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Preface

Billions of years of earth’s history have been characterized by great changes in the atmos‐
phere and the crust. During this time the living forms have evolved, been almost completely
eliminated, and new forms have arisen in response to these geophysical changes. Life has
produced a huge variety of forms as living beings have developed innumerable adaptations
to deal with the wide range of changing environmental conditions to which they have been
subjected. Many scientists since the ancient times have attempted to explain the diversity of
living beings; a particular progress has been made during the nineteenth and twentieth cen‐
turies. The totality of living forms present on earth, with the wealth of genetic information
that they carry can be defined as biodiversity which can be viewed at various levels, from
ecosystems down to species, populations, genomes and genes. Although all members of a
species have certain traits in common, individual members may vary significantly. While
some of these changes may be due to environmental factors, a significant proportion comes
from genetic makeup. Natural populations include a considerably high genetic variability
which provides a genomic flexibility that can be used as a raw material for adaptation to
changing circumstances. On the other hand, low genetic diversity in populations has been
associated with the inability to cope with changing environmental conditions and various
stresses. Therefore, there is a need to search for high genetic variability to increase the ca‐
pacity of an organism to adapt to ever changing environmental conditions and survive un‐
der various stresses.

The rapid evolution of civilization has led to a loss in the genetic diversity of domestic ani‐
mals and plants. Due to the need to exploit the highly productive breeds, with production
characteristics constantly improved in time, the less productive local breeds have been ne‐
glected, changed by crossbreeding or even replaced. This application has become extremely
dangerous because it endangers the possibility of future improvement and development of
domestic animals and plants. Such application may affect the durability of genetic conserva‐
tion and diversity because, together with the populations’ disappearance, the species genetic
pool is critically reduced. So the threat lies not only in the local extinction of species, but also
in the potential loss of genetic diversity and fitness of remnant populations. Improvement of
the domesticated animals and plants largely depends on the extent of genetic variability
available within the species. The determination of genetic variability of the populations can
be achieved by using morphological, biochemical, and molecular types of information.
However, molecular markers have advantages over other kinds, where they show genetic
differences on a more detailed level without interferences from environmental factors, and
where they involve techniques that provide fast results detailing genetic diversity. The use
of molecular markers to discover new varieties with favorable characteristics has been the



subject of many research activities. Evaluation of different genotypes for genetic diversity
and genetic relatedness is extremely important before taking up breeding programmes.

During the last two decades, the issue of conserving genetic diversity as a component of the
conservation of the environment has been raised at an international level. In this respect,
one of the main aspects of scientific research activities is conserving the biodiversity of local
breeds, especially those of economic interest. The first prerequisite step for the survival of a
population is information about the level of genetic diversity of the population which gives
clues about the number of polymorphic loci, the number of alleles, genetic architecture and
spatial distribution of genetic variants. Genetic diversity in a population is said to be con‐
served when the population is in Hardy Weinberg equilibrium. This means that the geno‐
types are present in expected proportions based on the allele frequencies in the population.
However, one or two of the conditions for this may not hold. For instance, introduction of
genetic variants through mutation or gene flow from a genetically different population will
increase the genetic diversity, while inbreeding and genetic drift, on the other hand, lead to
loss of genetic diversity.

The purpose of the book is to provide a glimpse into the dynamic process of genetic diversi‐
ty by presenting the research of some of the scientists who are engaged in development of
new tools and ideas used to reveal genetic diversity, often from very different perspectives.
We would like to express our deepest gratitude to all authors who contributed to this book
by sharing their valuable works with us. We expect that the readership for the book will be
broad because of the relationship between research on genetic diversity and biodiversity.
This book should prove useful to students, researchers and experts in the area of conserva‐
tion biology, genetic diversity and molecular biology.

Prof. Dr. Mahmut Çalışkan
İstanbul University,

Faculty of Sciences, Biology Department,
Turkey

Prof. Dr. Gül Cevahir Öz
İstanbul University,

Faculty of Sciences, Biology Department,
Turkey

Assoc. Prof. Dr. I. Halil Kavaklı
Koç University, College of Science,

Molecular Biology and Genetics,
Turkey

Assoc. Prof. Dr. I. Halil Kavaklı
Koç University, College of Science,

Molecular Biology and Genetics,
Turkey
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Section 1

Genetic Diversity and Agriculture





Chapter 1

Biodiversity and Plant Breeding as Tools for Harmony
Between Modern Agriculture Production and the
Environment

João Carlos da Silva Dias

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60080

1. Introduction

There are now almost 7.25 billion human beings inhabiting this planet, and it has been
projected that world population growth may exceed 70 million annually over the next 40 years.
The world population will be approximately 9.2 billion in 2050, when the concentration of
carbon dioxide and ozone will be 550 ppm and 60 ppm, respectively and the climate will be
warmer by 2ºC [1]. At that time it is expected that approximately 90% of this global population
will reside in Asia, Africa, and Latin American countries [2,3]. Currently, about 1 billion human
beings suffer from hunger; 3 billion malnourished people suffer one or more micronutrient
deficiencies (especially vitamin A, iodine and iron) and live with less than 2 US dollars per
day; and anthropogenic climate change continues to affect food output and quality [4,5]. By
2050, to sufficiently feed all these people, the total food production will have to increase 60 to
70% to meet a net demand of 1 billion tonnes of cereal for food and to feed, and 200 million
tonnes of meat [6-8], depending on assumptions of population growth, income growth and
dietary changes. This projected increase of global crop demand is partly due to a growing
global population, but a larger driver is increasing global affluence and associated changes in
diet due to higher incomes [4,8]. As global incomes increase, diets typically shift from those
comprised of mostly grains, to diets that contain greater proportion of meat, dairy products,
and eggs and more vegetables and fruits [4,8-10].

In order to meet these demands, global livestock production systems are shifting from using
mostly marginal lands and crop residues to more industrial systems which require less land
and use of higher value feed crops [11,12]. Increasing demand for meat and dairy products is
also of importance to the global environment because their production requires more land,

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



water and other resources [13-15]. Livestock production is also responsible for other environ‐
mental impacts. Besides livestock production is estimated to be responsible for 18% of total
greenhouse gas emissions [16], and animal products generally have a much higher water
footprint than vegetal products [17].

In 2008, the world’s arable land amounted to 1,386 M ha, out of a total 4,883 M ha land used
for agriculture [18]. Each year, arable and agricultural land is lost due to deforestation,
overgrazing, agricultural activities, gathering and overexploitation for fuel-wood, urbaniza‐
tion and industrialization. The most direct negative impact of agriculture on biodiversity is
due to the considerable loss of natural habitats, which is caused by the conversion of natural
ecosystems into agricultural land. The arable land is limited. Increases in arable land can only
be done by deforestation. Agricultural production should be increased without further
deforestation. This requires innovation and better technologies, as well as substantial invest‐
ment, to increase yields on existing agricultural land.

Climate models predict that warmer temperatures and increases in the frequency and duration
of drought during the twenty-first century will have negative impact on agricultural produc‐
tivity [19-24]. For example, maize production in Africa could be at risk of significant yield
losses as researchers predict that each degree-day that the crop spends above 30°C reduces
yields by 1% if the plants receive sufficient water [23]. These predictions are similar to those
reported for maize yield in the United States [25]. Lobell et al. [23] further showed that maize
yields in Africa decreased by 1.7% for each degree-day the crop spent at temperatures of over
30°C under drought. Wheat production in Russia decreased by almost one-third in 2010,
largely due to the summer heat wave. Similarly, wheat production declined significantly in
China and India in 2010, largely due to drought and sudden rise in temperature respectively,
thereby causing forced maturity [26]. Warming at +2°C is predicted to reduce yield losses by
50% in Australia and India [27,28]. Likewise, the global maize and wheat production, as a result
of warming temperatures during the period of 1980 to 2008, declined by 3.8% and 5.5%,
respectively [24]. So climate change poses a serious threat to species fitness [29,30], and to agro-
ecosystems essential to food production [31].

Climatic variation and change are already influencing the distribution and virulence of crop
pest and diseases, but the interactions between the crops, pests and pathogens are complex
and poorly understood in the context of climate change [32]. We will need to integrate plant
biology into the current paradigm with respect to climate change to succeed in defeating
emerging pests and pathogens posing a new threat to agriculture due to climate change [33-35].

In this context we can ask: can we feed and clothe the growing world population while
simultaneously preserving or improving ecosystems and the natural environment?

History shows that modern agriculture has the potential to feed the world population but also
to be worst and even catastrophically with the natural environment. Some examples are
deforestation, overgrazing and erosion, in many parts of the world, which contributed to the
outright collapse of ecosystems. One classical example is Madagascar's central highland
plateau that has become virtually totally barren (about ten percent of the country), as a result
of slash-and-burn deforestation, an element of shifting cultivation practiced by many natives.
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Intensification of production systems have also led to reduction in crop and livestock biodi‐
versity, and increased genetic vulnerability and erosion. In contrast, the “Green Revolution”,
which began providing high-yielding crop cultivars and high-input management techniques
to developing countries in the 1960s, has prevented mass starvation and improved living
standards throughout the world [36]. Dwarfing, photoperiod insensitive genes and host plant
resistance genes to pathogens and pests were bred for various crops during the "Green
Revolution" [37]. Crop yields were increased in many nations of Asia and Latin America by
innovations of the “Green Revolution”. Calorie consumption would have dropped by about
5% and the number of malnourished children would have increasing by at least 2%; i.e., the
"Green Revolution" helped to improve the health status of 32 to 42 million pre-school children.
Since the beginning of the "Green Revolution" in 1960, land devoted to crops increased some
10%, land under irrigation has doubled, pesticide use by agriculture has tripled, fertilizer use
is up 23-fold, pesticide use is up by a factor of 53. Nowadays, forty per cent of crop production
comes from the 16% of agricultural land that is irrigated. Irrigated lands account for a sub‐
stantial portion of increased yields obtained during the "Green Revolution". The enhancement
of yield achieved in the "Green Revolution" (29% in food supplies per capita since 1960) may
have been associated with an increased level of greenhouse gas emissions associated with
higher fertilizer production and application, but, overall, its net effect has been calculated to
have reduced CO2 emission by some 161 gigatons of carbon (GtC) over the period 1961-2005
[38], implying that gains in crop productivity can make a positive contribution to reducing
greenhouse gas emissions.

Developing sustainable agriculture in environmentally sensitive systems is the great challenge
of the coming decades. More food, animal feed, fiber, fuel, and forest products must be
produced with less available land, water, and nutrients, to meet basic human needs and
improve the sustainability of production [39]. In addition, pressure from an increasing global
human population will necessitate more efficient and diversified land use.

Identifying the most appropriate technologies and practices to achieve these objectives are
critical. This requires the building of a knowledge base to support such tasks. Agro-ecological
approaches are known to increase farming system productivity, to reduce pollution, and to
maintain biodiversity through careful management of soil, water, and natural vegetation. The
agenda for a new “Green Revolution” needs to consider new approaches to promote innova‐
tions in plant science, agricultural and management practices and benefits to farmers and
consumers.

Modern production agriculture in the developed world is highly industrialized. There is
considerable discussion about the inadequacy of the dominant model of agricultural intensi‐
fication and growth, which relies on increased use of capital inputs, such as fertilizer and
pesticides [40]. Technology and purchased inputs, e.g. fertilizer, pesticides and water are
required to maintain high levels of production, and use of these inputs continues to increase
in the developing world. Despite the critical need for agricultural production and continued
improvements in management practices, current systems are still not in “harmony” with the
environment because they can create many problems for ecosystems and human communities.
The generation of unacceptable levels of environmental damage and problems of economic

Biodiversity and Plant Breeding as Tools for Harmony Between Modern Agriculture Production and the Environment
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feasibility are cited as key problems with this model of industrial agriculture [39,41]. Specific
external costs of industrial agriculture which should be improved include soil deterioration,
erosion, declining surface water and groundwater quality, limited recycling of nutrients,
excessive use of off-farm fertilizers and pesticides, diminished biodiversity within the
agricultural system (both in terms of the variety of crops sown and coexisting species), lapses
in food safety, and the loss of rural employment. By developing new field crops, and trees that
meet societal needs, plant breeding plays a distinctive and crucial role in addressing these
challenges, which must be dealt with immediately to develop sustainable agronomic systems
for the future.

In this article two general ways are described in which plant breeders can engage in environ‐
mental issues: i) by breeding plants that are better adapted to environment and environmental
stresses, producing more with less and where productivity can be maintained in the face of
increasingly variable weather patterns and sub-optimal conditions, as well as pest and disease
pressures; and ii) by breeding plants that can alter and “improve” environments, as breeding
alternative crops and crops for new uses or breeding for local adaptation and sustainable
solutions. Previously, the concepts of crop biodiversity, soil biodiversity and agro-biodiversity
were briefly presented.

2. Crop biodiversity, soil biodiversity and agro-biodiversity

2.1. Crop biodiversity

Today, 150 plant species (out of 250,000 known plant species) dominate the world’s agricul‐
tural landscapes, but only 12 crop species provide 80% of the world’s food chain [42]. Three
main cereals: wheat, rice and maize, provide about 50% of the energy we obtain from plants.

The wise use of crop genetic diversity in plant breeding can contribute significantly to protect
the environment. A major role of genetic resources will be to provide germplasm resistant to
pests and diseases, more efficient in their use of water and nutrients and less dependent on
external inputs to maintain current levels of productivity. Natural genetic diversity is becom‐
ing increasingly important to understanding the ways in which we can improve plant
breeding. There is a continuing need to assemble and screen germplasm strategically and
discover new sources of variation that will enable developing new crop cultivars. Complex
traits can be improved dramatically by bringing novel alleles from diverse ecotypes into
breeding material.

Crop genetic biodiversity is considered a source of continuing advances in yield, disease and
pest resistance, and quality improvement. It is widely accepted that greater varietal and species
diversity would enable agricultural systems to maintain productivity over a wide range of
conditions. The loss of biodiversity is considered one of today’s most serious environmental
concerns. In the last 50 years vegetable genetic resources have been lost, on a global scale at
the rate of 1-2% per year [43] and it has been estimated by FAO that 6% of wild relatives of
cereal crops (wheat, maize, rice, etc.) are under threat as well as 18% of legume species, and
13% of solanaceous [44].

Molecular Approaches to Genetic Diversity6
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external inputs to maintain current levels of productivity. Natural genetic diversity is becom‐
ing increasingly important to understanding the ways in which we can improve plant
breeding. There is a continuing need to assemble and screen germplasm strategically and
discover new sources of variation that will enable developing new crop cultivars. Complex
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conditions. The loss of biodiversity is considered one of today’s most serious environmental
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13% of solanaceous [44].

Molecular Approaches to Genetic Diversity6

There is a growing world-wide awareness about the need to conserve plant germplasm for the
use of future generations. Consequently, considerable media attention has been given to the
creation of the Svalbard Global Seed Vault (see http://www.croptrust.org/main) and relates to
storage of seeds of many economically important crops [3,45]. Gene banks are crop genetic
diversity reservoirs and sources of alleles for sustainable genetic enhancement of crops [46].
Indeed breeding gains depend on capitalizing on the useful genetic variation present in the
crop gene pools, which for many crops is being conserved in gene banks. There are about 1,700
gene banks and germplasm collections around the world (the number in FAO's database). They
maintain about 7.4 million accessions of plant genetic resources, with cereals and legumes
constituting 52% of the accessions [47]. The CGIAR consortium holds about 0.7 million
accessions of 3,446 species from 612 genera. The International Crops Research Institute for the
Semi-arid Tropics (ICRISAT) possesses one of the largest gene banks in the world with
approximately 115,000 accessions of cereals (sorghum, millets) and legumes (chick-pea,
groundnut, pigeon-pea) [48]. In spite of these large collections maintained ex situ, there are still
important collection gaps that must be addressed before these priceless genetic resources are
lost as a result of climate change or other driving forces leading to the genetic erosion and loss
of biodiversity [47,49]. These ex situ collections are to a large extent safe from the adverse impact
of climate change.

