment of any crop depends on the ability to select promising plant material (Eissa
et al. 2009). Various molecular techniques have been used for date palm cultivar
identification from several countries (Bodian et al. 2012a, b) such as random
amplified polymorphic DNA (RAPD) markers for Pakistani and Moroccan cultivars
(Mirbahar et al. 2014; Sedra et al. 1998), amplified fragment length polymorphism
(AFLP) for Egyptian cultivars (El-Assar et al. 2005), inter-simple sequence repeats
(ISSR) for Iraqi cultivars (Khierallah et al. 2014), random amplified microsatellite
polymorphism (RAMPO) for Tunisian cultivars (Sakka et al. 2004), and
microsatellites for Moroccan cultivars (Bodian et al. 2012a).

However, there are huge technical differences in terms of cost, speed, amount of
DNA needed, technical labor, degree of polymorphism, accuracy of genetic linkage
estimates, and the statistical power of tests (Garcia et al. 2004).

12.3.6.1 Phenotypic

The phenotypic or morphological identification is a traditional but effective and
economic way of characterization of date palm germplasm. But these morpholog-
ical characteristics are usually influenced by the ecological factors (Sedra et al.
1993, 1996) with the limitation of observation only in adult palms (Hammadi et al.
2009). There are numerous reports available on documentation of date palm cul-
tivars using vegetative, flowering, and fruit characteristics. Al-Doss et al. (2001)
studied 21 vegetative growth parameters, 13 flowering and yield characteristics, and
11 fruit properties to evaluate the variations among 17 different date palm cultivars
from Saudi Arabia. Similarly, Sulieman et al. (2012) studied the physicochemical
differences of five Sudanese date palm cultivars, viz. ‘Gondeila’, ‘Barakawi’,
‘White Gau’, ‘Red Gau’, and ‘Black Gau’, and recorded significant differences
among them in terms of fruit and seed weight, flesh thickness, and fruit length, but
the chemical constituents were more or less same. Markhand et al. (2010) con-
ducted an extensive study using several prominent fruit characteristic to
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evaluate 85 date palm cultivars of Khairpur (Pakistan) on the basis of fruit color,
fruit shape and size, fruit type (soft, semidry, and dry), and micropyle position as
well as categorized them into early, mid- and late cultivars. Most of the Pakistani
dates belong to semidry type and are mid-season cultivars and that is why most of
the cultivars face monsoon rains during ripening period and need bunch covering
(Abul-Soad et al. 2010). Therefore, early fruit-bearing/fruit-ripening cultivars,
escape the monsoon season, may be highly suitable for the cultivation during this
season. Ahmed et al. (2010) found significant morphological variations among 21
date palm cultivars from Mauritania and revealed that leaflets length and spine,
fruit, and seed sizes accounted for a large proportion of perceived variability. Ismail
et al. (2013) performed physicochemical and sensory evaluation of six Tunisian
date cultivars and found that each cultivar has its own distinctive characteristics.

Despite of number of studies on phenotypic characterization, it is still very hard to
recognize date cultivars, particularly without observing fruiting stage. Therefore,
true to type of the planting materials, i.e., offshoots, is necessary in commercial
plantation. So far, there is no viable identification method to determine the sex of
date palm at the seedling stage before commence of flowering after 4–7 years of
planting. In fact, due to the great adaptive flexibility of date palm, many growers and
researchers cannot distinguish cultivars outside their oasis and orchards (Munier
1973). Nonetheless, Haider et al. (2012a) proposed an innovative system for
grouping of dates on the basis of images by computer vision and pattern recognition
in UAE date-processing factories to make ease in sorting of dates during processing.

12.3.6.2 Genotypic or Molecular Marker

Recent advancement in molecular biology and development of different molecular
markers enable scientists to accurately identify dates cultivar with their genetic
diversity and phylogenetic relationships. Genetic conservation is reliant on under-
standing the extent, and distribution of the genetic diversity exists in the prevailing
germplasm (Jubrael et al. 2005). In addition, due to the accessibility of nuclear
(Al-Dous et al. 2011) and chloroplast (Yang et al. 2010; Khan et al. 2011; Soumaya
et al. 2014) genome sequences of date palm, a number of molecular marker systems
can be applicable for an effective assessment of the genetic diversity for germplasm
conservation and exploitation of true-to-type elite material (Khierallah et al. 2011).

RAPD is a PCR-based marker technique, requires only small amount of genomic
DNA (usually 10 bp), and is a quite inexpensive way as it does not require blotting
and radioactive material like other molecular techniques (Mirbahar et al. 2014;
Emoghene et al. 2015), (Fig. 12.12). Several studies conducted using RAPD
markers to detect genetic diversity and polymorphism in date cultivars of Saudi
Arabia (Al-Khalifah and Askari 2003; Al-Moshileh et al 2004; Abdulla and Gamal
2010; Munshi and Osman 2010), Algeria (Benkhalifa 1999), Iraq (Jubrael 2001;
Al-Khateeb and Jubrael 2006; Khierallah et al 2014), Tunisia (Trifi et al. 2000),
Egypt (El-Tarras et al. 2002; Soliman et al. 2006; Younis et al. 2008; Moghaieb
et al. 2010), Bahrain (Pathak and Hamzah 2008), Syria (Haider et al 2012b),
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Morocco (Sedra et al. 1998; Sedra 2013), Nigeria (Emoghene et al. 2015). The
main drawback of this marker is dominance, as it hardly discovers heterozygosity
and genetic diversity and moderately reliable as the results usually differ from other
molecular marker techniques. Soliman et al. (2006) identified the genetic poly-
morphism for semidry date cultivars in Egypt using RAPD and ISSR markers.
Al-Moshileh et al (2004) found RAPD markers reliable to detect polymorphism for
identification of data palm cultivars in Saudi Arabia. Furthermore, they found that
cv. ‘Rothana’ was the closest to cv. ‘Nabtet Ali,’ while cv. ‘Sokkari’ cultivar
exhibited the greatest genetic difference from cvs. ‘Barhi’ and ‘Ajwa.’

The AFLP markers have been successfully employed in many crops to produce
high-density linkage maps with ease in detecting even lower levels of variations,
especially when large inter-varietal polymorphism among date palm cultivars is
screening (Mueller and Wolfenbarger 1999; Diaz et al. 2003; Khierallah et al.
2011). Several reports are available on detecting polymorphism in date palm cul-
tivars using AFLP markers (El-Kharbotly et al. 1998; Cao and Chao 2002;
El-Khishin et al. 2003; Diaz et al. 2003; Jubrael et al. 2005; El-Assar et al. 2005;
Saker et al. 2006; Khierallah 2007; Khierallah et al. 2011; Sabir et al. 2014a).
Elhoumaizi et al. (2006) confirmed that ‘Medjool’ is a landrace cultivar in Morocco
by AFLP analyses of ‘Medjool’ accessions from Morocco, Egypt, and USA. They
found that ‘Medjool’ is not genetically uniform and most probably evolved by
natural selection from a mixture of genotypes under the grown environmental
condition. AFLP analysis is more laborious and time–consuming, but having the
advantage over RAPD is their high reproducibility and powerful approach to detect
polymorphism.

Fig. 12.12 Phylogenetic tree of 25 Pakistani date palm cultivars derived from UPGMA cluster
analysis of RAPD markers (Mirbahar et al. 2014)
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The RFLP markers are co-dominant, reproducible, and highly locus-specific and
able to show strong molecular differentiation and phylogenetic analysis between
closely related species. The requirement of large amount of DNA (generally 5–
10 µg per digest), time–consuming, and high cost are some of the limitations, and
hence, very little work has been done on its usage on date palm. Sakka et al. (2003,
2004) used PCR-based RFLP analysis to identify genotype and genetic polymor-
phisms in plastid DNA from 38 Tunisian female date palm accessions including 5
male ecotypes. Al-Mahmoud et al. (2012) developed early sex detection of date
palm using PCR-based RFLP. Corniquel and Mercier (1997) used RFLP for gen-
eration of cultivar-specific hybridization of four date palm cultivars.

Microsatellites or simple sequence repeats (SSR) are usually comprised of 1–6
nucleotide repeats. Their abundance and dispersion throughout the diverse gen-
omes, highly polymorphic, species-specific, and co-dominance in inheritance make
them ideal DNA markers for cultivar identification and detection of germplasm
diversity and genetic mapping. Such potential of SSR in addition to the published
linkage maps of SSR markers recently diverted the attention of date palm
researchers from other markers for identification and constructed gene-based maps
of date palm (Ahmed and Al-Qaradawi 2009; Pintaud et al. 2010; Bodian et al.
2012b; Zhao et al. 2012, 2013; Elmeer and Mattat 2015; Maryam et al. 2016). SSRs
are easier to use as compared to RFLPs due to its smaller amount of DNA
requirement and ability to automate assay, but the major disadvantage is their high
cost of development.

ISSR markers are powerful tool to study the inter- and intra-specific genetic
variations in date palm and an easy approach with highly reproducible and multiple
genomic loci target ability. Usually, they are dominant in nature involving 16–
25 bp as primers. Several works have been done so far on assessing genetic
diversity using ISSR markers in date palm cultivars of Saudi Arabia (Kumar et al.
2010; Munshi and Osman 2010), Egypt (Younis et al. 2008), Kutch, India
(Srivastav et al. 2013), Pakistan (Mirbahar et al. 2013) Tunisia (Zehdi et al. 2002;
Karim et al. 2010; Zehdi-Azouzi et al. 2011; Hamza et al. 2012), Iraq (Khierallah
et al. 2014), Morocco (Bodian et al. 2012a), etc.

Single nucleotide polymorphisms (SNPs) are the most potential markers to
create a very high-density genetic map of plants. The application of SNPs in
studying the date palm genome sequences has been recently employed by group of
date palm researchers. Al-Dous et al. (2011) assembled first time the draft genome
for cv. ‘Khalas’ which is also the first resource among the member of order
Arecales. Sabir et al. (2014b) revealed heteroplasmy and close phylogenetic rela-
tionship among nine Saudi Arabian cultivars by sequencing the mitochondrial and
chloroplast genomes using SNP analysis. Mathew et al. (2015) conducted
genotyping-by-sequencing from fruit and leaf samples of 70 female cultivars of date
palm from different countries and generated genome-wide genotypic data for
13,000–65,000 SNPs. They found that date palm cultivars segregate into two main
regions of shared genetic background from North Africa and Arabian Gulf.
Recently, Hazzouri et al. (2015) achieved a complete catalog of about seven million
SNPs from 62 cultivars of date palm based on whole genome resequencing. The
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findings indicated the major genetic division between North Africa and the Middle
East/South Asian date palms, with evidence of admixture in cultivars from Egypt
and Sudan.

12.3.7 Utilization of Genetic Diversity

Date palm sometimes referred as the ‘tree of life’ due to its ability to thrive in desert
environment and its multipurpose utilization by nomadic tribes and the local
inhabitants. Dates, apart from its pleasant taste, are very high-energy food con-
taining all important nutritious constituents and still an important diet of people
living in desert. Besides nutritional values, almost each and every part of the date
palm tree has its utilization. The trunk sections are used to build supporting beams
and roofs, tables, and leaves for fences (Fig. 12.13). Trunk beams were noticed
inserted between stones to build the Citadel of Qaitbay which was established in
1477 AD as a defensive fortress located on the Mediterranean Sea coast, in
Alexandria, Egypt. The leaflets are used for making hand fans, hats, mats, ropes,
baskets, and many artifacts. Fruit stalks and leaves basis are used as fuel. Dates
yield value-added food products such as date chutney or sweet pickle, date vinegar,
date paste for bakery products, dates syrup or liquid sugar, dates honey and used in
many confectionery items in date-producing countries. The date seeds pressed or
mixed with other fodder are also used for animal feed. Date palm is becoming
increasingly a popular tree among landscaping trees as date palm now surrounding
new shopping malls, hotels, and housing developments in many countries (Jatoi
2013). Moreover, date palms have been proven as one of high salt tolerant plant
and, thus, recommended to tackle desertification phenomena (Bouchireb and Clark
1997). Cultivating date palm trees can change the microclimate of the area which

Fig. 12.13 Date palm uses. a In Oman, using trunk for decoration to make tables and frond
midrib for chairs, and b trunk beams used to build the Citadel of Qaitbay located on the
Mediterranean Sea coast, in Alexandria, Egypt
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allow intercropping of other species without interference in fertilizer or irrigation
requirements. The rational and sustainable utilization of date palm genetic resources
requires extensive characterization, evaluation, and documentation of the germ-
plasm available at a local or regional level (Jaradat 2011). Some seed-derived plants
could show characteristics of a commercial value and prove more adaptable with
the local climate. These need to be discovered and utilized at same area or similar
climates. According to Sudhersan et al. (2015), the diversity is the basis of adap-
tation that needed to meet the unpredictable environmental changes (climate
change) and several pest and disease problems.

In Oasis, the rich diversity of date palm plays a key role as an important source of
food and shelter to other plant species and animals, providing stability in complex
natural ecosystems (Jaradat 2015; Bouguedoura et al. 2015). In agricultural areas,
date palms are vital constituents of multi-crop systems and are rich in diversity
having a number of economic, social, cultural, aesthetic, and ecological functions
important to livelihoods. Increasing date palm diversity in both oasis and agricultural
areas is a sustainable way to conserve date palm biodiversity. From the conservation
standpoint, Oasis can serve as a buffer zones to protect loss of biodiversity of date
palm. Date palm being components of natural oasis ecosystem diversity is also
contributing some ecosystem services, for instance, carbon reclamation, protection
of soil erosion, soil formation, nutrient cycling, hydrologic systems, and biotic
regulation in the form of pollination ecology and food web. The maintenance of date
palm genetic resources therefore becomes a major issue for the development of date
palm production and food security in arid and semiarid regions.

Oasis in Arabian Peninsula and North Africa are the centers of origin, and
diversity for several leading cultivars possesses very large amounts of genetic
diversity. Fruits are important for both local communities and other products such
as for specific medicinal uses and livestock feed. Date palm can be grown in
marginal conditions and are therefore important to improve agricultural production
under low input conditions, especially inability of farmers to afford fertilizers and
irrigation in Balochistan (Pakistan) (Abul-Soad et al. 2015), and Jigawa state,
Sudan (Adesiji et al. 2013). The livelihood activities and preference in cultivating
and maintaining genetic resources often have impact on biodiversity of any crop
(Asrat et al. 2010) and thus implicating the cooperation of farmers as a necessary
step or strategy toward date palm germplasm conservation (Ezebilo et al. 2013).

12.4 Conservation of Genetic Diversity

The richest diversity of date palm having thousands of cultivars and countless
varietal strains is present and actively managed through generations of date palm
growers using traditional agricultural knowledge. But, now, this diversity is under
tremendous pressure due to several biotic and abiotic factors and extensive com-
mercialization of date cultivation from traditional farming to commercial orchards
that depends on a relatively few commercial cultivars. This decline has accelerated
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throughout the twentieth century. Replacing the traditional varieties by commercial
or exotic cultivars is one of the major causes of genetic erosion. Moreover, the
popularization of tissue culture technology that only focusing in propagation of
very limited number of date palm cultivars is also an alarming situation in near
future for great loss of date palm diversity. The implementation of conservation
strategies of the date palm diversity is vital for the welfare of the peoples living in
both oasis and agricultural areas of dates producing regions. A global assessment of
genetic diversity of current date palm accessions therefore has become necessary
together with the global strategies for the date palm germplasm conservation
(Mancini 2010). Hence, an integrated system based on dynamic ex situ and in situ
conservation is the need of the day for maintaining, enhancing the date palm
diversity, and utilizing to meet the challenges of climate change, biotic and abiotic
challenges.

12.4.1 Methods of Conservation

There are two approaches of conservation of plant genetic resources termed as
in situ and ex situ conservation strategies.

12.4.1.1 In Situ Conservation or on-Farm Conservation

In situ as the term indicates literally mean ‘in place,’ involving conservation of
plants in its natural habitat to which it is adapted and maintained by farmers within
the traditional agricultural systems and allows the recovery of germplasm in their
natural surroundings (Singh 2009; Rao and Sthapit 2012). Date palm growers and
lovers are playing an important role in preserving the biodiversity of traditional date
palm grove and gardens by continuous use of century-old practices in maintaining
the traditional date cultivars and propagation of the newly developed races with
distinctive properties. Since the conservation of such agro-biodiversity is carrying
out as on-farm, therefore such type of conservation is also termed as on-farm
conservation. In such a way, the genetic diversity of target species is managed and
wild plants have been maintained within the traditional agricultural or horticultural
systems (Maxted et al. 1997). It has helped the species to adapt gradually with new
variations in the gene pool caused by environmental conditions such as global
warming, changed rainfall patterns (Heywood and Dulloo 2005). Sustainable
on-farm and in situ conservation of date palm diversity is only promising when
farmers, academia, and government organizations show interest in recognizing the
benefits in terms of genetic, economic, social, and environmental point of view and
by implementing the private utility benefits to the individual grower or user.

On-farm conservation is encouraging in several Middle East and North African
countries as a potential method of date palm conservation strategy. When farmers
get motivation from the state, they also show their interest in participating this
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global cause (Jaradat 2015). Nowadays, in date-producing countries, the major
crops growing concern is to exchange the information to develop the date palm
sector. The great advance and wide usage of social media programs made groups
with direct contact able to exchange the photographs and movies instantly either on
national or on international levels. This is expected to not only encourage the
on-farm conservation but also support all other activities in date palm. For example,
the active group on Facebook which named ‘Khobraa Wa Montgi Nakhil Al Balah
Fi Misr’ which include more than 5000 person working on different aspects of date
palm in the Middle East (https://www.facebook.com/groups/1601120226777268/).
Sometimes, the problem of language gap is there as the language of this group is
Arabic. Another group with English language from Pakistan on WhatsApp is
‘SAGP Dates Value Chain’ which involve the most active group of Sindh
Agricultural Growth project funded by the World Bank to develop the dates sector
in Sindh, Pakistan. The recent third group from Saudi Arabia in Arabic language is
‘Nadi Sosit Al Nakhil’ or in English ‘The club of RPW’ on WhatsApp. This group
includes eminent scientist from 57 Universities and Institutes of 16 countries. Every
night during five days from the week, a single voice lecture is delivering by a
member and debate to exchange the information about all activities of date palm. It
is a corner stone to create a Web site including more than 6000 full articles on date
palm till the moment.

The status of on-farm conservation of date palm is still limited. However, there
are numerous small-scale conservations or rather germplasm collection stations or
farms maintaining the local cultivars in more or less all date-producing countries.
This could keep the progeny of elite landraces and commercial cultivars of a limited
population at same place and prevent losing such valuable genetic resources. It is a
practice for the date palm growers in the non-systematic farms to regularly clean
their orchards by detaching the offshoots from parent female productive trees and
plant them once again in between the adult trees or establish a new orchard. Same
practice was performed at the Date Palm Repository of Agricultural Research
Station, Coachella Valley, University of California, USA (Fig. 12.14).

Fig. 12.14 On-farm
conservation of the offshoots
of different cultivars at the
Agricultural Research Station,
California, USA
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12.4.1.2 Ex Situ Conservation

When conservation of plant genetic resources attempted to perform outside or away
from their natural habitat, it is termed as ex situ conservation. It can be done by seed
and DNA storage, gene banks, collection farms, in vitro preservation or cryop-
reservation, and botanical gardens (Bekheet and Taha 2013). There are some efforts
have been done in date palm ex situ conservation that can lead to preserve date palm
germplasm for the purposes of successful propagation and improvement programs.

Seed Bank

The seed bank conservation is one of the most widespread and valuable ex situ
conservation approach maintaining seed viability at low temperatures and by des-
iccation. As compared to the ‘orthodox’ seeds which can be stored for longer
durations at subzero temperatures (Roberts 1975), the date palm seeds being
‘Recalcitrant’ and heterozygous nature cannot be stored for the purpose of con-
serving genetic resources (Bekheet 2011).

In Vitro Conservation/Repository

In vitro conservation or in vitro gene bank of the plant genetic resources, various
tissues are used such as shoot tips, axillary buds, embryos, callus, and cell sus-
pension cultures (Singh 2009). They are easy to maintain, less expensive, and
effective way of storing the plant genetic resources particularly the dioecious nature
plants like date palm. In vitro conservation basically involves two stages: at first the
in vitro culture establishment and secondly in vitro storage. The in vitro cultures can
be conserved for short time (less than one year) or for years to loss some of the
viability after sawing once again because of freezing damage.

(a) Slow growth or Cold storage-in vitro cultures

Slow growth methods are used to conserve plant cultures for relatively longtime
storage (few months) by reducing the growth parameters either the temperature and
light intensity, adding growth inhibitors, reducing O2 concentration, modifying the
nutrient medium which includes dilution of mineral elements, reducing sugar
concentrations, and by changing the use of growth regulators, choosing small
explants, adding chemicals with osmotic properties (Engelmann 1991, 2011; Wang
et al. 1993; Lédo et al. 2014). Depending on the plant species, slow growth tech-
nique allows cultures to be held for 1–15 years under tissue culture regimes with
periodic subculturing (Jain 2011a, b). However, the high costs of labor and the
potential risks of somaclonal variation for some species are the major problems
(Cruz-Cruz et al. 2013). There are certain limiting factors of this technique, i.e.,
reducing temperature cannot be handled effectively when tropical plant species are
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concerned due to their higher temperature growth habit (Withers 1991). Not all
types of explants were tested in date palm. Shoot tip explants and callus cultures
were successfully employed through slow growth conservation of cv. ‘Zaghloul’ for
12 months at 5 °C in the darkness (Bekheet et al. 2001). Callus explants of cv.
‘Gundila’ were also successfully applied for slow growth conservation for the
period of 6 and 12 months. The modified medium contained 0.3 M of different
sugars with the recovery of 90.73% after four weeks of thawing in normal condi-
tions (Zaid et al. 2011). Incubation temperature during slow growth conservation is
reduced from 27 to 15 °C for callus cultures of cv. ‘Sakkoty’ (El-Dawayati et al.
2012). It is necessary to get high survival rate after thawing which reached 88. 8%
in cv. ‘Sakkoty’ and 87.7% in cv. ‘Bartamoda’ after 12 months at 15 °C, but the
number of germinated embryos/culture decreased from the conserved embryogenic
callus (El-Ashry et al. 2013). However, slowing the growth of callus culture under
appropriate conditions could allow enough time for maturation. Subsequently, it
will increase the developed somatic embryos. In addition to that, stored callus
culture could serve as stock for micropropagation as per need. Also, in vitro cul-
tures can be transferred safely through cargo while they are under slow growth
medium. It is worth to mention that the in vitro cultures of date palm are very
sensitive for endogenous bacterial contamination. At any time, it may appear
specially if the growth condition was inappropriate. Unfortunately, there is no
published work on the bacterial contamination or somaclonal variation after
thawing in date palm.

(b) Cryopreservation

Cryopreservation involves maintaining of living cells and tissue organs at
ultralow temperature or in liquid nitrogen (between −79 and −196 °C) for longer
periods by halting all the metabolic activities and cell division. Thus, cells will not
undergo genetic changes or somaclonal variations during storage as compared to
serial sub-culturing where the cultures are exposed to the risks of contamination and
handling errors (Engelmann 2004; Cruz-Cruz et al. 2013). There are two modes of
cryopreservation protocols based on their physical mechanisms. The classical
cryopreservation technique is performed in the presence of ice or ice formation,
while the vitrification usually does not involve the ice formation (Gonzalez-Arnao
et al. 2008).

Since date palm is a dioecious plant, conservation of its genetic resources, using
cryopreservation is the best solution being cost-effective and requires small space
with the capacity to store large genetic resources without the fear of natural dis-
asters, disease outbreaks, etc. Depending on the plant species and type of cultivars,
the cryopreservation technique involves several steps such as selection of the plant
material preferably young rapidly growing material, which show resistance against
freezing due to smaller size, fewer or small number of vacuoles, and dense cyto-
plasm; pretreatment of explants in a medium containing osmotically active com-
pounds for dehydration of the tissues and protection of cell membranes; freezing
requires to avoid injuries through ice crystal formation); storing at a freezing point
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where the metabolism activity is suppresses; thawing is done to prevent damage of
the cells from the intracellular ice crystals; and post-cryo-treatment minimizes the
toxic effect of cryoprotectants and reduce the osmotic shock.

Several explants have been tested in date palm cryopreservation technique using
caulogenic meristem (Fki et al. 2013), friable callus (Bekheet et al. 2007; Subaih
et al. 2007; Al-Bahrany and Al-Khayri 2012), pro-embryogenic masses (Fki et al.
2011), somatic embryos (Bekheet et al. 2005), shoot apices (Bagniol et al. 1992),
and pollen (Mortazavi et al. 2010).

Cryopreservation of nodular callus of cv. Zaghloul was initially achieved at 0 °C
for 2 h and then transferred into liquid nitrogen (−196 °C) for 48 h. The recovery
percentage after thawing was 80% on 1 M sucrose-pre-culture medium (Bekheet
et al. 2007). Three different cryopreservation protocols, i.e., standard (tube) vitrifi-
cation, droplet-vitrification, and encapsulation-vitrification, were tested on cv.
‘Khenizi.’ The standard vitrification gave the maximum recovery rates using small
explants (2 mm), while the larger explants (>3 mm) died after thawing stage (Fki
et al. 2013). Cryopreservation of polyembryonic masses (PEMs) of cvs. ‘Sokary’
and ‘Sultany’ using droplet-vitrification and dehydration cryo-plate techniques has
been carried out. There recovery percentages of pro-embryos or PEMof cvs. ‘Sokary’
were 90.9–98.6% and for ‘Sultany’ 85.6–88.0% after transfer to the standard cul-
ture medium containing 3.3 M glycerol + 2.4 M ethylene glycol + 0.4 M
sucrose + 1.9 M dimethyl sulfoxide (Salma et al. 2014). Recently, the effect of salt
mixture (NaCl, MgCl, and CaCl2) along with other osmotic stimulators such as
mannitol and polyethylene glycol (PEG) for cryopreservation of embryogenic
cultures of cv. ‘Sakkoty’ of date palm was investigated. The highest values of fresh
mass were at salt tolerance ratio of 1500 ppm (Bekheet 2015).

Field Genebanks or Field Repository

The date palm genetic resources are maintained by vegetative propagation for
maintaining their genetic makeup true to type in the field genebanks, which is also
known as germplasm collections, varietal collections, or clonal repositories pro-
viding the long-term preservation of the genetic or inter-specific variability. In this
conservation strategy, there is always a risk of damage by natural disasters, pest and
pathogen problems, etc. (Singh 2009). The field genebanks of date palm is though
relatively expensive to maintain and requires huge space but is providing easy and
ready access to conserve palms for research as well as for their use.

There are number of field genebanks in almost all date-producing countries such
as: the date palm field collection of 49 local date palm cultivars located at stations
of the Technical Institute of Saharan Agricultural Development (ITDAS) Ain Ben
Noui and Feliache in Biskra and El Arfi ane in Oued Righ (Bouguedoura et al.
2015); the field collection of 25 local date palm cultivars at the nursery of Date
Palm Research Institute, Shah Abdul Latif University, Khairpur, Pakistan
(Markhand et al. 2010; Abul-Soad et al. 2015); the research stations, located in
Degache, Ibn Chabbat I, Ibn Chabbat II, and Atilet, Tunisia, maintaining 100
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endangered cultivars (Hamza et al. 2015); the date palm germplasm bank at King
Faisal University, in southeastern Al-Hassa (Saudi Arabia), comprising 31 Saudi
Arabian cultivars collected from 7 major growing regions (Al-Hassa, Qatif,
Madinah, Besha, Najran, Jouf, and Qassim) and 26 exotic cultivars (Al-Ghamdi
2001; Aleid et al. 2015). A project started by General Board of Date Palm (GBDP)
with the help of the ministry of Agriculture in Iraq has collected 497 cultivars in
various regions of Iraq (Khierallah et al. 2015). The Kuwait Institute for Scientific
Research (KISR) at Kuwait university main campus maintains 34 female and 6
male cultivars (Sudhersan et al. 2015). Sixty genotypes/cultivars at CIAH, Bikaner
(Rajasthan, India), have been conserved in a national field genebank (Pareek 2015).
The establishment of such collection farms can help in evaluating and comparing
the fruit quality of alien cultivars at the experimental stations. This will definitely
help growers to take the right decisions and introduce valuable alien cultivars that
suit the local environment.

12.5 Conclusions and Prospects

Date palm is playing an integral role in the livelihood of the people living in the hot
and barren desserts since ancient times, and was exclusively mentioned and
depicted in old sculptures in many ancient civilizations. Therefore, many countries
claim themselves its center of origin. The Arab nomads and later the military
expeditions expanded date palm distribution to the Europe from where it reached to
American continent. Recently, the tissue culture technology motivated and enabled
its cultivation to other non-date-producing regions of the world.

Date palm belongs to the genus Phoenix, family Arecaceae, and has more or less
5000 cultivars and countless varietal strains worldwide. They are sometimes similar
with the same cultivars being cultivated in different regions and countries, but with
new names. In addition, sometimes same cultivars exhibited different fruit types
like in case of cv. ‘Deglet Noor’ which appeared dry type in its place of origin
(Morocco) and semi-dry in USA and Pakistan. In such case, characterization of the
date cultivars by using the reliable molecular markers is of preference in compar-
ison with the typical phenotypic identification methods and biochemical markers.

The natural oasis consists mainly of seedling palms and usually produces
inferior date fruits but exhibits rich diversity which needs to be maintained and
conserved in situ or ex situ. They are frequently threatened by several pest and
pathogen problems besides numerous abiotic factors which are disrupting and
declining the oasis ecosystems. Recently the trend of establishing the date palm
orchards with only single or few top commercial cultivars by replacing the poor
yielder cultivars has become the cause of rapid loss of numerous cultivars and
erosion of natural diversity. For example, in Sindh Province (Pakistan), cv. ‘Aseel’
has replaced hundreds of other cultivars in 100 years for the sake of commercial
purposes. And hence, depending on a single cultivar has increased the risk of
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sudden decline in disease of date palm since 2 or 3 decades which has destroyed
many commercial orchards in the area.

The date palm diversity, maintained by generations of growers in the form of
in situ or on-farm conservation using traditional knowledge, is of no use nowadays
without the proper interest of growers and encouragement of government organi-
zations and hence urging the importance of adoption of modern way of conser-
vation. The communication revolution could help to gather the efforts through the
new applications of social media. The in vitro germplasm conservation with slow
growth of cultures and cryopreservation techniques is promising and requires less
space and easy maintenance, however may face genetic or somaclonal variation
among the regenerated plants. The initiatives of establishing date palm collection
farms taken by many dates producing countries are good but not enough, and
hence, further efforts needed to maintain the genetic diversity of date palm
worldwide.
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Chapter 13
Approaches for In Vitro Conservation
of Woody Plants Germplasm

María Teresa González-Arnao, Natalia Dolce,
María Elena González-Benito, Carlos R. Castillo Martínez
and Carlos A. Cruz-Cruz

Abstract The conservation of plant genetic diversity aims at preserving as much as
possible extant species by using innovative and complementary approaches to
guarantee the effectiveness of the safeguarding strategies and to face present
problems and future threats. The development and implementation of different
in vitro conservation techniques have provided improvements for the international
exchange of germplasm, for the storage of different in vitro culture forms and for
products generated by biotechnology. These methods are also a valuable alternative
to relieve the need of large lands extensions, where reserve collections of trees
belonging to many woody species are traditionally kept. This chapter provides
information of several study cases, describes some useful protocols, and aims at
presenting a brief overview of currently available techniques for in vitro conser-
vation to medium- and long-term of woody plant germplasm.
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13.1 Introduction

Many woody species are seriously threatened in different parts of the world. They
are highly affected by several natural and anthropogenic factors (Augusseau et al.
2006), specifically anthropogenic factors affect forests mostly through expansion of
agricultural activity, settlement, deforestation, land fragmentation, and invasive
species introduction (Mebrat and Gashaw 2013). The major causes identified of
woody species loss are linked to rapid human population growth rates and poverty
(FAO 2009). Through the years, many woody plants have supplied products
(firewood, fruits, etc.) that are very important for the subsistence of many localities
and populations, who have traditionally relied on them to satisfy their needs
(Shackleton et al. 2002). According to FAO, the highest rates of woody species loss
are in the tropics (FAO 2009). There are some records that suggest the reduction in
the forested areas to half in the last 100 years (UNDP 2007) and studies which have
found that 10% of tree species are under serious threat (Williams 1998). Therefore,
the increasing global need for food and fibre, and the increasing trend of extinction
risks for these species, highlight the urgent need for developing and employing
reliable conservation strategies to guarantee the safeguarding of woody plant
germplasm.

In general, an important criterion to preserve plant genetic diversity is the
implementation of different complementary strategies of conservation. In that way,
it is possible to take advantage of the benefits from each method and mitigate the
uncontrollable specific deficiencies. Furthermore, it is also essential to ensure the
genetic stability of the stored material, and the effectiveness of the protocol in terms
of reproducibility, regardless of the genotype response and of the type of biological
material used.

Among the conservation approaches, there are two well-recognized categories:
in situ and ex situ conservations. In situ conservation represents the use of natural
habitats to maintain the gene pool of plants in ecosystems under different envi-
ronmental changes (Swaminathan 1997). This method can be considered dynamic
because it may provoke evolutionary modifications in plants by the effect of biotic
and abiotic factors. Under these conditions, it is possible to follow the adaptation of
plants which are permanently subjected to a natural and sometimes also artificial
selection process. In this sense, the in situ conservation which covers biosphere
reserves, national parks and other protected areas increases the amount of diversity
that can be conserved, but faces several problematic situations that imply the need
to develop alternative strategies to support this important type of conservation
(Karp et al. 1997). The selection of the appropriate strategy should be based on
several criteria including the biological nature of the species and the feasibility of
applying the chosen methods (Engelmann 2012). The second conservation category
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which refers to ex situ approach is the preservation of plant germplasm outside its
natural habitat (Heywood and Iriondo 2003). This involves different methods, some
of which are also classified as dynamic, like botanic gardens and field genebanks,
because both provide the opportunity of monitoring the evolutionary trajectory of
samples during the storage. Other ex situ methods are classified as static, because
they safeguard the genes outside of the evolutionary context (Shands 1991). They
are considered safest, uninfluenced by the climate conditions, and more
cost-effective than dynamic methods. That is the case of ex situ alternatives such as
seed banks and the storage of plant germplasm in liquid nitrogen (−196 °C).

The development of plant biotechnology, especially the advances associated
with in vitro culture and its adaptation to more than several thousand plant species
(George 1996; Gonzalez-Arnao et al. 2014), has provided powerful tools to support
and improve management and conservation of plant biodiversity (Withers 1995;
Bunn et al. 2007).

The in vitro culture techniques have successfully supported the micropropaga-
tion of many Australian native plants, including numerous rare woody plant species
(Taji and Williams 1996). At the same time, they have provided new conservation
approaches, which contribute to widen the availability of options for storing plant
germplasm, allowing the establishment of an additional backup for different types
of materials, either derived of in vivo plants or from various in vitro biological
sources. Moreover, in vitro cultures make the international exchange of plant
germplasm easier from both practical and phytosanitary point of views. For
instance, the entrance of fruit trees is forbidden during the growing season
according to European and South American quarantine regulations; by contrast, the
entrance of in vitro cultures is allowed at any time of the year (Hummer 1999). The
application of in vitro techniques also provided a new valuable tool for fruit crops
with the practice of micrografting. This technology consists in the placement of a
maintained scion onto an in vitro grown rootstock in aseptic conditions. In vitro
shoot tip grafting has often been applied for the improvement and rejuvenation of
several fruit tree species, virus elimination and development of different physio-
logical studies. Micrografting technique is used in quarantine as this method has a
minimum risk for importing plants. Plant material derived from the in vitro
micrografting can be further multiplied in vitro and acclimatized ex vitro (Rehman
and Gill 2015). More recently, micrografting was also used as an efficient way for
recovering cryopreserved adult shoot tips of citrus (Volk et al. 2012).