Ex situ collections should be subjected to phenotypic, disease resistance and molecular
characterization to facilitate the potential use of this genetic endowment for the amelioration
of crops. Plant breeders seldom access accessions from some gene banks with large collections.
A systematic assessment of the genetic diversity in such collections has helped to establish core
collections, which should be subsets of large collections [50-52], containing chosen accessions
that capture most of the genetic variability in the entire collection. A core collection therefore
improves the management and utilization of a germplasm collection. Genetic studies in
selected crops have shown that both common widespread and localized alleles occurring in
the entire collection are contained in the core collection subset. Only rare localized alleles may
be excluded during the aforementioned sampling process. The core collection subset often
provides an entry point to the entire collection for further investigation of the genetic diversity
or for the utilization of these resources. Core collections which are a priori selected by the
curator are often of limited use to those users of the gene bank germplasm collection who are
interested in specific trait or domain. The current revolution in information technology makes
it possible for users to make such selections themselves directly on the Worldwide Web using
a stratified sampling in the domain(s) of interest. This approach allows a more focused
selection of the germplasm accessions which shows variation for the trait of interest to the user
compared with the use of core collections. These smaller core collections are sometimes enough
to capture most of the useful variations.

Research undertaken on the large global collection of sorghum landraces and genetic stocks
held at ICRISAT (in excess of 35,000) demonstrates how the challenge of maintaining a large
number of accessions and the related information documented for this collection can be
addressed by gene bank curators. Different sampling strategies were proposed to obtain core
collection subsets of reduced size [53]. Three core collections subsets were established follow‐
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ing: i) a random sampling within a stratified collection (logarithmic strategy); ii) non-random
sampling based upon morpho-agronomic diversity (principal component score strategy); and
non-random sampling based upon an empirical knowledge of sorghum (taxonomic strategy).
These core collections subsets did not differ significantly in their overall phenotypic diversity
according to principal component representation of the morpho-agronomic diversity using
the Shannon-Weaver diversity indice. But when comparisons for morpho-agronomic diversity
and passport data were considered, the principal component strategy subset looked similar to
the entire landrace collection. The logarithmic strategy subset showed differences for charac‐
ters associated with the photoperiod reaction that was considered in the random sampling
stratification of the collection. The taxonomic strategy subset was the most distinct subset from
the entire landrace collection. It represented the landraces selected by farmers for specific uses
and covered the widest range of geographical adaptation and morpho-agronomic traits.

In the same sorghum landraces collection of ICRISAT, partial assessment of host response to
five sorghum diseases provided another means to quantify the importance of agro-biodiversity
in resistance [54]. Frequency distributions of host response to major sorghum pathogens were
the same between the entire collection and core collection subsets for all diseases, except
between the entire collection and the logarithmic core subset for grain mold. This was not
surprising because the sampling strategy for this core subset and the material included in the
screening for this disease did not match. The logarithmic core subset had the widest range of
adaptation to photoperiod whereas only photoperiod insensitive germplasm had been
screened for grain mold. The lack of accessions that fall in the highest resistance class for some
diseases in the core subsets is the result of sampling statistics, but the χ2 tests for homogeneity
clearly confirmed that the entire collection and the core subsets included the same distribution
of variation with only the above stated exception for grain mold in the logarithmic strategy
core subset. New accessions with high resistance to specific diseases are likely to be identified
by completing the screening of the core subsets. This rational, targeted approach may also be
cost-effective and more precise than long term screening of the entire collection. Furthermore
this analysis also shows that large sample sizes do not appear to always be associated with
capturing useful variation for disease resistance (i.e., entire vs. core collections), neither when
the sampling was defined by breeding objectives (like the logarithmic strategy subset), a mirror
of the entire collection (principal component score strategy subset) or by maximizing farmer's
landraces (taxonomic strategy subset).

The latest database on world plant genetic resources highlighted that there are still large gaps,
more specifically in crop wild relatives and landraces, in ex situ gene bank collections preserved
across the globe [55]. Unlike cultivated germplasm, there are difficulties associated with ex
situ conservation of crop wild relatives due to their specific crop husbandry, tendency for
natural pod dehiscence, seed shattering and seed dormancy, high variability in flowering and
seed production, and rhizomatous nature of some of the species. Crop wild relatives have
contributed many agronomically beneficial traits in shaping the modern cultivars [56], and
they will continue to provide useful genetic variations for climate-change adaptation, and also
enable crop genetic enhancers to select plants which will be well-suited for the future’s
environmental conditions [57]. There is a growing interest that crop wild relatives should be
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preserved in situ in protected areas to ensure the evolutionary process of wild species contri‐
buting new variants, which as and when captured by plant explorers, should be able to
contribute to addressing new challenges to agricultural production [58]. Worldwide, there are
76,000 protected areas, spread in ∼17 million km2, and several countries have taken initiatives
to establish crop wild relative’s in situ conservation [59-61]. Promoting in situ conservation
may allow genes to evolve and respond to new environments that would be of great help to
capture new genetic variants helping to mitigate climate-change impacts [62].

2.2. Soil biodiversity

Biodiversity and soil are strongly linked, because soil is the medium for a large variety of
organisms, and interacts closely with the wider biosphere. Soil biodiversity exceeds the
aboveground systems biodiversity, and is crucial for the sustainability of agro-ecosystems [63].
It consists of macrofauna or soil engineers (earthworms and termites), mesofauna (microar‐
thropods such as mites and springtails), microfauna (nematodes and protozoans), and
microflora (bacteria and fungi). The soil organisms perform a number of vital functions such
as: i) decomposition and degradation of plant litter and cycling of nutrients; ii) converting
atmospheric nitrogen into organic forms (immobilization) and remineralization of mineral
nitrogen, leading to the formation of gaseous nitrogen; iii) suppression of soil pathogens
through antagonism; iv) regulating microclimate and local hydrological processes; v) synthe‐
sizing enzymes, vitamins, hormones, vital chelators and allelochemicals that regulate popu‐
lation and processes; vi) altering soil structure and other soil physical, chemical and biological
characteristics; and vii) microbial exudates have a dominant role in the aggregation of soil
particles and the protection of carbon from further degradation [64,65]. Biological activity helps
in the maintenance of relatively open soil structure; it facilitates decomposition and its
transportation as well as transformation of soil nutrients. It is not surprising that soil man‐
agement has a direct impact on biodiversity. This includes practices that influence global
changes, soil structure, biological and chemical characteristics, and whether soil exhibits
adverse effects such as soil acidification.

Soil acidification has an impact on soil biodiversity. Roem and Berendse [66] in the Nether‐
lands, examined the correlation between soil pH and soil biodiversity in soils with pH below
5 in grassland and heath land communities. A strong correlation was discovered, wherein the
lower the pH the lower the biodiversity. Soil acidification reduced the numbers of most
macrofauna and affected rhizobium survival and persistence. So extremely low pH soils may
suffer from structural decline as a result of reduced microorganisms. This brings a suscepti‐
bility to erosion under high rainfall events, drought, and agricultural disturbance.

Land use pattern, plant diversity, soil desertification and pollution, including those resulting
from N enrichment, alter soil biodiversity [67-69]. The changes in soil biodiversity are also
observed through effects on soil organisms as a result of the changes in temperature and
precipitation and through climate-driven changes [like rising atmospheric/ambient CO2

(hereafter aCO2) and warming] in plant productivity and species composition.

Accumulated evidence so far reveals that soil biota is vulnerable to global changes and soil
disturbance. Castro et al. [70], in a multifactor climate change experiment, reported increased
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fungal abundance in warmed treatments, increased bacterial abundance in warmed plots with
elevated atmospheric CO2 (hereafter eCO2) but decreased in warmed plots under aCO2,
changes in precipitation altered the relative abundance of proteobacteria and acidobacteria
where acidobacteria decreased with a concomitant increase in the proteobacteria in wet
relative to dry treatments, altered fungal community composition due to the changes in
precipitation, and differences in relative abundance of bacterial and fungal clones varied
among treatments. All these observations led the researchers to conclude that climate change
drivers and their interactions among them may cause changes in the bacterial and fungal
abundance, with precipitation having greater effect on the community composition.

Dominique et al. [71] in their research, where the influence of plant diversity and eCO2 levels
on belowground bacterial diversity were analyzed observed that the variability in plant
diversity level had significant effects on bacterial composition but no influence on bacterial
richness. This research therefore suggests that the soil microbial composition is mainly related
to plant diversity, assuming that different plant species might harbor specific rhizospheric
microbial populations, rather than altered soil carbon fluxes induced by eCO2 which can lead
to increased photosynthesis. Bardgett [72] points out there is sufficient evidence to show that
the transfer of carbon through plant roots to the soil plays a primary role in regulating
ecosystem responses to climate change and its mitigation.

Very little is known about the influence of eCO2 on the structure and functioning of below
ground microbial community. In a 10-year field exposure of a grassland ecosystem to eCO2,
Zhili et al. [73] detected a dramatic alteration in the structure and functional properties of soil
microbial communities. They found the total microbial and bacterial biomass significantly
increased under eCO2, while the fungal biomass remained unaffected. Furthermore, the
structure of microbial communities was markedly different between aCO2 and eCO2. More
recently, using tag-encoded pyrosequencing of 16S rRNA genes, Deng et al. [74] also found
that the soil microbial community composition and its structure were significantly altered
under eCO2. In both studies, the changes in microbial structure were significantly correlated
to soil moisture, soil status relative to C and N contents, and plant productivity.

2.3. Agro-biodiversity

Agro-biodiversity is the result of the interaction between the environment, the variety and
variability of animals, plants and microorganisms that are necessary for sustaining key
functions of the agro-ecosystem, and the management systems and practices. It is the human
activity of agriculture which shapes and conserves this biodiversity.

Agro-biodiversity consists of the genetic diversity within the species, the species diversity, and
the ecosystem diversity, which comprises the variation between agro-ecosystems within a
region.

There are several distinctive features of agro-biodiversity, compared to other components of
biodiversity: i) agro-biodiversity is actively managed by farmers and would not survive
without this human interference; ii) due to the degree of the human management and inter‐
ference, conservation of agro-biodiversity in production systems is inherently linked to
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sustainable use; iii) many economically important agricultural systems are based on ‘alien’
livestock and crop species introduced from elsewhere; iv) in regards to crop diversity, diversity
within species is at least as important as diversity between species; and v) as stated before in
industrial-type agricultural systems, much crop diversity is now held ex situ in gene banks or
breeders’ materials rather than on-farm.

Agro-biodiversity provides the main raw material for intensifying sustainable crop yields and
for adapting crops to climate change, because it can provide traits for plant breeders and
farmers to select input-efficient, resilient, climate-ready crop germplasm and further release
of new cultivars. Agro-biodiversity is crucial to cope with climate changes as the entire
diversity of genes, species and ecosystems in agriculture represents the resource base for food
[58]. Many farmers, especially those in environments where high-yield crop cultivars and
livestock races do not prosper, rely on a wide range of crop and livestock types. This is the best
method for increasing the reliability of food production in the face of seasonal variation.
Diversified agricultural systems not only render smallholder farming more sustainable, but
also reduce the vulnerability of poor farmers since they can minimize the risk of harvest failures
caused by the outbreak of diseases and pests, by droughts or floods, or by extremely high
temperatures, all of which will be exacerbated by climate change [75].

Monoculture means growing a single plant species in one area. Monoculture however should
not be regarded as synonymous to a single crop cultivar in a farmers’ field since monoculture
can present intra-specific genetic diversity. For instance, a crop under monoculture can be a
mixture of distinct cultivars or landraces having genetic variation within each population.
Intra-specific crop diversification can provide a means of effectively controlling diseases and
pests over large areas and therefore contribute to sustainable intensification of crop produc‐
tion. Nonetheless, an agro-ecosystem with many species of different taxa will be richer in
species diversity than another agro-ecosystem where many species of the same taxon occur.
Genetically diverse populations and species-rich agro-ecosystems may show greater buffer
potential to adapt to climate change. Agro-biodiversity at the gene, species and agro-ecosystem
levels increase resilience to the changing climate. Promoting agro-biodiversity remains
therefore crucial for resilience of agro-ecosystems.

There is much evidence that global agriculture would benefit from an intensified utilization
of existing biodiversity. We need to shift the focus of agricultural research from genes alone
to management and their interactions. There is much to be gained with mixed cropping, as
shown in a study performed by Tilman et al. [76], where plots with 16 species produced 2.7
times more biomass than monocultures. Bullock et al. [77] in comparing meadows with
different number of species, found, after 8 years experiment, that the richer meadows yielded
43 % more hay than species-poor fields. Increased grassland diversity promotes temporal
stability at many levels of ecosystem organization [78]. Mixtures of barley cultivars in Poland
generally out-yielded the means of cultivars as pure stands [79]. The highly intensive agricul‐
tural system of home gardens are some of the most diverse production systems in the world
and also some of the most productive [80,81]. Agro-biodiversity in home gardens reduces year-
to-year variation, thus contributing to stability in yield. Although they are usually highly labor
intensive and small, they provide income and nutrition for millions of small farmers through‐
out the world.
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3. Plant breeding, agriculture and environment

3.1. Introduction

Farming and plant breeding have been closely associated since the early days when crops were
first domesticated. The domestication of staple crops, for example, rice and soybean in eastern
Asia; wheat in the Middle East; sorghum in Africa; and maize, beans, and potatoes in the
Americas [82], began independently, in multiple locales, 5000-12 000 years ago [82]. For
thousands of years, these crops were grown and morphologically altered by farmers, who
selected the most desirable and adaptable cultivars to plant in the next growing season.
Without understanding the science behind it, early farmers saved the seed from the best
portion of their crop each season. Over the years, they selected the traits which they liked best,
transforming and domesticating the crops they grew.

After the discoveries of Darwin and Mendel, scientific knowledge was applied to plant
breeding in the late 1800s [36]. Commercial hybridization of crop species began in the United
States in the middle of the 1920s with sweet corn and followed by onions in the 1940s [4]. With
the implementation of hybrid crop breeding, yield per unit land area rapidly increased in the
United States [83] and since that time, public and private breeding companies have been
placing more and more emphasis on the development of hybrids, and many species have been
bred as hybrid cultivars for the marketplace. Besides heterosis, hybrids also allow breeders to
combine the best traits and multiple disease and stress resistances. Furthermore, if the parents
are homozygous, the hybrids will be uniform, an increasingly important trait in commercial
market production. The creation of hybrid cultivars requires homozygous inbred parental
lines, which provide a natural protection of plant breeders’ rights without legal recourse and
ensure a market for seed companies.

In the 1970’s breeders’ rights protection has been provided through International Union for
the Protection of New Varieties of Plants (UPOV), which coordinates an international common
legal regime for plant variety protection. Protection was granted for those who develop or
discover cultivars that are new, distinct, uniform, and stable [84]. Cultivars may be either
sexually or asexually propagated. Coverage for herbaceous species is 20 years. Protective
ownership was extended by UPOV in 1991 to include essentially derived cultivars [84]. At the
same time, the farmer’s exemption (which permitted farmers to save seed for their own use)
was restricted; giving member states the option to allow farmers to save seed. Additionally,
in Europe after 1998 and the United States after 2001, plant breeding companies can take
advantages of patent laws to protect not only the cultivar itself but all of the plant’s parts
(pollen, seeds), the progeny of the cultivar, the genes or genetic sequences involved, and the
method by which the cultivar was developed [85]. The seed can only be used for research that
does not include development of a commercial product i.e., another cultivar, unless licensed
by the older patent. The patents are considered the ultimate protective device allowing neither
a farmer’s exemption nor a breeder’s exemption (that permitted the protected cultivar to be
used by others in further breeding to create new cultivars) [86]. The use of patents for transgenic
crops introduces additional problems according to the IAASTD report [41] developed with the
contribution from 400 scientists around the world, and adopted by 58 governments. In
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developing countries, especially instruments such as patents may boost up costs and restrict
experimentation by individual farmers whereas potentially undermining local practices for
securing food and economic sustainability. Thus, there is particular concern regarding present
intellectual property rights instruments, which may inhibit seed-saving, exchange, sale, and
access to proprietary materials of vital importance to the independent research community,
specifically in view of the need for analyses and long term experimentation on climate change
impacts [84,85].

Research and development (hereafter R&D) for improved seed development is expensive.
Such product protection has presented a business incentive to corporations to invest in the
seed industry, which supported an enormous increase in private R&D leading to strong
competition in the marketplace between the major seed companies. The majority of current
crop cultivars sold nowadays are proprietary products developed by private R&D. A signifi‐
cant consequence of this increase in R&D has been a reduction in public breeding programs.
As a result, the cost for R&D to develop new crop cultivars is shifting from the publicly
supported research programs to the customers of the major seed companies [4,87].