The application of in vitro culture techniques has made possible the production
of a new kind of germplasm, which includes cell suspension, embryogenic callus
and somatic embryos. These biotechnological products constitute a novel source of
material with important genetic information useful for breeding programs (Rao
2004) and provide expanded options for preserving plant biodiversity, but require
the use of in vitro methodologies for their own conservation (Gonzalez-Arnao et al.
2014). The operational use of tissue culture techniques ensures regeneration,
multiplication and recovery of the biological material before and after being sub-
jected to either conservation methods. Therefore, this is a key prerequisite to start a
research work when using an in vitro approach.
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The aim of this chapter is to review and provide information about the available
methods for the in vitro conservation of plant germplasm. Several study cases are
presenting to illustrate the development and application of these biotechnological
approaches in woody plants.

13.2 In Vitro Conservation Approaches

13.2.1 Medium-Term Conservation

There are two identified approaches for in vitro conservation of plant germplasm:
short- to medium-term storage and long-term storage. In the first case, conservation
is achieved with the reduction in in vitro growth of tissues by altering the usual
formulation of culture medium either diminishing the nutrients concentrations, as
well as including the addition of osmotically active compounds, or of growth
retardants (Engelmann 2011). These modifications may be combined or not with
the reduction in culture temperature (Paulet and Glaszmann 1994), light intensity,
storage in darkness and/or the regulation of available oxygen level (Lynch 1999).
The storage at low temperature (in the range of 0–5 °C) is one of the major
alternatives used for preserving cold-tolerant species of temperate plants
(Orlikowska 1992; Ashmore 1997; Shibli et al. 2006).

For medium-term storage, standard in vitro culture conditions can also be used
when dealing with species that have a natural slow-growing habit. Other possible
options may be desiccation and/or encapsulation of the explants (Engelmann 2012).
Artificial seeds, which are produced by encapsulating plant propagules (shoot buds
or somatic embryos) in a synthetic matrix, enable medium-term conservation of
various plant species (Devi et al. 1998).

In general, the in vitro methods used to attain medium-term conservation allow
the storage of biological material from quite a few months to 2–3 years (Cruz-Cruz
et al. 2013), and as was previously reviewed, this approach, which is based on the
slow growth, can be induced under sub-optimal culture conditions by altering the
micropropagation procedure.

13.2.2 Long-Term Conservation

The next challenge using in vitro techniques was to increase the storage duration to
guarantee the long-term conservation of plant germplasm. However, this aim could
only be possible with the total arrest of cellular division and of all metabolic
processes. The effect produced by an ultra-low temperature, usually due to the
storage of samples in liquid nitrogen (−196 °C), allowed achieving this inanimate
state under a new biotechnological approach, that is, using cryopreservation.
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Currently, cryopreservation represents the safest alternative for long-term
preservation of plant biodiversity without requiring continuous manipulations.
However, the main stages involved in the cryopreservation procedure, such as
cryoprotection, cooling/warming and recovery culture, play a crucial role in
attaining success, and each successive step must be optimized irrespective of the
cryogenic protocol selected and depending on the biological material used
(Gonzalez-Arnao et al. 2014).

Plant cryopreservation techniques have evolved significantly over the past
26 years with the development of different mixtures of cryoprotectants named as
plant vitrification solutions (PVS) since 1990, the increasing of the
cooling/warming rates during process since 2005 and with the partial combination
of different cryogenic methods, which consequently resulted in the establishment of
new alternative techniques (e.g. encapsulation-vitrification, droplet-vitrification and
V- or D-Cryoplate).

All these contributions have improved the effectiveness and the adaptability of
the protocols to a larger number of species, and they are closely related on the one
hand to the encapsulation of tissues in calcium alginate gel, which has facilitated the
manipulation and improved the tolerance of explants to drastic dehydration treat-
ments that otherwise would have been lethal (Gonzalez-Arnao and Engelmann
2006) and, on the other hand, by the use of aluminium foil strips (Panis et al. 2005)
and/or of cryoplates (Yamamoto et al. 2011, 2012) instead of cryovials, for carrying
out the direct immersion of samples to liquid nitrogen during cooling and the rapid
plunge into unloading solution during warming at room temperature. These inno-
vations have increased the probability of forming a glassy state at the low tem-
peratures, which would potentially avoid the injuries due to the formation of ice
crystals when the intracellular water could not be removed sufficiently from sam-
ples prior to immersion in liquid nitrogen. At the same time, they also help to avoid
the destabilization of the non-crystalline solid produced, because the warming is
also performed very rapidly (Gonzalez-Arnao et al. 2008).

Several exhaustive reviews and publications have described in detail the most
important characteristics of each cryopreservation techniques. They have always
pointed out that the first cryogenic protocols developed, known as classical or
conventional, are based on a freeze-dehydration process which induces the dehy-
dration by the reduction in temperature usually at 0.5–1 °C min−1 down to around
−40 °C (slow freezing regime), followed by rapid immersion in liquid nitrogen
(Gonzalez-Arnao et al. 2014). The next important group of cryopreservation
methods comprises the vitrification-based techniques, which are supported on the
transition of the liquid viscous phase to an amorphous glassy solid at the glass
transition (Tg) temperature (Fahy et al. 1984). This process is induced by a severe
dehydration that takes place at a non-freezing temperature, due to the exposure of
samples to highly concentrated cryoprotective solutions (PVS) and/or to physical
drying conditions followed by a rapid or ultra-rapid cooling in liquid nitrogen.
Among the vitrification-based techniques are found: (i) vitrification method, which
involves treatment of samples with cryoprotective substances (loading), dehydra-
tion with a highly concentrated plant vitrification solution (PVS), rapid cooling and
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rewarming, removal of cryoprotectants and recovery. This procedure has been
developed for shoot tips, cell suspensions and somatic embryos of numerous dif-
ferent species (Sakai and Engelmann 2007); (ii) encapsulation-dehydration, where
the basic protocol is encapsulation in calcium alginate beads, preculture of
alginate-coated samples in liquid medium with high sucrose concentration, evap-
orative air or silica gel desiccation to a water content in the bead around 20% (fresh
weight basis), and rapid cooling in liquid nitrogen. Rewarming of the alginate
encapsulated explants usually is performed at room temperature, and for recovery,
the beads are usually placed onto standard culture medium without having to extract
the shoots or embryos from their alginate coating (Engelmann et al. 2008; Sherlock
et al. 2005); (iii) encapsulation-vitrification, which is a combination of
encapsulation-dehydration and vitrification procedures, because samples are
encapsulated in alginate beads and then treated and cooled according to the vitri-
fication technique described above (Sakai and Engelmann 2007); and
(iv) droplet-vitrification, a protocol derived from the combination of the vitrification
procedure with the droplet-freezing technique developed by Kartha et al. (1982). In
this case, samples are treated with loading and vitrification solutions and then
placed on aluminium foil strips in minute droplets of vitrification solution or just in
one small drop, and the aluminium foil strip is directly immersed with the samples
in liquid nitrogen (Sakai and Engelmann 2007); (v) V-Cryo-plate, which combines
the encapsulation-dehydration and droplet-vitrification techniques. In this method,
shoot tips are attached with a thin calcium alginate layer to an aluminium
cryoplate, loaded, treated with PVS, and then cooled by direct immersion of
cryoplates in liquid nitrogen (Yamamoto et al. 2011, 2012); (vi) D-Cryoplate, the
only difference from V-Cryoplate is that it replaces the use of the PVS solution, by
the desiccation under the laminar flow or employing silica gel, to dehydrate samples
attached to the cryoplate and subjected to the loading treatment. Both cryoplate
alternatives provide higher cooling and warming rates compared to other
vitrification-based procedures (Engelmann 2014); (vii) pregrowth technique, which
is the culture of samples in the presence of cryoprotectants, followed by rapid
immersion in liquid nitrogen; (viii) desiccation, which consists of dehydrating
explants or seeds usually by desiccation in the air current of a laminar airflow
cabinet or with silica gel and then direct immersion in liquid nitrogen. This method
is used mainly for cryopreserving seeds. Finally, Pregrowth-Desiccation is the
combination of the both previously mentioned methods and it is mainly used for
cryopreserving meristematic cultures, small-size seeds, polyembryonic cultures,
zygotic embryos or embryonic axes extracted from seeds, respectively
(Gonzalez-Arnao et al. 2008). The cryopreservation of embryonic axis is a simple
and useful strategy to preserve the germplasm of plants with recalcitrant seeds,
because axes can be easily dried before their rapid cooling in liquid nitrogen. In
addition, according to Li and Pritchard (2009), both the recent evidence of
less-than-expected longevity at conventional seed bank temperatures and the
innovations in the cryopreservation of recalcitrant-seeded species are important
factors which are demonstrating that ultra-cold storage should be adopted for the
long-term conservation of plants (Li and Pritchard 2009).
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There is no specific or unique protocol to guarantee the successful cryopreser-
vation of plant germplasm. However, different important research groups around
the world have identified empirically the best cryogenic approaches which result
more effective depending on the target material (i.e. cells, callus, shoot tips, somatic
embryos, etc.). Moreover, for the large-scale application of cryopreservation,
sometimes the complementary use of different cryogenic techniques (e.g. classical
and/or some vitrification-based procedures) is required in order to improve the
response of genotypes, cultivars or species, which are less tolerant to a specific
protocol, or may only require some additional modifications in the stages of cry-
oprotection, to achieve reproducible survival following the same technique
(Gonzalez-Arnao et al. 2008; Gonzalez-Arnao and Engelmann 2013).

13.2.3 Importance of In Vitro Conservation of Woody Plant
Germplasm

For woody plants, the most conventional conservation methods are in situ alter-
native and field genebanks as ex situ alternative. In situ conservation is considered
the method of choice for conserving forest species and wild relatives (Brush 1995).
Regarding fruit and timber trees, the field clonal collections (for vegetatively
propagated species) and seed banks (for seed propagated species with orthodox
seeds) are the traditional ex situ approaches for germplasm preservation. However,
field collections require vast areas of lands, their management is very expensive and
the system is exposed to the risks arising from different kinds of biotic and abiotic
stresses. In addition, many woody species produce non-orthodox seeds, i.e. recal-
citrant, which cannot be preserved under seed banks conditions (Lambardi et al.
2005). Therefore, the in vitro conservation methods play a significant comple-
mentary role.

At present, there are more reports about the development and adaptation of
cryopreservation protocols for in vitro storing of woody plant germplasm, than for
medium-term storage. This probably is because cryopreservation (−196 °C) cur-
rently provides more alternatives (controlled rate cooling, vitrification,
encapsulation-dehydration, cryoplate techniques, desiccation, etc.) to preserve
different types of materials (e.g. seeds, embryonic axis, zygotic embryos, dormant
buds) and in vitro forms (e.g. cells, callus, somatic embryos) in comparison with
slow growth approach, which is usually performed using shoots and/or in in vitro
plantlets. In addition, long-term storage in liquid nitrogen eliminates the problem
associated with the danger of maintaining big spaces required to store in vitro a
backup of abundant collections, with the potential risks of contamination during the
storage, and the somaclonal variation for some species (Blakesley et al. 1996).

Among the alternatives employed to induce the slow growth for different woody
plant species, Shibli et al. (2006) reported in vitro medium-term storage by using
high concentrations of sucrose, sorbitol or mannitol in the culture medium.
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This allowed reduction in growth at room temperature of bitter almond microshoots
and extended the subculture interval to four months. On the other hand, the benefits
of lowering the culture temperature as a convenient strategy for medium-term
storage are already known, especially when dealing with species of temperate
origin. Shoot cultures of chestnut, oak and wild cherry were stored after 10 d of the
last subculture at 2 °C for up to 1 year without subculturing (Janeiro et al. 1995).
Shoot cultures of Castanea sativa (cv. “Montemarano”) were stored for over
48 months at 8 °C, and the combination with a low level of lighting resulted in a
positive effect on survival for such conservation period (Capuana and Di Lonardo
2013). Table 13.1 presents additional successful examples of in vitro storage for
medium term.

Table 13.1 Representative examples of medium-term conservation of woody plants

Species Tissue Method
(storage
temperature)

Storage
period

Reference

Acacia mangium Seeds 4–8 °C 1.2 years Yap and Wang (1983)

Acer saccharum Seeds −10 °C 5.5 years Carl (1976)

Albizia
(Paraserianthus)
falcataria

Seeds 4–8 °C 1.5 years Yap and Wang (1983)

Araucaria
cunninghamii

Seeds −15 °C 8 years Shea and Armstrong (1978)

Casuarina
equisetifolia

Seeds −3 °C 2 years Jones (1967)

Citrus limon Seeds −20 °C 9.6 years King et al. (1981)

Cryptomera Pollen −196 °C 1 years Ichikawa and Shidei (1972a)

Fagus sylvatica Seeds −10 °C 5 years Suszka (1975)

Gmelina arborea Seeds −5 °C 2 years Woessner and McNabb (1979)

Hop (Humulus) Pollen −196 °C 1 years Haunold and Stanwood (1985)

Larix Pollen −196 °C 1 years Ichikawa and Shidei (1972a)

Loblolly pine Pollen −18 °C 3–10 years Bramlett and Mathews (1991)

Malus domestica
cv. Antonowka

Seeds −1 to −18 °C 3.1 years Grzeskowiak et al. (1983)

Morus bombysis Winter
buds

−40 °C,
−70 °C,
−135 °C and
−196 °C

1 month,
6 months,
1 year and
3.5 years

Niino et al. (1993)

Pinus spp. Pollen −196 °C 1 years Ichikawa and Shidei (1972a)

P. caribea var.
hondurensis

Seeds 8 °C 2.7 years Yap and Wang (1983)

P. merkusii Seeds 4–5 °C 4 years Pausujja et al. (1986)

Populous
deltoids

Seeds −20 °C 6 years Tauer (1979)

(continued)
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Regarding cryopreservation techniques, there are a lot of advances related to
woody plants, since the first demonstrations that winter-hardy twigs survived after
immersion in liquid nitrogen for one year (Sakai 1956). Related to fruit trees, pear
and apple are interesting cases to mention. For these species, several cryogenic
techniques have been successfully adapted and applied on large scale, such as
classical protocols with controlled rate cooling (Chang and Reed 2000),
encapsulation-dehydration (Niino and Sakai 1992) and vitrification (Niino et al.
1992). A significant and important fact about the impact of cryopreservation of
apple germplasm is that after a loss due to diseases, over 100 unique apple
accessions were re-grafted from cryopreserved dormant buds, and the cultivars were
successfully restored for propagation (USDA, ARS 2013).

Table 13.1 (continued)

Species Tissue Method
(storage
temperature)

Storage
period

Reference

P. cerasifera var.
divaricate

Seeds −1 to −3 °C 2 years Grzeskowiak et al. (1983)

Prunus avium Seeds −1 to −3 °C 2 years Grzeskowiak et al. (1983)

P. persica Pollen −20 °C 9 years Akihama et al (1980)

Pyrus spp. Pollen −20 °C 6 years Akihama et al (1980)

P. bretschneideri Shoot
tips

5 °C, 8-h
photoperiod;
10 °C, 16-h
photoperiod

64 Weeks Oka and Niino (1989)

P. cancasia Seeds −1 to −18 °C 3.1 years Grzeskowiak et al. (1983)

P. communis Shoot
tips

4 °C, 16-h
photoperiod

18 months Wanas et al (1986)

5 °C, 16-h
photoperiod
or 1 °C
darkness

12 months Moriguchi et al. (1990)

P. pyrifolia Shoot
tips

1 °C
darkness

20 months Moriguchi et al. (1990)

P. pyrifolia Scion −1 to −3 °C More than
1 year

Kozaki (1975a)

1 to −5 °C 4 years Omura et al. (1978a)

P. pyrifolia Pollen Freeze drying More than
10 years

Kozaki (1975b)

6 years Akihama et al. (1978)

P. pyrifolia Seed −3 to −5 °C 7 years Solovieva (1966)

Drying 3 years Omura et al. (1978b)

Simmondsia
chinensis

Pollen −196 °C 2 years Lee et al. (1985)

13 Approaches for In Vitro Conservation of Woody Plants Germplasm … 363



Cryopreservation of Japanese persimmon shoot tips has been also reported using
different techniques as slow cooling (Matsumoto et al. 2004), vitrification
(Matsumoto et al. 2001; Niu et al. 2012) and droplet-vitrification (Niu et al. 2012).
However, the utilization of cryopreservation for persimmon germplasm is still
limited. More recently, Matsumoto et al. (2015) reported the use of D-Cryoplate
protocol with 10 persimmon cultivars, which resulted in high regrowth rates after
cryopreservation and may facilitate the long-term conservation in the genebank
context.

For non-fruit forest trees, the same three cryopreservation approaches have been
applied to meristematic tissues of some important timber and pulp species such as
silver birch using controlled rate cooling with in vitro meristems (Ryynänen 1996),
encapsulation-dehydration with in vitro axillary buds of Eucalyptus species (Páques
et al. 2002) and vitrification with in vitro apical segments and buds of an aspen
hybrid (Jokipii et al. 2004). Embryogenic conifer cultures (Park et al. 1998), seeds
or isolated embryonic axes of Azadirachta indica (Berjak and Durnet 1996) have
been also successfully cryopreserved. Another significant advance is that several
cryopreservation protocols have been already standardized for seeds of many native
woody (over 30) species of Brazil, by using a rapid cooling regimen and a slow
thawing at room temperature (Santos et al. 2013).

Table 13.2a, b, c, d, e presents some additional successful examples of using
cryopreservation techniques for the long-term storage of woody plant germplasm.

Table 13.2 Examples of plant species cryopreserved using seeds

(a) Examples of plant species cryopreserved using seeds

Acacia sp. Direct immersion in liquid nitrogen Salomão (2002)

Abies procera Direct immersion in liquid nitrogen Walters et al.
(2004)

Agathis spp. Temperatures from −20 to 42 °C Dickie and Smith
(1995)

Allocasuarina
fraseriana

Direct immersion in liquid nitrogen Touchell and
Dixon (1994)

Amburana
cearensis

Direct immersion in liquid nitrogen Salomão (2002)

Azadirachta
indica

Desiccation and freezing Chaudhury and
Chandel (1991)

Buchenavia
tomentosa

Direct immersion in liquid nitrogen Salomão (2002)

Camellia
sinensis

Desiccation and immersion in liquid nitrogen Kim et al. (2002)

Casuarina
sumatrana

Deep freezer (–20 °C) and direct immersion in
liquid nitrogen

Marzalina and
Nashatul (2000)

Cedrela fissilis Direct immersion in liquid nitrogen Nunes et al. (2003)

Chorisia
pubiflora

Direct immersion in liquid nitrogen Salomão (2002)

(continued)
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Table 13.2 (continued)

(a) Examples of plant species cryopreserved using seeds

Citrus spp. Desiccation and immersion in liquid nitrogen Hor et al. (2005)

Coffea spp. Desiccation and immersion in liquid nitrogen Dussert et al.
(1998)

Corylus
avellane

Desication and immersion in liquid nitrogen Normah et al.
(1994)

Dialium
divaricatum

Direct immersion in liquid nitrogen Salomão (2002)

Dipterocarpus
spp.

Deep freezer (–20 °C) and direct immersion in
liquid nitrogen

Marzalina and
Nashatul (2000)

Dyera costulata

Enterolobium
spp.

Direct immersion in liquid nitrogen Salomão (2002)

Eriotheca
gracilipes

Eucalyptus
loxophleba

Direct immersion in liquid nitrogen Touchell and
Dixon (1994)

Guettarda
pohliana

Direct immersion in liquid nitrogen Salomão (2002)

Jacaranda spp.

Leucaena
leucocephylla

Deep freezer (–20 °C) and direct immersion in
liquid nitrogen

Marzalina and
Nashatul (2000)

Machaerium
spp.

Direct immersion in liquid nitrogen Salomão (2002)

Pinus spp. Direct immersion in liquid nitrogen Pita et al. (1998)

Pistacia spp Dehydration and one-step freezing. Ozden-Tokatli
et al. (2007)

Populus
deltoids

Desiccation, deep freezer (–20 °C) and direct
immersion in liquid nitrogen

Pence (1996)

Prunus spp. Direct immersion in liquid nitrogen Chmielarz (2009)

Spondias
mombin

Direct immersion in liquid nitrogen Salomão (2002)

Swietenia
macrophylla

Deep freezer (–20 °C) and direct immersion in
liquid nitrogen

Marzalina and
Nashatul (2000)

Tabebuia spp. Direct immersion in liquid nitrogen Salomão (2002)

Tectona grandis Deep freezer (–20 °C) and direct immersion in
liquid nitrogen

Marzalina and
Nashatul (2000)Thyrsostachys

siamensis

Ulmus
americana

Direct immersion in liquid nitrogen Walters et al.
(2004)

(b) Examples of plant species cryopreserved using cell suspensions and callus cultures

Abies
cephalonica

Cryoprotective treatments [DMSO, PGD I and II
(mixture of polyethylene glycol, glucose and DMSO)],
prefreezing temperature of −38 °C, and immersion in
liquid nitrogen

Aronen et al.
(1999)

(continued)
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Table 13.2 (continued)

(b) Examples of plant species cryopreserved using cell suspensions and callus cultures

Betula
pendula

Slowly (0.17 °C min−1) frozen down to −38 °C using a
programmable freezer

Ryynänen et al.
(2002)

Castanea
sativa

Vitrification (PVS2) Corredoira et al.
(2007)

Citrus
deliciosa

Cryoprotection (DMSO), freezing by slow cooling and
storage in liquid nitrogen

Perez et al. (1999)

Citrus
sinensis

PVS2 vitrification Hao et al. (2003)

Citrus spp. Cryoprotection (DMSO), freezing by slow cooling and
storage in liquid nitrogen

Perez et al. (1997)

Elaeis
guineenses

Desication and direct immersion in liquid nitrogen Dumet et al.
(2000)

Hevea
brasiliensis

Programmable freezer (0.2 °C/min down to −40 °C) Engelmann and
Etienne (2000)

Mangifera
indica

Encapsulation/dehydration; pregrowth/dehydration and
vitrification

Wu et al. (2003)

Olea
europea

Controlled rate freezing, encapsulation–dehydration,
liquid nitrogen and vitrification

Lambardi et al.
(2002)

Picea
glauca

Long-term storage in or above liquid nitrogen Cyr et al. (1994)

Picea
mariana

PVS2 vitrification Touchell et al.
(2002)

Picea
sitchensis

Two-step freezing Find et al. (1998)

Pinus
patula

Precooling tissue prior to immersion into liquid nitrogen Ford et al.
(2000b)

Pinus
pinaster

Precooling tissue prior to immersion into liquid nitrogen Marum et al.
(2004)

Pinus
radiate

Preculture and direct immersion in liquid nitrogen Hargreaves et al.
(2002)

Pinus
roxburghii

Pretreatment, slow freezing and liquid nitrogen Mathur et al.
(2003)

Prunus
avium

Pretreatments and one-step freezing Grenier-de March
et al. (2005)

Pyrus
pyrifolia

Encapsulation-dehydration, vitrification, two-step
frozen, encapsulation and conventional cryopreservation

Gazeau et al.
(1998)

Quercus
robur

Pretreatments and direct immersion in liquid nitrogen Chmielarz et al.
(2005)

(c) Examples of plant species cryopreserved using embryonic axes

Aesculus
hippocastanum

Desiccation and freezing Pence (1990)

A. glabra Desiccation and freezing Pence (1992)

Artocarpus
heterophyllus

Desiccation and freezing Chandel et al. (1995)

(continued)
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Table 13.2 (continued)

(c) Examples of plant species cryopreserved using embryonic axes

Azadirachta
indica

Desiccation and freezing Berjak and Dumet
(1996)

Camellia
sinensis

Desiccation and immersion in liquid
nitrogen

Kim et al. (2002)

Carya sp. Desiccation and cooling Pence (1990), Abou
Taleb et al. (1992)

Castanea sativa Desiccation and PVS vitrification San-Jose et al. (2005)

Citrus
aurantifolia

Desiccation and freezing Cho et al. (2002c)

C. halimii Desiccation, encapsulation–dehydration,
slow freezing and vitrification

Normah and Siti Dewi
Serimala (1997)

C. latipes Desiccation–freezing, vitrification and
Encapsulation–dehydration

Malik and Chaudhury
(2006)

C. madurensis Encapsulation–dehydration Cho et al. (2003)

C. macroptera Desiccation–freezing, vitrification and
Encapsulation–dehydration

Malik and Chaudhury
(2006)

C. medica Encapsulation–dehydration Cho et al. (2003)

C. sinensis Desiccation and freezing, pretreated with
sucrose

Santos and Stushnoff
(2003)

Cocos nucifera Pregrowth desiccation and liquid nitrogen Sajini et al. (2006)

Coffea spp. Desication Dussert et al. (1999)

C. arabica Desiccation and freezing Martinez et al. (1996)

C. liberica Desication Normah and
Vengadasalam (1992)

Durio
zibenthinus

Dehydration and freezing Hor et al. (1990)

Elaeis guineensis Desiccation in silica gel and rapid freezing Villa et al. (2007)

Euphoria longan Desiccation and freezing Fu et al. (1990)

Fagus Cold-labile enzyme lactate dehydrogenase
(LDH)

Pukacki et al. (2009)

Fraxinus
excelsior

Desiccated and direct immersion in liquid
nitrogen

Brearley et al. (1995)

Ilex brasiliensis,
I. brevicuspis,
I. dumosa,
I. intergerrima,
I.
paraguariensis,
I. pseudoboxus,
I. taubertiana,
I. theezans

Encapsulation-dehydration Mroginski et al. (2008)

Juglans regia Desiccation and freezing Pence (1990)

Lansium
domesticum

Desiccation, encapsulation-dehydration,
vitrification and slow freezing

Normah et al. (2000)

(continued)
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Table 13.2 (continued)

(c) Examples of plant species cryopreserved using embryonic axes

Litchi sinensis Desiccation followed by fast freezing Chaudhury (2000)

Livistona
chinensis

Desiccation Wen and Song (2007)

Melia azedarach Dehydration and freezing Kaviani et al. (2009)

Nephelium
lappaceum

Dehydration and freezing Hor et al. (1990)

Olea europaea Desiccation and freezing Gonzalez-Rio et al.
(1994)

Pinus radiata One-step cooling Hargreaves et al. (2005)

Prunus
amygdalus

Desiccation and freezing Chaudhury and Chandel
(1995)

Prunus persica Desiccation and freezing; PVS2 vitrification De Boucaud et al.
(1996)

Q. falcata Desiccation and freezing Pence (1992)

Q.
leucotrichophora

Desiccation followed by fast freezing Chaudhury (2000)

Q. macrocarpa Desiccation and freezing Pence (1992)

Q. nigra Desiccation and freezing Pence (1992)

Q. palustris Desiccation and freezing Pence (1992)

Q. robur Dehydration protocols and encapsulation Berjak et al. (2000)

Q. rubra Desiccation and freezing Pence (1992)

Swietenia
macrophylla

Direct immersion in liquid nitrogen or slow
cooling

Marzalina and Normah
(2002)

Theobroma
cacao

Desiccation–freezing in liquid nitrogen Pence (1991)

Vigna spp Desiccation and freezing Normah and
Vengadasalam (1992)

(d) Examples of plant species cryopreserved using somatic embryos

Abies
nordmanniana

Dehydration by freezing Misson et al. (2006)

Aesculus
hippocastanum

one-step freezing Lambardi et al. (2005)

Carya illinoensis Desiccation and freezing Kumar and Sharma (2005)

Castanea sativa Desiccation-based cryostorage and
vitrification

Corredoira et al. (2004)

Citrus grandis Prefreezing treatment and
cryoprotectants

Oh (1997)

C. junos

C. platymamma

Coffea arabica Freezing in liquid nitrogen Bertrand-Desbrunais et al.
(1998)

C. canephora Regrowth and encapsulation Hatanaka et al. (1994)

Juglans regia Desiccation and freezing Kumar and Sharma (2005)
(continued)
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13.3 In Vitro Medium-Term Conservation of Forest
Species and Study Cases

13.3.1 Family Meliaceae

Meliaceae is a large family of tropical and subtropical woody species, comprised of
50 genera and about 575 species of trees and (rarely) shrubs (Pennington and Styles

Table 13.2 (continued)

(d) Examples of plant species cryopreserved using somatic embryos

Olea europea Encapsulation–dehydration Shibli and Al-Juboory
(2000)

Picea. glauca Desiccation Percy et al. (2001)

P. glauca x
engelmannii

Pinus patula Prefrozen and direct immersion in liquid
nitrogen

Ford et al. (2000a)

Picea sitchensis Encapsulation–dehydration Gale et al. (2008)

Quercus robur Desiccation and vitrification Martinez et al. (2003)

Q. suber Encapsulation-dehydration Fernandes et al. (2008)

Theobroma cacao Desiccation and freezing Fang et al. (2009)

(e) Examples of plant species cryopreserved using shoot tips

Amygdalus
communis L.

Encapsulation–dehydration–
vitrification

Al-Ababneh et al. (2003)

Cedrela fissilis Encapsulation–dehydration Nunes et al. (2003)

Citrus spp. Encapsulation–vitrification Wang and Deng (2004)

Cocos nucifera Encapsulation–dehydration Hornung et al. (2001)

Coffea racemosa Encapsulation–dehydration Mari et al. (1995)

Coffea sessiliflora

Diospyros kaki PVS2 vitrification Matsumoto et al. (2001)

Malus spp. Encapsulation–dehydration Paul et al. (2000)

Phoenix dactylifera Pregrowth and freezing Bagniol and Engelmann
(1991)

Populus alba One-step vitrification Lambardi et al. (2000)

Prunus domestica One-step vitrification De Carlo et al. (2000)

Prunus dulcis Vitrification and
encapsulation-dehydration

Shatnawi et al. (1999)

Prunus spp. One-step vitrification Niino et al. (1997)

Pyrus spp. Cold acclimatation and controlled
freezing

Chang and Reed (2000)

Vitis vinifera Two-step vitrification Matsumoto and Sakai 2003
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1975; Mabberley et al. 1995; Pérez-Flores et al. 2012) occurring in a variety of
habitats, from rain forests and mangrove swamps to semidesert (Pérez-Flores et al.
2012). Various species are commercially important, used for vegetable oil, soap
making, insecticides and highly prized wood. Some of the best-known examples in
the international timber trade are American or true mahogany (Swietenia spp.),
African mahogany (Khaya spp.), sapele (Entandrophragma spp.), Spanish cedar or
cigar box cedar (Cedrela spp.), toon or Australian red cedar (Toona spp.), besides
several others from various parts of the world (Styles 1972).

Most of the timber-producing species are huge, dominant or emergent trees
forming the major constituents of tropical rainforest, secondary forest or other types
of woodland. Timber from members of the Meliaceae are in fact the backbone of
the forest industry of many countries, but continuous exploitation of the natural
forest has seriously depleted stocks of desirable specimens, notably in South
America and parts of West Africa. Usually, it is the best trees which are culled
during exploitation so that potential sources of elite or superior genotypes are
continually decreasing with consequent depletion of the gene pool (Styles 1972).
Regarding this situation, Lamb pointed out almost 50 years ago (1968) that Cedrela
in Latin America and the Caribbean Islands had been so overcut that some species
had been virtually eliminated. Since then, supplies of mature trees of good form for
seed production and tree breeding have remained only in remote and inaccessible
places. Similarly, in Swietenia only trees of a bush-like form have survived in the
Caribbean Islands and are represented by the famous Cuban mahogany,
S. mahagoni (Styles 1972).

Consequently, ex situ preservation of germplasm from members of the
Meliaceae is necessary to safeguard the threatened diversity of this family, mainly
due to the anthropogenic impact. In recent years, staff of the INIFAP (Jalisco,
Mexico) and the IBONE (Corrientes, Argentina) has conducted research to evaluate
the possibility of in vitro preservation of isolated embryos and shoot apical
meristems of Meliaceae species by minimal growth.

13.3.2 Swietenia Macrophylla King. (Mahogany)

The genus Swietenia Jacq. contains three species (S. mahagoni Jacq., S. macro-
phylla King and S. humilis Zucc.) and two natural hybrids (Pennington 1981),
occurring natively in the Neotropics (Figueroa 1994). They are medium-sized to
large trees growing 20–50 m tall and having up to 2 m trunk diameter. The genus is
famed as the supplier of mahogany, one of the most beautiful and valuable tropical
timber species. At first, mahogany was yielded by S. mahagoni, a Caribbean spe-
cies, which was so extensively used locally and exported that its trade ended by the
1950s. These days almost all mahogany is yielded by the mainland species,
S. macrophylla, although no longer from its native locations due to the restrictions
set by CITES (this species has been listed under Appendix II of the Convention on
International Trade in Endangered Species of Wild Fauna and Flora, CITES 2003).
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S. macrophylla, known as “caoba” in Spanish and “mahogany” or “bigleaf
mahogany” in English, grows in Central America from Yucatan southwards and
into South America, extending as far as Peru, Bolivia and extreme western Brazil
(Lamb 1966; Biswas et al. 2002; Mishra et al. 2014). Mahogany trees may reach
50 m in height and 0.75–1.2 m in diameter (Gueilfus 1994; Standley 1946). The
economic value of S. macrophylla timber has resulted in their overexploitation for
the last centuries. However, mahogany had always been obtained from natural
forests (Snook 1993) because one of the main problems for the establishment of
organized planting programmes is that within its natural area of distribution in the
Americas, S. macrophylla trees are intensely attacked by the mahogany shoot borer,
Hypsipyla grandella Zeller (Lamb 1966; Lyhr 1992; Newton et al. 1993).

The overexploitation of natural populations and logging of the best individuals
for commercial use have affected the genetic diversity of S. macrophylla.
Consequently, it is necessary to design strategies to promote preservation and
regeneration systems for this species, both in situ and ex situ. Mahogany seeds are
classified as recalcitrant based on their limited desiccation tolerance and short
storage life (Gómez et al. 2006). In this case, the in vitro tissue culture techniques
are presented as an important tool for the establishment of ex situ germplasm
conservation programs. In the last years, the INIFAP (Jalisco, México) staff has
conducted studies to regenerate plants from seeds and adventitious buds (taken
from field collected twigs), as well as to store apical meristems using minimal
growth in vitro culture for short- and medium-term preservation of mahogany
germplasm.

Regarding to the preservation process, shoot apical meristems were dissected
from in vitro plants of S. macrophylla belonging to a working collection initiated
through seeds and axillary buds from adult trees collected in natural mahogany
stands, as mentioned by Martinez et al. (2013a). After dissection, apical meristems
were cultured on the multiplication medium composed of MS + 1.5 mg l−1

BA + 0.5 mg l−1 ANA (control treatment) or MS lacking plant growth regulators.
Cultures were kept at 24, 18 or 16 °C. After 30 and 60 d of storage at different
temperatures, the number and length of developed shoots were evaluated. Data from
this work demonstrated that culture on MS medium without growth regulators at
16 °C, enables maintenance of S. macrophylla meristems for 60 d (Martinez et al.
2013a). In a subsequent study, the effect of sucrose/mannitol concentrations and
mineral oil on meristems growth was evaluated. After dissection, shoot apical
meristems were cultured on the multiplication medium (control treatment) or MS
supplemented with different sucrose/mannitol concentrations (30/0, 20/10, 15/15,
10/20 and 0/30 g l−1). A replica of each treatment was also carried out by adding
2 ml of mineral oil (J.T. Baker®) to the media. Cultures were kept at 28, 24 or 18 °C.
Every 30 d of storage at different temperatures, the number and length of developed
shoots as well as their vigour and oxidation were evaluated. Results from this
experiment showed that adding MS with 15 g l−1 sucrose and 15 g l−1 mannitol and
keeping cultures at 18 °C was the best condition for preserving meristems during
fifteen weeks without requiring subcultures of tissues. Following this procedure, the
meristem growth was reduced while maintaining high survival (93%) and,
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after transferred to the multiplication medium, tissues showed good vigour, less
oxidation and high number of shoots/explant compared with the control treatment.
This methodology was also tested with meristems of Tectona grandis L. (teak,
family Lamiaceae), which could be successfully preserved (100% survival) for fif-
teen weeks without requiring subcultures (Montiel-Castelán et al. 2016). Meanwhile,
the addition of mineral oil to the media was not effective for in vitro preservation of
mahogany or teak meristems. Researches on in vitro conservation of Daucus carota,
Vitis vinifera, Catharanthus, Valeriana wallichii (Johnson et al. 2002) and Bacopa
monnieri L. (Sharma et al. 2012) match the efficiency of mineral oil as a preservation
technique. However, in this study both survival and vigour decreased significantly,
and hyperhydric tissues appeared. Gaspar et al. (2002) indicate that hyperhydricity is
an adaptive state induced by stress during in vitro culture.