One of the main factors to determine success in plant breeding is crop biodiversity and genetic
capacity. Access to genetic variation, biodiversity, is required to achieve crop cultivar im‐
provement. No practical breeding program can succeed without large numbers of lines
(genotypes) to evaluate, select, recombine and inbreed (fix genetically). This effort must be
organized in order for valid conclusions to be reached and decisions to be made. Scientists,
breeders, support people and facilities, budgets, and good management are requirements to
assure success in the seed business. Science must be state-of-the-art to maximize success in a
competitive business environment. The continued need for fundamental breeding research is
critical to support development of new technology and expansion of the knowledge base which
supports cultivar development, competition among proprietary cultivar results in owner-
companies striving to do the best possible research to develop their own products and to
compete on genetic and physiological quality of crop seed in the marketplace. Reasonable
profit margins are essential to pay back the R&D costs to the owner and to fund future research
on developing even better crop cultivars to stay competitive. There is considerable genetic
variation within the numerous crop species, which can be exploited in the development of
superior proprietary cultivars. The consequences of this dynamic situation will mean relatively
short-lived cultivars replaced by either the owner of the cultivar or a competitor seed company.
This intense competition means constantly improved and more sophisticated cultivars. Seed
companies are in the business of manipulating genes to improve plant cultivar performance
for a profit. The success of the research is judged by the success of the product in making a
reasonable profit. The research must improve economic performance starting with the seed
production costs and including the farmer-shipper/processor and the end user. If any link in
this sequence of events is weak or broken, the new cultivar will likely fail [4,88].

Modern plant breeding is the science of improving plants to achieve farmer needs and better
fit production environments, but it is a long-term proposition. Each released cultivar repre‐
sents a culmination of a decade or more of work, from initial crosses through final testing. The
rate of improvement is a function of the amount of heritable genetic variation present in a
population, the time it takes to complete a breeding cycle (from seed production through
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selection to seed production again), which can range from multiple generations per year (e.g.
maize on field sites in both hemispheres) to decades (some trees require 8 years of growth
before flowering). In hybrid crops, several years (multiple breeding cycles) are necessary to
develop inbred lines that must then be tested in hybrid combinations. Many years of testing
under various environmental conditions must be conducted to ensure that the new cultivar
(inbred, hybrid, or population) will perform well for the farmer, consumer, or end-user before
any substantial additional investment is made to increase production and distribution of the
cultivar.

Biotechnology is a new and potentially powerful tool that has been added by all the major seed
corporations to their crop breeding research programs, and is part of an ongoing public
research for developing genetic engineered crop projects. It can augment and/or accelerate
conventional cultivar development programs through time saved, better products, and more
genetic uniformity, or achieve results not possible by conventional breeding [89]. Genetic
engineering provides innovative methods for modern plant breeding to adapt crops to
agricultural systems facing new challenges brought by the changing climate. New breeding
methods, relying on genetic engineering, can accelerate the pace to improve crops, or be more
precise in transferring desired genes into plant germplasm. Some limited target traits already
available in transgenic cultivars include those adapting agriculture to climate change and
reducing their emissions of greenhouse gases.

Plant breeding may benefit from recent advances in genotyping and precise phenotyping, and
by increasing the available agro-biodiversity through the use of genomics-led approaches.
Today marker-assisted breeding is applied to a broad range of crops and could facilitate
domesticating entirely new crops. Marker-assisted selection is particularly important for
improving complex, quantitatively inherited traits that alter yield, and for speeding up the
breeding process [90]. Crop genomics has also been improving in the last decade and today
there are faster and cheaper systems being increasingly used in gene banks, genetic research
and plant breeding, e.g. for studying interactions between loci and alleles such as heterosis,
epistasis and pleiotropy, or analyzing genetic pathways. Advances in crop genomics are
providing useful data and information for identifying DNA markers, which can be further
used for both germplasm characterization and marker-assisted breeding. Genomics- assisted
breeding approaches along with bioinformatics capacity and metabolomics resources are
becoming essential components of crop improvement programs worldwide [84,91].

Progress in crop genome sequencing, high resolution genetic mapping and precise phenotyp‐
ing will accelerate the discovery of functional alleles and allelic variation associated with traits
of interest for plant breeding. Genome sequencing and annotation include an increasing range
of species such as wheat, rice, maize, sugarcane, potato, sorghum, soybean, banana, cassava,
citrus, grape, among other species. Perhaps, one day further research on the genome of a plant
species from a drought-prone environment may assist in breeding more hardy and water
efficient related crops due to gene synteny.

Transgenic breeding involves the introduction of foreign DNA. While conventional plant
breeding utilizing non-transgenic approaches will remain the backbone of crop improvement
strategies, transgenic crop cultivars should not be excluded as products capable of contributing
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to development goals. Available commercial transgenic crops and products are at least as safe
in terms of food safety as those ensuing from conventional plant breeding [89,92-94].

The use of transgenic crops remains controversial worldwide after almost two decades of
introducing them into the agro-ecosystems. Using plant-derived genes to introduce useful
traits and plant-derived promoters, may overcome some concerns about the development of
genetically engineered crops. In this regard, cisgenesis addresses some negative views
regarding the use of genes from non-crossable species for breeding crops. Cisgenesis involves
only genes from the plant itself or from a crossable close relative, and these genes could also
be transferred by conventional breeding methods. Crop wild relatives are therefore a valuable
source of traits for cisgenesis.

Plant breeders need to understand the various valuation strategies very early in the breeding
process if they are to direct long-term selection toward reducing agriculture’s negative
environmental impacts and achieving greater sustainability while maintaining productivity.
Regardless of method, breeding objectives can be broadened to include traits which reduce
the environmental footprint of traditional production systems (e.g. nutrient and water use
efficiencies that reduce off-farm inputs), to adapt crops to new climates, to host plant resistance
to tackle old and emerging pathogen epidemics, or new cultivars for new production systems
(e.g. perennial polycultures that mimic the biodiversity of natural systems), albeit with some
reduction in rate of gain for the traditional agronomic traits of interest. Interdisciplinary crop
improvement strategies accounting for ecological, socio-economic and stakeholder consider‐
ations will help identify traits leading to plant cultivars using fewer inputs, less land, and less
energy, thereby resulting in a more sustainable agricultural ecosystem.

The impact of breeding on crop production is dependent upon the complex relationships
involving the farmers, the cultivars available to them, and the developers of those cultivars.
Farmers consist of commercial producers with varying size land holdings ranging from
moderately small farms to very large ones, and subsistence farmers with small farms often on
marginal lands. The subsistence farmers are usually poor. Several types of cultivars are
available. The least sophisticated in terms of methods of development are landraces, also
known as local cultivars. Modern cultivars consist of development by crossing and selection
alone, those developed by crossing and selection with specific important improvements are
often obtained from crosses with wild species or by transgenic methods, and F1 hybrids
between desirable inbred lines. The developers of landraces are usually farmers themselves,
and are obtained by repeated simple selection procedures of generation after generation.
Improved cultivars and hybrids are created either by public sector breeders or seed companies.

Nearly 70% of the world's farmers, from 570 million world exploitations, are small/subsistence
and poor farmers. They feed 1,5 billion of the world's population. So they are also a key for
biodiversity and for improving the sustainability. For these farmers improved cultivars,
hybrids or transgenic seeds tend to be riskier than landraces, since the higher costs associated
with seeds and production impose a greater income risk. The lack of capital available denies
them the opportunity to invest in production inputs. Small farmers may have lower production
costs with landraces because they achieve adequate yields with fewer inputs. In addition,
profits from improved hybrid or transgenic cultivars tend to be more variable. Yields are often
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higher but market prices tend to be inconsistent. For example in India states of Andhra Pradesh
and Maharashtra, farmers have been promised higher yields and lower pesticide costs when
using Bt cotton, thus they acquired loans to afford the costly seeds (Monsanto has control over
95 % of the Indian Bt cotton seed market and this near monopoly has resulted in great increased
prices). When, in many cases, the farmers found the yields failed to meet their expected result,
the consequences were usually very serious and many farmers died by committing suicide
over the past 15 years, perhaps due to this reason. This situation of using Bt cotton seeds was
explained by the absence of irrigation systems combined with specialization in high-cost crops,
and played low market prices. Without collateral help these farmers are usually unable to
secure a loan from a bank or money lender [43,88]. Rates are often unmanageably high for
those able to get a loan, with strict penalties for late payments. Similarly, a lack of education,
resources, skill training and support prevent these farmers from using improved cultivars and
then to generate a stable income from their production. In addition, governments do not
usually regulate the price of crops or even provide market information. Improving market
information systems for crops and facilitating farmers’ access to credit are then essential
components for a strategy to enable poor farmers to grow improved cultivars. A major obstacle
to success in crop production using improved cultivars is the shortage of affordable credit.
Desperate for cash, subsistence farmers are forced to sell their crops immediately after the
harvest to middlemen or their creditors at unfavorable prices. Low cost quality seeds are
essential for these poor farmers to improve their life [43].

3.2. Breeding to adapt plants to the environment

3.2.1. Producing more with less

In the coming decades we will need to produce more with less. Fresh water suitable for
irrigation is expected to become increasingly scarce and the costs of fertilizer and other
agricultural inputs will increase as fossil-fuel costs rise. Nevertheless, continuing gains in
production per hectare must be realized to offset the loss of premium agricultural lands (e.g.
from urbanization and industrialization), while supplying a growing population. By devel‐
oping resource efficient plants, plant breeders can continue to improve the sustainability of
agricultural ecosystems. Plants requiring fewer off-farm input applications (specifically water,
pesticides, nitrogen, phosphorus, and other nutrients) decrease the cost of production, lower
fossil energy use, and reduce contamination of water systems, which help to improve public
health and stabilize rural economies [95,96].

Although modern plant breeding efforts initially focused on improving uptake of inputs,
recent efficiency gains have been made in physiologically increasing yield and biomass
production without further increasing inputs. Many crops already have genetic variation in
nutrient use efficiency, utilization, and uptake [97-99] and plant breeding will further improve
these traits. Intensive agro-ecosystems should emphasize improvements in system produc‐
tivity, host plant resistance and enhance use-efficiency of inputs such as water and fertilizers.

Water use-efficiency and water productivity are being sought by agricultural researchers
worldwide to address water scarcity. Under water scarcity, yields of crops, are a function of
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how efficiently the crop uses this water for biomass-growth, and the harvest index. Water use
efficiency is the ratio of total dry matter accumulation to evapotranspiration and other water
losses. An increase in transpiration efficiency or reduction in soil evaporation will increase
water use efficiency. Water productivity is the ratio of biomass with economic value produced
compared to the amount of water transpired. Both water use efficiency and water productivity
may be improved through plant breeding. Farooq et al. [100] discuss the advances in transgenic
breeding for drought-prone environments. In their review, they noted the testing of 10
transgenic rice events [unique DNA recombination taking place in one plant cell and thereafter
to be used for generating entire transgenic plant(s)] under water scarcity. It seems the trans‐
genic expression of some stress-regulated genes leads to increased water use efficiency.

Agriculture contributes significantly to greenhouse gas emissions. Nitrous oxide and dioxide
are potent greenhouse gases released by manure or nitrogen fertilizer, particularly in intensive
cropping systems. Nitrous oxide (N2O), which is a potent greenhouse gas, is generated through
the use of manure or nitrogen fertilizer. In many intensive cropping systems nitrogen fertilizer
practices lead to high fluxes of N2O and nitric oxide (NO). Several groups of heterotrophic
bacteria use NO3 as a source of energy by converting it to the gaseous forms N2, NO, and
NO2 (nitrous dioxide). N2O is therefore often unavailable for crop uptake or utilization.

Genetic enhancement of crops shows great potential for reducing N2O emissions from soils into
the atmosphere. Some plants possess the capacity to modify nitrification in situ because they
produce chemicals which inhibit nitrification in soil. This release of chemical compounds from
plant roots suppressing soil nitrification has been called biological nitrification inhibition, which
seems to vary widely among and within species, and appears to be a widespread phenomen‐
on in some tropical pasture grasses, e.g. Brachiaria humidicola. Biological nitrification inhibi‐
tion may be an interesting target trait of crop genetic engineering for mitigating climate change.

Almost one-fifth of global methane emissions are from enteric fermentation in ruminant
animals. Apart from various rumen manipulation and emission control strategies, genetic
engineering is a promising tool to reduce these emissions. The amount of methane produced
varies substantially across individual animals of the same ruminant species. Efforts are
ongoing to develop low methane-emitting ruminants without impacting reproductive
capacity and wool and meat quality. A recent study by Shi et al. [101], to understand why some
sheep produce less methane than others, deployed high-throughput DNA sequencing and
specialized analysis techniques to explore the contents of the rumens of sheep. The study
showed that the microbiota present in sheep rumen was solely responsible for the differences
among high and low methane emitting sheep. It was further observed that the expression levels
of genes involved in methane production varied more substantially across sheep, suggesting
differential gene regulation. There is an exciting prospect that low-methane traits can be slowly
introduced into sheep.

Crops are bred for nitrogen use efficiency because this trait is a key factor for reducing nitrogen
fertilizer pollution, improving yields in nitrogen limited environments, and reducing fertilizer
costs. The use of genotypes of same species efficient in absorption and utilization of nitrogen
is an important strategy in improving nitrogen use efficiency in sustainable agricultural
systems. Crops are being bred for nitrogen use efficiency because this trait will be a key factor
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for reducing run-off of nitrogen fertilizer into surface waters, as well as, for improving yields
in nitrogen limiting environments. There are various genetic engineering activities for
improving nitrogen use efficiency in crops [98,102]. The gene Alanine aminotransferase from
barley, which catalyzes a reversible transamination reaction in the nitrogen assimilation
pathway, seems to be a promising candidate for accomplishing this plant breeding target.
Transgenic plants over-expressing this enzyme can increase nitrogen uptake especially at early
stages of growth. This gene technology was licensed to a private biotechnology company, and
is slated to be commercialized within the next six years [103]. A patent gave this biotechnology
company the rights to use the nitrogen use efficiency gene technology in major cereals, as well
as, in sugarcane.

Keeping nitrogen in ammonium form will affect how nitrogen remains available for crop
uptake and will improve nitrogen recovery, thus reducing losses of nitrogen to streams,
groundwater and the atmosphere. There are genes in tropical grasses such as B. humidicola and
in the wheat wild relative Leymus racemosus that inhibit or reduce soil nitrification by releasing
inhibitory compounds from roots and suppressing Nitrosomonas bacteria [104]. Their value for
genetic engineering crops for reducing nitrification needs to be further investigated.

3.2.2. Adapting to global climate change and for abiotic and biotic stress tolerance

Extreme weather events are expected to increase in both number and severity in coming years
[105]. Climate change impacts agro-ecosystems through changes over the long-term in key
variables affecting plant growth (e.g. rising temperatures) and through increasing the varia‐
bility (frequency and intensity) of weather conditions (rainfall, drought, waterlogging and
elevated temperatures). These changes affect both crop productivity and quality. In addition
to physically destroying crops, climate change has altered host-pathogen relationships and
resulted in increased disease incidence, in insect-pest borne stress in crop plants, and in
invasive pests which feed and damage them.

There are two ways to adapt crops to new environments: developing new crops (long-term
endeavor starting with domestication) and introducing target traits into existing crops through
plant breeding, which includes genetic engineering. However, the job of crop improvement is
becoming increasingly difficult. Cultivars which are not only high yielding but are also efficient
in use of inputs are needed, tailored to ever more stringent market demands, able to maintain
stability under increasing climate variability, and potentially contribute to climate mitigation.
These multi-trait demands for new cultivars provide significant challenges for crop breeders,
and standard selection approaches struggle under such complexity. To maintain productivity
in the face of increased climatic variability, both the population and the plant cultivars will
need to be continually developed to withstand “new” climate extremes and the stresses which
these will entail [106].

Many breeding programs are already developing plants which tolerate extreme weather
conditions, including drought, heat, and frost [107,108]. Plant breeders are also beginning to
address expected changes due to increased climate variability, by increasing genetic diversity
sources and by adjusting selection and testing procedures [109].
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More frequent weather extremes will likely affect the existing ranges of not only agronomic
cultivars but also local native plant species [110]. Because some genetic variation useful for
climate change adaptation will be found only in wild plant relatives of cultivated crops,
preserving genetic biodiversity is essential in order for breeders to select plants that will be
well-suited for future environmental conditions [111].

Global climate change notwithstanding, additional stress tolerances in crop species are needed
to maintain productivity and survival. In the near future, tolerance to various soil conditions
including acidic, aluminum-rich soils (particularly in the tropics) and saline soils (especially
those resulting from irrigation), will be increasingly important for production on marginal
agricultural lands or as the salt content of irrigated lands increases [112]. Bhatnagar-Mathur
et al. [113] suggested that genetic engineering could accelerate plant breeding to adapt crops
to stressful environments. They further underline that engineering the regulatory machinery
involving transcription factors (TF; a protein binding specific DNA sequences and thereby
governing the flow of genetic information from DNA to messenger RNA) provides the means
to control the expression of many stress-responsive genes. There are various target traits for
adapting crops, through genetic engineering, to high CO2 and high O3 environments of the
changing climate [114]. Ortiz [115], Jewell et al. [116], and Dwivedi et al. [117,118] provide the
most recent overviews on research advances in genetic engineering for improved adaptation
to drought, salinity or extreme temperatures in crops. The most cited include TF, and genes
involved in: i) signal sensing, perception, and transduction; ii) stress-responsive mechanisms
for adaptation; and iii) abscisic acid biosynthesis for enhanced adaptation to drought. Trans‐
porter, detoxifying and signal transduction genes as well as TF are cited for tolerance to
salinity. Genes related to reactive oxygen species, membrane and chaperoning modifications,
late abundance embryogenesis proteins, osmoprotectants/compatible solutes and TF are
pursued in crop genetic engineering for temperature extremes.

Transgenic crops provide the means to adapt crops to climate change, particularly in terms of
drought and salinity. Duration and intensity of drought has increased in recent years, consis‐
tent with expected changes of the hydrologic cycle under global warming. Drought dramati‐
cally reduces crop yields. Genetic engineering may be one of the biotechnology tools for
developing crop cultivars with enhanced adaptation to drought [119]. It should be seen as
complementary to conventional plant breeding rather than as an alternative to it. The function
of a TF such as the Dehydration-Responsive Element Binding (DREB) gene in water stress-
responsive gene expression has been extensively investigated [120]. The main research goal
was to gain a deep understanding of TF in developing transgenic crops targeting drought-
prone environments [121]. For example, the DREB1A gene was placed under the control of a
stress-inducible promoter from the rd29A gene and inserted via biolistic transformation into
wheat bread [122]. Plants expressing this transgene demonstrated significant adaptation to
water stress when compared to controls under experimental greenhouse conditions as
manifested by a 10-day delay in wilting when water was held. Saint Pierre et al. [123] indicated,
however, that these transgenic lines did not generally out-yield the controls under water deficit
in confined field trials. Nonetheless, they were able to identify wheat lines combining accept‐
able or high yield under enough irrigation which also showed stable performance across the
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water deficit treatments used in their experiments; i.e., severe stress, stress starting at anthesis,
and terminal stress.

Soils affected by salinity are found in more than 100 countries, and about 1/5 of irrigated
agriculture is adversely affected by soil salinity. Therefore, breeding salt-tolerant crops should
be a priority because salinity will most likely increase under climate change. Mumms [124]
lists some candidate genes for salinity tolerance, indicating the putative functions of these
genes in the specific tissues in which they may operate. Genes involved in tolerance to salinity
in plants, limit the rate of salt uptake from the soil and the transport of salt throughout the
plant, adjust the ionic and osmotic balance of cells in roots and shoots, and regulate leaf
development and the onset of plant senescence. The most promising genes for the genetic
engineering of salinity tolerance in crops, as noted by Chinnusamy et al. [125], are those related
to ion transporters and their regulators, as well as the C-repeat-binding factor. The recent
genome sequencing of Thellungiella salsuginea, a close relative of Arabidopsis thriving in salty
soils, will provide more resources and evidence about the nature of defense mechanisms
constituting the genetic basis underlying salt tolerance in plants [126].

In the quest for breeding transgenic rice and tomato, advances showing salt tolerance have
occurred. Plett et al. [127] were able to show an improved salinity tolerance in rice by targeting
changes in mineral transport. They initially observed that cell type-specific expression of
AtHKT1 (a sodium transporter) improved sodium (Na+) exclusion and salinity tolerance in
Arabidopsis. Further research explored the GAL4-GFP enhancer trap (transgenic construction
inserted in a chromosome and used for identifying tissue-specific enhancers in the genome)
to drive expression of AtHKT1 in the root cortex in transgenic rice plants. The transgenic rice
plants had a higher fresh weight under salinity stress due to a lower concentration of Na+ in
the shoots. They also noted that root-to-shoot transport of 22Na+ decreased and was correlated
with an up- regulation of OsHKT1, the native transporter responsible for Na+ retrieval from
the transpiration stream. Moghaieb et al. [128] bred transgenic tomato plants producing ectoine
(a common compatible solute in bacteria living in high salt concentrations). Ectoine synthesis
was promoted in the roots of transgenic tomato plants under saline conditions, which led to
increased concentration of photosynthesis in improving water uptake. Likewise, the photo‐
synthetic rate of ectoine-transgenic tomato plants increased through enhancing cell membrane
stability in oxidative conditions under salt stress.

Transgenic crops can also contribute to climate change mitigation efforts by reducing input
use intensity [129]. The integration of genetic engineering with conventional plant breeding,
within an interdisciplinary approach, will likely accelerate the development and adoption of
crop cultivars with enhanced adaptation to climate change related stresses [130]. Global
warming will reduce yields in many crops about 6% and 5% average yield loss per 1°C in C3

and C4 crops, respectively, whose optimum temperature ranges are 15–20°C and 25–30°C [131].
The extent of yield loss depends on crop, cultivar, planting date, agronomy and growing area.
For instance, an increase of 1°C in the night time maximum temperature translates into a 10%
decrease in grain yield of rice, whereas a rise of 1°C above 25°C shortens the reproductive
phase and the grain-filling duration in wheat by at least 5%, thereby reducing grain yield
proportionally. Heat stress will exacerbate climate change impacts in the tropics, while it may
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plants had a higher fresh weight under salinity stress due to a lower concentration of Na+ in
the shoots. They also noted that root-to-shoot transport of 22Na+ decreased and was correlated
with an up- regulation of OsHKT1, the native transporter responsible for Na+ retrieval from
the transpiration stream. Moghaieb et al. [128] bred transgenic tomato plants producing ectoine
(a common compatible solute in bacteria living in high salt concentrations). Ectoine synthesis
was promoted in the roots of transgenic tomato plants under saline conditions, which led to
increased concentration of photosynthesis in improving water uptake. Likewise, the photo‐
synthetic rate of ectoine-transgenic tomato plants increased through enhancing cell membrane
stability in oxidative conditions under salt stress.

Transgenic crops can also contribute to climate change mitigation efforts by reducing input
use intensity [129]. The integration of genetic engineering with conventional plant breeding,
within an interdisciplinary approach, will likely accelerate the development and adoption of
crop cultivars with enhanced adaptation to climate change related stresses [130]. Global
warming will reduce yields in many crops about 6% and 5% average yield loss per 1°C in C3

and C4 crops, respectively, whose optimum temperature ranges are 15–20°C and 25–30°C [131].
The extent of yield loss depends on crop, cultivar, planting date, agronomy and growing area.
For instance, an increase of 1°C in the night time maximum temperature translates into a 10%
decrease in grain yield of rice, whereas a rise of 1°C above 25°C shortens the reproductive
phase and the grain-filling duration in wheat by at least 5%, thereby reducing grain yield
proportionally. Heat stress will exacerbate climate change impacts in the tropics, while it may
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put agriculture at risk in high latitudes where heat-sensitive cultivars are grown today. Hence,
new cultivars must be bred to address heat stress. Ainsworth and Ort [132] suggested giving
priority to traits improving photosynthesis for adapting to heat stress. However, plants have
various mechanisms to cope with high temperatures, e.g. by maintaining membrane stability,
or by ion transporters, proteins, osmoprotectants, antioxidants, and other factors involved in
signaling cascades and transcriptional control [133,134]. Furthermore, Gao et al. [135] noted
that bZIP28 gene (a gene encoding a membrane-tethered TF) up-regulated in response to heat
in Arabidopsis. Some of these genes can be used in crop genetic engineering to enhance plant
adaptation to heat stress. For example, some stress-associated genes such as ROB5, a stress
inducible gene isolated from bromegrass, enhanced performance of transgenic canola and
potato at high temperatures [136]. Likewise, Katiyar-Agarwal et al. [137] introduced hsp101
gene (a heat shock protein gene from Arabidopsis) in basmati rice. This transgenic rice had a
better growth in the recovery phase after suffering heat stress.

Globalization has, among other consequences, led to the rapid spread of plant disease and
invasive pests. Being immobile, plants are unable to escape pathogens causing plant disease
and pests which feed and damage them. Plant disease is mainly caused by fungi, bacteria,
viruses, and nematodes. Approximately 70,000 species of pests exist in the world, but of these,
only 10% are considered serious [138]. Synthetic pesticides have been applied to crops since
1945 and have been highly successful in reducing crop losses to some pest insects, plant
pathogens, weeds and in increasing crop yields [138]. One estimate suggests that without
pesticides, crop losses to pests might increase by 30%. Despite pesticide use, insects, pathogens
and weeds continue to exact a heavy toll on world crop production, approaching 40%
[138,139]. Pre-harvest losses are globally estimated at 15% for insect pests, 13% for damage by
pathogens, and about 12% for weeds [138]. Developing resistant cultivars reduces the need for
expensive and environmentally damaging pesticides to be applied. For example, a recent
outbreak of Xanthomonas campestris pv. musacearum led to the devastating Xanthomonas wilt
of banana in the Great Lakes Region of Africa, thereby threatening the food security and
income of millions of East and Central African people who depend on this crop. Transgenic
banana plants with the hypersensitivity response-assisting protein (Hrap) gene from sweet
pepper did not show any infection symptoms after artificial inoculation of potted plants with
Xanthomonas wilt in the screen house [140]. Selected transgenic banana plants with putative
host plant resistance to Xanthomonas wilt are ongoing confined field-testing in East Africa,
where elevated temperatures, due to the changing climate, will likely favor banana production.

Weather influences how pathogens and pests affect and interact with crops and their host plant
resistance, and thus climate change can also have wide-ranging impacts on pests and diseases
[118]. Late blight, which is caused by Phytophthora infestans, ranks as the most damaging potato
pest. Late blight accounts for 20% of potato harvest failures worldwide, translating into 14
million tonnes valued at 7.6 billion US dollars. Global warming will increase late blight spread,
e.g. expanding its range above 3,000 meters in the Andes [141]. Chemical control may lead to
more aggressive strains of the pathogen and chemical control is often regarded as being
environmentally damaging. Cisgenic potato cultivars with late blight resistance are becoming
available and will impact growers, consumers and the environment favorably [142]. Related
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wild Solanum species can be a source of alleles to enhance host plant late blight resistance in
potato. For example, S. bulbocastum (a wild relative with high resistance to late blight from
Mexico) was used to breed the cultivar ‘‘Fortuna’’ using genetic engineering. Cisgenesis allows
inserting several host plant resistance genes from wild crop species in one step without linkage
drag (reduction in cultivar fitness).

3.3. Breeding plants to improve the environment

In general, plants are bred for their most obvious end products, including grain, fiber, sugar,
biomass yield, fruit quality, or ornamental qualities. However, plants deployed across the
landscape in agricultural or forestry settings affect the environment in measurable ways.
Perennial crops have environmentally beneficial properties not present in annual crops, such
as helping to prevent erosion in agricultural systems, providing wildlife habitat, and acting as
sinks for carbon and nutrients. Traditionally, perennial crops have not been a major focus of
breeding programs because they generally take more time and scientific knowledge to
improve, and therefore, products such as new cultivars are often not produced within the
timeframe of funding cycles. Current tree breeding programs are developing elms (Ulmus spp),
chestnuts (Castanea dentata), hemlocks (Tsuga spp), and other species which are resistant to
introduced diseases and insects [143,144]. As compared with natural selection, artificial
selection via plant breeding has overcome these stresses more effectively by rapidly incorpo‐
rating diverse exotic genetic sources of resistance, hybridizing to include multiple, different
genetic resistances into the same plant, and making use of off-season locations or artificial
conditions to shorten generation cycles. A more complex example which may be feasible in
the future is tree breeding for larger and improved root systems to decrease soil erosion,
sequester carbon, and improve soil quality by increasing soil organic matter.

New crop cultivars developed by plant breeders must help improve soil health, reduce soil
erosion, prevent nutrient and chemical runoff, and maintain biodiversity. The goal to breed
projects for forages, which include several species, is to produce a high yield of leaf and stem
biomass, as opposed to grain, for ruminant animals. In the tropics many forages are perennial,
providing year-round erosion control, improving water infiltration as compared with that,
from annual cropping systems, and in some cases, sequestering carbon. The forage breeding
program at the University of Georgia (UG) has developed cultivars in several species and has
been proactive in developing agreements with private-sector commercial partners to oversee
seed production and marketing of new cultivars. Among the cultivars developed at UG is
‘‘Jesup MaxQ’’ tall fescue, a cultivar carrying a non-toxic endophytic fungus that was both
highly persistent under grazing and greatly improved animal weight gain and feed efficiency
over standard cultivars. In addition, this program developed the first true dual purpose,
grazing and hay, alfalfa cultivar ‘‘Alfagraze’’, followed by several further improved alfalfa
cultivars like ‘‘Buldog 805’’ which persist through summer under cattle grazing [145].

Cover crops are annual species planted in rotation with crops to specifically improve soil
conditions and to control weeds, soil-borne diseases, and pests [146-148]. Continuous cover
crops can reduce on-farm erosion, nutrient leaching, and grain losses due to pest attacks and
build soil organic matter as well as improve the water balance, leading to higher yields
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[149,150]. For instance, in Kenya, Kaumbutho and Kienzle [151] showed in two case studies
that maize yield increased from 1.2 to 1.8–2.0 t/ha with the use of mucuna legume as cover
crop, and without application of nitrogen fertilizer. Besides farmers who adopted mucuna
legume as cover crop benefited from higher yields of maize with less labor input for weeding.

Many current perennial and cover crop cultivars are essentially wild species bred from
germplasm collections and developed to increase success in managed agro-ecosystems. As
compared with non-native vegetation, plant species native to a particular region are generally
thought to survive on less water, use fewer nutrients, require minimal pesticide applications,
and be non-invasive; however, counter examples for both native and non-native species are
plentiful [152]. As potentially valuable species are identified, breeding to improve them for
traits of consumer importance will be needed to broaden available biodiversity in cultivated
landscapes. With a changing climate, species considered critical to the landscape may require
human-assisted hybridization with distant relatives to better ensure survival from threats
posed by novel pests or diseases.

Alternative crops are also being bred for new uses, such as removing toxic chemicals and excess
nutrients and improving degraded soils, including mine spoils [153]. Phytoremediation is a
biotechnology to clean the contaminated sites of toxic elements (e.g. Cd, Cu, Zn, As, Se, Fe) via
plant breeding, plant extracting, and plant volatilizing [154]. The last few years have seen a
steady expansion in the list of hyper-accumulator species, which could be valuable plant
resources for phytoremediation. For example an ecotype of the Zn/Cd hyper-accumulator
Thlaspi caerulescens from southern France was able to phytoextract Cd efficiently in field trials
through the different seasons with good growth of biomass [155,156]. The Chinese brake fern
Pteris vittata has a strong ability to hyper-accumulate arsenic (As) and shows promising
potential for phytoextraction of and from contaminated soils under field conditions [157,158].

A major goal of harmonizing agriculture with the environment is to “tailor” crops to individual
landscapes. Plant breeding has always maximized production by selecting for adaptation in
the target environments of interest, using local environmental forces for plant selection [131].
By selecting breeding germplasm growing under local environmental conditions, individual
cultivars can be optimized for small regional areas of production that fit prevailing environ‐
mental and weather patterns. Likewise, plants could be tailored to provide specific ecosystem
services to local environments, to address local needs. One cost-effective way to achieve this
is through participatory plant breeding, which involves local farmers in the breeding process.

Alternative crop rotations, planting densities, and tillage systems may make production more
environmentally benign but will require altering breeding targets and an understanding that
systems biology is complex and rarely has simple solutions. For example, no-tillage systems
used for soil conservation can lead to colder soils in spring and change the prevalence and
onset of various soilborne diseases, thus requiring the addition of specific disease resistances
in the breeding objectives [159]. Breeders must select from conditions prevailing under new
management practices to ensure cultivars will be optimally productive.
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4. Conservation and use of biodiversity – opportunities for cooperation and
new partnerships

Plant genetic resources for food and agriculture are the quintessential global public good. No
nation is self-reliant. A viable market for their conservation and trade does not exist. The
conservation of plant genetic resources is a prerequisite for addressing climate change, as well
as water and energy constraints, which will grow in importance in the next decades. The
Svalbard Global Seed Vault is an International Treaty which establishes a multilateral System
to facilitate access and benefit sharing of plant genetic resources. The Treaty has an insurance
policy and provides legal framework for a cooperative and global approach to manage this
essential resource. The Svalbard Global Seed Vault has a mechanism for ensuring the perma‐
nent conservation of unique crop biodiversity, the Global Crop Diversity Trust, which is
structured as an endowment fund [45].