More recently, studies have demonstrated that the previously developed storage
procedure (culture of shoot apical meristems on MS + 15 g l−1 sucrose + 15 g l−1

mannitol and incubation at 18 °C) was adequate to preserve S. macrophylla and
T. grandis accessions for extended periods (18 and 11 months, respectively)
without requiring subcultures (unpublished data). Ex situ storage procedures are
now available for the medium-term in vitro preservation of mahogany and teak.
These approaches offer new opportunities for the conservation, sustainable man-
agement and utilization of these valuable timber trees.

13.3.3 Cedrela Odorata L. (Spanish Cedar)

The genus Cedrela contains seven species (Pennington 1981; Pennington and
Muellner 2010) native to the tropical and subtropical New World from Mexico to
northern Argentina (Verissimo et al. 1998; Cavers et al. 2003). Cedrela trees may
reach 40 m in height and 1.2 m in diameter (Newton et al. 1995, 1999; Navarro
et al. 2002). C. odorata, known as “Spanish cedar”, “red cedar” or “cedar”, is the
most important and widely distributed species of the genus. Its wood is in high
demand in the American tropics, as sawnwood and plywood, for moulding and
cabinet work. Having an agreeable, pleasant scent, its wood is also used as pack-
aging for Havana cigars. This species ranges from northern Mexico through Central
America and the Caribbean islands to Brazil. It is found in tropical and subtropical
and semihumid climates, from sea level to close to 3000 m above sea level in
Bolivia (Lamb 1966). It is usually found on well-drained soils. The species tolerates
prolonged periods of drought (Lamb 1966; Salas 1993); it also grows in volcanic
soils (Pennington and Sarukhán 1968).

As seen above, C. odorata is widely distributed throughout the Neotropics and
grows in mixed stands. However, the economic value of timber from this species
has resulted in their overexploitation for the past two centuries and has prompted
several studies concerning the sustainable production and use of Cedrela as a forest
crop (Newton et al. 1995, 1999; Navarro et al. 2002; Cavers et al. 2003). As with
S. macrophylla, an additional threat to the remaining trees and to organized planting

372 M.T. González-Arnao et al.



programmes is that within its natural area of distribution in the Americas, Cedrela
trees are intensely attacked by the mahogany shoot borer (Hypsipyla grandella), to
the extent that use of these trees as a forest crop has been halted until resistant
cultivars can be selected for or bred (Keay 1996; O’Neil et al. 2001). Thus, it is
hoped that breeding programmes can incorporate resistance to this plague to pro-
duce resistant cultivars and/or develop hybrids which could allow resistance in
another species

In the last years, the INIFAP staff has conducted researches aiming to regenerate
plants from seeds and axillary buds (taken from field collected twigs), as well as to
storing apical meristems using minimal growth in vitro culture for short- and
medium-term preservation of Spanish cedar germplasm. Regarding the micro-
propagation systems, the initial step is to have a protocol for the establishment and
multiplication in vitro that will generate duplicates for preservation. Significant
contributions have been made recently in this sense by Sampayo et al. (2016), who
suggest the establishment of apical and axillary buds on MS supplemented with
1.0 mg l−1 BA, 0.01 mg l−1 IAA, 30 g l−1 sucrose, 2 g l−1 activated charcoal
(AC), 1 g l−1 polivinilpirrolidone (PVP) as antioxidant and 1 ml l−1 plant preser-
vative mixture (PPM) as biocide. In terms of in vitro medium-term preservation of
Spanish cedar, shoot apical meristems were dissected from in vitro plants of
C. odorata belonging to a working collection initiated through seeds and axillary
buds from adult trees collected in natural cedar stands, as mentioned by Martinez
et al. (2013b). After dissection, apical meristems were cultured on the multiplication
medium composed of MS + 1.0 mg l−1 BA + 0.05 mg l−1 ANA + 2 g l−1 AC
(control treatment) or MS + AC lacking plant growth regulators. Cultures were
kept at 24, 18 or 16 °C. After 30 and 60 d of storage at different temperatures, the
number and length of developed shoots was evaluated. Data from this work
demonstrated that culture on MS medium + AC without growth regulators at 16 °C,
enables maintenance of C. odorata meristems for 60 d (Martinez et al. 2013b).
Subsequent studies have demonstrated that as in S. macrophylla and T. grandis,
adding MS with 15 g l−1 sucrose and 15 g l−1 mannitol and keeping cultures at
18 °C allowed to preserve C. odorata accessions for extended periods (14 months)
without requiring subcultures (unpublished data).

Nunes et al. (2003) have developed an in vitro preservation method for germ-
plasm from C. fissilis, an economically important tree of the Brazilian Atlantic
Forest. This method involves the medium-term storage of artificial seeds com-
prising alginate encapsulated propagules (shoot tips, cotyledonary and epicotyl
nodal segments) at 25 °C. Maximum post-storage (3 months) viabilities of
96–100% were achieved for encapsulated shoot tips and cotyledonary nodal seg-
ments stored on water-solidified agar (at 0.4–0.7% w/v). Encapsulated shoot tips
stored on 0.4% (w/v) agar showed the highest longevity (44% survival rate
after 6 months storage). Moreover, seeds of C. fissilis have been successfully
cryopreserved (100% survival) by direct immersion in liquid nitrogen.

13 Approaches for In Vitro Conservation of Woody Plants Germplasm … 373



13.3.4 Melia Azedarach L. (Paradise Tree)

The genus Melia L. contains about five species of flowering trees from the Old
World tropics. M. azedarach is a native of west Asia, but naturalized throughout the
warm countries. The tree is well known in India and its neighbouring countries for
more than 2000 years as one of the most versatile medicinal plants having a wide
spectrum of biological activity. The timber is tough and durable and resembles
mahogany. It is used to manufacture agricultural implements, furniture, plywood,
boxes, poles, tool handles, and in cabinet making and in construction because of its
resistance to termites. Aqueous and alcoholic extracts of leaves and seed reportedly
control many insect, mite and nematode pests. Its oil is used for preparing the
candle wax, for pest control and lice killing. Fruit stones make ideal beads and are
used in making necklaces and rosaries (Katende et al. 1995). The plant is known to
contain several organic molecules, i.e. terpenoids, flavonoids, steroids, acids and
anthraquinones (Kumar et al. 2003).

The “paradise tree” (M. azedarach L. var. gigantea) has raised a great interest in
Argentina due to the rapidity of its growth (50 cm in diameter at the height of
1.30 m and a 6-m-long trunk which can be cut after 10 years) and because its wood
displays characteristics similar to Spanish cedar (C. odorata), which makes of it an
excellent forestry species (Kunkel 1978). It shows a very good adaptability to
different types of soils and climatic conditions, and it is highly resistant to insects
and therefore much valued for reforestation programmes (Leonardis et al. 2000;
Nardo et al. 1997). The wood is soft, easy to process manually or mechanically. It is
used for making planks, furniture, coverings, frames, doors and windows (Mangieri
and Tinto 1977). The paradise tree is conventionally reproduced through seeds,
which results in highly heterozygous populations. Therefore, asexual propagation
techniques were developed for multiplication of selected clones, including in vitro
micropropagation using nodal explants (Ahmad et al. 1990; Domecq 1988; Thakur
et al. 1998). However, very little work had been done to preserve in vitro germ-
plasm of selected clones. Bernard et al. (2002) reported that embryonic axes were
successfully recovered (83%) after 4 months of storage at 4 °C (using 200 µM
salicylic acid). Although seed conservation at −20 °C was also tried, only 43% of
the seeds germinated at the end of the experiment (Engelmann and Takagi 2000).

Great progress has been made in the last fifteen years by the IBONE (Corrientes,
Argentina) staff towards the optimization of paradise tree micropropagation and
preservation. A first publication documented a successful in vitro regeneration
procedure through shoot tips of “paradise tree” (Vila et al. 2002), making possible
the development of a preservation protocol to ensure the integrity of germplasm
collections using minimal growth in vitro culture for medium-term preservation of
selected genotypes (Scocchi et al. 2004).

Regarding the preservation process, shoot apical meristems (0.5–0.6 mm in
length, consisting of the dome and a pair of leaf primordia) were dissected from
in vitro plants of M. azedarach L. var. gigantea (clone “El dorado”), belonging to a
working collection initiated through axillary buds from an adult tree (more than
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10 years old) as mentioned by Domecq (1988). After dissection, apical meristems
were cultured on nutritive media composed either of MS, half (1/2MS) or quarter
strength (1/4MS), supplemented with different combinations and concentrations of
BA and IBA, including the medium considered for optimum growth of paradise
meristem (MS + 0.5 mg l−1 BA + 0.1 mg l−1 IBA) (Vila et al. 2002) as well as
other 20 suboptimum media with reductions in the basal medium salts and/or
reduction in the growth regulators concentrations (4–10 times less than that used in
the optimum medium). In all cases, cultures were kept in a refrigerator at 4 °C in
continuous darkness. After 120, 240 and 360 d of storage at 4 °C, apical meristems
were transferred to shoot regeneration fresh medium (MS + 0.5 mg l−1

BA + 0.1 mg l−1 IBA) and incubated under standard culture conditions (27 ± 2 °
C and 14-h photoperiod, irradiance of 116 lmol m−2 s−1). After 60 d of culture,
viability of recovered meristems was evaluated by recording the number of
meristems capable of resuming growth and producing well-developed shoots (more
than 25 mm long and with at least 6 expanded leaves). Subsequent root induction
was obtained by culturing the regenerated shoots on MS medium supplemented
with 3.5 mg l−1 IBA for four days and then transferring to MS medium without
growth regulators.

Apical meristems remained green or pale green during storage and basically did
not increase in length nor produce shoots at 4 °C. However, when apical meristems
stored for 120, 240 or 360 days were transferred to shoot regeneration fresh
medium and incubated in light at 27 °C, some of them remained alive and rapidly
produced shoots. The percentage of meristems forming shoots was dependent on
the storage duration and the medium composition. All meristems stored for 120 d
were able to regenerate shoots with frequencies between 42 and 100%, indepen-
dently of the storage medium. Meristems stored for 360 d only regenerated shoots
when stored in certain culture media, which indicates that the reduction in the MS
strength is one of the most important factors considered to obtain high survival rates
of meristems after one-year storage. The culture medium composed by
1/4MS + 0.5 µM BA has allowed 67% of the explants to produce shoots (4–5
well-developed shoots/explants) after 60 d on the regeneration medium. These
results are in agreement with those reported for other tropical trees where the
reduction in certain components of the culture medium in conjunction with the
incubation at low temperatures has allowed germplasm storage for periods of
1–4 years (Engelmann 1997). Rooting of the regenerated shoots was induced in
60% of the cultures, and the plants obtained were successfully transferred to the
greenhouse. However, these results show that both shoot regeneration (67%) and
rooting percentage (60%) are affected by the storage, because in the control cultures
these values are around 100%. In conclusion, this investigation shows successful
utilization of in vitro meristem culture for storage of M. azedarach during one year
at 4 °C without subculture or addition of fresh medium. It is a very simple and
effective technique which appears as an alternative to the one reported by Bernard
et al. (2002) which is based in the culture of embryonic axes.
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13.3.5 Gmelina Arborea Roxb. (Melina)

Gmelina arborea (melina) is an important timber-yielding tree from the family
Verbenaceae, naturally distributed in the moist deciduous forests of Southeast Asia.
This is a species widely used in commercial plantations for timber production
according to the different uses of their wood. This medium-sized tree (30 m tall and
1.2–4.5 m trunk diameter) with clear bole of 9–15 m has received attention as a
source of good-quality pulp, medium-density fibreboard (MDF) and plywood
because of its beautiful white colour and stronger fibre. G. arborea has potential as
a material for higher-grade uses such as timber for buildings and for furniture
(Kojima et al. 2009). It has also been valued for its medicinal properties. Almost all
parts of this tree are used in folk medicine for treating various stomach disorders,
blood diseases, fevers and skin problems (Sharma et al. 2001). Roots of Gmelina
are used in commercial Ayurvedic preparations (Tewari 1995). The plant extracts
are reported to exhibit anti-inflammatory and wound healing properties (Shirwaikar
et al. 2003) and are also known to inhibit platelet aggregation (Faiza and
Darakhshanda 1998). Chemical constituents of Gmelina include lignans
(Anjaneyulu et al. 1977), flavonoids (Nair and Subramanian 1975), iridoid and
phenylpropanoid glycosides (Hosny and Rosazza 1998) and an isoxazole alkaloid
(Barik et al. 1992).

Melina seeds are classified as recalcitrant based on their short storage life (<1 year)
(Prakash 1991). In this case, the in vitro tissue culture techniques are presented as an
important tool for the establishment of ex situ germplasm conservation programs. In
the last years, the INIFAP (Jalisco, México) staff has conducted studies aimed at
in vitro regenerating plants as well as at storing melina germplasm using minimal
growth techniques for short- and medium-term preservations. Regarding the
preservation process, shoot apical meristems were dissected from in vitro plants ofG.
arborea belonging to a working collection initiated through apical and axillary buds
(taken from twigs collected from two-year-old plants growing in a greenhouse). In a
preliminary study, apical meristems were cultured on MS lacking plant growth reg-
ulators and kept at 24, 16, 12 or 8 °C. Survival was assessed after 90 d of storage at
different temperatures. Data from this work showed that incubating cultures at tem-
peratures below 16 °C generated tissues damage. In a subsequent assay, the effect of
sucrose/mannitol concentrations added to MS on meristems growth was evaluated.
After dissection, shoot apical meristems were cultured on MS supplemented with
different sucrose/mannitol concentrations (30/0, 25/5, 20/10, 15/15, 10/20, 5/25 and
0/30 g l−1) and incubated at 24 or 18 °C. Every 30 d of storage at different temper-
atures, the number and length of the developed shoots as well as their vigour and
oxidation were evaluated. Results from this experiment demonstrated that addingMS
with 15 g l−1 sucrose and 15 g l−1 mannitol and keeping cultures at 18 °C was the
best condition for preserving apical meristems during 10 months without requiring
subcultures of tissues (unpublished data).

Meanwhile, Sukartiningsih et al. (2012) developed a method for synthetic seed
formation and conservation by encapsulating axillary buds of G. arborea and
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storing under aseptic conditions. MS medium supplemented with 0.22 mg l−1 BAP,
0.02 mg l−1 ANA, 1.00 mg l−1 IBA and different concentrations of sucrose (3, 6,
12, 24 and 36%) were used as the encapsulation media in combination with 4%
(w/v) sodium alginate. The synthetic seeds were stored at 4, 10, 15, 20 or 25 °C for
1, 2, 3 and 4 weeks. After 4 weeks storage, synthetic seeds were effectively pre-
served (90% survival) at 15 and 20 °C and they successfully sprouted shoots in a
succeeding culturing at 25 °C. But those synthetic seeds stored at 4 °C presented
chilling injury and no recovered were recorded.

13.4 Cryopreservation of Woody Plant Germplasm
and Study Cases

13.4.1 Quercus Species

The genus Quercus (Fagaceae) comprises around 600 species and is distributed in
the northern hemisphere, South of Malaysia and Colombian mountains (Mabberley
1987). Seeds of Quercus species are recalcitrant (Roberts and King 1980) and they
cannot be stored in a dried state under conventional seed-banking conditions
(Roberst 1973). Recalcitrant seeds of temperate origin species are generally less
sensitive to desiccation than those of tropical (Berjak and Pammenter 2004).
Recalcitrant seeds can be stored in a hydrated state, generally for short periods;
however, the seeds will become more desiccation sensitive with time and, also, they
will germinate, due to their ongoing metabolism (Pammenter and Berjak 2014). To
widen storability, hydrated recalcitrant seeds of temperate species can be stored at
low temperatures (but above zero) with aeration (Catalán Bachiller 1991).
Antifungal treatments are usually also necessary. This hydrated storage can be used
only for few months to a year. For long-term storage, cryopreservation could be a
viable alternative (FAO 2014). Because of the large size of oak seeds, embryo axis
cryopreservation is required, to allow a more uniform application of treatments and
cooling/warming rates. Therefore, in vitro techniques are required for their recov-
ery. The appropriate methodology for in vitro growth of embryonic axes should be
established before attempting cryopreservation. The wounds produced by the
excision of axes could enhance the production of reactive oxygen species and
impair growth (Pammenter and Berjak 2014). In some instances, this problem can
be overcome by the use of antioxidants or promoting antioxidant pathways (Bai
et al. 2011, 2012; Naidoo et al. 2011).

Submitting the embryonic axis to low temperatures (to those of liquid nitrogen),
intracellular ice crystal formation should be avoided and water should vitrified;
therefore, free water should be reduced and cooling should be rapid. Due to the
potential damage of low water contents, the water content window could be narrow;
besides, the speed of drying is also critical. Embryo axis should be dried rapidly to
avoid exposure to low water contents for long periods (Berjak and Pammenter 2008).
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13.4.2 Quercus Faginea (Gonzalez-Benito
and Perez-Ruiz 1992)

13.4.2.1 Embryo Axes

Embryo axes of Q. faginea Lam. had been successfully cryopreserved by previous
desiccation (Gonzalez-Benito and Perez-Ruiz 1992). Green or just turning brown
acorns were washed in soapy water; pericarp was removed and the embryo axis
containing half of the acorn was surfaced-sterilized (0.05% NaOH for 20 min)
followed by three rinses in sterile, distilled water. Axes were excised in sterile
conditions and subsequently blotted dried with sterile filter paper before placing
them in the airflow of a laminar flow bench. After different times (1–8 h), axes were
placed inside polyethylene cryovials and plunged in liquid nitrogen. Warming took
place by immersion in sterile water at 40 °C. Axes were cultured on woody plant
medium (Lloyd and McCown 1981) salts plus MS-modified vitamins (1 mg L−1

thiamine instead of 0.1 mg L−1; Murashige and Skoog 1962) supplemented with
1.5 mg L−1 BAP (6-benzyladenine). Incubation took placed at 25 °C in darkness
for 1 week, and afterwards in a 16-h photoperiod with a photosynthetic photon flux
density of 50 µmol m−2 s−1.

Control axes (non-desiccated, not immersed in liquid nitrogen) had 64% water
content (fresh weight basis), and radicle started growing two weeks after culture.
Maximum recovery (development of root or/and shoot) after 4-week culture was
60% for cryopreserved axes, when they had been desiccated for 3 h (21% water
content).

13.4.3 Quercus Ilex and Q. Suber
(Gonzalez-Benito et al. 2002)

13.4.3.1 Embryonic Axis

Several factors were studied to cryopreserved embryonic axis of Q. ilex L. and Q.
suber L. (Gonzalez-Benito et al. 2002). Acorns were sprayed with a fungicide
mixture of 3 mL L−1 previcur (propamocarb 60.5% w/v) and 4 g L−1 benlate
(methyl, 1-(butylcarbamoil)-2-benzylmidazol carbamate 50% w/w) and kept in
plastic bags (not tightly closed) at 5 °C until use. After extraction, desiccation or
rewarming (depending on the treatment), axes were immersed for 15 min in an
ascorbic acid solution (50 mg L−1) and subsequently in 0.25% NaClO for 5 min,
followed by three rinses in sterile distilled water. Axes were cultured on
WPM + 0.1 mg L−1 BA (N6-benzyladenine) for Q. suber or 1 mg L−1 BA for Q.
ilex. In vitro incubation temperature played an important role in the appropriate
development of Q. ilex axes, as 15 °C was superior to 25 °C: 50% shoot devel-
opment vs 25% in control axes after twelve weeks culture in culture. On the other
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hand, Q. suber axes showed higher percentage of shoot development at 25 °C
(66%) than at 15 °C (55%).

Axes were desiccated in the airflow of a laminar flow cabinet for different
periods. Q. suber axes proved to be more sensitive to desiccation and cooling.
Moderate desiccation to 34% (2 h desiccation) affected radicle elongation of Q.
suber axes. Furthermore, desiccation to 18% (4 h) was detrimental and survival
decreased to 60%. Survival after cooling (immersion in LN inside cryovials) was
low in Q. suber axes and was present as unorganized growth. In Q. ilex, organized
growth was decreased only after desiccation to 13% (4 h), with radicle emergence
being reduced from 80% (non-desiccated) to 30% and plumule elongation from 35
to 20%.

The effect of “ultra-rapid” cooling was studied in Q. ilex performed axes, by
immersing them directly in subcooled liquid nitrogen. Subcooling was achieved by
placing a container with liquid nitrogen in a chamber where the pressure was
lowered to 30 mbar. At that pressure, nitrogen had solidified. When pressure was
increased to atmospheric levels, liquid and solid nitrogen coexisted (−210 °C).
Axes were rapidly immersed in subcooled liquid nitrogen and kept for 1 min;
cooling rates of 2700 °C min−1 were measured. Rewarming took place by rapidly
immersing axes in WPM liquid medium at room temperature for approximately
10 min. Subsequently, axes were immersed in an ascorbic acid solution (50 mg l−1)
for 15 min and afterwards surface-sterilized. Although survival was high 94% for
fast-cooled axes, the response as organized growth was not improved by this
method compared with the standard cooling: 13% shoot elongation in embryo axes
dried to 18% water content.

13.4.4 Other Studies on Cryopreservation of Quercus
Species

The strategies for forest biodiversity cryopreservation have been described
(Häggman et al. 2008); among them, cryopreservation is considered a viable
strategy for the long-term conservation of plant cells (cell cultures, embryogenic
cell cultures), seeds and embryos (somatic or zygotic).

13.4.4.1 Embryonic Axes and Plumules

Cryopreservation protocols of embryonic axes and plumules of Quercus species
have been developed as an alternative strategy to seeds storage. As it has been
mentioned before, Quercus seeds are recalcitrant, and, therefore, they cannot be
stored under conventional seed-banking conditions.
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There have been studies on the desiccation tolerance of embryo tissues of several
Quercus species as a previous step for their cryopreservation. Black oak axes
(Q. kelloggii, Q. shumardii and Q. velutina) survived drying to water contents of
0.20–0.25 g g−1 dry mass (ca. 17–20% water content fresh weight basis; Chmielarz
and Walters 2007). Xia et al. (2014) studied the desiccation tolerance of axes of four
Quercus different species, two from subtropical origin and two from temperate
climate. They found that the species better adapted to drier environments did not
produce the most desiccation-tolerant embryos, but those better adapted to freezing
temperatures during winter and that plumule tissues resulted in faster drying and
were more sensitive to desiccation than radicles. There was a direct relationship
between survival after desiccation and after cryopreservation. The higher sensitivity
of plumules could be also related to a sudden increase in extracellular superoxide
related to the damage associated with cotyledon excision (Pammenter and Berjak
2014).

Chmielarz et al. (2011) approached the cryopreservation of Quercus robur
germplasm by using plumules extracted from embryos. The procedure implied the
culture of plumules in 0.5 M sucrose solution (18 h), followed by sequential
immersion in 0.75 M sucrose, 1.0 M sucrose and in 1.5 M glycerol (40 min each),
and subsequent desiccation to 0.5–0.6 g H2O g−1 dry weight (33–38% fresh weight
base) with silica gel before direct immersion to liquid nitrogen. With this protocol,
survival rates of 51–76% and 8–20% plumule regrowth were obtained.

13.4.4.2 Embryogenic Cultures

Somatic embryogenesis is nowadays a useful strategy for the clonal propagation of
selected genotypes of temperate hardwood trees (Pijut et al. 2011). The number of
genotypes of Quercus species on which somatic embryogenesis has been induced
has been increasing during the lasts years, and, therefore, there has been an
increasing interest in maintaining those cultures. Many of the procedures developed
are based on the use of vitrification solutions and fast cooling (direct immersion in
liquid nitrogen).

Masses (4–6 mg) of globular–heart stage somatic embryos of Q. robur pre-
treated resume embryogenesis after cryopreservation (Martinez et al. 2003), with a
70% recovery rate. Masses were preculture on 0.3 M sucrose medium prior to
immersion in the vitrification solution (PVS2; Sakai et al 1990) for 60–90 min prior
to immersion in liquid nitrogen. A similar procedure was used with six embryo-
genic cell culture lines obtained from selected mature Q. robur trees (Sánchez el at.
2008), with recovery percentages of 57–92% after 1 year storage. After that period,
genetic stability (study by RAPD markers) of cryopreserved somatic embryos and
seedlings was demonstrated in five out of the six lines; in the remaining line,
recovered seedlings were also stable.

A similar vitrification procedure to that used for Q. robur was used with Q.
suber embryogenic cultures from mature trees, obtaining high recovery (88–93%)
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and germination and plant regeneration rates similar to those reached by
non-cryopreserved cultures (Valladares et al. 2004).

Globular embryogenic clusters of several embryogenic lines obtained from Q.
ilex mature trees have been successfully cryopreserved by vitrification
(Barra-Jimenez et al. 2015). However, the differentiation capability was hindered by
cryopreservation in one of the lines, which was related to genetic instability,
detected by microsatellite markers.

Embryogenic calli has also been cryopreserved by air desiccation (Chmielarz
et al. 2005). Before desiccation in the airflow of a laminar flow cabinet to 17.3%
water content (fwb), calli were cultured on medium with increasing sucrose con-
centration (0.25, 0.5, 0.75 and 1 M).

All these previous works have contributed to the establishment of a cryopre-
served collection of embryogenic cultures (globular or torpedo stages) of 51 Q.
suber genotypes using a vitrification-based technique (Vidal et al. 2010). All lines
withstood cryopreservation and were able to produce new somatic embryos by
secondary embryogenesis.

13.4.5 Cryopreservation of Ilex paraguariensis
and Wild Relatives

Ilex L., the only genus of the family Aquifoliaceae, is the largest genus of woody
dioecious plants, with at least 600 species distributed in tropical, subtropical and
temperate regions of both hemispheres (Galle 1997; Loizeau and Spichiger 2004).
South America is considered one of the main areas of diversification of Ilex,
together with East Asia (Loesener 1942; Lawrence 1951; Cuénoud et al. 2000). In
southern South America, the species are mostly found in north-eastern Argentina,
south-eastern Brazil and eastern Paraguay (Gottlieb et al. 2005). Most species are
deciduous or evergreen shrubs or small trees, but in the tropics the genus also
includes some very large trees and a few climbers (Tsang and Corlett 2005).

The genus Ilex comprises several species with economic importance as crops and
ornamentals. Some of them, commonly named “hollies”, such as “English holly” (I.
aquifolium), “Japanese holly” (I. crenata) and “American holly” (I. opaca), have
long been symbolic of Christmas and have also been cultivated by nurserymen in
Europe, Asia and the USA for landscaping. Various institutions and commercial
breeders are developing hybrids with improved tolerance to winter and with more
foliage (Hu 1989; Walden and Wright 1995). In South America, one of the most
important species of economic and pharmacological interest is I. paraguariensis,
popularly known as “yerba mate” or “maté tree”. This is obtained in the native form
and is widely cultivated in north-eastern Argentina, eastern Paraguay and southern
Brazil (Burris et al. 2012). The yerba mate is characterized as an important product
in the socioeconomic cultural context in their original regions. It is mainly con-
sumed as “mate”, a hot beverage prepared by infusion that stimulate the central
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nervous system due to the presence of xanthic bases or alkaloids, such as caffeine
and theobromine (Filip et al. 2001; Schinella et al. 2005). There are other products
in the market made from the yerba mate leaves, as blended teas, flavoured tea, iced
tea and cosmetics that use I. paraguariensis extracts (Mosele 2002). Some inves-
tigations are expanding the use of this species in new products, exploring its pro-
biotic properties (Preci et al. 2011; Ril et al. 2011).

Currently, the demand for food containing biologically active substances has
increased, since consumers are seeking these products for a healthier life (Melo and
Guerra 2002). The yerba mate fits in this context, due to the numerous benefits to
health it provides, such as hypocholesterolemic and hepatoprotective activity (Filip
and Ferraro 2003; Açari et al. 2011), anti-inflammatory and anti-obesity effects
(Bracesco et al. 2011), central nervous system stimulation, diuretic action
(Castaldelli et al. 2011), inhibition of neoplastic cells proliferation (Mejía et al.
2010), and antioxidant activity, preventing damages caused by free radicals (Bastos
et al. 2007). Studies showed that among ten plant species used as infusions,
yerba-mate showed one of the highest antioxidant capacity (Asolini et al. 2006),
whose extracts have higher polyphenol contents than those of green tea and similar
to those of red wines (Gugliucci and Bastos 2009; Gugliucci et al. 2009).

In the natural distribution area of I. paraguariensis, a number of wild species of
Ilex (like I. brasiliensis, I. brevicuspis, I. dumosa, I. integerrima, I. pseudoboxus
and I. theezans) also occur which are sympatric with genuine maté (Giberti 1999).
In recent years, I. dumosa (“yerba señorita”) has received the most attention from
plant breeders because this species is resistant to the attacks of certain diseases
which are common for I. paraguariensis. Moreover, with their leaves it is possible
to make “maté” with less caffeine than with the ones from the genuine yerba mate
(Filip et al. 1999). Wild populations can be a valuable source of new genetic
material for plant breeding. The natural diversity of plants growing in their natural
habitats means that at least some individuals may carry genes of commercial
importance, such as those which confer resistance to diseases and insects or are
useful in stressful environments (Acquaah 2012). Therefore, it is crucial to secure as
much biodiversity as is possible. However, in the maté-growing region (and their
sympatric Ilex species) the risks of genetic erosion are high because the natural
forest is gradually giving way to agroforestry and livestock production, a process
accentuated by the low germinability of many species (especially that of I.
paraguariensis). Moreover, market demands for uniformity concerning both quality
and higher yields clearly restrict genetic variation of a given crop species.
Consequently, ex situ preservation of Ilex germplasm is necessary to safeguard the
threatened diversity of this genus, mainly due to the anthropogenic impact. These
species are usually preserved in field collections, at the risk of disease, pest, fire,
drought and human damage, besides the genetic erosion (Giberti 1999; Zhang et al.
2014). Thus, research for alternative methods to field conservation for Ilex genetic
resources became a priority.

So far, the only reports regarding the cryopreservation of Ilex germplasm were
carried out in the IBONE (Corrientes, Argentina). Research was aimed at the
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possibility of cryopreserving fruits, seeds, isolated embryos and shoot tips of
diverse South American Ilex species, as a complementary option to field
collections.

13.4.6 Cryopreservation of Ilex Fruits, Seeds and Zygotic
Embryos

Seed storage is the most effective and efficient method for the ex situ preservation of
genetic resources of plants which produce orthodox seeds, by combining low
storage costs (100 times cheaper that in situ preservation of individual trees) with
ease of seed distribution and regeneration of whole plants from genetically diverse
material as each seed is genetically different (Linington and Pritchard 2001; Li and
Pritchard 2009). Ilex seeds are harvested at water contents above 30%, a feature that
is often associated with recalcitrant behaviour (Berjak et al. 1992). However, the
levels to which Ilex seeds will tolerate desiccation and low temperature storage are
unclear. Moreover, seeds of Ilex species are individually enclosed by woody
endocarp and have undeveloped embryos (mostly at heart stage) when fruits reach
maturity (Martin 1946; Niklas 1987; Tsang and Corlett 2005; Dolce et al. 2007),
resulting in a deep dormancy and low germination rate (Hu 1975; Hu et al. 1979).
For example, I. opaca germinates in nature after one to three years and the ger-
mination rate is about one in ten million (Ives 1923). This extremely low germi-
nation rate constitutes a serious inconvenience for breeding and conservation
programs, since it leads to a loss of potentially valuable genotypes. Besides, the
small embryo size (160–350 µm in length) and the high level of dormancy of Ilex
seeds have hampered efforts to gain knowledge about their storage characteristics.

In recent years, the IBONE staff has conducted studies to evaluate the possibility
to cryopreserve fruits, seeds and zygotic embryos from seven South American Ilex
species, using the vitrification, desiccation and encapsulation-dehydration tech-
niques, respectively. For all experiments, the source of plant material consisted in
open pollinated ripened fruits (nuculanium) of Ilex spp., which were hand-harvested
during summer (*3 months after anthesis) from trees growing in field.

13.4.6.1 Fruits

The first strategy for long-term preservation of Ilex germplasm involved the cry-
opreservation of fruits using the vitrification technique (Mroginski el al. 2006,
2011). Fruits were surface-sterilized by soaking them in 70% ethanol for 5 min,
followed by immersion in an aqueous solution of 1.8% sodium hypochlorite and
0.1% Triton X-100®. Subsequently, fruits were rinsed three times with autoclaved
distilled water. Superficially sterilized fruits were cold-pretreated (30 d at 4 °C).

13 Approaches for In Vitro Conservation of Woody Plants Germplasm … 383



Preconditioned fruits were placed in 5-ml cryovials and exposed to 2.5 ml of PVS3
[50% glycerol (w/v) + 50% sucrose (w/v)] (Nishizawa et al. 1993) vitrification
solution for 60 min at 0 °C prior to rapid immersion in liquid nitrogen (rapid
cooling), or slowly cooled at 1 °C min−1 from +25 to −40 °C (by using a Controller
Rate freezing System, Gordiner Electronics, Inc., USA) and then immersed at
−196 °C (slow cooling). After storage in liquid nitrogen for 24 h, fruits were
rewarmed by immersing the cryovials in a water bath at 30 °C for 1 min and then
washed three times for 15 min by replacing the PVS3 with an unloading solution
composed of liquid MS medium supplemented with 1.2 M sucrose. For growth
recovery, the rudimentary embryos at the heart stage were excised from seeds
(Mroginski et al. 2011) and cultured in vitro on the germination medium consisting
of quarter-strength MS supplemented with 0.1 mg l−1 zeatin (Sansberro et al. 1998,
2001). The embryos were kept in a growth room at 27 ± 2 °C, in the dark for 30 d,
and then transferred to light standard culture conditions (116 lmol m−2 s−1 PPFD
provided by cool white fluorescent lamps) for another 30 d. The embryo survival
from fruits subjected to vitrification procedure was evaluated at 60 d after beginning
the cultivation of the isolated embryos, through their germinability. Embryos from
all the tested species did not tolerate cryostorage when vitrified fruits were rapidly
cooled, but the ability to withstand immersion in liquid nitrogen increased when
fruits were slowly cooled. In any case, the embryo germinability from slow cooled
fruits was scant.

13.4.6.2 Zygotic Embryos

In another report, the IBONE staff described the successful cryopreservation of Ilex
zygotic embryos by using the encapsulation-dehydration technique (Mroginski el
al. 2008, 2011). Fruits were surface-sterilized, and rudimentary embryos were
excised as above. After excision, embryos were preconditioned on semisolid ger-
mination medium supplemented with 0.3 M sucrose for 7 d, in dark conditions.
Preconditioned embryos were encapsulated in 3% sodium alginate
(SIGMA-ALDRICH®), polymerized with calcium chloride (CaCl2) at 0.1 M, to
form calcium alginate capsules approximately 5 mm in diameter. Encapsulated
embryos were then pretreated in liquid MS supplemented with 0.5, 0.75 and 1.0 M
sucrose, by progressively increasing the concentration from 0.5 to 1.0 M for 24 h in
each condition. The pretreatment was performed by placing the samples at 27 °C on
an orbital shaker at 100 rpm. After preculture, the beads were rapidly surface-dried
on filter paper and dehydrated in 100 cm3 airtight containers with 30 g silica gel (10
beads/container) for 5 h (equivalent to capsule moisture content of 25%, fresh
weight basis). Samples were then placed in 5-mL cryovials and rapidly immersed in
liquid nitrogen (rapid cooling), or slowly cooled at 1 °C min−1 from +25 to −30 °C
and then immersed at −196 °C (slow cooling). After 24-h cryostorage, samples
were rewarmed by immersing the cryovials in a water bath at 30 °C for 1 min, and
the beads were placed on semisolid germination medium for recovery.
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The recovered embryos were kept in a growth room at 27 ± 2 °C, in the dark for
30 d and then transferred to light standard culture conditions for another 30 d.
Survival was evaluated at 60 d after beginning the recultivation of the beads,
through the germinability of the encapsulated embryos. Using the E-D technique,
the ability of Ilex embryos to withstand cryostorage was increased (Table 13.3). In
most species, the slow cooling did not improve the survival of embryos. So, the use
of rapid cooling is suggested, since no sophisticated facilities are necessary.

13.4.6.3 Seeds

More recently, the possibility of cryopreserving intact seeds from seven Ilex species
using the desiccation (D) technique was evaluated. Seeds were removed from fresh
fruits, cleaned of the pulp and immediately used for assembly of experiment. Seeds
were desiccated in 100 cm3 airtight containers with 30 g silica gel (300
seeds/container) for 2-h intervals, up to 14 h. Desiccated seeds were placed in 2-ml
cryovials and rapidly immersed in liquid nitrogen (rapid cooling). After 7-d
cryostorage, samples were rewarmed by immersing the cryovials in a water bath at
40 °C for 2 min. Due to the deep dormancy and low germination rate of Ilex seeds
when conventional methods are used, germinability was assessed through in vitro
culture of intact/bisected seeds or isolated embryos, according to the previously
optimized procedure for each species (Sansberro et al. 1998; Dolce et al. 2010,
2011, 2015). Cultures were kept in a growth room at 27 ± 2 °C, under light
standard conditions for 60 d (whole and cut seeds) or in the dark for 30 d and then
transferred to light conditions for another 30 d (isolated embryos). Survival and

Table 13.3 In vitro germination (%) of Ilex zygotic embryos from cryopreserved fruits (subjected
to the vitrification technique) and encapsulated embryos (subjected to the
encapsulation-dehydration technique). Data are the mean of three replicates ± SE

Species Fruits cryopreservation Isolated embryos
cryopreservation

−LN +LNa −LN +LNb

I. brasiliensis 73 ± 3 3 ± 3 56 ± 8 47 ± 13

I. brevicuspis 40 ± 6 0 8 ± 3 15 ± 8

I. dumosa 40 ± 6 13 ± 3 74 ± 14 67 ± 7

I. integérrima 43 ± 7 0 27 ± 12 50 ± 12

I. paraguariensis 40 ± 6 10 ± 6 50 ± 6 27 ± 3

I. pseudoboxus 67 ± 3 23 ± 3 23 ± 9 7 ± 3

I. theezans 67 ± 3 0 67 ± 3 65 ± 15

LN liquid nitrogen
aSlow cooling
bRapid cooling
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plant development from seeds subjected to desiccation procedure was evaluated at
60 d after beginning the recultivation of the seeds or embryos.

The seeds MC decreased from an initial average of 40.9 ± 0.2% to 6.2 ± 0.1%
after 14-h desiccation. Seeds of all species tested tolerated desiccation down to
*6% of MC with similar germination percentages to that in their respective control
(non-desiccated and non-cryostored seeds). Moreover, intact seeds of the seven
species could be successfully cryopreserved when they were desiccated to 6.4–
8.4% (depending on the species) prior to immersion in liquid nitrogen with no
reduction in the germinability compared with the control group. It is known that the
most critical factor affecting cryopreservation of seeds is MC (Pritchard 2007), so
the range of MC which allows seeds to tolerate cryogenic temperatures should be
determined for each species. Dehydration must be sufficient to avoid lethal intra-
cellular freezing during cooling, but not so intense to induce extended desiccation
injury. In optimal cases, no significant difference is observed in the survival rates of
desiccated control and cryopreserved material (Vertucci and Farrant 1995;
Pammenter and Berjak 1999; Walters et al. 2002).

Data from this study demonstrated that Ilex seeds of the seven South American
species tested did not show high sensitivity to dehydration and cryopreservation, as
might be expected for tropical species whose seeds are disseminated with high
water content. Seeds tolerated desiccation to *6% MC without a loss in viability.
Furthermore, these data suggest a simple and cost-effective method for Ilex seed
cryopreservation by using the desiccation technique. This is a very simple and
cost-effective cryopreservation method because neither cryoprotectants nor any
sophisticated facilities are necessary. Compared with cryopreservation of isolated
embryos by encapsulation-dehydration technique, this protocol has advantages such
as less consumption of time and labour and simplicity of the protocol.

13.4.6.4 Shoot Tips

Due to the allogamy of Ilex species, asexual reproduction would be of great value
for the multiplication of select commercial lines of “mate”. Successful propagation
is possible for juvenile material (Sansberro et al. 1999); however, like many other
woody species, mature tissues show a low morphogenetic potential, which makes it
difficult to clone mature trees by rooting cuttings or by in vitro techniques. In the
same way, this makes it difficult to use cryopreservation techniques for the safe
long-term storage of selected genotypes. Anyway, despite not having optimized
methodologies for in vitro propagation of Ilex species, studies have been initiated to
evaluate the possibility of cryopreserving I. dumosa and I. paraguariensis shoot
tips (the two species currently cultivated for industrial purposes).

Shoot tips (2–3 mm in length, consisting of the meristematic dome and two to
three leaf primordia) were dissected from in vitro regenerated shoots obtained from
cuttings of plants grown in a greenhouse after 45 d of in vitro establishment (Luna
et al. 2003). After dissection, shoot tips were preconditioned on semisolid
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multiplication medium consisting of quarter-strength MS + 0.1 mg L−1 BAP,
supplemented with 0.3 M sucrose for 48–72 h, using standard culture conditions.
Apical shoot tips were subjected to two cryopreservation techniques:
encapsulation-dehydration and vitrification.

13.4.6.5 Encapsulation-Dehydration (E-D)

Preconditioned apices were encapsulated in 3% sodium alginate, polymerized with
calcium chloride (CaCl2) at 0.1 M, to form calcium alginate capsules approximately
5 mm in diameter. Encapsulated apices were then pretreated in liquid MS sup-
plemented with 0.5, 0.75 and 1.0 M sucrose, by progressively increasing the
concentration from 0.5 to 1.0 M for 24 h in each condition. The pretreatment was
performed by placing the samples at 27 °C on an orbital shaker at 100 rpm. After
preculture, the beads were rapidly surface-dried on filter paper and dehydrated in
100 cm3 airtight containers with 30 g silica gel (10 beads/container) for 1–7 h.
Samples were then placed in 5-mL cryovials and rapidly immersed in liquid
nitrogen (rapid cooling), or slowly cooled at 1 °C min−1 from +20 to −30 °C and
then immersed in liquid nitrogen (slow cooling). After 24–48-h storage in liquid
nitrogen, samples were rewarmed by immersing the cryovials in a water bath at
40 °C for 2 min, and the beads were placed on semisolid MM for recovery. The
recovered apices were cultured for 1 week in the dark before being transferred to
standard culture conditions.

13.4.6.6 Vitrification (V)

Preconditioned apices were loaded in a 0.4 M sucrose + 2 M glycerol solution for
20–30 min at 27 °C and exposed to PVS2 [30% glycerol (w/v) + 15% ethylene
glycol (w/v) + 15% (w/v) DMSO + 0.4 M sucrose] (Sakai et al. 1990) or PVS3
[50% glycerol (w/v) + 50% sucrose (w/v)] (Nishizawa et al. 1993) vitrification
solutions for 0, 30, 60, 90, 120 or 150 min at 27 or 0 °C prior to rapid immersion in
liquid nitrogen in cryovials with 3 mL of the respective PVS. After storage in liquid
nitrogen for 24–48 h, apices were rewarmed by immersing the cryovials in a water
bath at 40 °C for 2 min and then washed three times for 15 min by replacing the
PVS with an unloading solution composed of liquid multiplication medium sup-
plemented with 1.2 M sucrose. After rewarming, apices were transferred to filter
papers for 1–2 min to drain off excess liquid. For growth recovery, tissues were
placed on semisolid, kept one week in the dark and then transferred under standard
culture conditions.

The survival from shoot tips subjected to both cryogenic procedures (E-D and V)
was evaluated at 30 d after beginning the recultivation of the explants. No survival
was achieved from I. dumosa and I. paraguariensis shoot tips subjected to
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cryostorage, whichever the freezing protocol (rapid or slow cooling) employed.
With the E-D technique, survival of desiccated pretreated controls remained high
(70–80%, depending on the species) until after 5-h dehydration (equivalent to
capsule MC of*25%), but it markedly decreased to 40% after 6-h dehydration and
it fell to 0% after 7-h dehydration (equivalent to capsule MC of *20%). Besides,
PVS-treated controls shoot tips showed high survival rates (60–90%, depending of
the PVS exposure duration) (data not published). These results suggest that the
encapsulation and sucrose pretreatment or PVS exposure did not affect per se the
viability of the shoot tips nor the dehydration up to MC of 25%. The negative
results after cryopreservation of Ilex shoot tips by E-D and V techniques would not
be related to the high sensitivity of this tissue to sugars or desiccation (Fig. 13.1).

Fig. 13.1 Application of vitrification and encapsulation-dehydration techniques for cryopreser-
vation of Ilex spp. shoot tips. (a) In vitro regenerated shoots after 45 d of cuttings establishment.
(b, c, d, e) Ilex paraguariensis shoot tips from the control treatments (−LN): untreated shoot tip
after 30 (b) and 60 (c) days of culture; shoot tips treated with PVS3 for 120 min (d) or pretreated
in liquid MS supplemented with progressively increasing sucrose concentration (e), after 60 days
of culture. (f–h) I. dumosa encapsulated shoot tips from the control treatment (−LN) with 4-h
dehydration, after 15 (f), 30 (g) and 60 (h) days of culture. (i) I. dumosa encapsulated shoot tips
subjected to cryostorage, 10 days after recovery
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Consequently, further research is still needed. Assessment of cryopreservation
protocols could be supported, for example, by differential scanning calorimetry
studies, manipulation of preculture treatments to enhance tissue cryotolerance (e.g.
cold hardening) (Paul et al. 2000) and post-thaw culture treatments to promote
tissue recovery from cryoinjury (e.g. use of nursery cultures) (Hargreaves et al
2002). Moreover, biochemical and molecular biology studies on tissue culture
recalcitrance and cryoinjury could potentially be more significant (e.g. to investi-
gate the role of oxidative stress) (Benson 2000).

Cryopreserved collections of clonally propagated woody species have already
been established in several countries, including USA (apple, pear, hazelnut), France
(elm), Japan (mulberry) and India (almond, citrus fruits) (Reed 2002). For other
woody species, effective protocols of cryopreservation by vitrification approaches
have been reported (Lambardi and De Carlo 2003; Lambardi 2002; Scocchi et al.
2004; Halmagyi et al. 2010; Volk et al. 2012; Silva et al. 2013; Soliman 2013)
which would be used for cryostored germplasm collections. Ilex spp. cannot be
ascribed to this list yet; however, efforts are continuing to overcoming the “recal-
citrance” of these species to the conservation in liquid nitrogen.

13.4.7 Family Meliaceae

13.4.7.1 Melia Azedarach

As mentioned before, the “paradise tree” (M. azedarach L. var. gigantea) has raised
a great interest in Argentina as an excellent forestry species. Over the last 15 years,
great progress has been made towards the optimization of paradise tree micro-
propagation and cryopreservation, since the IBONE staff has conducted studies for
regenerating plants from shoot apical meristems and zygotic embryos (Vila et al.
2002, 2003) and for cryopreserving such explants using diverse techniques
(Scocchi et al. 2004, 2007).

13.4.7.2 Shoot Tips

The first strategy for long-term preservation of clonal germplasm from paradise tree
involved the cryopreservation of shoot apical meristems using the
encapsulation-dehydration technique (Scocchi et al. 2004). Shoot apical meristems
(0.5–0.6 mm in length, consisting of the dome and a pair of leaf primordia) were
dissected from in vitro plantlets of M. azedarach L. var. gigantea (clone “El dor-
ado”). After dissection, apical meristems were preconditioned for 24 h on semisolid
establishment medium consisting of MS + 2 µM BA and 0.5 µM IBA (Vila et al.
2002), using standard culture conditions. Preconditioned shoot tips were encapsu-
lated in 3% sodium alginate (Sigma-Aldrich ®), polymerized with calcium chloride
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(CaCl2) at 0.1 M, to form calcium alginate capsules approximately 5 mm in
diameter. Encapsulated embryos were then pretreated in liquid EM supplemented
with 0.5, 0.75 and 1.0 M sucrose, by progressively increasing the concentration
from 0.5 to 1.0 M for 24 h in each condition. The pretreatment was performed by
placing the samples at 27 °C on an orbital shaker at 100 rpm. After preculture, the
beads were rapidly surface-dried on filter paper and dehydrated in 100 cm3 airtight
containers with 30 g silica gel (10 beads/container) for 5 h (equivalent to capsule
MC of 25%, fresh weight basis). Samples were then placed in 5-mL cryovials and
rapidly immersed in liquid nitrogen (rapid cooling) or slowly cooled at 1 °C min−1

from +20 to −30 °C and then immersed to −196 °C (slow cooling). After 1-h
storage, samples were rewarmed by immersing the cryovials in a water bath at 30 °
C for 2 min, and the beads were transferred directly on semisolid EM for recovery.
The recovered shoot apical meristems were kept in a growth room at 27 ± 2 °C, in
light standard culture conditions. The survival percentage was evaluated at 7 days,
shoot proliferation percentage at 28 days and number of shoots/shoot apical
meristem at 60 days after beginning the recultivation of the explants subjected to
encapsulation-dehydration technique.

Using the encapsulation-dehydration technique, cryopreservation of shoot apical
meristems of paradise tree can be achieved with high survival rates (slow cool-
ing = 83 ± 2%; rapid cooling = 67 ± 2%) and shoot proliferation rates (slow
cooling = 60 ± 1%; rapid cooling = 43 ± 1%). Plants regenerated after cryogenic
treatments preserved genetic stability, when it was evaluated using the elec-
trophoretic patterns of nine isozyme systems and RAPD profiles. The survival rates
achieved following this encapsulation-dehydration protocol were comparable to
those obtained by Bernard et al. (2002), who cryopreserved embryonic axes with a
salicylic acid pretreatment. However, this cryopreservation procedure using an
increasing sucrose concentration as the only cryoprotectant and controlled silica gel
desiccation is preferable to others previously reported. It not only resulted in high
survival rates, but it also represented the first protocol by which high shoot pro-
liferation and clonal plants regeneration could be obtained, besides confirming their
genetic stability. Regarding these findings, it is known that in vitro propagation
techniques based on shoot tips culture are the most desirable for long-term germ-
plasm conservation because this is an ideal explant with few differentiated cells that
tend to remain genetically stable during the regeneration process (Kartha et al.
1980; Towill 1984; Mroginski et al. 1991).

13.4.7.3 Somatic Embryos

Later a cryopreservation protocol for paradise tree somatic embryos was established
by comparing three cryopreservation techniques: encapsulation-dehydration,
pregrowth-dehydration and desiccation (Scocchi et al. 2007). Open pollinated
immature fruits of M. azedarach L. var. gigantea were hand-harvested during
late-spring (8–9 weeks after anthesis) from trees growing in field. In vitro culture of
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zygotic embryos and somatic embryogenesis induction were conducted according
to Vila et al. (2003). Somatic embryos were subjected to three cryopreservation
techniques:

Encapsulation-dehydration (E-D)
This system was adapted from that developed for shoot tips cryopreservation
(Scocchi et al. 2004). The beads were dehydrated in containers with silica gel for up
to 4 h, thereby reaching 21–26% of MC (fresh weight basis). Same beads were
dehydrated without sucrose pretreatment. Desiccated beads were then placed in
5-mL cryovials and rapidly immersed in liquid nitrogen (rapid cooling) or slowly
cooled at 1 °C min−1 from +20 to −30 °C and then immersed to −196 °C (slow
cooling). After 1-h cryostorage, samples were rewarmed by immersing the cry-
ovials in a water bath at 30 °C for 2 min. Somatic embryos were then transferred to
recovery medium (quarter-strength MS, 3% sucrose, no growth regulators) under
standard culture conditions.

Pregrowth-dehydration (P-D)
Non-encapsulated mature somatic embryos were submitted to the same pretreat-
ment as for the encapsulation–dehydration technique, dehydrated with silica gel
from 90.5% MC (0 h) to 13.5% MC (4 h), and then cooled rapidly (direct
immersion of the cryotubes in liquid nitrogen) or slowly (1 °C min−1 from +20 to
−30 °C followed by immersion of the cryotubes in liquid nitrogen). Rewarming
and growth recovery took place as described previously.

Desiccation (D)
Non-pretreated and non-encapsulated mature somatic embryos were desiccated
with silica gel from 83.5% MC (0 h) to 9.3% MC (4 h) and then cooled rapidly
(direct immersion of the cryotubes in liquid nitrogen) or slowly (1 °C min−1 from
+20 to −30 °C, followed by immersion of the cryotubes to −196 °C). Rewarming
and growth recovery took place as described previously.

Recovery (%) was assessed after 3 weeks by counting the number of cryostored
somatic embryos which developed into plantlets and/or produced adventitious
embryos and gave rise to fully developed plantlets. Among the three cryopreser-
vation techniques tested, only E-D and P-D led to successful results after slow
cooling. No survival was achieved after rapid cooling, irrespective of the technique
used. The highest recovery rates were achieved after 3-h dehydration, reaching 36%
survival with E-D technique (21% of MC) and 30% survival with P-D technique
(19% of MC). This work reported for the first time the cryopreservation of paradise
tree somatic embryos. The recovery percentages achieved were intermediate, so it
might be possible to further improve the results by refining the pretreatment con-
ditions, e.g. by increasing the duration of treatment with the successive sucrose
media employed, by using higher final sucrose concentrations or by testing other
techniques such as vitrification, encapsulation-vitrification or droplet-vitrification
(Sakai and Engelmann 2007). Finally, the protocol established would have to be
validated using additional paradise tree accessions.
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13.4.8 Cryopreservation of Citrus Germplasm

Citrus fruits are recognized as an important food widely consumed throughout the
world, which are characterized by the distinct aroma and delicious taste, becoming
an inseparable part of our diet. Citrus fruits are grown in more than 140 countries;
most of the crop grows on either side of a belt around the equator covering tropical
and subtropical areas of the world 35°N and 35°S latitudes with cultivation and
production concentrated in major regions in the northern hemisphere (Ramana et al.
1981; UNCTAD 2004).

The origin of citrus fruit is full of interesting legends. The belief exists that citrus
is native to the subtropical and tropical areas of Asia, originating in certain parts of
Southeast Asia including China, India and the Malay Archipelago (Ramana et al.
1981; Gmitter and Hu 1990). According to ancient Chinese documents, in the
earliest reference of citrus fruits are mentioned mandarins and pummelos as highly
prized tributes only available for the imperial court. Lemon was originally grown in
India, and sweet oranges and mandarins are indigenous to China. Later, some
research has suggested that the true origins of citrus fruit are Australia, New
Caledonia (off eastern Australia) and New Guinea (Anitei 2007). The spread of
citrus also advanced to northern Africa and southern Europe, and the first intro-
duction of citrus to America was achieved by Spanish and Portuguese explorers.
Currently, the commercial production, processing and global trade of citrus are
huge and have significantly increased since then. Several years ago, citrus have
been considered as the most important fruit in the world (Ramana et al. 1981;
UNCTAD 2004).

Citrus genetic resources are traditionally maintained as living collections in field
genebanks, because most species produce seeds with recalcitrant or intermediate
storage behaviour and numerous cultivars are seedless. However, as already
reviewed, plant material in field conditions remains exposed to pests, diseases and
other natural hazards (Gonzalez-Arnao et al. 1998; Gonzalez-Arnao and Engelmann
2013; Nagy and Attaway 1980). Greenhouses are also an advisable alternative for
conserving selected materials under controlled conditions, protected from pest and
insect borne disease; however, these houses demand special technical facilities, in
addition to considerable expenses to maintain a limited number of specimens
(Duran-Vila 1995). Therefore, cryopreservation is currently the safest and most
appropriate method for long-term storage of these problem species.

So far, many studies have been conducted on cryopreservation of citrus germ-
plasm since the first reports in the 1980s. As a result, effective cryopreservation
protocols have been developed for different type of plant tissues and organs (Marin
and Duran-Vila 1988; Sakai et al. 1990; Olivares-Fuster et al. 2000; Cho et al.
2001, 2002a, b, c; Gonzalez-Arnao et al. 1998, 2003; Lambardi et al. 2004; Kaya
and Pillhofer 2013).

In general, cryopreservation of citrus germplasm has been performed using seeds
(Mumford, and Grout 1979), ovules (Gonzalez-Arnao et al. 2003), embryogenic
axes (Radhamani and Chandel 1992), somatic embryos (Marín and Duran-Vila
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1988; Gonzalez-Arnao et al. 2003), embryogenic calluses and cell suspensions
(Engelmann et al. 1994; Gonzalez-Arnao et al. 1997; Sakai et al. 1990), pollen
(Ganeshan and Alexander 1991), and shoot tips from juvenile (Gonzalez-Arnao
et al. 2003) and adult plants (Volk et al. 2012).

From the biotechnology point of view, cryopreservation of embryogenic callus
and ovules has a special interest for breeding citrus programs based on protoplast
fusion (Olivares-Fuster et al. 2000); additionally, cryopreservation of shoot tips
from adult plants is the most desirable approach for preservation of citrus genetic
resources. Plants regenerated from adult shoot tips are true-to-type and do not have
juvenility characteristics. Therefore, they will not require several years to flower
and produce fruits (González-Arnao et al. 2003; Volk et al. 2012).

13.4.8.1 Callus and Cell Cultures

Cryopreservation of embryogenic callus can be used for the long-term storage of
totipotent lines. Embryogenic cultures have shown to be suitable as a source for
protoplast isolation, somatic hybridization and plant regeneration (Olivares-Fuster
et al. 2000). Therefore, cryopreserved embryogenic callus has the advantage that it
can be readily used for further biotechnology applications anytime, without needing
to start a process of callus formation each time, which in addition is an erratic,
time-consuming, season and genotype-dependent process. The availability of frozen
material contributes to solving this limitation.

13.4.8.2 Embryogenic Callus (Gonzalez-Arnao et al. 1997)

Ovules were excised under sterile conditions from immature fruits collected 2 to
8 weeks after anthesis. The fruits were surface-disinfected by soaking for 20 min in
a 2% (v/v) sodium hypochlorite solution containing 0.1% (v/v) wetting agent
Tween 20, and the excised ovules were cultured on semisolid MS (Murashige and
Skoog 1962) medium containing 100 mg.L−1 i-inositol, 0.2 mg.L−1 thiamine HCl,
1 mg.L−1 pyridoxine HCl, 1 mg.L−1 nicotinic acid, 50 g.L−1 sucrose, 500 mg.L−1

malt extract and supplemented with 10 g.L−1 agar. Ovules were cultured in dark for
2–3 months.

When an embryogenic mass of friable callus (white to yellow) started appearing,
calluses were removed from the ovules and then subcultured every 4–6 weeks on
the same medium and culture conditions until obtaining enough material. For
developing cryopreservation experiments, calluses were used 3–4 weeks after the
last subculture.

About one-third of sterile 2-ml cryotubes were filled with fragments of calluses
which were pretreated in liquid medium with sucrose concentrations (0.15, 0.3, 0.6
or 0.9 M) or glycerol (0.1, 0.3, 0.5, or 0.7 M) combined with dimethylsulphoxide
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(DMSO) for 1 h at 0 °C. DMSO was added progressively to the liquid medium
over a period of 30 min until the final concentration (5 or 10%, v/v) was reached.

Freezing was performed using a programmable freezer (Bio-Cool, FTS Systems,
USA) at different slow freezing rates (0.2, 0.5 or 1 °C.min−1) from 0 °C to −20°,
−40°, −60° or −80 °C before the rapid immersion in liquid nitrogen. Seeding was
induced in samples at −10 °C. After cryopreservation, samples were kept for at
least 1 h at −196 °C. Rapid thawing was carried out by plunging the cryotubes in a
water bath at +40 °C, and calluses were then transferred directly (without washing)
to recovery medium. Calluses, placed onto pieces of filter paper, were successively
transferred to fresh medium after 1 h, 24 h and 7 days of culture. The survival rate
was evaluated 60 d after freezing and corresponded to the percentage of calluses
which had increased in size during the recovery period.

As result, the best cryopreservation conditions for citrus embryogenic calluses
comprised the use of mixture DMSO 5% + sucrose 0.9 M or DMSO 10% + su-
crose 0.6 M for 1 h at 0 °C, and freezing at 0.5 °C.min−1 down to −40 °C before
immersion into liquid nitrogen. This protocol allowed obtaining up to 50% of
viability, and recovery was evident with the formation of a new mass of calluses
and then of several somatic embryos.

13.4.8.3 Cell Suspensions

The first cryopreservation report with nucellar cells of citrus (Sakai et al. 1990) and
using the vitrification solution PVS2, which had been recently developed at that
time, was performed with cells of navel orange (Citrus sinensis Osb. var.
brasiliensis Tanaka). Cells were sufficiently dehydrated with the highly concen-
trated solution PVS2 [30% glycerol (w/v) + 15% ethylene glycol (w/v) + 15%
(w/v) DMSO + 0.4 M sucrose] (Sakai et al. 1990) at 25 °C for 3 min and then
transferred to plastic cryotubes and finally, directly plunged into liquid nitrogen.
Citrus cells were successfully cryopreserved by vitrification, and the average rate of
survival was about 90% (Sakai et al. 1990).

By using a classical protocol with slow freezing regime was performed cryop-
reservation of cell suspensions of Citrus deliciosa Tan. After a one-hour cryopro-
tective treatment with 0.15 M sucrose and 5% DMSO, cells were prefrozen to
−40 °C at 0.5 °C.min−1 and immersed in liquid nitrogen. After rapid thawing,
survival ranged between 50 and 60% of unfrozen controls. Proliferation in liquid
medium was optimal after a 5-day recovery period on solid medium. Production of
somatic embryos was higher with cryopreserved cultures than with unfrozen control
cultures (Aguilar et al. 1993)

A simplified cryopreservation process (using Mr. Frosty device) was experi-
mented with a cell suspension of willow leaf mandarin and embryogenic calluses of
six varieties of Citrus. Its efficiency was comparable to that of the standard freezing
protocol developed previously for these materials, which required the use of a
programmable freezing apparatus. The cell suspension could be frozen without
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modifying the original pretreatment conditions (0.15 M sucrose + 5% DMSO).
Embryogenic calluses of five varieties out of six experimented withstood cryop-
reservation with the simplified freezing process. Optimal results were obtained by
increasing the DMSO concentration to 10 or 15% (Engelmann et al. 1994).

In general, embryogenic callus and suspension cell cultures have been cryop-
reserved with high level of success using different protocols based either on
dehydrative slow cooling or vitrification procedures. Very high survival rates have
been obtained with callus and suspension cultures originating from a wide range of
genera, species and cultivars. In all instances, cryopreserved callus produced
embryos and whole plants. Despite some limitations, the conservation of
embryogenic callus and cell suspensions allows preservation of material in a form
ready for biotechnological applications.

13.4.8.4 Cryopreservation of Ovules and Somatic Embryos
(Gonzalez-Arnao et al. 2003)

Ovules are immature seeds which can be recovered in large numbers from ovaries
and small fruits even from seedless cultivars. In polyembryonic species ovules
cultured in vitro produce true-to-type plants through the development of somatic
embryos from nucellar tissues.

Ovules of “Pineapple”, “Navel Foyos” and “Parent Navel” sweet orange (Citrus
Sinensis Obs.), “Duncan” grapefruit (C. paradise Macf.), “Fino” lemon (C. limon
(L.) Burm. f.), common mandarin (C. deliciosa Ten.) and sour orange (C. auran-
tium L.) were excised from immature fruits collected 2–8 weeks after anthesis
collected from field grown trees of the germplasm bank maintained at Instituto
Valenciano de Investigaciones Agrarias (IVIA), Valencia, Spain. The fruits were
surface-disinfected by soaking for 20 min in a 2% (v/v) sodium hypochlorite
solution containing 0.1% (v/v) wetting agent Tween 20. Ovules were excised from
cut open fruits under sterile conditions and cultured overnight on semisolid MS
(Murashige and Skoog 1962) medium containing 100 mg.L−1 i-inositol, 0.2 mg.
L−1 thiamine HCl, 1 mg.L−1 pyridoxine HCl, 1 mg.L−1 nicotinic acid, 50 g.L−1

sucrose, 500 mg.L−1 malt extract, and supplemented with 10 g.L−1 agar.
Cryopreservation of ovules was performed following the basic protocol of

encapsulation-dehydration technique. Ovules were encapsulated in calcium alginate
(3%) beads and pregrown in liquid medium with various sucrose concentrations
(0.75, 1.0 or 1.25 M) for various pregrowth durations (1–7 d.). In some cases, the
sucrose concentration in the pregrowth medium was increased progressively
(0.3 M + 0.5 M + 0.75 M; 0.75 M + 1 M or 0.75 M + 1 M + 1.25 M) by trans-
ferring samples after 1, 3 or 4 days in culture to media with the higher sucrose
concentrations. Encapsulated ovules were then dehydrated at room temperature
down to 20–25% of moisture content (MC, fresh weight basis) under the sterile air
current of the laminar flow cabinet and placed in sterile 2-mL polypropylene
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cryotubes for freezing performed either rapidly by direct immersion of the cry-
otubes in liquid nitrogen or slowly, by cooling at 0.5 °C.min−1 from 20 to −40 °C
before immersion in liquid. Survival of ovules was evaluated after 6–9 months of
culture by counting the number of ovules which formed embryos.

The results obtained before cryopreservation demonstrated that ovules were able
to withstand high sucrose concentrations (0.75, 1 and 1.25 M) even under pro-
longed treatments. However, survival was always very low and erratic after the
immersion in liquid nitrogen (ranging from 1 to 16% depending on citrus specie).
Other cryopreservation approaches as vitrification and encapsulation-vitrification
procedures were also assayed in parallel, but both were completely unsuccessful
(González-Arnao, unpublished results). It would be interesting and advisable to try
the most recent cryogenic approaches concerning V- and/or D-Cryoplate techniques
(Yamamoto et al. 2011; Niino et al. 2014), which would allow the manipulation of
abundant number of ovules attached to cryoplates and ultra-rapid increase in the
cooling rate.

13.4.8.5 Somatic Embryos (Gonzalez-Arnao et al. 2003)

The first report of cryopreservation of somatic embryos of citrus referred to
embryos derived from in vitro cultured ovules of “Washington navel” sweet orange
and included a conventional cryogenic protocol (Marin and Duran-Vila 1988;
Marin et al. 1993). Careful selection of embryos at early developmental stages was
required to achieve survival, which represented an initial drawback in the freezing
procedure. The availability of sufficient material at the right physiological stage
under tissue culture conditions was limited, since this is an uncontrolled biological
process. Moreover, the results after cryopreservation could not be improved either
by selecting uniform embryo populations or by modifying the cooling rates during
freezing. Survival was always low and erratic, ranging from 3.7% to a maximum of
30.5%. Recovery of cryopreserved cultures was in the form of secondary
embryogenesis originating from the surviving zones of the embryos. Therefore, this
first protocol set-up was unsuitable for long-term conservation of citrus germplasm
(Duran-Vila 1995).

Later, further cryopreservation studies focused on using the
encapsulation-dehydration approach. Somatic embryos were induced in vitro from
two biological sources: ovules isolated from immature fruits and from thin cut layer
explants of stigma, style and ovaries (Carimi et al. 1999).

Ovules of the following eleven genotypes were assayed: “Washington Navel”,
“Navalete”, “Sucreña”, “Washington Foyos” and “Bonanza” sweet orange, com-
mon mandarin and “Page” [(C. paradise x C. tangerina) x C. clementina],
“Calabacita” and “Cajel” sour orange, volkamer lemon (C. volkameriana Ten. &
Pasq.) and alemow (C. macrophylla Wester). Ovules were cultured on the medium
described above and under a light regime of 16 h light/8 h dark with a photosyn-
thetic photon flux (PPF) of 43 µmol.m−2 s−1.
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Thin cut layer explants from stigma, style and ovaries of the following thirteen
genotypes were assayed: “Pineapple” sweet orange, “Sevillano” sour orange,
“Fino” lemon, “clemenules” clementine (C. clementina), “Avana Apireno” man-
darin, “Fortune” (C. clementina x C. tangerina), “Kinow” (C. nobilis x C. deli-
ciosa), satsuma (C. unshui (Mak.) Marc.), “Star Ruby” grapefruit, Rangpur lime
(C. limonia Obs.), Rough lemon (C. jambhiri Lush), volkamer lemon and alemow.
Stigma, style and ovaries were obtained from flowers collected before opening and
surface-disinfected by immersion for 10 min in a 2% (v/v) sodium hypochlorite
solution containing 0.1% (v/v) wetting agent Tween 20, followed by three 3-min
rinses in sterile distilled water. After disinfecting, the flowers were opened under
sterile conditions and whole pistils dissected with a scalpel. Stigmas, style and
ovaries were cut perpendicularly to the longitudinal axis at a thickness of 0.4–
0.5 mm. The thin cut layers were placed with the abaxial surface towards the
semisolid culture medium supplemented with 7 g.L−1 agar. Lighting culture con-
ditions were the same as described above. For the cryopreservation experiments,
embryos were used when they became available either at globular, torpedo or heart
shape stages, without any specific selection of a physiological stage. Long-term
maintenance of the embryos in the original culture media was avoided to minimize
the occurrence of a secondary embryogenesis. Survival of somatic embryos was
evaluated after 1 month of culture by counting those which germinated.

Thin cut layer explants from stigma, style and ovaries cultured in vitro regen-
erated somatic embryos only from “Fino” lemon, “Avana apireno” mandarin and
“Star Ruby” grapefruit out of 13 genotypes assayed. Nevertheless, they were a
useful additional source for producing citrus somatic embryos of different species.
Somatic embryos obtained by in vitro culture of thin cut layer explants are illus-
trated in Fig. 13.2.

The best cryopreservation conditions irrespective of the source used for
obtaining the somatic embryos comprised the encapsulation of tissues in calcium
alginate beads (3%), preculture in liquid medium containing 0.75 M sucrose (24 h),
desiccation of beads with silica gel down to around 20% (fresh weight basis), rapid
immersion in liquid nitrogen followed by slow rewarming. In general, survival was
high and ranged between 75 and 100% after cryopreservation. Results obtained

Fig. 13.2 Citrus somatic
embryos derived from thin cut
layer explants cultured
in vitro

13 Approaches for In Vitro Conservation of Woody Plants Germplasm … 397



with explants derived from stigma, style and ovaries, respectively, are shown in
Table 13.4.

In all instance, after cryopreservation the whole embryo remained green and
germinated producing normal plantlets (Fig. 13.3).

Following in vitro culture of ovules or thin cut layer explants, the embryos that
become available are usually in different development stages. Therefore, the
selection required for the application of the classical cryogenic protocol earlier
reported (Marin and Duran-Vila 1988) is cumbersome and very inconvenient.
However, this difficulty was overcome using the encapsulation-dehydration
method, which always allowed consistent high survival rates without any previ-
ous selection.

Somatic embryos are easily obtained from all polyembryonic species, and they
regenerate true-to-type plants. Therefore, the encapsulation-dehydration approach
for somatic embryos can be efficiently used for the conservation of citrus
germplasm.