Plant breeding is vital to increase the genetic yield potential of all crops. As menthioned a result
of the Green Revolution was the increase of global productivity of the main food staples. Such
achievements ensued from crop genetic enhancement partnerships. These partnerships
include national agricultural research institutes and international agricultural research centers.
For many decades the global wheat yield increased due to an effective International Wheat
Improvement Network (IWIN) officially founded as an international organization in 1966
[160]. This wheat network deployed cutting-edge science alongside practical multi-discipli‐
nary applications, resulting in the development of genetically enhanced wheat germplasm,
which has improved food security and the livelihoods of farmers in the developing world
[161]. The spring wheat germplasm bred in Mexico under the leadership of Nobel Peace
Laureate Norman Borlaug was further used for launching the Green Revolution in India,
Pakistan and Turkey [162]. The network was broadened during the 1970s to include Brazil,
China and other major developing country wheat producers. It resulted in wheat cultivars
with broader host plant resistance (especially to rusts), better adaptation to marginal environ‐
ments, and tolerance to acid soils. Nowadays IWIN, an international "alliance", operates field
evaluation trials in more than 250 locations, in roughly 100 countries it tests improved breeding
lines of wheat in different environments. The number of wheat cultivars released annually in
the developing world doubled to more than 100 cultivars by early 1990s due to this networking
and the strengthening of national capacity [163]. The widespread adoption of newly bred
wheat cultivars, especially in South Asia and Latin America, due to yield increases, led to 50%
average annual rates of investment returns [164]. The urban poor also benefited significantly
because grain harvest increases drove wheat prices down. Every year, nursery sets and trials
are sent to various researchers worldwide, who share their data from these trials to catalogue
and analyze. The returned data are used to identify parents for subsequent crosses and to
incorporate new genetic variability into advanced wheat lines that are consequently able to
cope with the dynamics of abiotic and biotic stresses affecting wheat farming systems. The full
pedigree and selection histories are known and phenotypic data cover yield, agronomic,
pathological and quality data [161].
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The International Network for Genetic Evaluation of Rice (INGER) is one more example of
world cooperation. It was established in 1975 as a consortium of national agricultural research
systems of rice-growing countries and Centers of today’s CGIAR Consortium. INGER was
initially founded as an International Rice Testing Program, but soon became an integral
component of world national rice breeding program. INGER partners can share rice breeding
lines. Every year partners provide about 1000 genetically diverse breeding lines, which have
been grown in about 600 experiment stations from 80 countries. This network facilitated the
release of 667 cultivars worldwide, which translated into 1.5 billion US dollars of economic
benefits. It was estimated that ending INGER could lead to a reduction of 20 rice cultivars per
year and to an economic loss of 1.9 billion US dollars [165]. Further analysis by Jackson and
Huggan [166] has shown how genetic conservation of landraces can lead to significant gains
in rice breeding.

Two other examples of cooperation and partnership are the Latin American Maize Project
(LAMP) and the Germplasm Enhancement of Maize (GEM). The LAMP was established as a
partnership between Latin America and the United States to assess national germplasm and
facilitate the exchange of maize genetic resources across the American continent [167]. The
United States Department of Agriculture, the participating national agricultural research
systems and a multinational seed corporation provided the funding. The aim of LAMP was to
obtain information about the performance of maize germplasm and to share it with plant
breeders for developing genetically enhanced open pollinated and hybrid cultivars. The maize
germplasm was tested for agronomic characteristics from sea level to 3300 m, and from 41°N
to 34°S across 32 locations in the first stage and in 64 locations (two per region) in the second
stage. These locations were clustered according to five homologous areas: lowland tropics,
temperate and three altitudes.

There were a total five LAMP breeding stages [167]. In the first stage, 14,847 maize accessions
belonging to a region were planted for evaluation in trials using a randomized complete block
design with two replications of 10m2 plots at a single location, which was environmentally
similar to that from where these landraces were originally collected. The next step included
the assessment of the upper quintile (20%) of those accessions evaluated for agronomic
performance in the previous stage. These accessions were planted in two locations with two
replications, and the upper 5% were further selected according to their performance. These
best selected accessions of each country were interchanged among regions belonging to the
same homologous area in the third stage. They were tested in two locations with two replica‐
tions in each region. The selected maize accessions from the same homologous area were mated
with the best tested accession of the region in an isolated field within each region. In the fourth
stage, combining ability tests of 268 selected maize accessions were carried out with a local
tester using two replications at two locations within each region. The elite maize germplasm
was integrated into breeding programs in the fifth stage, which was the last. The best cross
combinations and heterotic pools were also determined by LAMP. Maize breeders obtained
access to the most promising accessions identified by LAMP to widen the crop genetic base.
A LAMP core subset has been made available for encouraging further use in broadening of
maize genetic diversity [168].
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The GEM was set up to introgress useful genetic diversity from Latin American maize
landraces and other tropical maize donor sources (lines and hybrids) into United States’ maize
germplasm, to broaden the genetic base of the “corn-belt” hybrids [169,170]. GEM owes its
existence to LAMP because it has used the Latin American landrace maize accessions selected
by LAMP in crosses with elite temperate maize lines from the private seed companies in North
America [167]. GEM used a pedigree breeding system to develop S3 lines. The GEM breeders
arranged their crosses into non-Stiff Stalk and Stiff Stalk heterotic groups [171].

LAMP provided the first step through the sharing of information needed to select gene bank
maize accessions for further germplasm enhancement. GEM completed the process by
returning to genetically enhanced breeding materials derived from gene bank accessions. This
improved germplasm can be further used in maize breeding in the United States and else‐
where. LAMP and GEM are very nice examples of international and national public-private
partnerships in crop germplasm enhancement.

Agricultural plant breeding is a typical commodity- or species-oriented and solves problems
within a species, rather than making breeding choices based on system wide needs. For
example, maize breeders currently maximize the area in which maize can be grown, and
maximize the amount of maize produced throughout that area. If environmental harmony is
to be a key breeding objective, then a change in agricultural thinking to appropriately value
whole cropping systems will be required. Achieving these goals will require collaboration
among the private, public, and non-profit sectors, and with society as a whole. Programs within
the private sector excel at breeding major, profitable crops, and have economies of scale to
increase the efficiency of production and ultimately provide farmers with seed. As a valuable
complement to commercial breeding programs, public and non-profit breeding programs may
focus on developing alternative crops, breeding for small target regions, tackling long-term
and high-risk problems, evaluating diverse genetic resources, and, importantly, conducting
basic research on breeding methodology to enhance efficiency. Only publicly funded breeding
programs, and in particular those based at universities, can provide the necessary education
and training in plant breeding and in specialized fields such as ecology. Without trained
students from public programs, private commercial breeding programs suffer from an erosion
of intellectual capital. Conversely, without the private sector to commercialize public-sector-
derived products, beneficial traits and new cultivars cannot easily and quickly be put in the
hands of farmers, as has been seen in developing countries without a developed seed industry
[172]. As stated, seed production is high technology and a cost intensive venture and only well
organized seed companies with good scientific manpower and well equipped research
facilities can afford seed production.

Although due to globalization, most breeding research and cultivar development in the world
is presently conducted and funded in the private sector, mainly by huge multinational seed
companies. Public breeders, cultivar development activities and research are disappearing
worldwide. In general, this means there are fewer decision-making centers for breeding and
cultivar development. This has also resulted in the focus on relatively few major crops
produced worldwide, to the detriment of all the other cultivated crops. It is imperative that
national governments and policymakers, as part of a social duty, invest in breeding research
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and cultivar development of traditional open-pollinated cultivars and in the minor crops. More
investments in this area will mean less expensive seed for growers to choose from, and an
increased preservation of crop biodiversity. To accomplish these goals new approaches may
be required to crop breeding research and development by both the public and private sector.
Until recently, breeding research and development which targets small-scale and poor farmers
has largely been undertaken by public sector institutions and national agricultural research
institutes. However, the capacity to undertake the work was mainly dependent on national or
international funding and expertise. The work has been limited by the capacity of these
institutions to pay for it. As a result, crop breeding advancement has varied enormously among
countries and even within regions in developed and still developing countries. In the area of
plant breeding, the process to produce improved cultivars is slow, and it requires long-term
sustained commitment that may not fit the continuing changes in the national and international
politics to fund research. The application of biotechnology promises acceleration in some
aspects of plant breeding, but the adoption of more advanced technology raises the cost of
research significantly at a time when investment funding has diminished. Public plant
breeding remains a key component of crop breeding research systems worldwide, especially
in developing countries. However, the increasing presence of private sector breeding and a
decrease in national and international support makes it difficult for the public sector to
continue operating in the traditional manner. Declining funding for public crop breeding
coupled with the rapid increase of crop production and an urbanizing population has created
a difficult situation. Public sector breeding must be strengthened. More public sector crop
breeders are needed worldwide to select and to produce non-hybrid cultivars of the minor
crops. Breeding of major crops and other minor crops must continue as a viable endeavor. This
will benefit small farmers, and will safeguard biodiversity and food security in developing
countries.

While the maintenance of vigorous public sector breeding programs in areas where private
companies are not interested in providing low cost cultivars is highly desirable, an additional
approach to maximize crop and agricultural research input would be the development of
global programs with public-private partnerships. The public sector may support portions of
crop and agricultural R&D, unattractive to the private sector, and feed improved breeding
lines and systems to the private sector for exploitation in regions where the private sector is
active, and nurture private sector development in regions where it is lacking. In recent years,
private plant breeding programs have increased in number and size. Financial investment also
increased, as well as interest in intellectual property protection. The spirit of original attempts
to protect plant breeders’ rights was that granting a certificate of protection should not inhibit
the flow of information and products through continued research by the entire plant breeding
community [106,107]. In a classic sense, the patent is a defensive tool to prevent competitors
from reaping benefits which rightfully belong to the inventor. In the modern context, it is an
offensive weapon, to stifle competition, prevent further innovation by others and maximize
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in plant breeding research, unless the research is within the company holding the patent. While
obviously benefiting that company, it is a big step backwards for the plant breeding community
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and free flow of materials and information [106,108]. Protection should be for the cultivar only.
There should be no constraint against other breeders using that cultivar in further research,
including further breeding. Another breeder should be free to use the protected cultivar in a
cross, followed by further development through pedigree breeding. Another breeder should
also be free to transfer genes controlling economic traits into the protected cultivar by the
backcross method or by genetic transformation procedures [106,107].

5. Conclusions

The growing demand for food in the next decades poses major challenges to humanity. We
have to safeguard both arable land for future agricultural food production, and protect genetic
biodiversity to safeguard ecosystem resilience. Besides we need to produce more food with
less inputs.

Plant breeding is the science of improving plants to further improve the human condition.
Plant breeding has played a vital role in the successful development of modern agriculture via
"new" cultivars. Plant breeders are continually improving the ability of cultivars to withstand
various environmental conditions. By reducing the impact of agriculture on the environment
while maintaining sufficient production will require the development of new cultivars.

Climate change is altering the availability of resources and the conditions crucial to plant
performance. Plants respond to these changes through environmentally induced shift in
phenotype. Understanding these responses is essential to predict and manage the effects of
climate change on crop plants.

In the foreseeable future and an increase in population will need significant production.
Breeding and modern agricultural technologies can increase yield on existing agricultural
land. As a result, they can make a significant contribution to biodiversity conservation by
limiting the need to expand agricultural land and by allowing nature to be maintained for
conservation purposes and harmony between agriculture and the environment.

There is still a debate among researchers on the best strategy to keep pace with global popu‐
lation growth and increasing food demand. One strategy focuses on agricultural biodiversity,
while another strategy favors the use of transgenic crops. There are short research funds for
agro-biodiversity solutions in comparison with funding for research in genetic modification
of crops. Favoring biodiversity does not exclude any future biotechnological contributions,
but favoring biotechnology threatens future biodiversity resources. The future breeding
programs should encompass not only knowledge of techniques but also conservation of
genetic resources of existing crops, breeds, and wild relatives, to provide the genes necessary
to cope with changes in agricultural production. Therefore, agro-biodiversity should be a
central element of future sustainable agricultural development [173,174]. The concept of
sustainability rests on the principle that the present needs must be addressed without com‐
promising the ability of future generations to meet their own needs [175]. Sustainable agri‐
culture is an alternative to solve future fundamental and applied issues related to food
production in an ecological way [176].
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Farmers in developing countries, especially small farmers, have problems specific to their
cultural, economic and environmental conditions, such as limited purchasing power to access
improved cultivars and proprietary technologies [43]. These farmers have an important role
in conserving and using crop biodiversity. The future of the world food security depends on
stored crop genes as well as on farmers who use and maintain crop genetic diversity on a daily
basis. In the long run, the conservation of plant genetic diversity depends not only on a small
number of institutional plant breeders and seed banks, but also on the vast number of farmers
who select, improve, and use crop diversity, especially in marginal farming environments.
Their extensive farming systems using landraces or open-pollinated cultivars increase
sustainability and less impact from stresses caused by drought, insect and diseases, due to
long-term in situ selection of these crops cultivated as opposed to the fertilizer, herbicide, and
pesticide demands in an intensive crop based system with improved, hybrid, or transgenic
cultivars. That is why we should also be alerted and particularly alarmed by the current trend
to exclusively use improved, hybrid, and transgenic crop cultivars. Farmers do not just save
seeds; they are plant breeders who constantly adapt their crops to specific farming conditions
and needs. This genetic biodiversity is the key to maintain and improve the world's food
security, and agriculture sustainability [51].

The introduction of genetically modified technology has been hailed as a gene revolution
similar to the "Green Revolution" of the 1960s [41,177]. The "Green Revolution" had an explicit
strategy for technology development and diffusion, targeting farmers in developing countries,
in which improved germplasm was made freely available as a public good, a particular success
in Asia. In contrast to the "Green Revolution", the push for genetically modified crops is based
largely on private agricultural research, with cultivars provided to farmers on market terms
[177]. To date efforts on genetically modified crops have been focused on crops considered to
be profitable enough by large plant breeding companies, not on solutions to problems
confronted by the world's small farmers. Existing biodiversity in combination with plant
breeding has much more to offer the many world’s farmers, while genetically modified crops
have more to offer the large-scale farms and agro-industry, and this explains why they have
received so much research funding. Genetically modified crops and their creation may attract
investment in agriculture, but it can also concentrate ownership of agricultural resources.
There is particular concern that present intellectual property rights instruments, including
genetically modified organisms, will inhibit sowing of own seeds, seed exchange, and sale
[178]. And in developing countries, patents may drive up costs and restrict experimentation
by the public researcher or individual farmer.

Transgenic crops can continue to decrease pressure on biodiversity as global agricultural
systems expand to feed a growing world population. Continued yield improvements in crops
such as rice and wheat are expected with insect resistant and herbicide tolerant traits that are
already commercialized in other transgenic crops. Although the potential of currently
commercialized genetically modified crops to increase yields, decrease pesticide use, and
facilitate the adoption of conservation tillage has yet to be realized in some many countries
that have not yet approved these technologies for commercialization. Technologies such as
drought tolerance and salinity tolerance would alleviate the pressure in arable land by enabling
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crop production on sub-optimal soils. Drought tolerance technology is supposed to be
commercialized within less than three years. Nitrogen use efficient technology is also under
development, which can reduce run-off of nitrogen fertilizer into surface waters. This tech‐
nology is supposed to be commercialized within the next six years.

One of the major arguments for genetic modified technology is that new cultivars can be
developed more quickly than in traditional plant breeding [111,116,179]. But like new cultivars
derived from conventional breeding methods, transgenic cultivars developed under labora‐
tory conditions have to be tested under field conditions and this means several years of field
trials to ensure that the inserted traits will actually become expressed and have the desired
effects in local environments. So currently there is little difference in the speed with which
either method (transgenic or conventional) will result in the release of new cultivars.

The knowledge gained from basic plant research will underpin future crop improvements, but
effective mechanisms for the rapid and effective translation of research discoveries into public
good agriculture remain to be developed. Maximum benefit will be derived if robust plant
breeding and crop management programs have ready access to all the modern crop biotech‐
nological techniques, both transgenic and non-transgenic, to address food security issues. This
will require additional investments in capacity building for research and development, in
developing countries. Technology implementation alone is not sufficient to address such
complex questions as food security. Biotechnologies will make new options available but are
not a global solution. We must ensure that society will continue to benefit from the vital
contribution that plant breeding offers, using both conventional and biotechnological tools.
Genetic engineering has the potential to address some of the most challenging biotic con‐
straints faced by farmers, which are not easily addressed through conventional plant breeding
alone. Besides other promising traits seems to be host plant resistance to insects and pathogens.
However, transgenic cultivars will have one or a few exogenous genes whereas the back‐
ground genotype will still be the product of non-transgenic (or conventional) crop breeding.
One should follow a pragmatic approach when deciding whether to engage in transgenic plant
breeding. Biotechnology products will be successful if clear advantages and safety are
demonstrated to both farmers and consumers.