Table 13.4 Survival of cryopreserved somatic embryos obtained by in vitro culture of thin cut
layer explants. Alginate-coated embryos were 1-d pregrown in 0.75 M sucrose and desiccated
down to 20–25% moisture content prior to rapid cooling

Survival (%)a

Species Pregrowth Desiccation Freezing

Lemon (Fino lemon) 100 (4/4) 67 (6/9) 76 (29/38)

Mandarin (Avana Apireno) 73 (8/11) 90 (9/10) 95 (19/20)

Grapefruit (Star Ruby) 100 (3/3) – 100 (10/10)

– not tested
aIn brackets, number of surviving ovules out of treated ones. Reprinted from Gonzalez-Arnao et al.
(2003)

Fig. 13.3 Adventitious
embryos produced from a
cryopreserved encapsulated
somatic embryo originated
from ovules

398 M.T. González-Arnao et al.



Cryopreservation of Shoot Tips
Juvenile shoot tips (Gonzalez-Arnao et al. 1998, 2000)

Seeds of Poncirus trifoliata (L) Raf. were devoid of testa and surface-sterilized
for 10 min in 0.7% sodium hypochlorite solution with few drops of Tween 20.
After 3–4 rinses with sterile distilled water, seeds were aseptically transferred in test
tubes on semisolid MS medium (Murashige and Skoog 1962) supplemented with
50 g.L−1 sucrose, 0.5 mg.L−1 benzylaminopurine (BAP), 0.25 mg.L−1 indole
butyric acid (IBA), 40 mg.L−1 adenine, 750 mg.L−1 malt extract and 10 g.L−1 agar.
They were maintained at 26 °C under 8-h light/ 16-h dark photoperiod under a light
intensity of 40 lmol.m−2.s−1. Shoot tips (size: 0.5–1 mm) were excised from
in vitro plants 20 d after the last subculture and left overnight on standard medium
for recovery.

Cryopreservation experiments were carried out following the basic protocol of
encapsulation-dehydration technique. Shoot tips were encapsulated in alginate (3%)
beads and pregrown in liquid medium with various sucrose concentrations (0.3 to
1 M) for various pregrowth durations (1–10 d.). In some cases, the sucrose con-
centration in the pregrowth medium was increased progressively by daily transfer of
apices in media with higher sucrose concentration from 0.3 up to 1 M.
Encapsulated shoot tips were then dehydrated at room temperature down to 20–
25% of moisture content (MC, fresh weight basis) under the sterile air current of the
laminar flow cabinet and transferred in sterile 2-mL polypropylene cryotubes.
Samples submitted to pregrowth with progressive increase in sucrose concentra-
tions were desiccated under the same conditions down to several MCs (36, 28, 23,
17 and 15%). After desiccation, freezing was performed either rapidly by direct
immersion of the cryotubes in liquid nitrogen or slowly, by cooling at 0.5 °C.min−1

from 20 to −40 °C before immersion in liquid nitrogen, using a programmable
freezer (Bio-Cool, FTS Systems, USA). Samples were kept for at least 1 h at
−196 °C. For thawing, the cryotubes were placed under the air current of the
laminar flow cabinet for 2–3 min. Beads were then transferred in Petri dishes on
standard semisolid medium. Shoot tips were re-cultured for the first week in the
dark and then transferred under standard lighting conditions.

The best cryopreservation conditions determined for shoot tips of Poncirus
trifoliata rootstock comprised pregrowth in liquid medium with 0.5 M sucrose (3–4
d) or in media with increasing sucrose concentrations (0.3 M/24 h + 0.5 M/24 h +
0.75 M/24 h), desiccation down to around 20% of water content in the beads, and
preferably slow freezing. These optimal conditions allowed achieving survival with
shoot tips of two additional citrus rootstocks: Troyer citrange and Carrizo citrange.
The protocol involved preculture with the progressive increase (from 0.3 M up to
0.75 M) in sucrose concentration, desiccation to 20–25% MC and slow freezing.
Survival (%) of shoot tips from the three citrus rootstocks species after preculture,
dehydration and slow freezing is shown in Table 13.5. Growth recovery of juvenile
citrus shoot tips after cryopreservation occurred directly without callus formation
(Fig. 13.4).
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13.4.8.6 Adult Shoot Tips

Later, the next significant achievement was the cryopreservation of adult citrus
shoot tips performed by Volk et al. 2012. Shoot tips were excised from actively
growing vegetative flushes of protected trees, surface-disinfected, and precultured
overnight on semisolid medium with 0.3 M sucrose, before the exposure to loading
(2 M glycerol + 0.4 M sucrose) for 20 min and vitrification (PVS2) solutions for
30 or 60 min at 0 °C, prior to direct immersion in liquid nitrogen. Rewarmed shoot
tips post-cultured overnight on survival medium were then micrografted on
“Carrizo” seedling rootstocks to produce whole plants. Micrografted shoot tips
recovered quickly, and rooted plants could be transferred to the greenhouse within
months. Regrowth of whole plants after micrografting averaged 53 per cent for
cryopreserved shoot tips of cultivars representing eight Citrus and Fortunella spe-
cies (Volk et al. 2012). It was also found that freezing on foil resulted in higher
levels of survival than freezing in vials. For the seven cultivars included in the
experiment, the average viability of shoot tips cryopreserved using cryovials was
53%, and the viability of shoot tips cryopreserved on foil strips was 83% (Bonnaert
et al. 2013).

Table 13.5 Effect of
encapsulation-dehydration
protocol on the survival (%)
of apices from three different
citrus species (reprinted from
Gonzalez-Arnao et al. 2000)

Survival (%)

Species Pregrowth Dehydration Slow
freezing

Poncirus
trifoliata

100 90 ± 5 44 ± 4

Troyer citrange 100 83 ± 4 36 ± 3

Carrizo
citrange

100 95 ± 5 55 ± 5

Fig. 13.4 Growth recovery and regeneration of citrus juvenile shoot tips cryopreserved by
encapsulation-dehydration
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13.4.8.7 Seeds and Embryonic Axis

King et al. (1981) determined that the longevity of various citrus seeds was
improved when the storage temperature and the moisture contents of seeds were
decreased.

Seeds of species tolerant to desiccation can be successfully cryopreserved by
direct immersion and storage in liquid nitrogen after partial desiccation (air drying
or silica gel drying), without any cryoprotective treatment. For species whose seeds
are sensitive to desiccation, partially dehydrated embryonic axes excised from seeds
can also be cryopreserved by direct immersion in liquid nitrogen. Marzalina and
Krishnapillay (1999) reported that MC of citrus seeds should be reduced to 20% or
less to achieve high germination after storage in liquid nitrogen.

Normah and Seti Dewi Serimala (1995) reported that Citrus aurantifolia seeds
can be successfully cryopreserved at −196 °C after desiccating them to a moisture
content of 12.93% (50% viability) while seeds of C. halimii presented only 25%
viability after cryopreservation at moisture contents of 9.5%. The seeds of C.
hystrix were highly sensitive to desiccation as they failed to germinate when the
moisture contents were reduced to 27% and thus did not survive cryopreservation.
On the other hand, the embryonic axes of the three Citrus species gave higher
percentage of survival after cryopreservation. Survival rate was 100% in C.
aurantifolia and C. halimii embryonic axes with moisture contents of 9–11% and
16.6%, respectively. With C. hystrix axes, the highest survival rate obtained was
60% at a moisture content of 11.04%. Mumford and Grout (1979) and Lambardi
et al. (2007) have reported high tolerance of C. limon, C. halimii and C. volka-
meriana seeds to dehydration below 10% MC.

Seeds of trifoliate orange (Poncirus trifoliata (L.) Raf.) are sensitive to desic-
cation and could not withstand reduction in moisture level below 20%, whereas the
excised embryonic axes could be desiccated easily to moisture levels as low as 14%
without much loss in viability and could be successfully cryopreserved in liquid
nitrogen (Radhamani and Chandel 1992).

Intact seeds of two citrus species were desiccated in a sterile airflow to 16% (C.
sinensis) or 10% (C. aurantium) moisture content and immersed in liquid nitrogen.
After cryopreservation, both citrus species showed a high (93% germination) sur-
vival (Lambardi et al. 2004).

Embryonic axes of C. sinensis [L.] Osb. (“Pineapple” sweet orange) of C.
reticulata Blanco (mandarin) and C. limon L. (lemon) were successfully cryopre-
served using the encapsulation-dehydration technique, and the best recovery rate
was attained by axes with water content in the range of 0.15–0.17 g H2O/g dry
mass. Sufficiently dehydrated embryonic axes that were cooled to −196 °C
developed into seedlings without any intermediary callus formation, after transfer to
recovery medium (Santos and Stushnoff 2014).
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13.4.8.8 Pollen

Application of cryogenic techniques to preserve pollen viability for prolonged
durations has been found suitable for conservation of citrus germplasm (Kobayashi
et al. 1978) For instance, pollen of four citrus cultivars (C. limon, C. aurantifolia, C.
sinensis and Poncirus trifoliata) were collected and cryopreserved by direct
immersion in liquid nitrogen (−196 °C) for 3.5 years (Ganeshan and Alexander
1991). This indicates that rapid cooling to an ultra-low temperature had no a
harmful effect on the biological integrity of pollen under storing cryogenic
conditions.

13.5 Conclusion

This chapter reviewed the progresses of different in vitro approaches for the con-
servation and safeguarding of woody plant genetic biodiversity. Several study cases
were presented and described to exemplify the protocols developed for storing the
germplasm to medium and long terms using different in vitro procedures.

The advances of in vitro conservation techniques have enhanced the availability
of reliable strategies and provided some useful approaches, not only for woody
plants, but also for improving the ex situ preservation of plant biodiversity in
general. Slow growth could be more widely used to provide safer alternatives to the
field genebank for species that are readily propagated in vitro, while cryopreser-
vation is the safest option to support the storage of cell lines and of embryogenic
cultures, to support the genetic transformation and the biotechnological breeding
programs; in addition, it is a valuable complementary alternative for orthodox seeds
in the context of seed bank. Moreover, cryopreservation is very important for the
long-term conservation of biodiversity of tropical and subtropical forest species,
and for many other plants with recalcitrant seeds and/or vegetatively propagated
(Gonzalez-Arnao et al. 2014).

There is no single recipe for conservation, but certainly, there is a shared concern
about using science to protect plant biodiversity around the world. Now, it is well
recognized that the most appropriate strategy is combining approaches of ex situ
and in situ methods to complement the conservation of plant germplasm.

Currently, the slow growth and cryopreservation techniques have been signifi-
cantly integrated into many conservation programs, to the benefit of both germ-
plasm management and research. Various research institutes, private companies and
genebanks around the world have implemented these approaches to maintain
important collections and/or backups of diverse woody species with different pur-
poses. Such is the case of Instituto Valenciano de Investigaciones Agrarias (IVIA),
Valencia, Spain, where a large cryopreserved collection of calluses is kept to
support the breeding projects of citrus species (Olivares-Fuster et al. 2000). The
private company Sylvagen in Vancouver, Canada, keeps conifer embryogenic cell
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lines (Salgotra and Gupta 2015), and NCGR (Corvallis) and NCGRP (Fort Collins)
both in USA maintain collections of several temperate fruit trees (Hummer and
Reed 2000).

The basic and practical knowledge and the comprehension of the physiological
response of different plant species are continually improved, allowing their better
adaptation and increasing the effectiveness of these in vitro methods. In many cases,
the storage protocols developed are shared with other researchers and genebanks,
and the expertise is used worldwide to further extend the benefits of these
biotechnological approaches for the safe preservation of woody plant germplasm.
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Chapter 14
Conservation of Hardwood Forest Species

E. Corredoira, M.T. Martínez, M.C. Sanjosé and A. Ballester

Abstract Conservation of forest genetic resources is essential for meeting the
demand for future wood products. Genotypes with improved characteristics are
nowadays widely produced through conventional breeding programmes, by selec-
tion of mature superior trees, by genetic transformation procedures, etc., which are
important for increasing the productivity of forestry clonal plantations. Strategies
for forest biodiversity conservation today are well defined, among which cryop-
reservation is viewed as a complementary storage method, important for plant
tissues with specific characteristics (vegetatively propagated species). In addition,
many hardwood forest trees produce recalcitrant seeds (seeds that cannot be stored
for long periods under conventional conditions) that only would be stored on a
long-term basis through cryopreservation. The availability of simple, reliable and
cost-effective strategies for conservation of hardwood forest species (with special
attention to recalcitrant species of the Fagaceae family) will be highlighted in this
review. Specifically, emphasis will be addressed to the following topics:
(i) medium-term conservation through slow growth storage; (ii) cryopreservation
techniques; (iii) selection of explants for cryopreservation: in vivo collection of
embryonic axes and dormant buds and in vitro collection of shoot tips and
embryogenic cultures; and (iv) genetic stability of cryopreserved material. The
limited application of cryopreservation to the development of large cryobanks of
hardwood forest species also will be mentioned.
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14.1 Introduction

Forest trees cover approximately 30% of Earth’s land surface, but only 3% of
forested land is covered by forest plantations (Kirilenko and Sedjo 2007). An
interesting strategy to increase the supply of wood to meet industrial and domestic
demands is the introduction of more productive species/varieties exhibiting superior
traits. Productivity in forestry plantations needs to be increased significantly, while,
at the same time, native forests must be protected from further exploitation.
Plantations are highly productive after improvement in genetic composition of
planting stock, generally achieved through conventional breeding programmes,
which require extensive resources and extended periods of time. Breeding of
long-rotation hardwoods is less developed than that of short-rotation species (e.g.
eucalypts, poplars, willows). Species of the genus Quercus, for example, usually
reach seed-bearing age at 40–100 years old, and they are likely to produce good
seed crops once every 3–5 years (Ducousso and Bordacs 2004). The alternative to
complement the natural difficulties of conventional breeding of trees is the appli-
cation of clonal forestry, if superior trees could be identified and vegetatively
propagated. Clonal propagation of trees is being practised through grafting, rooting
of cuttings or in vitro tissue culture techniques, including both organogenesis and
somatic embryogenesis (SE) (Bonga et al. 2010). In recent years, the concept of
multi-varietal forestry (MVF), defined as the deployment of a range of genetically
tested varieties in plantation forestry, has been applied at the commercial level to a
few conifer species. The advantages of MVF include the capture of much greater
genetic gain than is possible by seed orchard breeding by exploiting both additive
and non-additive genetic variations, the flexibility to rapidly deploy varieties and
the ability to design diversity (Park and Bonga 2011). The identification of superior
genotypes at a very early stage without phenotyping through genomic selection will
provide new plant material to be used in forestry plantations (Park et al. 2016). In
addition, new varieties also may be produced through genetic engineering.

According to the above considerations, the conservation of forest biodiversity
should not be limited today to natural populations but also should include the great
number of new and valuable genotypes identified and produced worldwide.
Cryopreservation may be considered a complementary system for forest diversity
conservation, and adequate procedures to carried out it are well defined (Häggman
et al. 2008). In specific cases, cryopreservation is the most convenient system for
long-term conservation as, for example, in the conservation of species producing
recalcitrant seeds. Successful cryopreservation procedures for storage of embryo
axes of chestnut (Corredoira et al. 2004; Vieitez et al. 2011, 2012) and pedunculate
oak (Berjak et al. 2000) were defined, providing the possibility to develop cry-
obanks for long-term conservation of these species. For many angiosperm species,
it is possible to combine rooting of cuttings with cryopreservation and organo-
genesis. Regeneration of plants from cryopreserved buds has been reported for
Populus tremuloides (Aronen and Ryynänen 2014) and Melia azedarach (Yang
et al. 2011). In addition, SE has become a popular system of clonal propagation
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(Bonga 2016), as SE lines can be cryopreserved and retrieved in a viable state after
cryopreservation. Long-term storage of these cultures and subsequent plant
regeneration are an important part of clonal forestry for increasing productivity
(Lambardi and De Carlo 2003). In some cases, somatic embryo germination with
shoot-only elongation is the main response to germination treatments. Shoots
excised from the partly germinated embryos can be multiplied, elongated and
rooted via axillary shoot proliferation (Martínez et al. 2008; Ballester et al. 2016),
supplementing the number of plants produced by embryo germination. Cryostorage
and recovering of embryogenic cultures of different hardwood species today is well
documented (see, for example, Vendrame et al. 2001; Lambardi and De Carlo 2003;
Vieitez et al. 2011, 2012; Merkle 2016).

Genetic transformation experiments in forest trees are increasing, using, in most
cases, somatic embryo cultures as the target material. Many transgenic lines are
produced per experiment; each transgenic eventmust be considered as an independent
embryogenic line. Cryopreservation of transgenic lines is of great importance during
both the molecular analyses and field test experiments to identify the most responsive
genotypes. After identification, the most promising genotypes are retrieved from
cryostorage and the embryogenic lines multiplied under in vitro conditions.
Successful cryopreservation of embryogenic transgenic lines has been reported for
chestnut (Corredoira et al. 2016a) and oak (Mallón et al. 2013). Furthermore,
Ryynänen et al. (2002) developed a cryopreservation protocol for transgenic silver
birch lines using vegetative buds as material for storage. Jokipii et al. (2004) showed
that it was possible to apply cryopreservation techniques to the storage of valuable
transgenic lines of aspen using both in vitro shoot cultures and in vivo plants.

For many species, cryopreservation today is routine with good recovery rates,
using rather simple procedures. However, the application of cryopreservation to
recalcitrant hardwood forest species in the development of large gene banks will
only be possible if in vitro tissue culture techniques are well defined. Only under
this condition are long-term storage experiments justified. Exceptionally, in vitro
conditions are not required for cryopreservation of a select number of temperate tree
species (Bonnart et al. 2014). Pence (1992) applied a desiccation-based procedure
to zygotic embryonic axes of different hardwood species, among which chestnut
and oak were included. Although surviving axes underwent root pole elongation, no
plantlets developed. One cause of the failure might be due to poorly defined in vitro
culture conditions, since, at present, cryopreservation of embryonic axes and
somatic embryos of both chestnut and oak is unproblematic (Vieitez et al. 2011,
2012). Some authors consider in vitro tissue culture a proper system for germplasm
conservation, as it is an efficient procedure defined for the conservation of mature
American elm trees (Ulmus americana L.) that have survived the epidemics of
Dutch elm disease and are a potential source of disease resistance (Shukla et al.
2012). Alternatively, cold storage (2–4 °C) of cultures in the multiplication phase
allows for extending the subculture period up to 12–16 months instead of the
conventional period of 4 weeks, saving both labour and energy costs, as has been
demonstrated in three different hardwood species (Janeiro et al. 1995). However,
long- or medium-term maintenance under conventional conditions also involves a
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concomitant risk of contamination, somaclonal variation and loss of multiplication
capacity. Thus, cryopreservation may be defined as the most secure method for
long-term conservation.

As it will be described later, desiccation- and vitrification-based procedures have
been used mainly to cryopreserve different types of explants in hardwood species.
Any type of explant theoretically can be subjected to cryogenic. Cryopreservation
of a core collection of 444 European elm (Ulmus spp.) clones in liquid nitrogen
(LN) was carried out for conservation of elm genetic resources. The cryopreser-
vation technique involved the stepwise freezing of cryotubes containing dormant
buds collected from trees growing in the open (Harvengt et al. 2004). More
recently, conservation of hybrid aspen germplasm also has been recorded using
in vivo dormant buds as target material. The authors consider this procedure a
convenient backup method for field collections (Aronen and Ryynänen 2014). As
already mentioned, methods for cryopreservation of zygotic embryo axes are well
defined (Berjak et al. 2000; Lambardi and De Carlo 2003; Corredoira et al. 2004;
Vidal et al. 2010, 2011). In addition, shoot tips isolated from shoot proliferation
cultures also have been subjected to cryopreservation. The size of the explant and
the physiological conditions of the shoot are the most important conditions for
successful cryopreservation (Tagaki et al. 1997; Vidal et al. 2005).

One concern related to cryopreservation methods is the genetic stability of
regenerated plants due to, among other causes, the proper in vitro tissue culture
technology and the mutagenic potential of the cryoprotectant dimethyl sulphoxide
(DMSO). In general, there is no evidence of morphological or genetic alterations in
forest trees as a result of cryopreservation (Häggman et al. 2008).

It is possible to conclude that cryopreservation is the only currently available
technique that ensures safe, long-term conservation of genetic resources of plant
species with recalcitrant seeds, of vegetatively propagated species, of endangered
species and of biotechnology products, such as cell strains with special attributes,
elite clones and genetically transformed material. In this review, we will describe
the state of the art on the conservation of hardwood species, mostly related to
Fagaceae trees. Topics addressed in this review include the description of the most
interesting technical procedures applied to hardwoods, the selection of the most
appropriate type of explant used for cryopreservation of these species, the response
of the explants to the whole process and the control of the genetic stability of the
post-cooled and regenerated plants.

14.2 Medium-term Conservation Through Slow Growth
Storage

In vitro techniques have been used in combination with slow growth storage (also
called ‘minimal growth storage’) for medium-term conservation of hardwoods
(Table 1). Such techniques are of particular interest for conserving hardwood
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species with recalcitrant seeds, for selected genotypes and for genotypes obtained
after genetic transformation. This procedure is also interesting for those species for
which long-term storage methods have not yet been described.

Table 1 Medium-term conservation through slow growth storage of hardwood species

Species Temperature
(ºC)

Light
conditions

Months Survival
(%)

Reference

Alnus glutinosa 4 16h (8 lE
m−2s−1)

18 75–87 San José et al.
(2015a)

Betula pendula 4 Darkness 18–24 95 *

Castanea sativa 8 24h (30 lE
m−2s−1)

48 82 Capuana and Di
Lonardo (2013)

Castanea sativa 4 Darkness 12 85–93 *

Castanea sativa x
C. crenata

2–4 16h (1.3 lE
m−2s−1)

12 96 Janeiro et al. (1995)

Eucalyptus grandis 10 24h (4 lE
m−2s−1)

6 70 Watt et al. (2000)

Fagus sylvatica 2–4 12h (1.3 lE
m−2s−1)

18 70–90 Vieitez et al. (2003)

Fagus orientalis 2–4 12h (1.3 lE
m−2s−1)

18 70–90 Vieitez et al. (2003)

Populus alba 2–4 16h (1.3 lE
m−2s−1)

24 95 *

Populus alba x
P. grandidentata

4 Darkness 60 25 Son et al. (1991)

Populus tremula x
P tremuloides

4 Darkness 3 100 Hausman et al.
(1994)

Populus tremula x
P.tremuloides

2–4 16h (1.3 lE
m−2s−1)

18 100 *

Prunus avium 2 16h (8 lE
m−2s−1)

12 100 Janeiro et al. (1995)

Prunus serrulata 2–4 12h (8 lE
m−2s−1)

12 100 *

Quercus alba 2–4 12h (8 lE
m−2s−1)

12 100 *

Quercus bicolor 2–4 12h (8 lE
m−2s−1)

12 100 *

Quercus petraea 2 16h (1.3 lE
m−2s−1)

12 79 Janeiro et al. (1995)

Quercus robur 2–4 16h (1.3 lE
m−2s−1)

12 100 Janeiro et al. (1995)

Quercus suber 5 Darkness 24 50 Romano and
Martins(1999)

Ulmus minor 2–4 16h (8 lE
m−2s−1)

12 100 *

*Unpublished results carried out in the authors’ laboratory
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The objective of slow growth storage is to reduce the number of subcultures
required, without affecting the viability of the explants nor their capacity to start
growing again when normal growth conditions resume. Different strategies can be
used for slow growth storage: cold storage, reduced oxygen levels (frequently
achieved by covering the culture with a thin layer of oil), desiccation of the plant
material and modification of the culture medium. Possible modifications include
reduction in mineral elements or carbon source, addition of osmotically active
compounds (e.g. chlorocholine chloride, abscisic acid) or growth retardants (e.g.
mannitol), and/or changes in the nature and/or concentration of growth regulators
(Kavani 2011; Cruz-Cruz et al. 2013). Cold storage is by far the most widely used
approach for medium-term conservation of in vitro cultures because it is a simple
method that does not require special equipment (only refrigerators). The reduction
in temperature leads to decreased metabolic activity (i.e. reduction in respiration,
water loss, wilting) and, therefore, reduced growth of the explants. The optimal
storage temperature mainly depends on the species considered (Lambardi and De
Carlo 2003). Cultures of hardwood species are usually stored at 2–5 °C, and cold
storage is generally combined with low light intensity or even darkness (Table 1).

Other factors affecting the efficiency of slow storage include the type and
physiological stage of the explants. Although several explant types have been used
for cold storage, shoot tips and nodal segments are generally preferred for in vitro
preservation, owing to the high survival and regrowth rates and high level of
genetic stability (San José et al. 2015a). Survival of the stored material is greatly
affected by the time between the last subculture under standard conditions and the
placement of the material in cold storage (Engelmann 1991, 2011a).We have found
that for optimal storage conditions of different oak, chestnut, alder, elm and cherry
species, preculture of explants for 10–12 days under standard conditions is required
prior to storage in low temperature, while, for poplar, birch and beech, at least
2 weeks of preculture are needed.

We are using a routine protocol consisting of the preculture of nodal segments (for
10–15 days) on the same medium as that used in the multiplication stage followed by
storage in cool cabinets (340 L Sanyo Medicool MPR 311D) at 2–4 °Cwith 12 h per
day of dim light (8 µE m−2 s−1) or in darkness. Explants of all of the
above-mentioned species can bemaintained for at least 1 yearwithout transfer to fresh
medium (Table 1 and Fig. 1a,b). For beech, poplar, elm, alder, birch and some oak
genotypes, the storage period can be extended to 18 months or more. After optimi-
sations of the preculture time and cold storage conditions, survival rates between 85
and 100% have been recorded for transfer of explants to standard growth conditions
(Janeiro et al. 1995; Vieitez et al. 2003, 2012; San José et al. 2015a).

We also are maintaining transgenic lines of poplar, oak and chestnut obtained in
our laboratory, where evaluation is carried out. Transgenic poplar lines carrying genes
that inhibit pollen formation, confer resistance to 2,4,6-trinitrotoluene (TNT) or
exhibit increased tolerance to heavy metals are currently under cold storage, and a
survival rate of 100% has been observed after at least 1 year in storage. In transgenic
chestnut and oak lines transformed with genes that encode pathogenesis-related
proteins, 100% survival has been observed after 6–9 months in cold storage.
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14.3 Long-term Conservation Through Cryopreservation

Cryopreservation is defined as the storage of living material at extremely low
temperatures in LN (−196 °C) or in seldom its vapour phase (−150 °C). The
technique involves immersing plant cells, tissues or organs in LN. At this tem-
perature, the cells enter a state of ‘absolute quiescence’, as all cell divisions and
metabolic processes are almost totally halted, enabling conservation for a theoret-
ically unlimited period of time (Engelmann 2004). Most vegetative explants sub-
jected to cryopreservation contain high levels of free water in their cells and are
therefore highly sensitive to damage caused by the ice that forms during the
freezing process. The plant material is usually dehydrated to protect it from the
damage caused by conversion of the intracellular water to ice. Classic and modern
methods can be used for this purpose. These methods are differentiated by the
techniques used and by the physical mechanisms on which they are based. In classic
procedures, the material is dehydrated by freezing, while today, cellular

(a) 

(d) 

(b) 

(c) 

Fig. 1 In vitro conservation of hardwood forest species. a Axillary shoot cultures of Quercus
robur after 12 months of cold storage. b Axillary shoot cultures recovered after 12 months of cold
storage and regrowth under standard conditions for 4 weeks. c Shoots developing from
successfully cryopreserved shoot apices of Alnus glutinosa, after exposure to PVS2 solution for 30
min. d New somatic embryos developed from cryopreserved proembryogenic masses of Quercus
ilex, following exposure to PVS2 solution for 30 min
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dehydration is induced before freezing by exposure of the samples to concentrated
cryoprotectants and/or desiccation.

14.3.1 Cryopreservation Techniques

14.3.1.1 Slow Cooling (Classic Method)

The first method to be widely used for the cryopreservation of plant tissue was the
classic or conventional ‘slow cooling’, ‘slow freezing’ or ‘two-step’ method. This
procedure involves the use of a programmable freezer to achieve a slow decrease in
the temperature (usually 0.1–1 °C min−1) to −35 or −40 °C before the samples are
immersed in LN (Pence 2014). The slow decrease in temperature causes the for-
mation of extracellular ice; a differential water gradient is created across the
membrane and intracellular water moves to the outside (Benson 2008). This process
reduces the amount of water available to form ice and is referred to as
freeze-induced desiccation. The speed of cooling and freezing determines the
amount of water that moves to the extracellular space before the cell contents
solidify. However, excessive dehydration may cause damage due to an increase in
the concentration of salts and changes in the cell membrane. In addition to strict
control of the rate of freezing, a cryoprotectant such as DMSO can be added. The
use of cryoprotectants has improved the results of the slow cooling method in many
species (Reed and Uchendu 2008). Finally, the defrosting process must be carried
out as quickly as possible to prevent recrystallisation of the water, as the crystals
that form during this stage are larger and more damaging.

The procedure is much more complex and expensive than non-precooling
methods, as it requires programmable freezers and is technologically more
demanding. A more economical alternative is the use of Mr. FrostyTM freezing
containers or other similar domestic appliances containing methanol or isopropanol.
In this case, the container or device containing isopropanol is placed in a freezer
(−70 °C), the temperature within the container decreases by approximately
1 °C min−1, and the samples are then immersed in LN. The slow cooling procedure
has been used successfully with cell suspensions, calluses and apices excised from
in vivo and in vitro cultures of cold-tolerant species, among them hardwood species
(Engelmann 2011a).

14.3.1.2 Vitrification-Based Procedures

The new freezing techniques developed are based on the vitrification process,
defined as the transition of water directly from the liquid phase to an amorphous or
metastable phase, thus preventing the formation of ice crystals (Fahy et al. 1984). In
this case, the solid that forms is actually a highly viscous supersaturated solution
with the mechanical properties of a solid, although no crystalline structure is
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formed. Transition to the vitreous state does not imply chemical but rather physical
changes in the viscosity of the liquid. As mentioned above, to achieve this, tech-
niques have been developed in which the plant material is exposed to concentrated
cryoprotectant solutions and/or desiccation before direct freezing in LN. The
development of vitrification-based techniques has enabled the cryopreservation of a
large number of plant species, including many hardwood species. These techniques
are generally more suitable for differentiated explants (such as apices and somatic
embryos) that are formed by various types of specialised cells, and each has dif-
ferent temperature requirements, which hampers application of the classic method.

Of the different vitrification-based methods available, vitrification, desiccation,
encapsulation–dehydration and droplet–vitrification have been applied to hardwood
forest species.

Vitrification Vitrification is easy to use and highly reproducible, and a wide range
of species (including hardwood species) already have been cryopreserved suc-
cessfully using this procedure (Engelmann 1997, 2011a; Kaczmarczyk et al. 2012;
Pence 2014). As such, the vitrification procedure probably has been one of the most
commonly used in recent years. In general, this technique involves treatment of
samples with cryoprotective substances (usually called loading solutions), dehy-
dration in a highly concentrated vitrification solution and ultra-rapid cooling in LN.
After storage in LN, the plant material is rapidly defrosted, the vitrification solution
is removed, and the material is finally cultured in a suitable recovery medium.

Various compounds can be used as cryoprotectants, including glycerol, man-
nitol, sorbitol, DMSO, ethylene glycol, polyethylene glycol (PEG) and sugars (i.e.
glucose, sucrose). These compounds are responsible for protecting plant tissues
from the potential damage produced by cryopreservation. They can be used either
alone or in combination, forming parts of loading and vitrification solutions.
Loading solutions contain cryoprotectants (usually sucrose, glycerol and ethylene
glycol), although at lower concentrations than in vitrification solutions, and loading
solutions are applied for short periods of time (5–90 min, depending on the type of
material), with the aim of increasing the tolerance to dehydration subsequently
induced by the vitrification solution. The most commonly used loading solution is a
mixture of 2 M glycerol and 0.4 M sucrose, as described by Matsumoto et al.
(1994). Vitrification solutions are highly concentrated and with more complex
mixtures of cryoprotectants. The most commonly used is the vitrification solution
‘plant vitrification solution 2’ (PVS2), which consists of glycerol (30% w/v),
ethylene glycol (15% w/v) and DMSO (15% w/v) in liquid medium with 0.4 M
sucrose (Sakai et al. 1990).

In vitrification protocols, optimisation of the time and temperature of exposure to
PVS2 is essential in order to induce vitrification without invoking osmotic stress or
toxicity in the cultures. The time of application of PVS2 varies depending on the
type of explant and species, although periods of 15–120 min are usually used. The
use of low temperatures (0–4 °C) has been found to be optimal, as this enables the
cryoprotectant to be incorporated gradually, thus minimising damage. In addition to
loading solutions, the samples also can be preconditioned in order to increase their
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tolerance to PVS2. The most popular preconditioning treatments are cold
acclimation/cold hardening (mainly for temperate species) and preculture on a
medium with high concentrations of sugar; these treatments can be applied
simultaneously, successively or individually (Sakai and Engelmann 2007).
Pretreatment by cold hardening has been described for excised cultures but also for
stock plants and is sometimes combined with a reduction in light intensity and/or
inclusion of abscisic acid in the culture medium. Although different sugars (glu-
cose, sorbitol, sucrose or fructose) are included in pretreatment media, sucrose
(usually 0.3–0.7 M for 1–3 days) is the most commonly used. The aim of these
stepwise treatments is to increase the accumulation of sugars and protective proteins
in order to increase the tolerance to PVS2 (Kavani 2011).

Droplet vitrification is a cryopreservation procedure derived from vitrification.
Although this procedure has been used increasingly in recent years, to date it has
been applied scarcely to forest hardwoods. In the droplet vitrification procedure,
samples are loaded, treated with the vitrification solution, frozen in a microdroplet
(1–2 µL) of vitrification solution and placed on aluminium foil strips, which are
immediately immersed in LN (Sakai and Engelman 2007). The high thermal con-
ductivity of aluminium foil together with the small volume of the vitrification
solution yields higher cooling and warming rates (Cruz-Cruz et al. 2013).

Desiccation (air drying) Desiccation is one of the simplest and easiest procedures,
as it only involves the dehydration of plant material and direct immersion in LN.
Desiccation can be carried out in a laminar airflow cabinet or over silica gel or by
using a flow of sterile compressed air (flash drying). Although desiccation over
silica gel or with sterile compressed air is highly recommended, as these methods
are more precise and reproducible than air desiccation, the latter is the most
commonly used method. Desiccation is, above all, used with pollen, orthodox
seeds, zygotic embryos and embryogenic axes excised from recalcitrant seeds. In
the case of embryos, the main parameters to consider are the stage of development,
size and water content. The optimal moisture content, which usually ranges from
20–30%, is achieved by 4–5 h of desiccation in a laminar airflow cabinet at room
temperature.

Encapsulation–dehydration The encapsulation–dehydration technique is a variant
of the air desiccation technique. The procedure is based on the production of
artificial or synthetic seeds. For encapsulation, explants first are loaded into sodium
alginate (usually 3% w/v). The plant material and alginate solution are then aspi-
rated with a pipette and added dropwise to a solution containing 100 mM calcium.
The calcium causes polymerisation of the alginate around the explant and the
formation of beads, each containing one sample. The beads are then precultured in
medium enriched with sucrose (at concentrations between 0.75 and 1.25 M) for 24–
72 h to increase the intracellular solute concentrations and promote desiccation.
After the preculture period, the beads are partially desiccated by drying, generally,
in a laminar airflow cabinet or over silica gel, to approximately 20–30% of water
content (WC), before being immersed in LN. Although the idea of encapsulation is
to protect the explants from handling stress, the technique also has the advantage in
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that growth regulators (e.g. abscisic acid) and/or nutritional compounds can be
added to the alginate matrix to help improve the recovery rate and to overcome the
toxicity of the cryoprotectants.

Encapsulation–dehydration methods are continuously being improved and are,
along with vitrification procedures, frequently used for cryopreservation of vege-
tatively propagated plants; however, they have not been widely applied to hard-
wood forest species.