There is a need of investment in research breeding and cultivar development in traditionally
open-pollinated cultivars and in the minor crops. More investments in this area will mean
cheaper cultivars for growers to choose from and more preservation of crop biodiversity. In
recent years, private plant breeding programs have increased in number and size. Financial
investment also increased, as well as interest in intellectual property protection. Protective
measures, especially patenting, must be moderated to eliminate coverage so broad that it stifles
innovation. The intellectual property protection laws for plants must be made less restrictive
to encourage research and free flow of materials and information. Public sector breeding must
remain vigorous, especially in areas where the private sector does not function. This will often
require benevolent public/private partnerships as well as government support. Intellectual
property rights laws for plants must be made less restrictive to encourage freer flow of
materials. Active and positive connections between the private and public breeding sectors
and large-scale gene banks are required to avoid a possible conflict involving breeders’ rights,
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gene preservation and erosion. Partnerships between policy makers with public and private
plant breeders will be essential to address future challenges. Many current breeding efforts
remain under-funded and disorganized. There is a great need for a more focused, coordinated
approach to efficiently utilize funding, share expertise, and continue progress in technologies
and programs.
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1. Introduction

Mexico is a centre of origin, domestication and diversity of major crops worldwide, such as
maize (Zea mays L.) and beans (Phaseolus spp). It is known that five species of Phaseolus have
been domesticated: P. vulgaris L. (common bean), P. coccineus L. (‘ayocote’ bean), P. lunatus L.
(‘lima’ bean), P. acutifolius Gray (‘tepary’ bean) and P. polyanthus Greenm. (= P. polyanthus
McFad.) (‘acalete’ bean) [1]. The five species are well distributed through Mexico as wild, semi-
domesticated, and domesticated forms [2]. Beans are economically, socially, biologically and
culturally important [3]. Owing to the importance of beans for Mexico and the world [4]
extensive programmes focusing on the conservation, management and characterization of
genetic resources of Phaseolus have been implemented in some countries [5] and international
institutions such as Centro Internacional de Agricultura Tropical (CIAT) in Cali, Colombia;
the Grupo de Mejoramiento de Leguminosas de la Misión Biológica de Galicia and Consejo
Español de Investigación Científica (MBG-CSIC) in Spain; the USDA/ARS Western Regional
Plant Introduction Station at USA, and the Instituto Nacional de Investigaciones Forestales,
Agrícolas y Pecuarias (INIFAP) of Mexico who include bean collections in their germplasm
banks, including all forms [6, 7].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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Collections at germplasm banks are usually classified as base, active, for the work, and core
[5]. Core collections include the highest levels of genetic diversity of one species (from 70 to
80%) as Phaseolus spp. into the lower number of accessions and due its size offers an easy and
cheaper management and improves and efficient the germplasm use [8]. In this sense re‐
searchers need to characterize and to evaluate the core collections. Traditional strategies were
based on the use of high-heritability morpho-agronomic traits such as growth habit, flower
colour; the use of biochemical markers as seed reserve proteins as phaseolins, etc. Recent
advances in molecular biology have improved the capability of plant genetic resource
characterization using methodologies based on DNA analysis such as dominant (random
amplified polymorphic DNA, or RAPDs, and amplified fragment length polymorphisms, or
AFLPs) and co-dominant (restriction fragment length polymorphisms, or RFLPs, and simple
sequence repeats, or SSRs) molecular markers [9]. The sequencing of the common bean genome
has been concluded and this information broadens our perspective about some facts and
challenges related to origin, domestication, diversity patterns and breeding of common beans
[10-13].

2. Beans in Mexico

The common bean is the second legume crop worldwide, behind soybeans [Glycine max (L.)
Merr] [4]. Despite the major anthropocentric use of beans being their green pods and dry
grains, in some Latin American and African countries people consume young leaves and
flowers as fresh vegetables [14]. By 2013, more than 1.8 million hectares were cultured with
beans, and grain yields were 0.74 t ha-1 [15]. Common beans are well adapted, and grow
through the different agroecosystems of Mexico and different seasons [7], depending upon the
genetic diversity of the native germplasm and breed cultivars developed for each region [3].

Beans are a basic food due to being a major source of proteins, minerals, fibre, carbohydrates
and vitamins in the Mexican daily diet for most people, but mainly for those with low economic
resources [3]. Beans are the perfect complement to the Mexican diet based on maize as ‘tortillas’
in order to substitute animal protein for proper nutrition [4, 6]. Clinical studies showed that
bean consumption prevents or improves both cholesterol and glucose levels in the blood [16].
However, the consumption of common beans has some problems, since they contain anti-
nutritional compounds such as polyphenols (condensed tannins and anthocyanins), and
inhibitors of proteases as trypsin, lectins and phytic acid [17, 18]. These compounds limit bean
consumption and prevent them need breeding programmes and/or industry treatments such
as cooking.

Economic conditions and customer preferences cause a variation in bean consumption per
cápita between countries, and between regions within countries. In Mexico, black beans are
preferred in the southern regions, while ‘Flor de Mayo’ and ‘Flor de Junio’ beans are preferred
in the central western regions. Finally ‘pinto’, ‘bayo’ and ‘azufrado’ beans are mostly consumed
in the northern regions. While Mexican bean per capita consumption is 11 kg per year, some
African countries report more than 40 kg [18].
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3. Cultivated species of Phaseolus

As has been listed before, only five Phaseolus species have been domesticated, and wild and
cultivated forms are well known: P. vulgaris L., P. coccineus, P. lunatus, P. acutifolius, and P.
dumosus from over 70 Phaseolus species, subspecies and varieties reported for Mexico (Tables
1 and 2). Most Phaseolus species are well distributed through Mexico with the exception of cold
humid temperate and extremely hot arid tropic climates. The species P. coccineus and P.
leptostachyus are distributed in the largest numbers of climatic types [19].

The cultivated form of P. vulgaris is grown across Mexico, but the highest producers are the
states of Zacatecas, Durango, Sinaloa, San Luis Potosí, Guanajuato and Chiapas. Common
beans represent 95% of national bean consumption. Common beans show an annual cycle and
exhibit broad variability in growth habits, biological cycle duration, adaptation to different
altitudes and soil conditions, as well as a large variation in seed colour and shapes. The last
decades the common bean crop has migrated from central and southern regions to the north.
Bean crop growth has also changed from common cultivation association with maize or
pumpkin to monoculture using cultivars with determinate growth habits. Wild populations
of P. vulgaris are mainly distributed through major mountain systems: Sierra Madre Occiden‐
tal, Sierra Madre del Sur, Eje Neovolcánico, and Sierra Madre Oriental from 760 to 2,250 m
above sea level. This species has a climbing growth habit, thin pods and small seeds where
greyish-spotted seed coat colours are common, although there are other colours including
black, ‘bayo’, yellow, brown, etc. Pods are dehiscent when mature, and seeds can be latent due
to seed coat hardness. In this species it is common to find segregant populations derived from
the spontaneous crossing between wild plants and cultivated forms, due to both types co-
habiting or co-existing by variable lengths of time or seasons [7, 20-22].

Ayocote beans, P. coccineus, are known as ‘patol’ or ‘patola’. They are a perennial species that
develop tuber roots, as well as being a vigorous species, with climbing plants. Ayocote beans
are commonly grown at the highlands of the central states of Puebla, Tlaxcala, Hidalgo and
Mexico. P. coccineus is alogamous due to incompatibility problems, and landraces and wild
plants show a great level of genetic variability in seed colours, sizes and shapes. The species
shows short-width pods with a low number of seeds per pod; the seeds are large and have
thick coats. The cultivated form has an impermeable seed coat. The wild form is distributed
in temperate regions from the highlands and mountains: Sierra Madre Occidental, Eje
Neovolcánico and Sierra Madre Oriental, between 1,800 and 3,000 m above sea level [23-26].

Lima beans, P. lunatus, are named as ‘comba’ at the Balsas River depression (western Mexico)
or ‘ibes’ at the Península of Yucatán (southeastern Mexico). As ayocotes, lima beans are
perennial and climbing species, vigorous and with a late biological cycle. Seeds of cultivated
populations are variable in colour, shape and size. The species tolerates high temperatures,
drought stress and some insect pests. Lima beans are frequently inter-cropped with maize, but
most of their vegetative development and reproductive phase is completed after the maturity
of maize when high levels of sun radiation are available. The wild form is perennial and
climbing, and is distributed in the lower-coastal lands of Mexico near the Gulf of Mexico,
Pacific Ocean and the Peninsula of Yucatán. Some wild populations have been found at the
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Balsas River depression (states of Michoacán, Jalisco, Colima and Nayarit) at altitudes of up
to 1,600 m above sea level (masl) [27, 28].

The poor surface cropped with P. acutifolius is located mainly in northern and northeastern
Mexico at altitudes of up to 1,800 masl. Tepary bean is an annual species with some landraces
with an undetermined growth habit for monoculture. Despite the cultivated form having
larger seeds than the wild population, some varieties conserve grain traits similar to their
ancestors. Wild populations are distributed at Sierra Madre Occidental from the northern
states of Sonora and Chihuahua to the central-eastern state of Michoacán [27].

Finally, the less cultivated Phaseolus species, P. dumosus (= P. polyanthus), named ‘acalete’ shows
vigorous climbing growth habits, and is commonly cultured in the state of Oaxaca, associated
with maize. Acalete seeds are medium to large and are highly variable in colour, shape and
size. The seed coat is thick, as in P. coccineus, but is permeable to water. The wild form is inferred
to be dispersed through the state of Oaxaca [19, 27].

Section Species Mexican states of distribution

A. Acutifolii P. acutifolius A. Gray var. acutifolius
Jalisco, Nayarit, Baja California, Chihuahua,
Durango, Sinaloa, Sonora

P. acutifolius A. Gray var. latifolius
Nayarit, Chihuahua, Coahuila, Durango, Sinaloa,
Querétaro, Sonora

P. acutifolius A. Gray var. tenuifolius
Colima, Jalisco, Baja California, Chihuahua,
Coahuila, Colima, Durango, Jalisco, Sinaloa, Sonora.

P. parvifolius Freytag
Baja California, Chiapas, Chihuahua, Durango,
Guerrero, Jalisco, Michoacán, Nayarit, Oaxaca,
Sonora

B. Phaseoli P. vulgaris L.
Chiapas, Durango, Guanajuato, Guerrero, Jalisco,
Mexico, Michoacán, Morelos, Nayarit, Oaxaca,
Puebla, Querétaro, Sinaloa, Tamaulipas, Veracruz

P. costaricensis In Costa Rica and Panamá, Central America

P. dumosus Macfady Chiapas

P. albescens McVaugh ex R. Ramírez & A.
Delgado

Jalisco, Michoacán

C. Coccinei

P. coccineus L. subsp. coccineus (12 varieties:
coccineus, parvibracteolatus, griseus,
lineatibracteolatus, tridentatus, splendens,
strigillosus, semperbracteolatus, condensatus,
pubescens, argenteus, zongolicensis).

Higher regions with temperate or cold climatic
conditions from Chiapas, Oaxaca, Guerreo,
Morelos, Puebla, Veracruz, Tlaxcala, Edo de
Mexico, Hidalgo, Guanajuato, Michoacán, Jalisco,
Nayarit, Zacatecas, Durango, Nuevo León,
Tamaulipas, Sinaloa,
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Balsas River depression (states of Michoacán, Jalisco, Colima and Nayarit) at altitudes of up
to 1,600 m above sea level (masl) [27, 28].

The poor surface cropped with P. acutifolius is located mainly in northern and northeastern
Mexico at altitudes of up to 1,800 masl. Tepary bean is an annual species with some landraces
with an undetermined growth habit for monoculture. Despite the cultivated form having
larger seeds than the wild population, some varieties conserve grain traits similar to their
ancestors. Wild populations are distributed at Sierra Madre Occidental from the northern
states of Sonora and Chihuahua to the central-eastern state of Michoacán [27].

Finally, the less cultivated Phaseolus species, P. dumosus (= P. polyanthus), named ‘acalete’ shows
vigorous climbing growth habits, and is commonly cultured in the state of Oaxaca, associated
with maize. Acalete seeds are medium to large and are highly variable in colour, shape and
size. The seed coat is thick, as in P. coccineus, but is permeable to water. The wild form is inferred
to be dispersed through the state of Oaxaca [19, 27].

Section Species Mexican states of distribution

A. Acutifolii P. acutifolius A. Gray var. acutifolius
Jalisco, Nayarit, Baja California, Chihuahua,
Durango, Sinaloa, Sonora

P. acutifolius A. Gray var. latifolius
Nayarit, Chihuahua, Coahuila, Durango, Sinaloa,
Querétaro, Sonora

P. acutifolius A. Gray var. tenuifolius
Colima, Jalisco, Baja California, Chihuahua,
Coahuila, Colima, Durango, Jalisco, Sinaloa, Sonora.

P. parvifolius Freytag
Baja California, Chiapas, Chihuahua, Durango,
Guerrero, Jalisco, Michoacán, Nayarit, Oaxaca,
Sonora

B. Phaseoli P. vulgaris L.
Chiapas, Durango, Guanajuato, Guerrero, Jalisco,
Mexico, Michoacán, Morelos, Nayarit, Oaxaca,
Puebla, Querétaro, Sinaloa, Tamaulipas, Veracruz

P. costaricensis In Costa Rica and Panamá, Central America

P. dumosus Macfady Chiapas

P. albescens McVaugh ex R. Ramírez & A.
Delgado

Jalisco, Michoacán

C. Coccinei

P. coccineus L. subsp. coccineus (12 varieties:
coccineus, parvibracteolatus, griseus,
lineatibracteolatus, tridentatus, splendens,
strigillosus, semperbracteolatus, condensatus,
pubescens, argenteus, zongolicensis).