14.3.2 Selection of Explants for Cryopreservation

In developing a cryopreservation system to deal with genetic diversity, an initial
question is what propagule to cryopreserve. In principle, all parts of hardwoods may
be stored in LN: callus cultures, dormant buds, apical meristems, embryonic axes,
seeds, somatic embryos and pollen. Meristematic tissues are the preferred explants
for cryopreservation of vegetatively propagated species, as somaclonal variation is
lower in organised tissues. The propagules may be collected under either in vivo or
in vitro conditions.

14.3.2.1 In Vivo Propagule Collection

In vivo-collected embryonic axes or dormant buds are currently amenable to cry-
opreservation and can be useful for conservation of hardwood species. Plant
material often must be adapted to, or exist in, a desirable physiological state before
the propagule is harvested, especially for the cryostorage of clonal lines. Seeds of
recalcitrant hardwoods need to be collected at an appropriate maturity, which may
represent a rather narrow time window in their development. Furthermore, those
species that possess considerable cold hardiness are easier to cryopreserve. Isolated
buds, nodal sections or whole scions can be cooled; twigs can be rooted, only if this
ability exists, as in the model trees poplar and salix; or cryostored buds can be
recovered by grafting or under in vitro culture conditions (Towill 2002). Only for
specific accessions of model trees is in vitro tissue culture not required, but, for
most hardwood species, this technology is essential.

Embryonic axes Seeds of many hardwood species have recalcitrant or intermediate
storage behaviour and therefore cannot be stored dry at low temperature as can
orthodox seeds. Others, such as silver birch or poplar, have orthodox seeds, but
their viability decreases during cold storage. The most promising method for
long-term conservation of intermediate and recalcitrant-seeded species is cryop-
reservation (Ballesteros et al. 2014). However, research in this field is still at a very
preliminary stage (Engelmann 2011a), with this fact being especially true for forest
hardwoods (Table 2). To date, few successful studies have been reported.
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Protocols must be developed for disinfection, in vitro inoculation, germination
and development of plantlets as stages prior to storage in LN. The moisture content
of the seeds is the most critical factor for a successful cryopreservation protocol
(Pammenter and Berjak 1999; Pritchard 2007). Desiccation technique is the most
commonly used procedure prior to cryopreservation in LN of seeds. In hardwoods,
prior to cryopreservation, explants have been dehydrated by air desiccation, either
in a laminar airflow cabinet or over activated silica gel. The optimum moisture
content for cryopreservation ranges from 4.8 to 24%, depending on the species. In
all reports, cryopreservation has been performed using embryonic axes (Table 2).

It is widely accepted that embryonic axes are the most appropriate explant
because, in recalcitrant seeds, axes tolerate much more severe dehydration than
does the entire seed (Berjak et al. 2000). Isolation of the embryonic axis in this type
of seed occurs because the seeds are relatively large and mainly consist of the
cotyledons. The embryonic axis represents a small proportion of the volume and is
sufficiently small to be rapidly dehydrated and theoretically successfully cryopre-
served. In the majority of papers, embryonic axes are directly immersed in LN into
polypropylene cryovials, and they are warmed using the fast warming method—
immersing cryovial envelopes in a water bath at 40–42 °C for 1–5 min. ‘Woody
Plant Medium’ (Lloyd and McCown 1980) with or without benzyl-amino-purine
(BA) is the medium most commonly used to germinate embryonic axes, with the
exception of embryogenic axes of European chestnut and walnut, where MS
medium (Murashige and Skoog 1962) with half the nitrates and DKW medium
(Driver and Kuniyuki 1984) are utilised, respectively.

In Fagaceae species, successful cryostorage of European chestnut zygotic
embryonic axes has been reported (Corredoira et al. 2004). Briefly, chestnut seeds
without their external coat are sterilised by successive immersion in 70% ethanol
for 2 min and a 5% solution for 30 min. The embryonic axes are aseptically dis-
sected from the surrounding cotyledons and transferred to empty Petri dishes
(20–25 axes per dish). Then, the embryonic axes are desiccated in the open Petri
dishes in a laminar airflow cabinet until their moisture content is reduced to
20–24% of fresh weight. The desiccated axes are transferred to 2-mL cryovials and
rapidly plunged into LN. For thawing, the vials are immersed for 2 min in a water
bath at 40–42 °C. The axes are cultured in tubes containing recovery medium
consisting of MS medium with half the nitrates. After 6 weeks of culture, between
93 and 100% of excised embryonic axes survived storage in LN, and some 63%
subsequently developed as whole plants.

Zygotic embryo axes of pedunculate oak have been cryopreserved using the
simplest desiccation procedure, using flash drying and direct immersion in LN,
which yielded appreciable germination recovery rates (Berjak et al. 2000). These
rates were not improved when more complex dehydration procedures were applied
(Chmielarz et al. 2011). In this report, plumules consisting of shoot meristem
surrounded by leaf primordia were desiccated over activated silica gel and were
cryopreserved by being placed intocryovials and immersed directly into LN. Using
this procedure, only 8–20% of cryopreserved plumules developed shoots, which
should be rooted to obtain whole plants. Better results were reported with

434 E. Corredoira et al.



embryonic axes of Quercus faginea (González-Benito and Pérez-Ruiz 1992). The
embryogenic axes are desiccated either under sterile conditions in a laminar airflow
cabinet for different periods of time or by being soaked in 15% DMSO for 1 h and
subsequently immersed in LN. The best germination response after freezing (60%)
was observed when embryonic axes were desiccated from 53 to 21% moisture
content (on a fresh weight basis).

Unorganised post-cooled growth of axes was reported for cork oak, holm oak
and beech species (González-Benito et al. 2002), while only a slight elongation of
the hypocotyls has been recorded for American beech embryonic axes (Pence
1990).

Dormant buds Procedures for cryostorage of dormant buds for which in vitro
technologies are not required have been proposed for Fraxinus (Volk et al. 2009),
Populus and Salix (Bonnart et al. 2014). In the three cases, the methodology is
similar. Briefly, scions (between 5 and 15 mm in diameter) containing vegetative
buds from field-grown trees are collected during winter. The bud wood is cut into
4–6-cm nodal sections with 2–3 buds per section. Ten sections are stacked and
sealed in polyolefin tubing. The tubes are cooled to −35 °C for 24 h and then
placed into LN. Cryopreserved sections are warmed to 5 °C for 24 h and either
grafted in appropriate rootstocks or rooted after sections are dipped in rooting
hormone solution. Recovery percentages ranged from 34–100% in Fraxinus and
42–100% in Populus trichocarpa and were 40% in Salix. The authors claim that
dormant buds are often the most economical method for cryopreservation when
adequate quantities of appropriate source materials are available. In our opinion,
however, the procedure only will be valid for a small number of
species/accessions/genotypes within hardwood trees.

According to Jokipii et al. (2004) and Aronen and Ryynänen (2014), cryostorage
of in vivo dormant buds of hybrid aspen (Populus tremula x P. tremuloides) is the
most suitable method as a backup for field collections. However, contrary to the
preceding examples, these authors propose the use of in vitro tissue culture tech-
niques as the most convenient for plant regeneration. The procedure is based on
previous experiments using dormant silver birch buds as target material (Ryynänen
1996). Similar protocols also have been applied to cryostorage of transgenic lines of
birch (Ryynänen et al. 2002) and hybrid aspen (Aronen and Ryynänen 2014).
Briefly, axillary and apical buds with scales and a short piece of attached twig
(1 cm) are collected between August and February and sealed in 2-mL cryotubes,
17–20 buds per tube. The cryotubes are kept at 0 °C for 24 h and then frozen to the
prefreezing temperature of −38 °C using a controlled-rate freezer. The tubes are
then immersed in LN for 1–7 months. The buds are thawed and sterilised, and the
scales, young leaves and attached twigs are removed from the buds. The innermost
leaves with the remaining meristems are then cultured on appropriate culture media.
At least 75% of the buds regenerated through micropropagation, and there was no
difference compared to non-frozen controls (Aronen and Ryynänen 2014).

Regardless of the method used for plant regeneration after cryopreservation, the
procedures already described were applied to a small number of genotypes per
species in order to demonstrate the validity of the technology. However, devel-
opment of large gene banks of cryopreserved hardwoods is limited, to our
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knowledge, to the example of European elms (Harvengt et al. 2004).
Cryopreservation of a core collection of 444 elm (Ulmus spp.) clones in LN was
carried out by two laboratories participating (to duplicate the collection) in a
European project of conservation of elm genetic resources. Plant material, collected
from nine European countries, represented a large sample of the genetic diversity
within three European elm species (Ulmus minor, U. laevis and U. glabra) and their
hybrids. The technology applied is well defined in Harvengt et al. (2004). From a
random sample of cryopreserved dormant buds of the three major species, in vitro
regrowth was assayed. For U. minor, U. minor x U. glabra and U. laevis, all clones
were easily regenerated with standard techniques, but this was not the case for U.
glabra. Here, only a few explants started to show signs of development, and, in all
cases, they failed to grow. To solve this problem, the authors utilised the micro-
grafting technique, using vigorous U. minor rooted shoots as rootstocks. Plants
regenerated from material cryopreserved for up to 5 years did not exhibit any loss
in regrowth capacity over time, as compared with fresh samples. These results
suggest that cryopreservation may be suitable for long-term conservation of elm
buds. The authors concluded that dormant bud cryopreservation of elms is a very
economically competitive solution with respect to the classic technique of field
clonal conservation archives (Harvengt et al. 2004).

Unfortunately, these operative methods could not be applied to all hardwood
species. In our experience (unpublished results), the cryopreservation of in vivo
dormant buds of recalcitrant species, such those of the genera Castanea or Quercus,
is very difficult, as, in general, only a few explants started to show signs of
development, and they fail to growth. This situation is critical if the dormant buds
are collected from mature trees. Consequently, other alternatives should be applied.

14.3.2.2 In Vitro Propagule Collection

The approach of cryopreserving tissues from in vitro shoot multiplication cultures
can be an alternative when the response of zygotic embryos or dormant buds to
cryostorage is unsatisfactory or not feasible (Pence 2014). Shoot tips and/or buds
(excised from apical or axillary buds of in vitro shoot cultures or from shoots of in
vitro-germinated zygotic embryos) and embryogenic cultures (i.e. embryogenic
callus, somatic embryos and cell suspensions) are the specimens commonly used
for cryopreservation of vegetatively propagated species, including hardwood spe-
cies (Fig. 1c,d). These types of explants are available throughout the year and are
easy to manipulate; they may be produced in large amounts, and, consequently,
they provide many clonal replicates for the different experiments necessary to
optimise the cryogenic protocols. An important point for successful cryopreserva-
tion is closely related to the definition of effective protocols for proliferation of
donor cultures and for recovery of shoots/somatic embryos after LN storage.
Another critical point is the physiological state of the propagules: it is important to
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use donor shoots and somatic embryos in an optimal physiological stage, sampling
only high-quality in vitro plants and somatic embryos to ensure successful recovery
post-cryopreservation (Benson and Harding 2012).

Shoot apices During recent years, cryopreservation protocols using shoot apices
have been established for many woody species, including fruit trees and several
hardwood forest species (Table 3). In addition, shoot apices derived from geneti-
cally transformed shoot cultures of the hardwoods Betula pendula (Ryynänen et al.
2002) and P. tremula x P. tremuloides (Jokipii et al. 2004) also have been
cryopreserved.

The size of the shoot and its physiological stage are critical components for
successful regrowth of cryopreserved shoots. Cold hardening of in vitro donor
plants often shows a positive effect, especially for cold-tolerant species. The
exposure to low temperatures increases the intrinsic tolerance to ultra-low tem-
peratures by triggering genes responsible for cold stress (Takagi 2000). In hard-
wood species, hardening is achieved when cultures are grown at 5 °C in darkness or
under a short photoperiod for 14–21 days (Table 3), although in some species, such
as cherry, a cultivation period of 45 days in cold conditions is required (Niino et al.
1997). Another option is to induce cold tolerance of excised shoots by cultivation at
4 °C for 2 weeks (Vidal et al. 2005, 2010).

The most used specimen for cryopreservation is the apical/terminal meristem
plus a couple of leaf primordia measuring 0.5–2 mm in length. Also, axillary buds
of birch showed a good recovery rate (Ryynänen and Aronen 2005a). Shoot tips are
cryopreserved by applying slow cooling procedures, encapsulation–dehydration
and vitrification-based cryopreservation techniques (Table 3). Slow cooling tech-
niques, involving slow prefreezing followed by immersion in LN, are applied
exclusively to shoot tips of birch, following a similar procedure to that described for
dormant buds. The encapsulation–dehydration procedure has, however, been
applied scarcely to cryopreservation of shoot tips derived from hardwood species
(Table 3). In these reports, shoot tips are encapsulated in sodium alginate (3% w/v),
and then the beads are cultured in increased sucrose solutions, dehydrated in an air
flow or over silica gel (20–25% WC) and rapidly cooled in LN.

Shoot tips of hardwood species have been cryopreserved mainly using the
vitrification-based techniques. Shoot tips, excised from axillary shoot cultures
treated with or without cold hardening, are precultured on media containing high
sucrose concentrations (0.09–7 M), generally in combination with cold storage at
5 °C, as shown in Table 3. Pretreatment with osmotic agents such as sucrose
desiccates tissue prior to cryopreservation, and pretreatment also can stimulate
some cold acclimation responses (Benson and Harding 2012). After being
precultured, shoot tips are exposed to cryoprotectants. Samples are usually treated
with a loading solution with an intermediate concentration of cryoprotectants
(frequently 2 M glycerol and 0.4 M sucrose, Matsumoto et al. 1994), followed by
dehydration with highly concentrated vitrification solutions. Then, the shoot tips are
rapidly immersed in LN. The vitrification solution PVS2 is largely used with these
explants of hardwood species, and the exposure time varied from 25–120 min,
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always at 0 °C (Table 3). For hardwood species, the use of the droplet–vitrification
technique is still applied sporadically and limited, to our knowledge, to five
Eucalyptus species (Table 3), obtaining better results than with the encapsulation–
dehydration procedure (Kaya et al. 2013).

In Fagaceae species, cryopreservation using shoot tips as target explants has
been reported only in chestnut. The most efficient method for chestnut shoot
regrowth employed 0.5–1 mm shoot tips isolated from 1-cm-long terminal buds
excised from 3–5-week-old shoot cultures and cold hardened at 4 °C for 2 weeks.
After preculture of isolated shoot tips at 4ºfor 2 days, they are treated for 20 min
with a loading solution (2 M glycerol + 0.4 M sucrose) and 120 min at 0 °C with
PVS2 solution prior to immersion in LN. To recover the cryostored shoot tips, the
cryotubes are rapidly rewarmed in a water bath at 40 °C for 2 min, and the PVS2
solution is drained off and replaced with liquid Gresshoff and Doy medium (1972)
containing 1.2 M sucrose for 20 min. Shoot apices are then transferred to sterilised
filter paper discs placed in Petri dishes over recovery medium consisting of basal
medium supplemented with 2.2 lM BA, 2.9 lM 3-indoleacetic acid and 0.9 lM
zeatin. Using this protocol, 38–54% shoot recovery rates were achieved, and, in all
cases, plant regeneration also was obtained (Vidal et al. 2005).

This procedure was of great interest for the establishment of a cryopreserved
gene bank of European chestnut (Vidal et al. 2010). The vitrification-based pro-
cedure previously defined was applied to 46 chestnut genotypes selected for their
resistance to ink disease. Forty-three out of 46 genotypes evaluated survived the
freezing process, and 63% recovered their capacity to produce new shoots. The
results achieved demonstrated the feasibility of cryopreservation for long-term
conservation of European chestnut germplasm, including genetically transformed
lines using in vitro-grown shoot tips.

Embryogenic cultures As mentioned for shoot apices, cryopreservation has been
performed with many embryogenic cultures of woody plants (Engelmann 2011b).
Nevertheless, most of these protocols have been defined for fruit trees, and only a
few papers report long-term cryostorage of somatic embryos in hardwoods
(Table 4). In our experience, the developmental stage of the somatic embryos is a
key factor for obtaining high embryo recovery rates after cryopreservation.
A careful selection of somatic embryos at early developmental stages is necessary
to achieve survival after LN immersion. For example, clumps of 3–4 globular- or
heart-stage cork oak somatic embryos showed better embryo recovery rates after
LN storage than more differentiated, cotyledonary-stage embryos, in which cells
exhibit higher levels of vacuolisation and differentiation than do the active
embryogenic cells at globular/early torpedo stages (Valladares et al. 2004). In holm
oak, when globular embryos were used as a source of explants, embryo recovery
was only observed after 24 h in LN, and their differentiation ability was completely
lost after 4 weeks in LN (Barra-Jiménez et al. 2015). However, working with the
same embryogenic holm oak lines and the same protocol, we demonstrated that
long-term cryostorage was feasible if pro-embryogenic masses instead of globular
embryos were utilised as the target material (unpublished results). In most reports,
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somatic embryos are precultured on a conditioning medium with high sucrose
concentrations as a means to induce freeze tolerance prior to cryogenic storage. As
shown in Table 4, the precryogenic treatments are mainly limited to the vitrification
procedure or desiccation of somatic embryos in a laminar airflow cabinet. There is
only one case of application of the encapsulation–dehydration technique (Fernandes
et al. 2008). In almost all reports in which vitrification and desiccation techniques
were compared, the best results of embryo recovery were obtained with the vitri-
fication procedure (Table 4). Among vitrification solutions, DMSO at different
concentrations or, especially, PVS2, was the solutions most frequently used. The
temperature as well as the duration of exposure to the vitrification solution PVS2
has been evaluated in several experiments. In most cases, the optimal exposure time
to PVS2 was 60–90 min at 25 or 0 °C (Table 4). Freezing of embryogenic explants
was usually rapid, but some positive results also have been obtained using slow
cooling.

Significant progress has been carried out during recent years on the cryop-
reservation of somatic embryos in Fagaceae species. Embryogenic lines were
induced previously from selected elite trees. In addition, improved lines also were
obtained through genetic transformation of somatic embryos. The pool of
embryogenic cultures was subjected for cryopreservation experiments as a proper
system of long-term conservation (Corredoira et al. 2014, 2016a). Cryopreservation
was successfully applied to somatic embryos of Castanea sativa, Quercus robur, Q.
suber and Q. alba following vitrification-based procedures. The basic procedure is a
combination of sucrose pretreatment, dehydration with PVS2 solution and rapid
freezing. In brief, embryo clumps of globular- and/or heart-stage embryos isolated
from stock embryogenic cultures (3–4 weeks after the last subculture) are incubated
for 3 days on a 0.3-M sucrose medium. After preculture, the embryo clumps are
placed in 2 mL cryovials with a 1.8-mL PVS2 vitrification solution and left to sit
for 60 min at 25 °C (Q. robur and Q. alba) or at 0 °C (C. sativa and Q. suber).
After this period, the embryo clumps are resuspended in 0.6 mL of fresh PVS2, and
the cryovials are placed in a cryostorage cane or cryobox, which is then immersed
rapidly in LN. For thawing, the vials are immersed for 2 min in a water bath at 40–
42 °C, and the embryo clumps are cultured on proliferation media for 6–8 weeks.
After rewarming, efficient resumption rates have been achieved in the four species
studied, with values ranging 57–92% for Q. robur (Martínez et al. 2003, Sánchez
et al. 2008), 88–93% for Q. suber (Valladares et al. 2004), 68% for C. sativa and
about 54% for Q. alba (Corredoira et al. 2014). In the case of chestnut, cork oak
and pedunculate oak, these embryo recovery rates were maintained after 10 years of
cryostorage of somatic embryo clumps (unpublished results), demonstrating the
validity of the vitrification-based procedure defined. An operational application of
the vitrification-based protocol defined by Valladares et al. (2004) was the estab-
lishment of a cryopreserved cork oak gene bank with embryogenic lines derived
from selected genotypes (Vidal et al. 2010). Currently, all 51 cork oak genotypes
withstood freezing and were able to produce new somatic embryos after LN stor-
age. Furthermore, three experimental plots have been established with the selected
materials to determine their productivity and heritable characters by investigation of
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progenies. During field testing, copies of the material were preserved under LN
(Vidal et al. 2010). In chestnut, the embryogenic resumption rates of three lines
transformed with marker genes, ranging from 52 to 65%, were found to be similar
to those achieved with cryopreserved somatic embryos derived from the wild-type
line (66%) (Corredoira et al. 2007). Moreover, this procedure was successfully used
in the cryopreservation of chestnut embryogenic lines transformed with a
thaumatin-like protein gene (Corredoira et al. 2012) and a chitinase gene
(Corredoira et al. 2016b). The conservation of embryogenic transgenic lines under
LN is of great importance during the field evaluation of embryogenic lines trans-
formed with genes of interest.

The alternative method to the vitrification-based procedure studied in hardwood
species is the desiccation-based technique, which, in general terms, has produced
worse results compared to those of the former protocol. Comparative studies of
vitrification- and desiccation-based methods clearly showed the higher recovery
rates of the vitrification procedure. In pedunculate oak, clumps of globular-/
heart-stage somatic embryos were pretreated by successive preculture on 0.3- and
0.7-M sucrose-supplemented media followed by desiccation in the air flow of a
laminar airflow cabinet to water contents of 24–34% and then immersed in LN.
Regardless of the embryogenic line used and the desiccation period applied, up to
56% of the cryopreserved somatic embryos resumed their embryogenic capacity.
As has been described for oak, when globular- or heart-shaped chestnut somatic
embryos were subjected to the same desiccation protocol prior to storage in LN,
only 33% of embryos resumed the embryogenic capacity after thawing in com-
parison with 68–92% when vitrification is applied (Corredoira et al. 2004, 2012).

Another alternative proposal is the use of the encapsulation–dehydration
methodology, as it has been reported in cork oak by Fernandes et al. (2008) with a
recovery rate of 90%. However, this figure is also achieved in the same species
using the least laborious and complex technique of vitrification (Valladares et al.
2004).

In conclusion, for hardwood species the vitrification-based methodology is
highly recommended because it provides significantly better results than the
desiccation-based method and is simpler and considerably less time-consuming
than techniques involving encapsulation.

14.3.3 Genetic Stability of Cryopreserved Material

As it has been mentioned in the Introduction section, the genetic stability of
regenerated plants after cryopreservation should be taken into consideration. The
in vitro technology as well as the mutagenic potential of DMSO may be sources of
instability although there is no evidence of morphological or genetic alterations in
forest trees as a result of cryopreservation (Häggman et al. 2008). It is necessary to
confirm whether the cooled material is ‘true to type’ after cryopreservation
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(Harding 2004). This fact is especially important in the case of long-living hard-
wood trees because in these species, genetic alterations may not be observed in
young plants but may appear in mature trees (Häggman et al. 2008; Vieitez et al.
2012). It is usually accepted that the different treatments applied before immersion
of explants in LN can induce genetic and epigenetic changes. However, in the
majority of reports published until now, there is no evidence of morphological,
cytological or molecular modifications after LN storage. In hardwood species, there
are few reports in which genetic stability after cryopreservation was evaluated, but,
in all cases, genetic or morphological alterations were not detected. In these papers,
the assessment of genetic stability was performed using PCR-based markers, such
as random amplified polymorphic DNAs (RAPDs) and microsatellites (single
sequence repeats (SSRs)), and cytological studies, such as flow cytometry and
chromosome counting.

In Betula pendula, no morphological and genetic changes using RAPD analysis
and chromosome counting were found in plants recovered from cryopreserved
shoot tips previously treated with slow cooling (Ryynänen and Aronen 2005b) and
vitrification procedures (Ryynänen and Aronen 2005a). In the same species,
Ryynänen et al. (2002) confirmed by Southern blot and northern blot that the
transcript levels of the neomycin phosphotransferase (nptII) gene did not change
due to cryopreservation of shoots isolated from transgenic plants. Also, Jokipii et al.
(2004) confirmed by RAPD analysis that slow cooling and vitrification procedures
did not affect the genetic stability of in vivo- and in vitro-collected buds of
P. tremula x P. tremuloides. In this study, the presence of the transgenic nptII gene,
analysed by Southern blot, also was found to be stable in shoots of cryopreserved
transgenic lines. On the other hand, no changes in DNA content were found in
somatic embryos and plantlets of Alnus glutinosa as determined by flow cytometry
(San José et al. 2015b).

In Fagaceae species, RAPD, SSR and flow cytometry analyses have been
applied to assess the genetic fidelity of cryogenic somatic embryos and plantlets
derived from them. In Q. robur, no differences were detected between cryopre-
served plants and mother plants of five embryogenic lines derived from mature trees
treated with PVS2 solution and immersed in LN for 1 year using RAPD analysis
(Sánchez et al. 2008). In Q. suber, the genetic stability of somatic embryos
recovered from cryopreservation was confirmed by SSR and flow cytometry
analyses (Fernandes et al. 2008). Lastly, chestnut and pedunculate oak transgenic
lines also were successfully cryopreserved following the vitrification-based pro-
cedure, and the stable integration of the uidA gene into the transgenic plants that
were regenerated subsequent to cryopreservation was demonstrated (Corredoira
et al. 2007; Mallón et al. 2013).

In conclusion, there are no references of genetic alterations in cryopreserved
material of hardwood species according to the genetic tools used for screening.
More advanced technologies should be applied to confirm these results.
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14.4 Concluding Remarks

The rapid development of biotechnological techniques, including in vitro tissue
culture and cryopreservation, provides an opportunity for long-term conservation of
hardwood tree genetic resources. Cryopreservation techniques are well defined, and
the use of the most appropriate method is related to the species under study and the
type of explant to be stored. For conservation of recalcitrant seeds, the simplest and
recommended method consists of the isolation of embryonic axes, reduction in
water content up to 20–25% of their initial level and direct immersion in LN.
A more laborious procedure is required for cryostorage of both shoot tips and
embryogenic cultures. In the first case, the steps to be covered prior to direct
immersion of the explants in LN are cold hardening of donor shoots (2–4 weeks),
preculture of isolated shoot tips on sucrose solution for 2–3 days and precryogenic
treatment with vitrification solution for 60–90 min. A similar manner must be
followed for the cryopreservation of somatic embryos and embryogenic cultures.
The most important factor to be taken into consideration in this case is the type of
explants selected for cryostorage. Clumps of 2–3 somatic embryos at globular/early
or heart stage are highly recommended instead other materials.

An interesting approach that, in our opinion, should be explored deeply in the
coming years is the storage under LN of dormant buds collected directly from
selected hardwood trees growing in the open. The procedure is simple and even in
very specific cases in vitro tissue culture technology is not required: cryopreserved
twigs bearing 1–2 buds may be rooted directly in appropriate substrates. However,
in most cases, the typical steps of in vitro establishment of dormant buds are
needed. In any case, the great potential of this approach for cryopreservation of
genetic diversity in hardwoods seems clear.

From the data available, genetic stability of cryopreserved hardwoods is
unproblematic. More efforts should be addressed, however, to diminish the muta-
genic potential of DMSO by either decreasing its concentration within the vitrifi-
cation solutions or by searching for new chemicals with no mutagenic properties.

Assuming that cryopreservation technology is today efficient and well defined
for hardwood forest species, the practical application in the development of cry-
obanks is still very limited. Efforts should be made in this direction in the coming
years for long-term preservation of hardwood biodiversity.
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Chapter 15
Diversity of Trees in the Mesoamerican
Agroforestry System

Noel A. González-Valdivia, William Cetzal-Ix, Saikat Kumar Basu,
Fernando Casanova-Lugo and Jesús F. Martínez-Puc

Abstract Biodiversity conservation and production of foods imply a hard trade-off
with no simple solutions routes. However, changing conventional agrarian and
animal husbandry models to an agroforestry one is an important approach for
achieving a better equilibrium between both economical and conservative goals.
Agroforestry systems (AFS) for tropical lands provide a renewed old approach to
deal with the need for feeding a growing population while avoiding damage to
ecosystems on which food production is achieved. Neotropical studies on the
subject have increased since the 1980s, accumulating evidences that it is possible to
consider the potential of agroforestry to improve the status of biodiversity without
hampering regular agricultural production. Three countries stand out for their
contributions in the Mesoamerican region: Costa Rica, Mexico and Nicaragua.
Notably, the researchers of biological diversity associated with Mesoamerican
agroforestry systems have turned their attention primarily on nine biological
groups: ants, bats, birds, butterflies, dung beetles, mammals, soil macrofauna, ter-
restrial mollusks and plants. Most research in Mesoamerica, including that in
Colombia and Venezuela, dealing with biodiversity in the production systems has
been abandoned. But there is an increasing trend of studies on biodiversity con-
servation in areas under active cultivation or livestock since both include trees. It is
clear that the AFS can only help in reducing the negative impacts of agriculture and
livestock grazing systems on the natural biodiversity. In conjunction with the
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network of protected areas in the region, this synergistic effect may increase the
ability of biological conservation of the territory, alongside increasing economic
benefits to the local rural society.

Keywords Agroforestry � Biodiversity � Conservation � Plants
Mesoamerica � Neotropical

15.1 Introduction

Mesoamerica typically represents a unique American sociocultural region that geo-
graphically extends between Mexico and Central American countries like Belize,
Guatemala, El Salvador, Honduras, Nicaragua and Costa Rica. However, various
scholars over time have further expanded the region of Mesoamerica spreading
between the two continents of North America and South America connected through
the Central American bridge, thereby including in broader definition countries even in
the northern reaches of the South American continent up to present-day Venezuela
andColombia.Although the definition of theMesoamerican regionwill continue to be
debated and discussed among various historians, archeologists and sociologists;
however, none can ignore the distinct sociocultural and socioeconomic history of this
unique region of the globe (Andrade et al. 2008a, b). Mesoamerica is interesting from
the perspectives of human history being an active hot bed of the evolution of major
human civilizations in the continents of the Americas. Mesoamerica represents some
of the major pre-Columbian indigenous societies of the continents of North America
and South America. The boundaries of various nation states within this region has
changed and redrawn several times with the current nations emerging on the strong
foundation of their rich history, traditions, societies and cultures.

Another important aspect of the Mesoamerican region has been its unique
environment being located at the heart of the Neotropics. Mesoamerican region is
blessed with great biodiversity of life forms in the form of both flora and fauna with
particular reference to tress (Montagnini 2012). The region has been geographically
and geologically characterized by conspicuous rain forests that has stood the test of
time for several centuries, and shaped as well as culturally impacted the develop-
ment of various Mesoamerican civilizations and societies across the pages of his-
tory (Harvey et al. 2008). The rich biodiversity of the region has been amply
recorded in the archeological as well as historical accounts and artifacts of the past
civilizations and has continued to be one of the most important factors shaping the
life and culture of numerous indigenous communities distributed across the
present-day Mesoamerica. Even the European settlers who later integrated with
these indigenous societies and finally settled down in this regions also adapted
similar sociocultural values strongly associated with the rich biodiversity of the
Neotropics (Perfecto and Vandermeer 1994).

Trees are absolutely important for the Neotropical ecosystems as they constitute
distinct ecosystem of their own and support both the soil ecosystems and the vast
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forest ecosystems in several ways. Without the trees, the basic parameters of the
sustenance of the local ecosystem of the Mesoamerican region will get drastically
altered and modified in an extremely detrimental and negative manner (Harvey
et al. 2008). The tree constitutes the canopy feature of the Neotropical forest sys-
tems and is extremely important for the survival of several micro-niches and
dependent ecosystems of such complex tropical forests and also plays a vital role in
both the mineral and nutrient cycling as well has vital roles with respect to global
warming and climate change impacting our planet (Maffi 2005). Our review
research has tried to capture how the rich tree biodiversity of the region has been
ecologically shaping Mesoamerican AFS over the decades.

15.1.1 Agroforestry Systems or AFS in Mesoamerica

Protected natural areas is one of the most important regional strategies implemented
by law in the Neotropics for the purpose of successful biodiversity conservation
(Halffter 2011). In most cases, the conservation laws are imposed without any
consideration for the affected human population. All these efforts are important, but
insufficient by not including strategies that incorporate the social component from
the beginning, since conscious appropriation of a culture of conservation often
exists in a population and is often more important than the formal laws or regu-
lations. In the Neotropics, the heterogeneity is evident along with these conserva-
tion practices by local, traditional and indigenous human societies for millennia
(Gómez-Pompa and Kaus 1992; Gómez-Pompa et al. 2003).

An example of human adaptation of farming practices of semipermanent, rota-
tional nature is commonly known as slash-and-burn agriculture; which still remains
a common practice in various parts of Mesoamerica. This system, more appropri-
ately called maize field system (in Spanish “milpa”), is the result of the imple-
mentation of comprehensive knowledge of natural, biological, ecological and
geochemical cycles, as well as subsequent improvement and adaptation of crop
varieties (Hernández-X et al. 2011) that should be able to sustain an average
population density 142 persons/km2 (Ford et al. 2011). This adaptive knowledge
has been summarized in an expression, biocultural diversity (Toledo 1996; Maffi
2005), and can help us deal with the uncertainty of global warming and climate
change (Montagnini 2012).

Agroforestry system (AFS) is as an expression of cultural diversity of
Mesoamerican people. It has been an ancient and integral part of the agricultural
traditions of the Neotropics for several centuries. When introduced with livestock
and other new crops after the arrival of European settlers, a modification of these
traditional processes resulted in the implementation of new production strategies. It
gradually shifted to the rotational agroforestry system or “corn field” system and its
variants known as “conuco” (Petit-Aldana and Uribe-Valle 2006), for monoculture
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of crops and open pastures, which are set for long periods in soil, making it difficult
for the latter to recover their natural fertility and ecological balance. By removing
forest cover extensively, local biodiversity is negatively impacted, and the system
becomes unbalanced, causing, among other detrimental impacts, soil degradation
and soil erosion as well as promoting the preponderance of unwanted pests.

Several studies have demonstrated that the incorporation of the tree as an element
of management of the agricultural systems allows many species of plants to suc-
cessfully survive and coexist within these productive areas (Harvey et al. 2008;
Vandermeer and Perfecto 2007). However, it is clear from the review of the available
primary literature that the effect of removing original forests, in most cases, involves
species that are either generalist or specialist types in both open and/or disturbed
habitats. There are species in the forest that are present in the early ecological suc-
cession, taking advantage of the fall of dominant trees and the dynamics of availability
of light in the forest floor seriously challenged by the predominance of high canopy
growth trees competing with one another for space, light and other necessary nutri-
ents. Species inside the dense forest represent wooded specialists that tend to disap-
pear in those territories that are being extensively used for grazing and for growing
conventional crops (González-Valdivia et al. 2014).

The strategy that supports an increase in the agricultural and livestock produc-
tion includes different arboreal strata, with multiple purposes for the human users.
Trees should belong to a broad and representative diversity of native functional
groups, including pioneer trees to persistent dominant upper canopy members of the
original undisturbed forest. The arrangements should include different forms and
spatial patterns, incorporating them from the set of scattered trees, through scattered
woods, connected by lines of trees with multiple species and vegetation strata of
variable amplitude reaching the edges of the permanent strips of vegetation adjacent
to cultivated fields or open pastures.

Even when there is available local knowledge of significant conservation value,
the plant diversity associated with different AFS in tropical America (Neotropics)
needs to be studied carefully. Very little is known about the agroforestry systems
designed to improve efficiency simultaneously in agricultural production and
wildlife conservation in the Mesoamerican region. The studies conducted till date
frequently describe the AFS host species richness such as the preserved habitats
(Tobar-López and Ibrahim 2008; González-Valdivia et al. 2011), which may even
represent a relatively high percentage of flora and fauna of a state of a country
(González-Valdivia 2003). In this review, some research trends on the biodiversity
of agroforestry systems (AFS) in the Mesoamerican region have been discussed and
analyzed.
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15.1.2 Information of AFS for the Mesoamerican Region

Information on the botanical diversity studied in AFS for the Mesoamerican region
(Fig. 15.1 and Table 15.1) has been obtained.

The cutoff point is detected in the search when the titles and authors cited begin
to repeat themselves and the number of new entrants to the list declines signifi-
cantly. This method of sampling is characteristic of qualitative research techniques
because it reaches the generalization of information following the scientific com-
munication networks (Bernard 2006).