Higher regions with temperate or cold climatic
conditions from Chiapas, Oaxaca, Guerreo,
Morelos, Puebla, Veracruz, Tlaxcala, Edo de
Mexico, Hidalgo, Guanajuato, Michoacán, Jalisco,
Nayarit, Zacatecas, Durango, Nuevo León,
Tamaulipas, Sinaloa,
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Section Species Mexican states of distribution

P. coccineus L. subsp. striatus ( 7 varieties:
striatus, minuticicatricatus, guatemalensis,
purpurascens, rigidicaulis, pringlei,
timilpanensis)

Idem Subsp. coccineus

P. glabelus Piper
Chiapas, Hidalgo, Oaxaca, Puebla, San Luis Potosí,
Tamaulipas, Veracruz

D. Paniculati
Sub-section I,
Volubili.

P. lunatus L.

Baja California, Campeche, Chiapas, Colima,
Guerrero, Jalisco, Mexico, Michoacán, Morelos,
Nayarit, Oaxaca, Sinaloa, Tabasco, Tamaulipas,
Veracruz, Yucatán

P. polystachyus (three subspecies) Only in the United States of America

P. salicifolius Piper Durango, Sinaloa, Sonora

P. maculatifolius Freytag & Debouck Nuevo León

P. dasycarpus Freytag & Debouck* Veracruz

P. longiplacentifer Freytag Veracruz

D. Paniculati
Sub-section II, Lignosi

P. jaliscanus Piper Jalisco, Nayarit, Sinaloa, Michoacán

P. scrobiculatifolius Freytag Michoacán

P. nudosus Freytag & Debouck Jalisco

P. albinervus Freytag & Debouck Chihuahua

P. marechalii Delgado Mexico, Morelos, Puebla

P. rotundatus Freytag & Debouck Jalisco, Michoacán

P. acinaciformis Freytag & Debouck Oaxaca

P. xolocotzii Delgado Guerrero, Mexico, Oaxaca

P. sonorensis Standl Chihuahua, Sinaloa, Sonora

P. juquilensis Delgado Oaxaca

E. Bracteati P. macrolepis and P. talamancensis
Only in Guatemala and Costa Rica, Central
America

F. Minkelersia
P. pluriflorus Maréchal, Mascherpa &
Stainer

Distrito Federal, Durango, Mexico, Jalisco,
Michoacán, Morelos, Nayarit, Sinaloa

P. nelsonii Maréchal, Mascherpa & Stainer
Chiapas, Jalisco, Mexico, Michoacán, Oaxaca,
Zacatecas

P. perplexus Delgado Jalisco, Mexico, Michoacán

P. plagiosylix Harms Nuevo León
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Section Species Mexican states of distribution

P. amblyosepalus (Piper) Morton Durango, Michoacán, Sinaloa

P. tenellus Piper Mexico, Michoacán, Zacatecas

P. parvulus Greene
Chihuahua, Durango, Nayarit, Sinaloa, Sonora,
Zacatecas

P. anisophylus (Piper) Freytag & Debouck Chihuahua, Durango

P. amabilis Standl Chihuahua

P. pausiflorus Sessé & Mociño
Chihuahua, Distrito Federal, Durango, Guerrero,
Jalisco, Mexico, Michoacán, Morelos, Nayarit,
Sinaloa, Sonora, Zacatecas

G. Zanthotricha P. xanthotrychus Piper Chiapas

P. hintonii Delgado Durango, Jalisco, Mexico, Nayarit

P. zimapanensis Delgado
Durango, Hidalgo, Nuevo León, Querétaro, San
Luis Potosí, Tamaulipas

P. gladiolatus Freytag & Debouck Hidalgo, San Luis Potosí

P. magnilobatus Freytag & Debouck Durango, Jalisco

P. esquincensis Freytag Chiapas

H. Revoluti P. leptophyllus G. Don Guerrero

I. Digitati P. neglectus Hermann Nuevo León, Tamaulipas

P. albiflorus Freytag & Debouck Coahuila, Nuevo León, Tamaulipas

P. albiviolaceus Freytag & Debouck Tamaulipas, Nuevo León

P. trifidus Freytag Nuevo León

P. altimontanus Freytag & Debouck Nuevo León

J. Rugosi P. filiformis Benth. Baja California, Chihuahua, Coahuila, Sonora

P. angustíssimus A. Gray Sonora

P. carteri Freytag & Debouck Baja California

P. microcarpus Mart
Chiapas, Guanajuato, Durango, Guerrero, Jalisco,
Michoacán, Oaxaca, Puebla

K. Falkati P. micranthus Hook & Arn Jalisco, Michoacán, Nayarit, Sinaloa, Sonora

P. leptostachyus Benth. (five varieties:
leptostachyus, intosus, pinnatifolius, nanus,
lobatifolius)

Chiapas, Chihuahua, Colima, Distrito Federal,
Durango, Guanajuato, Guerrero, Hidalgo, Jalisco,
Mexico, Michoacán, Morelos, Nayarit, Nuevo
León, Oaxaca, Puebla, Querétaro, San Luis Potosí,
Sinaloa, Sonora, Tamaulipas, Veracruz, Zacatecas

P. opacus Piper Tamaulipas, Veracruz
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Section Species Mexican states of distribution

P. amblyosepalus (Piper) Morton Durango, Michoacán, Sinaloa

P. tenellus Piper Mexico, Michoacán, Zacatecas

P. parvulus Greene
Chihuahua, Durango, Nayarit, Sinaloa, Sonora,
Zacatecas

P. anisophylus (Piper) Freytag & Debouck Chihuahua, Durango

P. amabilis Standl Chihuahua

P. pausiflorus Sessé & Mociño
Chihuahua, Distrito Federal, Durango, Guerrero,
Jalisco, Mexico, Michoacán, Morelos, Nayarit,
Sinaloa, Sonora, Zacatecas

G. Zanthotricha P. xanthotrychus Piper Chiapas

P. hintonii Delgado Durango, Jalisco, Mexico, Nayarit

P. zimapanensis Delgado
Durango, Hidalgo, Nuevo León, Querétaro, San
Luis Potosí, Tamaulipas

P. gladiolatus Freytag & Debouck Hidalgo, San Luis Potosí

P. magnilobatus Freytag & Debouck Durango, Jalisco

P. esquincensis Freytag Chiapas

H. Revoluti P. leptophyllus G. Don Guerrero

I. Digitati P. neglectus Hermann Nuevo León, Tamaulipas

P. albiflorus Freytag & Debouck Coahuila, Nuevo León, Tamaulipas

P. albiviolaceus Freytag & Debouck Tamaulipas, Nuevo León

P. trifidus Freytag Nuevo León

P. altimontanus Freytag & Debouck Nuevo León

J. Rugosi P. filiformis Benth. Baja California, Chihuahua, Coahuila, Sonora

P. angustíssimus A. Gray Sonora

P. carteri Freytag & Debouck Baja California

P. microcarpus Mart
Chiapas, Guanajuato, Durango, Guerrero, Jalisco,
Michoacán, Oaxaca, Puebla

K. Falkati P. micranthus Hook & Arn Jalisco, Michoacán, Nayarit, Sinaloa, Sonora

P. leptostachyus Benth. (five varieties:
leptostachyus, intosus, pinnatifolius, nanus,
lobatifolius)

Chiapas, Chihuahua, Colima, Distrito Federal,
Durango, Guanajuato, Guerrero, Hidalgo, Jalisco,
Mexico, Michoacán, Morelos, Nayarit, Nuevo
León, Oaxaca, Puebla, Querétaro, San Luis Potosí,
Sinaloa, Sonora, Tamaulipas, Veracruz, Zacatecas

P. opacus Piper Tamaulipas, Veracruz
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Section Species Mexican states of distribution

P. persistentus Freytag & Debouck Guatemala

P. macvaughii Delgado
Baja California, Colima, Guerrero, Jalisco,
michoacán, Sinaloa

L. Brevilegumeni P. oligospermus Piper Chiapas

P. campanulatus Freytag & Debouck Nayarit, Jalisco

P. tuerckheimii Donnell-Smith Chiapas

M. Pedicellati P. pedicellatus Benth

Distrito Federal, Guanajuato, Guerrero, Hidalgo,
Mexico, Morelos, Nuevo León, Querétaro, San
Luis Potosí, Tamaulipas, Veracruz, Jalisco,
Michoacán

P. oaxacanus Rose Oaxaca

P. esperanzae Seaton Hidalgo, Mexico, Michoacán, Puebla

P. polymorphus S. Wats (two varieties:
polymorphus, albus)

Aguascalientes, Coahuila, Durango, Guanajuato,
Jalisco, Nuevo León,

P. palmeri Piper Zacatecas

P. purpusii Brandegee San Luis Potosí

P. grayanus Woot
Chihuahua, Coahuila, Duarngo, San Luis Potosí,
Sonora, Zacatecas

P. scrabellus Benth. Durango, Sinaloa, Sonora

P. teulensis Freytag Durango, Zacatecas

P. pyramidalis Freytag Chihuahua

P. laxiflorus Piper Hidalgo, Mexico, Veracruz

N. Chiapasana P. chiapasanus Piper Chiapas, Oaxaca

O. Coriacei P. maculatus Scheele subsp. maculates
Aguascalientes, Chihuahua, Coahuila, Durango,
Guanajuato, Hidalgo, Puebla, Querétaro, San Luis
Potosí, Sonora, Tlaxcala, Zacatecas

P. maculatus Scheele subsp. ritensis
Chihuahua, Durango, Jalisco, Nayarit, Sinaloa,
Sonora, Zacatecas

P. venosus Piper
Aguascalientes, Durango, San Luis Potosí, Jalisco,
Zacatecas

P. reticulatus Freytag & Debouck Durango

Adapted from Freytag and Debouck [29] and López-Soto et al. [19].

Table 1. Species of Phaseolus in Mexico and their distribution.
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Taxon Distribution
Altitudinal
distribution (masl)

Section Chiapasana Oaxaca, Veracruz, Chiapas 1000-1500

P. chiapasanus

Section Phaseolus

P. angustissimus Chihuahua, Coahuila 1600-1750

P. filiformis BCN, BCS, Sonora, Sinaloa, Chihuahua, Durango 200-1350

P. leptostachyus Most of the country 500-2200

P. vulgaris Most of the country 700-2000

P. acutifolius
BCS, BCN, Sonora, Sinaloa, Chihuahua, Durango, Zacatecas,
Nayarit, Coahuila, Oaxaca, Guerrero, Morelos

20-2300

P. microcarpus
Jalisco, Oaxaca, Puebla, Veracruz, Guerrero, Morelos, Durango,
Nayarit

20-1600

P. lunatus Mexican coastal states, Puebla, Morelos 10-1200

P. neglectus Tamaulipas, Nuevo León, Coahuila 1200-1600

P. coccineus Medium to highlands of most of the country 700-2900

P. salicifolius Durango, Sinaloa 1400-1900

P. maculatus
Chihuahua, Durango, Sonora, Zacatecas, Sinaloa, Aguascalientes,
Guanajuato, Querétaro, Hidalgo, Jalisco, Nuevo León

1400-2200

P. polystachyus Veracruz, Morelos 1200-1600

P. xolocotzii Oaxaca, Morelos 1500-1800

P. ritensis Chihuahua, Durango 1800-2100

P. marechalii Hidalgo, Tlaxcala, Mexico 2100-2600

P. pedicellatus
Chihuahua, Durango, Aguascalientes, Zacatecas, SLP, Hidalgo,
Oaxaca, Querétaro

1500-2800

P. sonorensis BCS, BCN, Sonora, Chihuahua, Durango 40-1600

Section Minkelersia

P. pauciclorus Durango, Michoacán, Jalisco, Mexico, Oaxaca 1700-2000

P. nelsonii Oaxaca, Mexico, Jalisco 1900-2200

P. parvulus Chihuahua, Durango 2100-2500

P. pluriflorus Mexico, Michoacán, Oaxaca, Jalisco 2000-2500

Section Xanthotrichus

P. xanthotrichus Hidalgo, Chiapas 1500-1700

P. hintonii Oaxaca, Morelos, Michoacán 1500-1700

SLP = San Luis Potosí, BCN = Baja California Norte, BCS = Baja California Sur.

Table 2. Distribution of wild species of Phaseolus in Mexico based on specimens of INIFAP’s herbarium.
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Taxon Distribution
Altitudinal
distribution (masl)

Section Chiapasana Oaxaca, Veracruz, Chiapas 1000-1500

P. chiapasanus

Section Phaseolus

P. angustissimus Chihuahua, Coahuila 1600-1750

P. filiformis BCN, BCS, Sonora, Sinaloa, Chihuahua, Durango 200-1350

P. leptostachyus Most of the country 500-2200

P. vulgaris Most of the country 700-2000

P. acutifolius
BCS, BCN, Sonora, Sinaloa, Chihuahua, Durango, Zacatecas,
Nayarit, Coahuila, Oaxaca, Guerrero, Morelos

20-2300

P. microcarpus
Jalisco, Oaxaca, Puebla, Veracruz, Guerrero, Morelos, Durango,
Nayarit

20-1600

P. lunatus Mexican coastal states, Puebla, Morelos 10-1200

P. neglectus Tamaulipas, Nuevo León, Coahuila 1200-1600

P. coccineus Medium to highlands of most of the country 700-2900

P. salicifolius Durango, Sinaloa 1400-1900

P. maculatus
Chihuahua, Durango, Sonora, Zacatecas, Sinaloa, Aguascalientes,
Guanajuato, Querétaro, Hidalgo, Jalisco, Nuevo León

1400-2200

P. polystachyus Veracruz, Morelos 1200-1600

P. xolocotzii Oaxaca, Morelos 1500-1800

P. ritensis Chihuahua, Durango 1800-2100

P. marechalii Hidalgo, Tlaxcala, Mexico 2100-2600

P. pedicellatus
Chihuahua, Durango, Aguascalientes, Zacatecas, SLP, Hidalgo,
Oaxaca, Querétaro

1500-2800

P. sonorensis BCS, BCN, Sonora, Chihuahua, Durango 40-1600

Section Minkelersia

P. pauciclorus Durango, Michoacán, Jalisco, Mexico, Oaxaca 1700-2000

P. nelsonii Oaxaca, Mexico, Jalisco 1900-2200

P. parvulus Chihuahua, Durango 2100-2500

P. pluriflorus Mexico, Michoacán, Oaxaca, Jalisco 2000-2500

Section Xanthotrichus

P. xanthotrichus Hidalgo, Chiapas 1500-1700

P. hintonii Oaxaca, Morelos, Michoacán 1500-1700

SLP = San Luis Potosí, BCN = Baja California Norte, BCS = Baja California Sur.

Table 2. Distribution of wild species of Phaseolus in Mexico based on specimens of INIFAP’s herbarium.
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4. Why must common bean diversity be conserved?

Mexico is broadly recognized as the centre of origin, domestication and diversification of major
crops including avocado, amaranth, cocoa, pumpkin, maize, beans, and others. These species
have been well dispersed and cultivated worldwide and constitute a major source of economic
input for many countries. One major Mexican institution advocated to the collection, study,
documentation, preservation and promotion of Mexican genetic resources is the Instituto
Nacional de Investigaciones Forestales, Agrícolas y Pecuarias (INIFAP) which created the
Genetic Resources Unit, and recently a new National Bank of Germplasm (CNRG, INIFAP)
located in Tepatitlán, Jalisco, where Phaseolus represents one of the most important species to
be preserved and studied. Special emphasis must be given in further works to those species
not properly represented in Mexican Germplasm Banks, without seed samples preserved
under proper conditions or species only represented as herbarium samples (Table 3). The
recent explorations and collections of Phaseolus species across Mexico (Fig. 1) conducted by
Muruaga-Martinez et al. (unpublished data, 2010-2012), showed the evident genetic erosion
to be abnormally high in some regions. At these regions genetic erosion is so fast that can not
will compensate by new genetic variability ‘normally created’ inside each ecosystem. Genetic
erosion is significantly increased by human perturbation of agroecosystems. In addition,
economical financing of a new re-collection of Phaseolus genetic resources must be revalued
and consistently supported, assuming this involves future investment for genetic resource
preservation and utilization for bean improvement.

Species

With seed available Without seed available

Accessions
registered in
herbarium

Accessions with
seeds

Species
Accessions

registered in
herbarium

P. acutifolius (three subspecies) 30 74 P. acinacifolius 1

P. amblyosepalus 5 2 P. albescens 2

P. coccineus (two subspecies) 123 282 P. albiflorus 8

P. chiapasanus 5 1 P. albinervus 1

P. esperanzae 12 1 P. albiviolaceus 2

P. glabellus 12 7 P. altimontanus 2

P. grayanus 25 8 P. amabilis 1

P. hintonii 5 1 P. anisophyllus 2

P. jaliscanus 9 4 P. angustissimus 2

P. leptostachyus (5 subspecies) 106 203 P. campanulatus 1

P. lunatus 43 91 P. carteri 4

P. maculatus/maculatus 25 28 P. dacicarpus 1

P. maculatus/ritensis 22 17 P. esquincensis 1
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Species

With seed available Without seed available

Accessions
registered in
herbarium

Accessions with
seeds

Species
Accessions

registered in
herbarium

P. marechalii 3 1 P. filiformis 33

P. micranthus 11 1 P. gladiolatus 2

P. microcarpus 31 7 P. laxiflorus 3

P. neglectus 3 7 P. juquilensis 1

P. nelsonii 12 4 P. leptophyllus 1

P. oaxacanus 5 3 P. longiplacentifer 1

P. oligospermus 6 10 P. maculatifolius 1

P. parvulus 14 4 P. macvaughii 10

P. pedicellatus 34 13 P. magnilobatus 3

P. pluriflorus 15 11 P. nudosus 1

P. polymorphus 19 2 P. opacus 1

P. scabrellus 3 1 P. palmeri 1

P. tuerckheimii 6 13 P. parvifolius 17

P. vulgaris 32 58 P. pauciflorus 30

P. xanthotrichus 2 8 P. perplexus 4

P. plagyosilix 2

P. purpusii 1

P. pyramidalis 2

P. rotundatus 1

P. salicifolius 3

P. scrobiculatifolius 2

P. sonorensis 2

P. tenellus 3

P. teulensis 2

P. trifidus 1

P. venosus 3

P. xolocotzii 3

P. zimapanensis 12

Table 3. Species of Phaseolus geo-positioned, with herbarium registers and seed samples available and species without
seed samples [29, 30].
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Species

With seed available Without seed available

Accessions
registered in
herbarium

Accessions with
seeds

Species
Accessions

registered in
herbarium

P. marechalii 3 1 P. filiformis 33

P. micranthus 11 1 P. gladiolatus 2

P. microcarpus 31 7 P. laxiflorus 3

P. neglectus 3 7 P. juquilensis 1

P. nelsonii 12 4 P. leptophyllus 1

P. oaxacanus 5 3 P. longiplacentifer 1

P. oligospermus 6 10 P. maculatifolius 1

P. parvulus 14 4 P. macvaughii 10

P. pedicellatus 34 13 P. magnilobatus 3

P. pluriflorus 15 11 P. nudosus 1

P. polymorphus 19 2 P. opacus 1

P. scabrellus 3 1 P. palmeri 1

P. tuerckheimii 6 13 P. parvifolius 17

P. vulgaris 32 58 P. pauciflorus 30

P. xanthotrichus 2 8 P. perplexus 4

P. plagyosilix 2

P. purpusii 1

P. pyramidalis 2

P. rotundatus 1

P. salicifolius 3

P. scrobiculatifolius 2

P. sonorensis 2

P. tenellus 3

P. teulensis 2

P. trifidus 1

P. venosus 3

P. xolocotzii 3

P. zimapanensis 12

Table 3. Species of Phaseolus geo-positioned, with herbarium registers and seed samples available and species without
seed samples [29, 30].
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In this sense, traditional strategies for germplasm analysis can be improved and better
understood by the use of DNA-based strategies as molecular markers. Breeding programmes
underutilize the genetic diversity available because of the necessity of pre-breeding exotic
germplasm. The hybridization between wild and domesticated types of Phaseolus from the
same gene pools offer greater potential for enhancing crop variation due the partial repro‐
ductive isolation between Andean and Mesoamerican domesticated gene pools. Former
evaluations of wild and semi-wild Phaseolus accessions have shown resistance to insects and
diseases [21,22, 31-33] and higher N, Fe, and Ca content in seeds, which could contribute to
the improvement of nutritional grain quality and grain yield [34]. Acosta-Gallegos et al. [34]
suggested Phaseolus pre-breeding based on the use of information on gene pool origins,
domestication syndrome traits, molecular diversity, and mapping data of the wild forms; the
indirect screening for biotic and abiotic stresses; and marker-assisted selection [35, 36].