Fig. 15.1 Countries included in this review of publications for AFS for the Mesoamerican region
and South America area (Colombia and Venezuela)
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Table 15.1 Selected publications available and accessible online on AFS and associated
biodiversity country in Mesoamerica (including Colombia and Venezuela)

Country NP References

México 53 Guevara et al. (1986, 1992); Nestel et al. (1992); (Guevara and Laborde
1993); Greenberg et al. (1997aa, b), Ibarra-Núñez and García-Ballinas
(1998); Moguel and Toledo (1999); Otero-Arnaiz et al. (1999); Ibarra
et al. (2001); Montes de Oca (2001); Perfecto and Vandermeer (2002);
Mas and Dietsch (2003); Brown et al. (2004); Armbrecht et al. (2004);
Perfecto et al. (2004); Tejeda-Cruz and Sutherland (2004); Mas and
Dietsch (2004); Díaz Valdiviezo (2005); Perfecto et al. (2005);
Cruz-Angón and Greenberg (2005); Larellano et al. (2005), Pineda et al.
(2005), Pascacio-Damián (2006); Petit-Aldana and Uribe-Valle (2006);
García-Estrada et al. (2006); Philpott et al. (2006a, b); Dietsch et al.
(2007); Soto-Pinto et al. (2008); Williams-Guillén et al. (2008);
Macip-Ríos and Casas-Andreu. (2008); Macip-Ríos and Muñoz-Alonzo
(2008); Cruz-Angón et al. (2009); González-Valdivia, et al (2011);
Salgado-Mora et al. (2007); Philpott et al. (2008a); Picone (2000);
Casasola et al. (2001); Nieto (2001); González-Valdivia (2003);
Hernández et al. (2003); Harvey et al. (2004a, b); Vílchez et al. (2004);
Gómez et al. (2004); Pérez et al. (2005); Harvey et al. (2005); Pérez et al.
(2006); Sáenz et al. (2006); Harvey et al. (2006a, b); Medina et al.
(2007); Méndez et al. (2010); Siles et al. (2013); Goodall et al. (2015);
Philpott et al. (2008b); Toledo et al. (2008); Jackson et al. (2009); Jha
and Vandermeer (2009); Ramírez-Albores (2010); Mariaca-Méndez
(2012); Van Der Wal et al. (2012); González-Valdivia et al. (2012);
Guevara et al. (2012); Basto-Estrella et al. (2012); González-Valdivia
et al. (2013); Martínez-Encino et al. (2013); Toledo-Aceves et al. (2013);
González-Valdivia et al. (2014); De la Mora-Rodríguez (2014); Arellano
et al. (2013)

Guatemala 7 Vaninni (1994); Greenberg et al. (1997b); Calvo and Blake (1998);
Ferguson (2001); Ferguson et al. (2003); Kraker-Castañeda and
Pérez-Consuegra (2011); Cerezo et al. (2013)

Honduras 4 Pérez et al. (2005); Alemán-Mejía (2008); Fonte et al. (2010); Pérez et al.
(2011)

El
Salvador

2 García et al. (2001); Méndez et al. (2010)

Nicaragua 18 Picone (2000); Casasola et al. (2001); González-Valdivia (2003);
Hernández et al. (2003); Harvey et al. (2004a, b); Vílchez et al. (2004);
Gómez et al. (2004); Pérez et al. (2005a, b); Harvey et al. (2005); Pérez
et al. (2006); Sáenz et al. (2006); Harvey et al. (2006a, b); Medina et al.
(2007); Méndez et al. (2010); Siles et al. (2013); Goodall et al. (2015)

Costa
Rica

48 Janzen (1982a, b); Somarriba (1985); Perfecto and Vandermeer (1994);
Perfecto and Snelling (1995); Somarriba (1995); Perfecto et al. (1996,
1997); Vandermeer and Perfecto (1997); Holl (1998); Harvey et al.
(1999); Harvey and Haber (1999); Harvey (2000); Nielsen and DeRosier
(2000); Peterson and Haines (2000); Slocum and Horvitz (2000); Ibrahim
et al. (2001); Daily et al. (2001); Guiracocha et al. (2001); Zamora et al.
(2001); Rojas et al. (2001); Cárdenas et al. (2003); Cleveland et al.
(2003); Esquivel et al. (2003); Munroe et al. (2004); Harvey et al.
(2004a, b); Pérez et al. (2005a); Harvey et al. (2005); Sáenz et al. (2006);

(continued)
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15.2 AFS and Plant Diversity by Countries
in Mesoamerica

The majority of the published studies on diversity in AFS are concentrated in Costa
Rica, Nicaragua and Mexico, with the more recent inclusion of other South
American countries like Colombia and Venezuela (near region), which has
increased the number of publications derived from research on the subject. In
Table 15.1, the authors and the number of publications per country are presented.

15.3 Publications on Plant Diversity in Mesoamerican
AFS

The result of the literature review studies on plant diversity in AFS initiated during
the 1980s, with relatively few articles and other scientific papers appearing in media
prior to this period (Fig. 15.2). In the 1990s, there was a marked increase in the
number of publications on the subject of biological diversity associated with pro-
duction systems. Then, studies of fragmentation of habitats and its effect on
diversity predominated, as well as those that study plant successions and ecosystem
recoveries after the abandonment; the focus has been to understand how these
processes occur and how they can be used in the restoration of the disturbed
ecosystems.

Table 15.1 (continued)

Country NP References

Estrada et al. (2006); Tobar-López et al. (2006); Sánchez-De León et al.
(2006); Rossi et al. (2011); Harvey et al. (2007); Villanueva et al. (2007);
Andrade et al. (2008a, b); Harvey et al. (2008); Tobar-López and Ibrahim
(2008); Nadkarni and Haber (2009); Peters and Greenberg (2013);
Sánchez et al. (2013); Stephen and Sánchez (2014); Vásquez-Vela
(2014); Durango et al. (2015)

Panama 2 Van Bael et al. (2007); Córdoba et al. (2013)

Colombia 18 Decaëns et al. (1994); Botero and Russo (1998); Jiménez et al. (1998);
Posada et al. (2000); Cajas and Sinclair (2001); Esquivel-Sheik and Calle
Díaz (2002); Decaëns et al. (2004); Sáenz et al. (2006); Armbrecht et al.
(2006); Fajardo et al. (2009); Calonge et al. (2010); Giraldo et al. (2011);
Botero and De la Ossa (2011); Neita and Escobar (2012); De la Ossa
et al. (2012); Rojas-Sánchez et al. (2012); López et al. (2013); De la
Ossa-Lacayo (2013); Díaz-Bohórquez et al. (2014)

Venezuela 2 Araujo and López-Hernández (1999); Hernández et al. (2012)

NP Number of publications
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15.4 Trends in the Diversity of AFS Flora

In the 2000s, the research has been predominantly focused on agricultural man-
agement systems, particularly those categorized as AFS. In this case, most of the
researches have been focused on one or a few species and handful studies with
multiple taxa are available (Table 15.2). The trend remains high in this type of
approach during the current decade, appearing more frequently in AFS investiga-
tions assessing biodiversity based on various biological groups, not only vegetation
(trees), but rather observed as a whole. Figure 15.1 shows the pattern of publica-
tions on plant diversity in wooded farming systems, AFS type. The greatest
dynamism of publications on Mesoamerican AFS and diversity of plants were
initiated in the early 1990s, peaking in 2000, from which it has decreased in
general, however, maintaining a superior rate to what it demonstrated before 1990.

Fig. 15.2 Publications on biodiversity in Mesoamerican AFS (including Colombia and
Venezuela) according to reviewed scientific literature between 1980 and 2015. a Publications
per year. b Publications by five-year period. c Publications by ten-year period
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A total of 45 of the 77 studies of vegetation in AFS distributed in different
countries including some type of flora as the only object of study, predominating in
this case the tree layer (Fig. 15.3). Of the total, 31 documents include a
multi-taxonomic perspective, plus vegetation and other biological groups. Of these,
up to 16 documents consider the relationships of vegetation with two or more
distinct biological groups. On the other hand, vegetation studies directly related to
ornithology (14 reports), arthropodology (3 reports) and herpetology (2 reports)
have also been documented (Fig. 15.4).

Table 15.2 Growth forms diversity and origin taxa of AFS per countries

Country Taxa Herb Shrub Tree Climber Vine NT NAP N

Mexico 94 2 1 90 1 – 1 12 81

Belize 10 – – 10 – – 1 – 9

Guatemala 38 4 8 26 – – 3 – 35

El Salvador 26 – 1 25 – – 2 4 20

Honduras 10 1 – 9 – – – – 10

Nicaragua 165 59 13 75 13 5 9 11 145

Costa Rica 43 3 – 40 – – 9 6 28

Panama 20 – – 20 – – 2 5 13

Colombia 5 1 1 3 – – 1 – 4

Venezuela 8 – – 8 – – 2 1 5

Fig. 15.3 Growth form diversity in AFS for the Mesoamerican region
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15.5 Diversity of Flora in AFS

The flora recorded for AFS includes about 301 taxa. Of these, 286 have been
identified to the species level and 15 at the genus level. Families with more species
diversity are Fabaceae (73), Poaceae (23), Malvaceae (14), Bignoniaceae (11),
Rutaceae (11), Euphorbiaceae (10), Moraceae (9) and Rubiaceae (9) which together
accounts for 53% of the floral assemblage (Fig. 15.5). These plant families with
more species in the Mesoamerican area coincides with the best represented families
in the flora of AFS. The flora recorded in the AFS are mainly native species (244),
followed by non-native species from other continents (33) and non-natives that do
not grow naturally in those countries and are cultivated by humans (24).

The growth forms recorded in the studies reviewed is dominated by the arboreal
habit (193 species), followed by the herbs (69 species), shrubs (22 species),
climbers (12 species) and vines (5 species) (Fig. 15.6). The predominance of trees
would increase if two studies conducted in Nicaragua (González-Valdivia 2003;

Fig. 15.5 Botanical families registered in the flora of AFS for the Mesoamerican region
(including all growth forms)

Fig. 15.4 Publications with multi-taxonomic perspective of the reported total. Number in
parentheses: 1 Plants. 2 Multi-taxa. 3 Plants and birds. 4 Plants and arthropods. 5 Plants and
herpetofauna. 6 Plants and other groups
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Gómez et al. 2004) were not included. In the previous two works, herbs that grow
spontaneously in the land dedicated to livestock are included, a situation quite
widespread in several local studies.

15.6 Diversity of Trees in AFS

For the purpose of providing equality to the results between countries, we pro-
ceeded to the restricted comparison of trees, which by definition are the essential
component of the agroforestry system. When considering only the trees (including
palms), the number of species demonstrating less extreme, the order of importance
of trees has been presented in the AFS by changes according to the countries. Of the
193 registered taxa of trees in the AFS, Mexico is the country with highest richness
(90 species), followed by Nicaragua (75 species), Costa Rica (40) and other
countries with less than 20 species (Table 15.2).

Studying in detail the botanical families (including natives, non-natives and
non-American plant families), we found that legume (Fabaceae) members pre-
dominate over other plant families in the region (Fig. 15.6). The families such as
Bignoniaceae, Moraceae, Rubiaceae and Meliaceae are also frequently represented
in the AFS in the region. Within the families represented by non-native American
species, Rutaceae provides an important component to tree flora in the AFS in
Mesoamerica. This family is widely cultivated in Mesoamerica for its edible
(Citrus) as well as medicinal (Zanthoxylum) importance (Fig. 15.7).

Fig. 15.6 Botanical families registered in the flora of AFS for the Mesoamerican region
(including only trees)
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Fig. 15.7 Representative species of the AFS for the Mesoamerican region
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Table 15.3 Plant species in agroforestry systems in Mesoamerica (based on the studies cited
here)

Family Taxa HG DO M B G E H N C P Co V

Acanthaceae Blechum pyramidatum
(Lam.) Urb.

Hb N �

Acanthaceae Bravaisia integerrima
(Spreng.) Standl.

T N �

Acanthaceae Dyschoriste
quadrangularis
(Oertst.) Kuntze

Hb N �

Acanthaceae Elytraria imbricata
(Vahl) Pers.

Hb N �

Acanthaceae Nelsonia canescens
(Lam.) Spreng.

Hb NT* �

Acanthaceae Trichanthera
gigantean (Humb. &
Bonpl.) Nees

S N �

Actinidiaceae Saurauia villosa DC. T N �
Amaranthaceae Achyranthes aspera L. Hb N �
Anacardiaceae Astronium graveolens

Jacq.
T N � � � �

Anacardiaceae Mangifera indica L. T NT* � �
Anacardiaceae Spondias mombin L. T N � � �
Anacardiaceae Spondias purpurea L. T N � � �
Annonaceae Annona cherimola

Mill.
T NT �

Annonaceae Annona diversifolia
Saff.

T N �

Annonaceae Annona muricata L. T N � �
Annonaceae Annona purpureaMoc.

& Sessé ex Dunal
T N �

Annonaceae Annona reticulata L. T N � �
Apocynaceae Aspidosperma

cruentum Woodson
T N �

Apocynaceae Aspidosperma
megalocarpon Müll.
Arg.

T N � �

Apocynaceae Gonolobus barbatus
Kunth.

Cl N �

Apocynaceae Stemmadenia donnell-
smithii (Rose)
Woodson

T N � �

Apocynaceae Thevettia sp. S N �
Araliaceae Dendropanax arboreus

(L.) Decne. & Planch.
T N �

Araliaceae Sciadodendron
excelsum Griseb.

T N �

Arecaceae T N � �
(continued)
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Acrocomia aculeata
(Jacq.) Lodd. ex Mart.

Arecaceae Attalea cohune Mart. T N � �
Arecaceae Cocos nucifera L. T NT* �
Asparagaceae Dracaena fragrans

(L.) Ker Gawl
T NT* �

Asteraceae Ageratum conyzoides
L.

Hb N �

Asteraceae Baltimora recta L. Hb N �
Asteraceae Calea urticifolia

(Mill.) DC.
Hb N �

Asteraceae Elephantopus spicatus
B. Juss ex Aubl.

Hb N �

Asteraceae Liabum sp. Hb N �
Asteraceae Melampodium

divaricatum (Rich. ex
Rich.) DC.

Hb N �

Asteraceae Tridax procumbens L. Hb N �
Betulaceae Alnus acuminata

Kunth.
T N �

Bignoniaceae Crescentia alata Kunth T N � � �
Bignoniaceae Crescentia cujete L. T N � �
Bignoniaceae Jacaranda caucana

Pittier
T NT �

Bignoniaceae Parmentiera aculeata
(Kunth.) Seem.

T N �

Bignoniaceae Tabebuia donnell-
smithii Rose

T N � �

Bignoniaceae Tabebuia guayacan
(Seem.) Hemsl.

T N �

Bignoniaceae Tabebuia pentaphylla
(L.) Hemsl.

T N �

Bignoniaceae Tabebuia ochraceae A.
H. Gentry

T N � �

Bignoniaceae Tabebuia rosea
(Bertol.) DC.

T N � � � � � �

Bignoniaceae Tabebuia serratifolia
(Vahl) G.Nicholson

T N �

Bignoniaceae Tabebuia sp. T N �
Bixaceae Bixa orellana L. S N �
Bixaceae Cochlospermum

vitifolium (Willd.)
Spreng.

T N �

Boraginaceae Bourreria mollis
Standl.

S N �
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Family Taxa HG DO M B G E H N C P Co V

Boraginaceae Cordia alliodora (Ruiz
& Pav.) Oken

T N � � � � � � � �

Boraginaceae Cordia bicolor A. DC. S N �
Boraginaceae Cordia collococca L. T N �
Boraginaceae Cordia dentata Poir. T N �
Boraginaceae Cordia panamensis L.

Riley
S N �

Burseraceae Bursera simaruba (L.)
Sarg.

T N � � � � � � �

Calophyllaceae Calophyllum
brasiliensis (Cambess.)

T N � �

Cannabaceae Aphanathe monoica
(Hemsl.) J.F. Leroy

T N �

Capparaceae Capparidastrum
frondosum (Jacq.)
Cornejo & Iltis

T N �

Caricaceae Carica papaya L. T N � �
Caricaceae Jacaratia mexicana A.

DC.
T N �

Combretaceae Combretum fruticosum
(Loefl.) Stuntz

V N �

Combretaceae Laguncularia
racemosa (L.) C.F.
Gaertn.

T N �

Combretaceae Terminalia amazonia
(J.F. Gmel.) Exell

T N � �

Combretaceae Terminalia ivorensis
A. Chev.

T NT* � �

Combretaceae Terminalia oblonga
(Ruiz & Pav.) Steud.

T NT �

Commelinaceae Commelina diffusa
Burm. f.

Hb N �

Convolvulaceae Ipomoea batatas (L.)
Lam.

Cl N �

Convolvulaceae Ipomoea hederifolia L. Cl N �
Cupresaceae Cupressus lusitanica

Mill.
T NT* �

Cyperaceae Cyperus articulatus L. Hb N �
Cyperaceae Cyperus luzulae (L.)

Retz.
Hb N �

Cyperaceae Cyperus odoratus L. Hb NT* �
Cyperaceae Cyperus rotundus L. Hb NT* �
Cyperaceae Dichromena ciliata

Pers.
Hb NT �

Cyperaceae Hb N �
(continued)
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Scleria melaleuca
Rchb. ex Schltdl. &
Cham.

Dilleniaceae Curatella americana
L.

T N �

Ebenaceae Diospyros salicifolia
Humb. & Bonpl. ex
Willd.

T N �

Euphorbiaceae Acalypha
alopecuroides Jacq.

Hb N �

Euphorbiaceae Acalypha sp. Hb N �
Euphorbiaceae Caperonia palustris

(L.) A. St.-Hil.
Hb N �

Euphorbiaceae Croton draco Schltdl. T N �
Euphorbiaceae Hevea brasiliensis

(Willd. ex A. Juss.)
Müll. Arg.

T NT �

Euphorbiaceae Hura crepitans L. T NT �
Euphorbiaceae Manihot esculenta

Crantz.
S NT �

Euphorbiaceae Phyllanthus amarus
Schumach. & Thonn.

Hb N �

Euphorbiaceae Phyllanthus
brasiliensis (Aubl.)
Poir.

S N �

Euphorbiaceae Sapium macrocarpum
Müll. Arg.

T N �

Fabaceae Acacia collinsii Saff. T N �
Fabaceae Acacia cornigera (L.)

Willd.
S N �

Fabaceae Acacia farnesiana (L.)
Willd.

S N �

Fabaceae Acacia mangium
Willd.

T NT �

Fabaceae Acacia pennatula
(Schltdl. & Cham.)
Benth.

T N � �

Fabaceae Acrocarpus
fraxinifolius Arn.

T NT �

Fabaceae Andira inermis
(Wright.) DC.

T N �

Fabaceae Bauhinia divaricata L. S N �
Fabaceae Bauhinia monandra

Kurz
S NT* �

Fabaceae Bauhinia ungulata L. T N �
Fabaceae T N �
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Family Taxa HG DO M B G E H N C P Co V

Caesalpinia pinnata
(Griseb.) C. Wright

Fabaceae Calliandra calothyrsus
Meisn.

T N �

Fabaceae Calliandra
houstoniana (mil.)
Standl.

T N �

Fabaceae Calopogonium
mucunoides Desv.

Cl N �

Fabaceae Cassia fistula L. T NT* �
Fabaceae Cassia grandis L. f. T NT � �
Fabaceae Centrosema pubescens

Benth.
Cl N �

Fabaceae Centrosema plumieri
(Pers.) Benth.

Cl N �

Fabaceae Chloroleucon
eurycyclum Barneby &
J.W. Grimes

T NT �

Fabaceae Crudia choussyana
(Standl.) Standl.

T NT �

Fabaceae Dalbergia retusa
Hemsl.

T N � � �

Fabaceae Dalbergia stevensonii
Standl.

T N �

Fabaceae Desmodium distortum
(Aubl.) J.F. Macbr.

Hb N �

Fabaceae Desmodium
procumbens (Mill.)
Hitchc.

Hb N �

Fabaceae Diphysa americana
(Mill.) M. Sousa

T N � �

Fabaceae Diphysa robinioides
Benth.

T N � � � �

Fabaceae Enterolobium
cyclocarpon (Jacq.)
Griseb.

T N � � � � �

Fabaceae Erythrina americana
Mill.

T N �

Fabaceae Erythrina berteroana
Urb.

T N � �

Fabaceae Erythrina costaricensis
Micheli

T N �

Fabaceae Erythrina poepiggiana
(Walp.) O.F. Cook

T N �

Fabaceae Erythrina sp. T N �
Fabaceae T N � � � �
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Gliricidia sepium
(Jacq.) Walp.

Fabaceae Haematoxylum
campechianum L.

T N �

Fabaceae Hymenaea courbaril L. T N � �
Fabaceae Indigofera jamaicensis

Spreng.
Cl N �

Fabaceae Inga densiflora Benth. T N �
Fabaceae Inga jinicuil Schltdl. T N �
Fabaceae Inga micheliana Harms T N �
Fabaceae Inga punctata Willd. T N �
Fabaceae Inga ruiziana G. Don. T N �
Fabaceae Inga vera Willd. T N � �
Fabaceae Leucaena shannonii

Donn. Sm.
T N �

Fabaceae Lysiloma aurita
(Schltdl.) Benth.

T N � �

Fabaceae Lysiloma divaricatum
(Jacq.) J.F.Macbr.

T N �

Fabaceae Lonchocarpus
guatemalensis Benth.

T N � �

Fabaceae Lonchocarpus
hondurensis Benth.

T N �

Fabaceae Lonchocarpus
parviflorus Benth.

T N �

Fabaceae Lonchocarpus rugosus
Benth.

T N �

Fabaceae Macroptilium
atropurpureum (DC.)
Urb.

Cl N � �

Fabaceae Mimosa albida Willd. S N �
Fabaceae Mimosa pigra L. S N �
Fabaceae Mucuna pruriens (L.)

DC.
Cl N �

Fabaceae Myrospermum
frutescens Jacq.

T N �

Fabaceae Peltogyne purpurea
Pittier

T NT �

Fabaceae Piscidia grandifolia
(Donn. Sm.) I.M.
Johnst.

T N �

Fabaceae Piscidia piscipula (L.)
Sarg.

T N � �

Fabaceae Pithecellobium dulce
(Roxb.) Benth.

T N � �
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Fabaceae Pithecellobium
oblongum Benth.

T N �

Fabaceae Platymiscium
dimorphandrum Donn.
Sm.

T N �

Fabaceae Platymiscium
parviflorum Benth.

T N �

Fabaceae Platymiscium
yucatanum Standl.

T N �

Fabaceae Platypodium elegans
Vogel

T N �

Fabaceae Pterocarpus officinalis
Jacq.

T N �

Fabaceae Rhynchosia minima
(L.) DC.

Cl N �

Fabaceae Samanea saman
(Jacq.) Merr.

T NT � � � � �

Fabaceae Schyzolobium
parahyba (Vell.) S.F.
Blake

T N � �

Fabaceae Senna atomaria (L.) H.
S.Irwin & Barneby

T N � �

Fabaceae Senna obtusifolia (L.)
H.S.Irwin & Barneby

Hb N �

Fabaceae Senna sp. Hb N �
Fabaceae Tamarindus indica L. T NT* �
Fabaceae Teramnus labialis (L.

f.) Spreng.
Cl N �

Fabaceae Teramnus uncinatus
(L.) Sw.

Cl N �

Fagaceae Quercus oleoides
Schltdl. & Cham.

T N �

Fagaceae Quercus sapotifolia
Liebm.

T N �

Fagaceae Quercus segoviensis
Liebm.

T N �

Hydroleaceae Hydrolea spinosa L. S N �
Juglandaceae Juglans neotropica

Diels
T NT �

Lamiaceae Cornutia pyramidata
L.

S N � �

Lamiaceae Gmelina arborea
Roxb.

T NT* �

Lamiaceae Hyptis capitata Jacq. Hb N �
Lamiaceae Hyptis pectinata (L.)

Poit.
Hb N �
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Lamiaceae Hyptis suaveolens (L.)
Poit.

Hb N �

Lamiaceae Tectona grandis L. f. T NT* � � �
Lamiaceae Vitex gaumeri Greenm. T N �
Lauraceae Cinnamomum

triplinerve (Ruiz &
Pav.) Kosterm.

T N �

Lauraceae Nectandra hihua (Ruiz
& Pav.) Rohwer

T N �

Lauraceae Ocotea sp. T N �
Lauraceae Persea americana

Mill.
T N � �

Lauraceae Persea schiedeana
Nees

T N �

Lygodiaceae Lygodium venustum
Sw.

Cl N �

Magnoliaceae Magnolia yoroconte
Dandy

T N �

Malpighiaceae Byrsonima crassifolia
(L.) Kunth

T N � � � �

Malvaceae Byttneria aculeata
Jacq.

Hb N �

Malvaceae Ceiba aesculifolia
(Kunth) Britten &
Baker f.

T N �

Malvaceae Ceiba pentandra (L.)
Gaertn.

T N � � � �

Malvaceae Guazuma ulmifolia
Lam.

T N � � � � �

Malvaceae Luehea candida (Moc.
& Sessé ex DC.) Mart.

T N �

Malvaceae Luehea seemannii
Triana & Planch

T N �

Malvaceae Melochia tomentosa L. Hb N �
Malvaceae Pachira quinata

(Jacq.) W.S. Alverson
T N � � �

Malvaceae Robinsoniella
lindeniana

S N �

Malvaceae Sida acuta Burm. f. Hb N �
Malvaceae Sida jussiaeana DC. Hb N �
Malvaceae Theobroma bicolor

Humb. & Bonpl.
T N �

Malvaceae Triumfetta lappula L. Hb N �
Malvaceae Waltheria indica L. Hb N �
Marantaceae Maranta arundinaceae

L.
Hb N �
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Family Taxa HG DO M B G E H N C P Co V

Meliaceae Cedrela odorata L. T N � � � � � � � � �
Meliaceae Guarea sp. T N �
Meliaceae Melia azedarach L. T N �
Meliaceae Swietenia humilis

Zucc.
T N �

Meliaceae Swietenia macrophylla
King

T N � � � �

Meliaceae Trichilia americana
(Sessé & Moc.) T.D.
Penn.

T N �

Meliaceae Trichilia hirta L. T N �
Moraceae Artocarpus altilis

(Parkinson ex F.A.
Zorn) Fosberg

T NT* �

Moraceae Artocarpus communis
J.R. Forst. & G. Forst.

T NT* �

Moraceae Brosimum alicastrum
Sw.

T N � �

Moraceae Ficus insipida Willd. T N �
Moraceae Ficus aurea Nutt. T N �
Moraceae Ficus pertusa L. f. T N � � �
Moraceae Ficus sp. T N �
Moraceae Poulsenia armata

(Miq.) Standl.
T N �

Moraceae Trophis racemosa (L.)
Urb.

T N �

Muntingiaceae Muntingia calabura L. T N � �
Myristicaceae Virola koschnyi Warb. T N �
Myrtaceae Eucalyptus

camaldulensis Dehnh.
T NT* �

Myrtaceae Eucalyptus deglupta
Blume

T NT* �

Myrtaceae Eucalyptus globulus
Labill.

T NT* �

Myrtaceae Myrciaria floribunda
(H.West ex Willd.) O.
Berg

S N �

Myrtaceae Psidium guajava L. T N � � � �
Oleaceae Fraxinus uhdei

(Wenz.) Lingelsh.
T NT �

Onagraceae Ludwigia decurrens
Walter

Hb N �

Oxalidaceae Oxalis corniculata L. Hb N �
Papaveraceae Argemone mexicana L. Hb N �
Pinaceae T NT �
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Pinus caribaea
Morelet

Pinaceae Pinus oocarpa Schiede T N � � �
Pinaceae Pinus maximinoi H.E.

Moore
T N �

Piperaceae Piper sp. S N �
Plantaginaceae Scoparia dulcis L. Hb N �
Poaceae Andropogon gayanus

Kunth
Hb NT �

Poaceae Axonopus compressus
(Sw.) P. Beauv.

Hb NT �

Poaceae Bambusa vulgaris
Schrad.

Hb NT* �

Poaceae Brachiaria brizantha
(A. Rich.) Stapf

Hb NT �

Poaceae Brachiaria decumbens
Stapf

Hb NT �

Poaceae Chloris radiata (L.)
Sw.

Hb N �

Poaceae Cynodon nlemfuensis
Vanderyst

Hb NT* �

Poaceae Cynodon
plectostachyus (K.
Schum.) Pilg.

Hb NT* �

Poaceae Dichanthium aristatum
(Poir.) C.E. Hubb.

Hb NT* �

Poaceae Echinochloa colona
(L.) Link

Hb NT* �

Poaceae Guadua angustifolia
Kunth

Hb N �

Poaceae Hyparrhenia rufa
(Nees) Stapf

Hb NT* � �

Poaceae Ixophorus unisetus
(J. Presl) Schltdl.

Hb N �

Poaceae Melinis minutiflora
P. Beauv.

Hb NT* �

Poaceae Oplismenus burmannii
(Retz.) P. Beauv.

Hb N �

Poaceae Panicum maximun
Jacq.

Hb NT* �

Poaceae Panicum sp. Hb NT �
Poaceae Paspalum centrale

Chase
Hb N �

Poaceae Paspalum conjugatum
P.J. Bergius

Hb N �

Poaceae Hb N �
(continued)
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Paspalum notatum
Flüggé

Poaceae Paspalum plicatulum
Michx.

Hb N �

Poaceae Paspalum virgatum L. Hb N �
Poaceae Setaria parviflora

(Poir.) M. Kerguélen
Hb N �

Proteaceae Grevillea robusta A.
Cunn. Ex R. Br.

T NT � �

Rhamnaceae Karwinskia calderonii
Standl.

T N �

Rhamnaceae Ziziphus mexicana
Rose

T N �

Rubiaceae Alibertia edulis (Rich.)
A. Rich. ex DC.

T N �

Rubiaceae Blepharidium
mexicanum Standl.

T N �

Rubiaceae Calycophyllum
candidissimum (Vahl)
DC.

T N �

Rubiaceae Genipa americana L. T N � � �
Rubiaceae Genipa sp. T N �
Rubiaceae Hamelia patens Jacq. S N � �
Rubiaceae Randia armata (Sw.)

DC.
T N �

Rubiaceae Simira salvadorensis
(Standl.) Steyerm.

T N �

Rubiaceae Spermacoce remota
Lam.

Hb N �

Rutaceae Citrus aurantiifolia
(Christm.) Swingle

T NT* �

Rutaceae Citrus x aurantium L. T NT* �
Rutaceae Citrus limon (L.)

Osbeck
T NT* �

Rutaceae Citrus mitis Blanco T NT* �
Rutaceae Citrus nobilis Lour. T NT* �
Rutaceae Citrus reticulata

Blanco
T NT* �

Rutaceae Citrus sinensis (L.)
Osbeck

T NT* � �

Rutaceae Zanthoxylum sp. T N �
Rutaceae Zanthoxylum

elephantiasis Macfad.
T NT �

Rutaceae Zanthoxylum
kellermanii P. Wilson

T N �
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Rutaceae Zanthoxylum
juniperinum Poepp.

T N �

Salicaceae Casearia corymbosa
Kunth

T N �

Salicaceae Casearia sylvestris Sw. T N �
Salicaceae Zuelania guidonia

(Sw.) Britton & Millsp.
T N � �

Sapindaceae Cupania belizensis
Standl.

T N �

Sapindaceae Cupania dentata Moc.
& Sessé ex DC.

T N � �

Sapindaceae Cupania glabra Sw. T N �
Sapindaceae Cupania guatemalensis

(Turcz.) Radlk.
T N �

Sapindaceae Sapindus saponaria L. T N � �
Sapindaceae Serjania atrolineata C.

Wright
V N �

Sapindaceae Serjania sp. V N �
Sapindaceae Thouinidium

decandrumc (Humb. &
Bonpl.) Radkl.

T N �

Sapotaceae Chrysophyllum cainito
L.

T N �

Sapotaceae Chrysophyllum
mexicanum Brandegee

T N �

Sapotaceae Manilkara sapota Van
Royen

T N �

Sapotaceae Pouteria amygdalina
(Standl.) Baehni

T N �

Sapotaceae Pouteria sapota (Jacq.)
H.E. Moore & Stearn

T N �

Selaginellaceae Selaginella sertata
Spring

Hb N �

Simaroubaceae Simarouba amara
Aubl.

T N � � �

Smilacaceae Smilax spinosa Mill. V N �
Solanaceae Cestrum racemosum

Ruiz & Pav.
S N �

Solanaceae Solanum sp. S N �
Urticaceae Cecropia obtusifolia

Bertol.
T N � �

Urticaceae Cecropia peltata L. T N �
Verbenaceae Lantana camara L. Hb N � �
Verbenaceae Stachytarpheta frantzii

Pol.
Hb N �
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Most of the trees that have been identified in the AFS have low frequency of
occurrence and are not represented in all the countries, with the exception of a few
species (Table 15.3). The common species recorded in the studies on AFS areCedrela
odorata (eight countries), Bursera simarouba and Cordia alliodora (both in seven
countries). This is followed byTabebuia rosea (six countries) and finallyEnterolobium
cyclocarpon and Guazuma ulmifolia (in five countries each one) (Table 15.3).

The most common species in the Mesoamerican AFS are part of a set of trees
that are considered to be useful for multiple purposes (Roman-Miranda 2001;
Zamora et al. 2001; Ochoa-Gaona et al. 2012). For example, the common species
providing fuel, fodder, fiber, timber, fixing atmospheric nitrogen/carbon, providing
shade and/or posts for local producers and/or farmers, as well as being able to resist
floods, droughts, fires, grazing or frequent pruning, sprouting successfully and
quickly recovering the coverage of their foliage are more widely cultivated
(Lombo-Ortiz 2012). The case of Cedrela odorata may be influenced by refor-
estation programs that are being promoted in the region for the past several decades.

15.7 Conclusion

It is interesting to note that in this region, a research process has been initially
established on a particular species or a specific group of plants (trees) within the
AFS, but more recent studies tend to include a perspective that extends to the flora
as a whole. It is also important to note that there has been a recent tendency to also
include other biological groups, highlighting the birds. The number of publications
has been gradually increased, and these have also increased the localized efforts to
establish the role of the AFS, as adequate sites to conserve species for
Mesoamerican flora, mostly include species with at least some degrees of threat.
The countries that have conducted more efforts to document the associated AFS in
the Mesoamerica plants predominantly include Mexico, Costa Rica and Nicaragua.
Other countries in Mesoamerica have fewer studies available and traceable fol-
lowing the sampling method used in this particular study; however, they partici-
pated as a whole throughout the period involved in this specific review.

Table 15.3 (continued)

Family Taxa HG DO M B G E H N C P Co V

Vitaceae Cissus microcarpa
Vahl

V N �

Zygophyllaceae Bulnesia arborea
(Jacq.) Engl.

T N �

Abbreviations Habit growth (HG): Cl climber. Hb herb. T tree. S shrub. V vines. Distribution origin (DO):
N native. NT non-native for the country. * Non-American plant. Countries: M Mexico. B Belize. G Guatemala.
E El Salvador. H Honduras. C Costa Rica (Mesoamerica). P Panama. Co Colombia. V Venezuela (South
America)
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Chapter 16
Native Trees and Shrubs for Ecosystems
Services and the Redesign of Resilient
Livestock Production Systems
in the Mexican Neotropics

Francisco Solorio, Luis Ramírez, Saikat Basu, Liz Trenchard,
Lucero Sarabia, Julia Wright, Carlos Aguilar, Baldomero Solorio,
Armin Ayala and Juan Ku

Abstract Animal production systems in the tropics are currently based mainly on
the grazing of animals in the fallow lands and pastures. Conventional livestock
systems such as these are, however, strongly affected by limited precipitation.
During dry periods, biomass production is reduced; this in turn affects the quality of
animal diet and ultimately negatively affects livestock productivity. Often natural
woody vegetation is removed to provide grazing areas. In regions where there are
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competing demands for natural resources, alternative approaches to livestock pro-
duction which include a tree or shrub component can have many benefits both for
the conservation of natural resources and for improved food security. Integration of
native trees and shrubs along with grasses in the fallow pastures could improve
plant productivity, nutritional quality of animal diet and help in sustaining natural
biodiversity of the local ecosystems. A significant contribution to the future live-
stock systems could be made with the reforestation of the degraded land pastures.
Reforesting would lead to increased water use efficiency, thereby reducing the
impact of pests and diseases. Through sequestration of carbon they contribute
towards climate mitigation in the form of methane reduction from the ruminants by
improving the quality of animal diet with foliage trees and shrubs. Integration of
different trees and shrub species in the livestock systems will integrate agroe-
cosystems services for long-term ecological sustainability. Furthermore, incorpo-
rating trees and shrubs into the animal systems production will also improve habitat
for the local wildlife.

Keywords Ecosystems services � Greenhouse gasses � Livestock systems
Native tree species � Silvopastoral systems

16.1 Introduction

It has been estimated that over 50% of the Earth’s surface lies in the tropics and that
75% of the world’s inhabitants live in these regions (Thompson 2000). Moreover,
more than half of the bovine population is also located in the tropics (Wolfenson
et al. 2000). Livestock production in the tropics, especially beef and milk, is per-
formed mainly under extensive systems which are based on grazing. In this sense,
the climate conditions greatly influence production of both the animal and the
pasture.

In most of the tropics, milk production and beef production show a pattern of
seasonality; this is influenced mainly by the rains which normally occur during the
summer, but also by the drought season in which the grass is scarce and of low
quality. Furthermore, the animals are exposed to extreme heat which in turn leads to
low dry matter intake (Rhoads et al. 2009) and poor animal performance (Nienaber
and Hahn 2007). Fibrous forages and high environmental temperature not only
reduce voluntary feed intake in ruminants, but also increase fermentative heat and
need for drinking water (Shibata and Mukai 1979).

Some model climate projections report that precipitation will increase at high
latitudes and will decrease in the tropical and subtropical regions (IPCC 2007). Due
to a combination of warming and drying, crop yields in the tropics and subtropics
are expected to fall 10–20% by 2050 which will be a serious constraint for the
existing livestock systems (Jones and Thornton 2003). Moreover, up to 50% loss of
available biomasses in pastoral systems has been forecast for Central America
(Nardone et al. 2010). Apart from changes in the productivity of rangelands and

490 F. Solorio et al.



yields of feed crops, climate change will directly impact livestock production. Heat
stress is a major constraint for livestock production (meat, milk, egg yield and
quality), reproductive performance, animal health and welfare (Thornton et al.
2009; Nardone et al. 2010; Gaughan 2012; Lara and Rostagno 2013); significant
economic losses have been projected due to global warming both in intensive and in
extensive livestock production systems (IPCC 2007). According to St-Pierre et al.
(2003), North American farms suffered economic losses around 1.69 and 2.36
billion dollars due to heat stress in livestock. This study also reported that economic
losses about 58% occurred in the dairy industry, 20% in the beef industry, 15% in
pigs and 7% in the poultry industry (Nardone et al. 2010).

As a consequence of the changing climate, animals kept under extensive sys-
tems, especially during summer months, will be exposed to an increased risk of
health problems, due to increasing populations of internal and external parasites as
well as vector-borne diseases (Patz et al. 2000a, b; Wittmann et al. 2001). The
predicted modifications of precipitation regimes and the concurrent increase of
aridity will have a great impact on the availability of feedstuff for animals as grazing
and mixed rain-fed systems will be the most damaged by climate change (Thornton
et al. 2009; Nardone et al. 2010).

In the Mexican neotropics, a considerable section of previously forested land has
been converted into agricultural lands, especially to grasslands for the livestock.
This has led to the degradation of the local ecosystems and loss of biodiversity
compared to native forests. There are ways in which the biodiversity and ecosystem
service value of pastures can be improved through the inclusion of native trees and
shrubs in the current farming system. Not only do agroforestry systems such as
these improve the environment; they can also improve crop and livestock yield,
reduce reliance on agrochemicals and improve agroecosystem resilience.
Agroforestry systems also provide additional benefits for human well-being,
directly supplying food and medicines which can improve livelihoods and enhance
food security. There are several studies demonstrating native tree species that are
adapted to the local conditions, have greater ecosystem service value than many
fast-growing exotic species (Garen et al. 2009). However, systems need to be
managed well to maximise their benefits; although farmers prefer traditional mul-
tipurpose native species, current government policies and extension services in the
region favour exotic timber species (Harrison et al. 2005).

16.2 Importance of Reforestation

This section deals with the use of trees, especially native trees, to maintain biodi-
versity, to improve the landscape connectivity and to provide environmental ser-
vices, such as carbon sequestration, favour insect biodiversity, etc. In many cases,
felling of trees has been justified by replacement planting with seedlings, but this
compensation is not adequate. It will take several years before a seedling reaches
maturity, and it cannot immediately replace the role a mature trees has in an
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ecosystem, for example in mitigating climate change. Trees can provide multiple
services to human kind. Unfortunately, in many cases these services are not
recognised until it is too late. Trees are the translators and moderators of the energy
that reach the earth. At crown and canopy levels, trees convert all the energy
coming from the wind, sunlight and rainfall into life and growth. Without trees we
cannot live on the earth.

Reforestation can be defined as the process of planting trees (either with seed-
lings or seed) in areas where they have been previously removed. It also includes
the rehabilitation of land areas that have been seriously degraded. Reforestation
could be carried out with foreign woody species (mainly commercial species) or
with native species; these two approaches have strong consequences, which will be
discussed in this chapter. Reforestation can be achieved by either sowing seeds or
planting seedlings. This could be achieved either as timber plantations of foreign
species or by trying to emulate the original forests by planting native trees in a
similar structure as the native forests, which may take 50 years or more under
tropical conditions to mature. Currently, the objectives of reforestation have been
expanded to include socio-economic and environmental benefits, in addition to
traditional focus of wood production, soil erosion prevention and water flow.

16.2.1 Fragmented Agricultural Systems

According to Gibson et al. (2011), fragmentation is a process that occurs when
habitats are broken down into smaller areas, which are then separated by different
land cover types. Anthropogenic activities have resulted, in several cases, in the
fragmentation of natural habitats, for example, the deforestation to enable sowing of
large areas of grain crops or grasses for supporting the local livestock. The total
number of fragmented areas has increased. It has been proposed that the pattern and
intensity of fragmentation are associated with land tenure, environmental conditions
and production activities (Chakravarty et al. 2012). According to Ochoa-Gaona
(2001), the prevalence of rather poor soil conditions, small holdings, growing
human population densities, increasing poverty and the absence of alternative
employment opportunities will promote high rates of deforestation and forest
fragmentation. Therefore, a holistic strategy should be undertaken to mitigate this
deforestation and fragmentation process, since it is an extremely challenging and
complex task.

16.2.2 Importance for Insect Biodiversity

Trees are important refuge for many organisms, including a great diversity of insect
species. Forest provides refugees for insects for pollination. Therefore, deforesta-
tion also results in loss of habitats for several insect species, including those that are
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beneficial as biological pests used in plant disease control. It has been shown that
insects belonging to the families Hemiptera and Lepidoptera have the tendency to
increase the number of species in forested areas compared with the monocrop-cover
lands (e.g. grasslands, grain crops), which suggests the positive effects of vegetation
diversity (which provide a diversity of habitats) on the richness of insect species.
However, it has been found that species richness is higher in natural forests than in
the reforested areas.

The reforestation to recover the canopy cover could benefit the local insect
biodiversity, but the use of local tress species has been more preferable than the
exotic genera. Integration of native trees in reforestation increases the habitat value
and promotes better and stable growth performances since they are better adapted to
the local growing conditions (Piotto 2007). However, the lack of knowledge in the
establishment and management of these native species warranties their broad
incorporation into reforestation programs (Stimm et al. 2008). It has been reported
that the microclimate buffering effect (provided mainly by the canopy) of the
surrounding vegetation due to reforestation is more important than the biodiversity
of plant species for insect species richness (Cunningham et al. 2015). In addition,
early canopy cover is important in the reforestation to stimulate early association
with high insect diversity.

16.3 Importance of Trees for Climate Change Mitigation

One of the main roles of trees is the capture of large amounts of carbon from the
atmosphere. However, the difficulty to achieve this potential role arises in the
complexity for determining the amount of the forest carbon sink that can be
managed to reduce the impact of CO2 emissions. Near to 200 pg of CO2 is emitted
by the change on land use (Canadell and Raupach 2008). According to Canadell
and Raupach (2008), climate policies and the inclusion of the tropical regions have
key role to promote forestry for climate change protection through carbon
sequestration and socio-economic benefits. Deforestation in developing countries,
especially in the tropical regions, remain high, where almost 13 Mha/year is
deforested (Canadell and Raupach 2008). Nevertheless, these regions could con-
tribute with about 65% of the total carbon mitigation. It is important to indicate that
the reforestation, although it could level off large proportion of the carbon emitted
to the atmosphere, it has the risk of returning this carbon through disturbances (e.g.
uncontrolled fire, which is increased in frequency and intensity due to hotter and
longer draughts). The positive effect of trees on climate mitigation is increased in
the tropical regions by the cloud formations that help to improve sunlight reflection.
Reforestation is a major strategy to mitigate forest emissions (Corbera et al. 2010).
Currently, it is estimated that the land transformation (into forest) required is large
to cover the CO2 emissions. For example, China has used about 24 Mha of new
forest plantation to level off the CO2 emissions of 100 years (Canadell and Raupach
2008).
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In contrast, reforestation of larger areas aimed to increase carbon sequestration
and therefore climate change mitigation and could lead to unwanted negative
impacts, e.g. decrease food security, reduce stream flows, loss of biodiversity and
local income of farmers. Therefore, it is important that reforestation plans should be
undertaken in a sustainable way that considers, in addition to the biophysical
benefits, the socio-economic impacts such as the food production and cash flow
(additional income) for rural development.

16.4 The Value of Native Trees in Ecosystem Services
in Mesoamerica

Trees in the landscape provide a wide range of ecosystem services that are of
benefit to the environment and human well-being (Fig. 16.1). A wide range of
ecosystem services are recognised, and these services are categorised as provi-
sioning, regulating, supporting and cultural services according to the Millennium
Ecosystem Assessment (MEA 2005).

Native trees, adapted over time for their particular biotic and abiotic conditions,
arguably provide greater benefits in terms of their ecosystem service value than
introduced trees. In agroforestry systems (AFS), native trees can provide additional

Fig. 16.1 Ecosystem services (modified from Garbach et al. 2014) by native trees
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sources of income and food for farmers, as well as other ecosystem functions. In
Mesoamerica, there is a long tradition of using trees in home gardens and in mixed
farming systems; best examples from Mexico include the ‘milpa’ home garden
system. These traditional systems pre-date the arrival of European settlers and are
still practised in some places as effective and productive small-scale low input
agriculture. The ‘milpa’ is commonly thought to be a simple three-crop system of
maize, beans and squash, but in fact it comprises a succession spanning many years
that progresses from ‘slash and burn’ of the primary or secondary forest, through
annuals, to orchards and then forest gardens (Ford and Nigh 2015).

More conventional farmers also report ecosystem service benefits from trees in
their landscapes (Fig. 16.2). These trees might be individuals which are self-sown
and have been left in pasture for shade or timber, or remnants of primary forest
adjacent to their farmland which provide a source of pollinators or beneficial insects

Fig. 16.2 Native trees provide ecosystem services within agricultural landscapes
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for the growing crops. Nevertheless, there has been a huge reduction in all types of
woodland cover throughout Central America; FAO estimates a loss of 40% of forest
cover in the region over the last 40 years (FAO 2006). This need to address the loss
of woody cover is widely recognised and there are both international and national
reforestation schemes which support the planting of trees for various ecosystem
services including carbon sequestration and water management (Hall et al. 2011).

Trees used in reforestation schemes tend often to be exotic timber-producing
trees rather than the native multipurpose trees preferred by the local farmers. While
all trees, including exotic and invasive species, can provide ecosystem service
benefits, invasive trees can have serious negative consequences on both the local
environment and farming communities. Exotic trees can have a limited range of
benefits compared to multipurpose native trees which are considered to offer a great
range of positive ecosystem benefits. Despite this general consensus, the research
available to support this aspect is rather limited. The following section discusses the
research available supporting the value of native trees and shrubs for ecosystem
services. It focuses on the agroforestry practices in Mexico where evidence is
available, but also includes primary literature sources from elsewhere in
Mesoamerica and from non-native trees where there are gaps.

16.4.1 Provisioning Services and Native Trees

Provisioning services are those which provide food for humans and animals, such
as wild fruit trees, or natural resources such as wood for construction and tools; and
sources of medicines both for traditional medicine and for pharmaceuticals (MEA
2005). On agricultural land, trees may be planted specifically to provide one or
more of these services or may be self-seeded trees which are tolerated and/or
managed to maximise resources. Additionally, provisioning services may also be
provided by remnants of natural forests or secondary forests close to or on
farmland.

Native trees can provide a wide range of direct food products for humans
including fruit, pods, nuts, syrups, gums, as well as processed foods or beverages
that use various similar or other tree parts such as pods, leaves or bark. Fruit, pods
and leaves can also provide an additional source of forage for livestock which is
especially useful in the dry season when grass forage may be unavailable (Nair
2012). The type and value of food products provided by native trees on the agri-
cultural landscape vary widely and depend on the species used, type of farming
system and environment as well as farmer knowledge. The number and range of
species used to provide food in agroforestry also vary widely. Suarez et al. (2012)
reported on a study in Veracruz that a third of the useful species identified were
used to provide food. Twenty fruit species were reported, and non-fruit species
mentioned were Erythrina spp., Yucca spp. and Gliricidia sepium (Jacquin) Kunth
ex Walpers (flowers), Nopalea spp. (stems), Leucaena lanceolata S. Watson
ssp. lanceolata and L. leucocephala (Lam.) de Wit subsp. glabrata (seeds). In this
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study, farmers also used the dead wood of trees to cultivate edible mushrooms
(Suarez et al. 2012). In Quiotepec, the most important trees and shrubs identified by
participants were mezquites (Prosopis laevigata (Humb. et Bonpl. ex Willd)),
‘guajes’ (L. esculenta (Moc. Et Sessé ex Dc.) Benth.), lemon ((Citrus limon L.)
Burm), ‘manteco’ (Parkinsonia praecox (Ruiz et Pavón) Harms) and ‘nopales’
(Opuntia spp.) (Murgueitio et al. 2011). Native trees in AFS may also provide
habitat for edible insects such as ‘cuchamá’ the larvae of the butterfly Paradirphia
fumosa, and ‘cocopache’ (Hemiptera). Both have economic value. The larvae
cuchamá are normally associated with ‘manteco’ P. praecox. Another important
food source is ‘pitahaya’ Hylocereus undatus (Haw.) (Britton & Rose), which is
normally associated with mezquite (P. laevigata), a legume which also produces
edible fruits (Vallejo et al. 2015).

Traditionally, the species grown in agroforestry systems tend to be of multi-
purpose. Key ecosystem services provided by woody species include food, forage,
timber, fuel and shade (Fig. 16.3 and Table 16.1). While it might be expected that
food would be one of the most important ecosystem services, in a number of studies
in Mexico other ecosystem services were considered to be of greater importance.
For example, in a study carried out in Veracruz, by Moreno-Casasola and
Paradowska (2009) reported that of the 18 uses reported-wood used for construction
purposes, fences and firewood were all considered by respondents to be more
important than food. Similarly, Murgueitio et al. (2011) reported that the most
important ecosystem service of the 20 given by respondents in Zapotitlán, was
‘beauty of the crop fields’.

Fig. 16.3 Brosimun alicastrum Swarts. (Ramon), a native neotropical tree species, important for
livestock production
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Table 16.1 List of native of native trees that may be appropriate for reforestation and restoration
of the livestock systems production redesign

Common
name

Latin name Common
uses

Potential
uses

References

Capomo,
Ramón,
Ojoche

Brosimum
alicastrum

Fodder Timber,
food,
medicine and
reforestation

Niembro et al. (2010);
Olivares-Pérez et al.
(2011)

Cedro,
Calicedro,
Cedro rojo,
Culché

Cedrela
odorata L.

Timber Medicine Cintron (1990)

Ceiba,
Pochote,
Ochoe, Árbol
de algodón.

Ceiba
pentandra A.
DC.

Timber Medicine Rodriguez et al. (2003)

Bonete,
cuaguayote

Jacaratia
mexicana

Food and
medicine

Honey
production
and timber

Arias et al. (2010)

Palo mulato o
Chaca

Bursera
simaruba a (L.)
Sarg.

Living
Fences

Timber,
medicine and
honey
production

Pennington y Sarukhán
(2005); Niembro et al.
(2010)

Cueramo,
bocote,
borcino

Cordia
elaeagnoides
A. DC.

Living
fences

Timber and
medicine

González-Gómez et al.
(2006)

Parota,
Guanacaste,
Orejon, Pich

Enterolobium
Cyclocarpum
(Jacq.) Griseb.

Timber Fodder and
food

Castañeda et al. (2003);
Zamora et al (2001);
Olivares-Pérez et al.
(2011)

Guácimo,
guásima,
cuaulote,
pixoy

Guazuma
ulmifolia
(Roxb.) Benth

Living
fences

Fodder and
food

Zamora et al. (2001);
Hernández et al. (2014)

Pinzan,
guamúchil

Pithecellobium
dulce (Roxb.)
Benth

Living
fences

Fodder and
food

Olivares-Pérez et al.
(2011); Hernández et al.
(2014)

Mezquite Prosopis
laevigata

Living
fences

Fodder and
food

Matarratón,
Cocoite

Gliricidia
sepium

Living
fences

Fodder Olivares-Pérez et al.
(2011)

Huaje o
huaxin

Leucaena ssp. Fodder Food and
timber

Olivares-Pérez et al.
(2011)

Trees and shrubs can also provide ingredients for traditional medicine and
sources for the local pharmaceutical industry. Several reports describe in general
terms the use of native trees in traditional medicine (Ngarivhume et al. 2015); often
little detail is supplied other than to state that there are medicinal uses for a par-
ticular species, e.g. the Ramon tree in Yucatan (Fig. 16.3), Chiapas and Tabasco
states (Hall et al. 2011).
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In studies which evaluated the relative importance of various ecosystem services
in Mexico, medicine was more often than not a relatively low priority. For example,
in a study based in the Tehuacán-Cuicatlán Biosphere Reserve, Vallejo et al. (2015)
found that of the 20 reasons given for maintaining trees in their agroforestry system,
respondents listed provision of fodder for livestock, fuel, wood and fruit as all more
important than medicine. However, farmers are not traditional healers who tend to
forage for wild medicines rather than trying to domesticate them.

A wide range of native species provide timber for a multitude of uses including
construction, fence posts, tools and furniture (Fuentealba and Martinez-Ramos
2014). Many native species can provide valuable hardwood timber (Aluja et al.
2014). However, in many restoration and reforestation schemes, the preference is
often for fast-growing exotic timber species such as eucalyptus, and the use of these
is supported by government policy. In Veracruz, government support has been
provided for both plantations and restoration forestry, but this support normally
includes commercial timber species, such as Cedrela odorata L., Tabebuia rosea
(Bertol.), T. donnellsmithii Rose, Gmelina arborea Roxb. ex Sm. and Tectona
grandis L.f., of these only the first two are native (Suarez et al. 2012). However,
monocultures of exotic species have a lower ecosystem service value when com-
pared to native woody species. In agroforestry systems, timber is only one desirable
ecosystem service and multipurpose native species are preferred by rural commu-
nities, some researchers suggesting that this disparity is the reason why many
reforestation schemes fail (Suarez et al. 2012). In pastures, trees may principally be
left as shade for cattle and people, but by cultivating trees that also have economic
value such as timber, they may also act as an insurance policy or as a bank account
for difficult times (Fuentealba and Martinez-Ramos 2014).

In agroforestry systems, a wide variety of timber species are used; for example in
Chiapas, Orantes-Garcia et al. (2013) identified 35, mostly multipurpose species
being used. The main species grown were bojón (Cordia alliodora (R. & P.) Oken),
palo amarillo (Terminalia obovata (R. & P.) Steud), mahogany (Swietenia
macrophylla G. King), the jolocín (Heliocarpus donnellsmithii Rose), cedar
(Cedrela odorata M. Roem. King) and copalchi (Croton guatemalensis Lotsy).
There are a number of reasons why exotic timber species are promoted; key reasons
include availability of seed and local understanding of species requirements and
knowledge of management techniques (Suarez et al. 2012). However, in AFS
farmers may prefer slower-growing timber species both because their value is
greater when harvested and also because these native species provide additional
benefits, for the same cost (Fuentealba and Martinez-Ramos 2014).

16.4.2 Regulating Services and Native Trees

Trees and shrubs can provide a wide range of regulating ecosystem services; these
are indirect or direct benefits which enhance, for example, local and global air
quality, soil fertility and structure, water availability, quality and storage and pest
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control. In intensive agricultural and forestry systems, farmers rely on the sys-
tematic application of broad spectrum agrochemicals to deal with pest and disease
outbreaks, but these have many negative impacts on the environment and human
health. An alternative strategy to deal with pests and diseases in more sustainable
farming systems is to work with natural pest cycles and ecosystems to understand
and prevent pest outbreaks. Incorporating trees and shrubs either in or adjacent to
farmland can provide a ‘critical reservoir’ for beneficial insects, birds and mam-
mals, both pollinators and predators (Chandler et al. 2013). The authors found that
there were only very few examples of farmers manipulating woody vegetation to
enhance natural enemies and improve pest control in the literature reviewed. In an
assessment of the value of native woodlands as a source of beneficial insects, Aluja
et al. (2014) reported that fragments of native woodland adjacent to farms provided
a range of parasitoids which prey on fruit fly pests and suggested that this may be
useful in integrated pest control. However, the authors found also that farmers were
not aware of the value of these woodland fragments for pest control, and some
farmers were removing native plant hosts such Spondias radlkoferi J.D. Smith.
Aluja et al. (2014) suggested that there is much scope to develop more sustainable
agriculture systems based on a more integrated system of pest control such as that in
Asian rice systems. This would be more sustainable and less susceptible to pest
outbreaks (Ruiz-Guerra et al. 2014).

The incorporation of trees into the farming landscape can also affect local cli-
mate and hydrological cycles, as well as gas exchange and energy balance; these
impacts can be demonstrated at various scales. Therefore, careful choice of
appropriate woody species and management can ensure that ecosystem services are
maximised in the existing AFS. Vegetation structure affects the energy balance in
an ecosystem; the main input is solar radiation which drives photosynthesis and
provides heat for the environment. Incorporating trees and shrubs can reduce the
amount of solar radiation received at the soil surface, altering soil heat fluxes and
protecting understory plants and soil biota from overheating. Soil absorbs heat from
the sun during the day and releases this heat at night; the structure of vegetation can
positively affect this process and impact the thermal movement of air at different
scales (Morales-Romero and Molina-Freaner 2015). The structure, density and type
of vegetation also change the water balance and water quality in the landscape.
Trees and shrubs have a number of benefits in tropical systems where water is
limited; vegetation intercepts rainfall, which not only alters the infiltration rate, but
also reduces surface run off and evaporation rates (Murgueitio et al. 2011).

Water availability and storage can be improved by the increase in organic matter
provided by leaf litter and root systems of trees and shrubs. Also, woody vegetation
can also improve water quality, as active processes within the rhizosphere can
remove pollutants. In addition to this, some management practices in agroforestry
can enhance water availability. A number of tree species are very draught tolerant
and can be grown in dry regions to provide additional forage during the dry season
(Table 16.1). Some of these trees have deep tap roots as well as a shallow lateral
root system; therefore, when water is scarce, they can access groundwater at some
depth. Prosopis spp., for example, can reach water some 15 m below the soil
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surface (McCulley et al. 2004; Landmeyer 2011). Trees can also improve the
physical conditions in the root zone; root systems improve soil structure, counteract
compaction and reduce soil erosion (Murgueitio et al. 2011). Many traditional
farming systems practised in Central America that use terraces in their AFS, also
conserve water and prevent soil and water erosion.

In the Mezquital Valley of Central Mexico, the Ñañhú people have constructed
terraces and borders to manage water and sediments to improve soil and humidity
for crops (Vallejo et al. 2015). In surveys carried out in various parts of Mexico,
farmers frequently report that water retention is an important reason for their choice
of AFS (Murgueitio et al. 2011; Vallejo et al. 2015). For example, in a study by
Moreno-Calles et al. (2012) interviewees commented that ‘‘trees call water’’ and
that this was a very important consideration. Government schemes such as Payment
for Ecosystem Services (PES) aim to enhance watershed protection, biodiversity
conservation and protect carbon reservoirs and sinks. In Mexico, PES for forest
conservation and protection of watersheds, the use of native trees could reduce the
need for inputs of chemical pesticides and synthetic chemical fertilisers in agri-
cultural intensification which contaminate water supplies (Chandler et al. 2013).

Trees in the landscape can also provide physical and structural benefits, such as
shade, windbreaks, erosion prevention and wind protection (Hernández-Mucino
et al. 2015). Trees in pasture systems can provide shade for cattle in the dry season,
reducing heat stress and increasing dairy production (Griscom and Ashton 2011).
Shade can also provide a favourable microclimate beneath the canopy of the tree; at
ground level this can increase humidity, reduce temperature and solar radiation
compared to open fields and can enhance crop production. There are many
examples of positive benefits in comparison with open pasture; in Arizona, Schade
et al. (2009) found that Prosopis velutina Woot. improved both soil moisture and
soil nitrogen. Other species such as Schinus molle L., Jacaranda mimosifolia D.
Don and Polaskia chichipe Rol.-Goss. provide shade for both people and livestock
(Moreno-Calles et al. 2012). The main shade trees in the Tehuacán Valley for
livestock were Lysiloma acapulcense (Kunth) Benth., Ehretia tinifolia M. Martens
& Galeotti, Maclura tinctoria (L.) D. Don ex Steud. and Ficus cotinifolia Kunth; of
these L. acapulcense was preferred because it produces lighter shade that allows
grass to grow underneath the canopy (Vallejo et al. 2014).

The benefits of shade in AFS are widely recognised by farmers, and this is often
given as one of the important benefits of AFS. In the Tehuacán-Cuicatlán Biosphere
Reserve, traditional and intensive practices are often combined, where terraces and
borders help to provide shade and modify growing conditions (Moreno-Calles et al.
2012; Muro-Perez et al. 2012; Vallejo et al. 2015). Trees and shrubs also serve as
living fences that can provide protection for animal or crops against harsh and
desiccating winds, therefore improving growth and yield (Fig. 16.4). In research
carried out by Vallejo et al. (2015), Prosopis laevigata (H. B. ex Willd.) Johnst. M.
C. is noted for its use as a barrier against strong winds as well as its high number of
uses.
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16.4.3 Trees and Shrubs in Living Fences

Living fences can provide a number of positive benefits, including shade, fruit and
forage as well as continuity between fragments of woody vegetation (Fig. 16.4);
they can also stabilise soil, improve water retention and provide beneficial micro-
climates for seed germination and for invertebrates (Love et al. 2009). In Mexico,
studies have indicated that living fences can support a considerable range of plant
species, including species which are typical of mature forest systems. A study of
living fences in pasture systems in Los Tuxtlas identified more than 200 higher
plant species (Guevara et al. 1994). Living fences may also support a greater range
of bird and mammal species and provide links between forest fragments that
improve the movement of species in the landscape.

On the other hand, trees and shrubs can enhance soil fertility. The two key
macronutrients required for plant growth, N and P, can be deficient in agricultural
systems. In intensive systems, these are supplemented by the application of
chemical fertilisers; however, these have a wide range of detrimental environmental
effects (De Haan et al. 1997). A number of tree species used in AFS are nitrogen
fixing, such as Inga spp., and can therefore improve nitrogen availability in the
agroecosystem (Diemont et al. 2011). Others form symbiotic associations with
mycorrhizae, and these can improve P availability in the soil. The addition of trees
to the farmed landscape can also enhance carbon sequestration, a valuable
ecosystem service.

16.4.4 Cultural Ecosystem Services and Native Trees

A range of services can be included in this category, including recreation and
physical health, tourism, aesthetics and appreciation for culture, heritage, art and
design, spiritual experience and sense of place (Infield and Mugisha 2013). There

Fig. 16.4 Gliricidia sepium living fences provide a wide range of ecosystems services in the
Mexican neotropics
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was little discussion in the literature of the value of AFS for recreation, health or
tourism; the most frequently cited cultural benefits of trees in the landscape by
practitioners are aesthetic, spiritual and social cohesion (Bacon et al. 2012).
Traditional agroforestry systems involve a degree of community organisation and
therefore support positive interaction and co-operation (Vallejo et al. 2015).
Surveys of the value ES of native trees also report that respondents gave ethical and
spiritual reasons for valuing trees, including aesthetic reasons for maintaining trees
and shrubs, referring to plants as ‘wild luxury’, e.g. ‘sotolín’ (Beaucarnea gracilis
Lem), ‘viejito’ (Cephalocereus columna-trajani (Karw.) K.Schum). Or stated that
‘if there is no reason to remove them, why to do it’ or commented that certain plants
provide protections against ‘bad spirits’, e.g. the ‘pirul’ Schinus molle (Vallejo
et al. 2014).

16.5 Supporting Services and Native Trees: Habitat
and Genetic Diversity

The provision of genetic diversity, which is the diverse range of genes both within
and between species, is crucial in order that cultivars and breeds may adapt over
time and also serve as a gene pool for the breeding of domesticated and commercial
plants and animals. Habitats that have a very large number of diverse species are
termed biodiversity hot spots and are protected (Dıaz et al. 2005). Pastures and crop
systems tend to be simplified agricultural landscapes with reduced diversity
(Harvey et al. 2011). By retaining trees in a pasture system or by incorporating trees
and shrubs in an AFS, the biodiversity of available habitat is significantly increased.
A mosaic of native vegetation with a range of species and varied structure helps to
support an increased number and diversity of local fauna, providing cover for
beneficial insects as well as predators (Muro-Perez et al. 2012). Some studies in the
Central American region found that AFS support more than 90% of the genetic
variation in arid zones (Otero-Arnaiz et al. 2005; Casas et al. 2006; Parra et al.
2010; Cruse-Sanders et al. 2013). In Central America and Mexico, a programme
call CAMCORE is orientated to promote ex situ conservation of threatened native
forest species from these regions, including the test of native species over a range of
environments in the neotropics (FAO 2006; Koskela et al. 2014).

Incorporating trees in the landscape provides a greater diversity of habitats for
the pollinators and also improves connectivity between fragments of woodland to
encourage seed and gene dispersal. More than three quarters of the most popular
food crops require animal pollination; an ecosystem service provided mostly by
insects, but also to a lesser extent birds and mammals (Cruse-Sanders et al. 2013).
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16.6 Trees and Shrubs for the Redesign of Resilient
Livestock Production Systems in the Tropics

A model based on diverse native tree species is presented; the aim is to restore
degraded land caused by tropical livestock production (Fig. 16.5). Reconversion of
pasture monocrops will be more efficient if the areas dedicated to livestock are
reforested with multipurpose trees and shrubs that are arranged in an ecological way
that can exploit the positive and complementary interactions (Celis and Sibu 2011).
Nitrogen-fixing trees and shrubs should be planted in association with
non-leguminous species for timber or fruit production forming alleys (Fig. 16.5);
soil root–interactions can maintain high soil biological activity. A significant por-
tion of nitrogen fixed can be released through leaves and root nodules and be
transferred to the associated non-leguminous trees. Livestock paddocks reforested
with trees such as B. alicastrum and G. sepium (medium size trees) associated with
E. cyclocarpum in alley arrange in order to avoid grass shade; these species are
suitable for cultivation on rocky and shallow soils, as well as dry conditions like
those of the Yucatan Peninsula. E. cyclocarpum and C. pentandra also improve
microclimate conditions by reducing solar radiation (Baligar et al. 2008; Georgi and
Zafiriadis 2006).

Intercropping B. alicastrum and Leucaena can enhance ecological restoration
and improve farm productivity. Planting trees in a linear order or in isolated pad-
docks enables seed dispersal in the agriculture landscape. Enhancing the diversity
of tree and shrub species within animal production systems further improves resi-
lience (Harvey and Haber 1998; Dumont et al. 2014). The researchers

Fig. 16.5 Conceptual agroecological livestock production model based on native tree and shrub
species associated with grasses to enhance diversity within animal production systems
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recommended five ecological principles for the redesign of animal production
systems-introducing leguminous species improving foliage production and quality;
hence, reducing input needed for production and decreasing pollution by elimi-
nating the need of nitrogen fertilisers. Combination of valuable native timber
species with fodder trees such as C. odorata with B. alicastrum encourages the
successful conservation of local biodiversity.

Livestock systems with diverse tree species are less vulnerable to climate change
and produce better quality forage than grasses in monocrops even under adverse
conditions. Multipurpose tree species allow diversification of the production sys-
tem. Additionally, animals can achieve greater weight gains and/or increase milk
production including more efficient recycling of nutrients. The livestock redesign
with multiple strata formed by trees, shrubs and grasses will encourage positive
relationships between the different components to improve resistance to draught by
reducing water evaporation and increasing soil water retention during the harsh
summer. Forage availability (inter-annual and season) and quality are the main
constraints to animal production in the tropics; hence, multiple layers formed by
trees also improve animal behaviour allowing animal to acquire plasticity in for-
aging choices and reducing environmental stress.

16.6.1 The Effect of Trees and Shrubs on Animal Welfare
and Productivity

The weather in tropical regions has a direct impact on animal health, growth and
reproduction (Rovira 2014). In extensive livestock production systems, livestock is
often subject to heat stress as animals are typically left in treeless paddocks without
any artificial shade. Without trees to provide shade, animals in open pasture have to
endure high ambient temperatures as well as high humidity; animals may also be
negatively affected by increases in wind velocity and intensity of solar radiation.
The resulting heat stress has a number of adverse effects on the animal and reduces
its productivity (Tucker et al. 2008; Aggarwal and Upadhyay 2013). In all animals,
heat stress in livestock can negatively affect both fodder intake and conversion
efficiency. In lactating animals, a lack of shade can also reduce an animal’s resting
time and this leads to a decrease in milk production (Bach et al. 2008) as well as
lower conception rates (Aggarwal and Upadhyay 2013). While there are several
methods available that can be used to alleviate an animal’s heat stress (Tucker et al.
2008; Renaudeau et al. 2012; Das et al. 2016), one of the most sustainable ways is
to introduce trees into livestock systems (Amendola et al. 2016). Shade provided by
trees and shrubs in silvopastoral systems can provide comfort and improve animal
performance (Paciullo et al 2011). The positive effects of tree shade on livestock
production are summarised in Fig. 16.6.
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16.7 Conclusions

Producing livestock using well-designed silvopastoral systems can provide a range
of environmental and socio-economic benefits compared to intensive livestock
production. In the neotropics, livestock is mainly produced using rain-fed grass
open pasture. Compared to the natural woodland habitats they have replaced these
simple agricultural ecosystems are much less diverse, less sustainable and less
resilient. By including trees and shrubs in pasture, especially carefully chosen
native species, the ecological value of farmed landscapes can be vastly improved.
Native trees provide additional habitat for local fauna, including beneficial insects,
and improve connectivity between remnant woodland habitats. Key benefits for the
farmer include increased animal productivity as trees provide shade to reduce heat
stress in livestock and additional forage during the dry season. The inclusion of
native trees can also improve rural food security when trees also provide fruit or
other foodstuffs, as well as producing an additional source of income from non-food
products such as timber. However, despite the clear benefits of native tree species
for land regeneration and livestock improvement, the potential in Mexico continues

Fig. 16.6 Schematic of the general effects of tree shade in silvopastoral systems for livestock
animal production
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to be limited. Research suggests that livestock farmers are interested in using
multipurpose native trees on their land and so perhaps further research is required to
determine the constraints to their wider use and to develop the policy interventions
that may be necessary to achieve the wider adoption of sustainable resilient live-
stock systems such as these.
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