Figure 1. Locations of exploration and collection of Phaseolus species in Mexico by Muruaga-Martínez et al. (unpublish‐
ed data, 2010-2012).

5. Analysis of genetic diversity in domesticated Phaseolus species

5.1. Common beans

One of the pioneer works on the study of Phaseolus genetic diversity was conducted by
Debouck et al. [37] who described the ecological adaptations and geographical locations of

Advances in Genetic Diversity Analysis of Phaseolus in Mexico
http://dx.doi.org/10.5772/60029

57



cultivated and wild species at northwestern South America (Colombia, Ecuador, Perú).
Germplasm (12 wild and 36 cultivated accessions) collected from 1985 to 1990 was analysed
on the basis of phaseolin and isozyme patterns. Wild beans showed a discontinuous distribu‐
tion that, compared with bean distribution in Mexico, Central America and the Andean region,
was classified as narrow. Later, Cerón et al. [38] analysed 151 bean accessions from the
CORPOICA germplasm bank of Mosquera, Colombia. The data suggested higher morpho-
agronomic variation in Mesoamerican germplasm than Andean accessions. Rodiño et al. [39]
reported the analysis of 388 bean landraces from Spain and Portugal on the basis of the use of
morpho-agronomic traits and phaseolin patterns. Germplasm was classified as Andean
(74.7%), Mesoamerican (16.8%) and mixed (8.4%). The data indicated that only 52 accessions
should constitute one representative core collection from Spain and Portugal.

In Mexico, the core collection of common beans structured by INIFAP includes 200 accessions,
and this was characterized using morpho-agronomic traits and AFLP molecular markers. The
data indicated a high level of genetic variability and no duplicity of accessions (non-shared
haplotypes) into the core collection, becoming itself in a representative sample of P. vulgaris
variation through Mexico [7, 40]. Rossi et al. [41] detected higher genetic diversity in the wild
germplasm of beans from the Andean and Mesoamerican gene pools, while domesticated
populations showed the largest linkage disequilibrium. Recent works of the analysis of P.
vulgaris’ genetic diversity have been published, where germplasm from different origins are
analysed and broad genetic diversity ascertained into the genus and intra- and inter-specific
and inter- and intra-population levels [42-48].

5.2. Ayocote beans

The genetic diversity of ayocote beans has been previously studied using morphological,
agronomical and molecular markers, mainly using ‘European’ germplasm in order to detect
high-yielding parents [49], highly tolerant germplasm to low temperatures [50], as well to
characterize genetic relationships [51]. Spataro et al. [52] found clear differentiation between
ayocote accessions [(wild, landraces, and P. dumosus (= P. coccineus ssp. dumosus)] as well as
reduced gene diversity due the introduction of ayocote beans to Europe. Vargas-Vázquez et
al. [24-26] reported that 80% of 798 P. coccineus accessions from Mexico originated from neo-
volcanic Axis and Eastern Sierra Madre with humid or semi-arid temperate climates, from
1500-2000 m above sea level and at 500-1000 mm of annual precipitation. Ayocote bean
germplasm can be separated into two groups: late accessions adapted to minimum tempera‐
tures (2-5°C), with large seeds and pods, and early accessions adapted to 0-2°C, with small
seeds and pods. Analysis of European domesticated P. coccineus, including botanical varieties
albiflorus, bicolour and coccineus and domesticated and wild accessions from Mesoamerica using
cpSSRs, nuclear SSRs and phenotypic traits, suggested a moderate-to-strong cytoplasmic
bottleneck that followed the expansion of species into Europe and multiple domestication
events into the species. An adaptive population differentiation was also found, suggesting that
selection led to the diversification of P. coccineus in Europe [53].
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5.3. Lima beans

The genetic diversity of P. lunatus from the Yucatán Peninsula was assessed based on mor‐
phological and phenological characters, and then related to ethnobotanical information
obtained about intraspecific diversity recognized by farmers, their selection criteria, agro‐
nomic management, production purpose and percentage of cultivated area. Ethnobotanical
and morpho-phenological data indicated 30 putative distinct landraces, two wild, and two
weedy variants from 149 seed samples of P. lunatus germplasm, suggesting gene flow among
them. Richness and diversity estimates were greatest, and evenness lowest, where there was
minimal agricultural intensification, wild and weedy populations, and greater persistence of
traditional culture [28]. Afterwards, Martínez-Castillo et al. [54] determined genetic diversity,
structure and gene flow of 11 wild populations of P. lunatus in four regions of traditional
agriculture in the Yucatán Peninsula, Mexico, using SSR loci. Strong genetic differentiation
was found among populations due to isolation among agricultural regions, as well as low long-
term gene flow and low rates of recent migration among populations. Positive correlation
between agricultural intensification and increased diversity was found because wild popula‐
tions are favoured by the intensification of disturbance in situations involving at least three
years of fallow.

Recent low gene flow at both intraregional and interregional levels into the wild-weedy-
domesticated complex of P. lunatus under traditional agricultural conditions was found in four
regions on the Yucatán Peninsula, Mexico, while gene flow from domesticated to wild
populations was three times higher than in the opposite direction. This asymmetry was
explained by regional agricultural practices and seed selection criteria. Domesticated alleles
were shown to be entering wild populations of different agricultural regions, suggesting
exchange of domesticated seeds between farmers of different regions. Thus, P. lunatus on the
Yucatán Peninsula has a predominantly domesticated to wild gene flow, leading to genetic
assimilation of the wild lima bean by its domesticated counterpart [55]. Afterwards, P.
lunatus accessions collected in 1979 were compared with accessions collected in 2007 using SSR
markers. The germplasm from 1979 was more diverse than that from 2007, suggesting the
presence of a ‘bottleneck’ effect since alleles detected at each year of collection were different,
as well as demonstrating allele drift due to the introduction of breed cultivars or changes in
the selection criteria of germplasm [56].

Two wild Mesoamerican (MI and MII) gene pools with contrasting geographical distributions
have been found in relation to P. lunatus. While the MI gene pool occurs in central western
Mexico, including the Pacific coastal range, the MII gene pool is widespread and occurs
towards the Gulf of Mexico, the Yucatán Peninsula, and Central and South America. Mesoa‐
merican landraces clustered together with wild accessions from the MI gene pool (L haplo‐
type), suggesting a unique domestication event in central western Mexico. The most likely
domestication region is an area of the states of Nayarit–Jalisco or Guerrero–Oaxaca, and not
areas such as the Peninsula of Yucatán where the crop is currently widespread and diverse. A
strong founder effect due to domestication has been detected, and several recently diversified
haplotypes identified [57]. The analysis of 67 wild populations of P. lunatus from Mexico with
ten microsatellite loci confirmed not only the presence of the two gene pools (MI and MII), but
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also the possible existence of two subgroups within MI (MIa and MIb). While MI and MII are
mainly divergent geographically, MIa and MIb overlap in their distribution. Thus, the genetic
structure of the wild lima bean in Mexico is more complex than previously thought, and the
presence of three gene pools (MIa, MIb, and MII), each one possessing relatively high levels
of genetic diversity, is proposed [58]. Other work, including P. lunatus populations from
different areas of America and germplasm, was analysed using two intergenic spacers of
chloroplast DNA: atpB-rbcL and trnL-trnF. Three groups (AI, MI, MII) of genotypes were
found, confirming the existence of Mesoamerican and Andean gene pools and multiple origins
of domestication for the MA gene pool. For MI, western central Mexico was proposed as the
domestication area, and for MII this was between Guatemala and Costa Rica [59].

5.4. Tepary beans

Since few genetic tools have been developed or tested for tepary bean, Blair et al. [60] validated
one set of gene-derived and non-gene simple sequence repeat or microsatellite markers from
the common bean in tepary bean cultivars and wild relative accessions. They then evaluated
the genetic diversity and population structure of tepary bean accessions to determine if leaf
morphology variants are valid as separate subgroups of wild tepary beans; if P. parvifolius was
a separate variant or species; and if cultivated tepary beans originated from one domestication
event or several events. The analysis of 140 tepary bean genotypes showed that a single
domestication was likely as the cultivars were most closely related to accessions from Sinaloa
and northern Mexico, and that diversity was much higher in the wild genotypes compared to
the cultivated ones. P. parvifolius was classified as a separate species by population structure
analysis while the variants P. acutifolius var. acutifolius and var. tenuifolius were admixed and
inter-crossed. P. latifolius was not a valid species or variant of P. acutifolius, but represents a
group of cultivars within the tepary bean. Other recent work was focused on the analysis of
the agro-morphological variation of P. acutifolius germplasm in Botswana, where low genetic
diversity was found [61].

5.5. Acalete beans

Total seed protein variability in a sample of 163 entries of year bean (P. polyanthus), includ‐
ing wild, feral and cultivated forms of the whole range of distribution in Latin America, was
studied using I-dimensional  SDS/PAGE and 2-dimensional  IEF-SDS/PAGE. Ten different
patterns were observed in this crop. Eight of these are found in the Mesoamerican materi‐
als, the other two of those in the northern Andes. The highest diversity is found in the wild
ancestral forms present in central Guatemala with six patterns. The ‘b’ pattern predomi‐
nant  in  all  Mesoamerican  cultivated  materials  and  is  also  present  at  low  frequency  in
Colombia. The ‘k’ pattern, predominant in the northern Andes, is present in Costa Rica. These
results, together with information on indigenous names for the crop, suggest that there is a
single gene pool domesticated from a wild ancestor still present in Guatemala, and distribut‐
ed afterwards to the northern Andes, but with a clinal genetic drift from Mesoamerica to the
Andean region [62].
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6. Comparisons of genetic diversity among bean species

The diversity and relationships among species of Phaseolus complex were analysed using
chloroplast DNA. Restriction patterns were used to identify polymorphisms and assess the
type of mutations detected, and identify regions of high variability (Fig. 2). There is high
cpDNA variability within P. coccineus but other species as P. vulgaris and P. coccineus subsp.
glabeIIus show a very distinct cpDNA genotype compared to the former species. These
evidences strongly suggests that P. coccineus subsp. glabellus belongs to a different but as yet
undetermined section of the genus. In P. coccineus subsp. darwinianus (= P. polyanthus), the
cpDNA lineage was in disagreement with data obtained from nuclear markers, and suggested
a reticulated origin by hybridization between P. coccineus as the male parent and an ancestral
P. polyanthus type, closely allied to P. vuIgaris. Molecular markers are an important strategy
for elucidating phylogenetic relationships; in addition, accurate phylogenies will require
analyses of both nuclear and cytoplasmic genomes [63].

Figure 2. Dendrogram of five Phaseolus species analysed by cpDNA restriction patterns. Adapted from data of Llaca et
al. [63].

Hamann et al. [64] identified 18 species from 90 genotypes using SSR markers, where the
species P. vulgaris, P. lunatus, P. coccineus, P. acutifolius and P. polyanthus showed four specific
(GATA) sequence patterns that help to clearly separate auto-pollinated (P. vulgaris and P.
lunatus) from alogamous species as P. coccineus, but this species was found to have lower intra-
specific variation. Gaitán-Solís et al. [65] later isolated, cloned and sequenced genomic DNA
fragments into three gene libraries and then evaluated the polymorphisms of 68 SSRs. Markers
were capable of separating germplasm on the basis of Phaseolus species: P. coccineus, P.
polyanthus, P. acutifolius, and P. lunatus. Blair et al. [66] used genic and genomic microsatellites
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to analyse allele diversity and heterozygosity in P. vulgaris and P. acutifolius. Genic sequence
SSRs were more polymorphic than genomic SSR. SSR distinguished between Mesoamerican
and Andean gene pools, and separated genetic races into each gene pool and into wild from
cultivated germplasm. Andean germplasm was more polymorphic at both inter- and intra-
populational levels. Contrasting results were found by Benchimol et al. [67], who analysed
Mesoamerican and Andean P. vulgaris accessions and reported low values of polymorphisms,
likely due to the domestication process [68].

In Italy, 66 genotypes representing 14 local varieties of P. vulgaris and nine of P. coccineus,
collected through regions of Marche using ISSR markers, SSRs and cpSSRs, were analysed.
Farmers’ selection and adaptability to variable environments have provoked bean preserva‐
tion and diversification. A total of 71% of local varieties of P. vulgaris come from Andean origins
[69]. Chacón et al. [70] analysed 31 accessions of Phaseolus (27 from P. coccineus including both
P. coccineus subspecies darwinianus and glabellus; three from P. vulgaris and one from P.
lunatus) using restriction patterns of cpDNA. Molecular analysis clearly differentiated between
Phaseolus species, and P. coccineus showed the highest molecular polymorphism values in both
wild and cultivated accessions compared with all other species [71, 72]. In Mexico, Ramírez et
al. [73] characterized 107 common bean populations, 42 ayocote beans and one acalete bean
on the basis of morpho-agronomic traits. Ayocote beans showed more diverse seed coat
colours than common beans (54.8% purple, 26.2% black, 19.0% white and brown).

7. Our modest advances

7.1. About the origin, domestication and classification of Phaseolus

Hernández-López et al. [74] published a review paper that analysed classic works focused on
determining and locating the centres of origin and domestication of P. vulgaris, assuming that
these areas are major sources of populations carrying useful genes for breeding, and because
such populations can improve our understanding of the evolution, diversification and
conservation of the species. Despite the broad and abundant information published over
decades, new information is consistently published, new evidence found, and new strategies
such as genomic and genetic techniques based on DNA analysis applied in these studies. The
accumulated knowledge derived from varied sources including archaeology, agronomy,
ethno-linguistic, ethnobotany, molecular biology, biochemistry, physics etc. is currently being
applied in order to study and clarify origins, domestication and diversification patterns, phylo-
geographical relations, among others. Therefore, the use of tools based on molecular technol‐
ogies and genomics should give definitive evidence on the origin, domestication and genetic
diversity of Phaseolus [11, 74, 75].

As has been described by Muruaga-Martínez et al. (unpublished data), recent re-collection
tours have been conducted in order to clarify the real and current state of genetic resources of
Phaseolus across Mexico. One major problem for taxonomy, phylogeny or systematics studies
in Phaseolus is that most specimens belong to herbariums and no ‘fresh’ plants are available.
Thus, our work group assumed the necessity to re-collect Phaseolus specimens. We then
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subjected the germplasm to genetic analysis using molecular marker strategies and repro‐
duced them under controlled conditions for future works, and to preserve endangered species
and specimens. The first expeditions (2010-2012) yielded the collection of more than 100
samples (seeds), which comprised 19 species, including two subspecies of P. coccineus (P.
coccineus griseus and P. coccineus striatus). Three species in this collection (P. albiviolaceus, P.
maculatifolius and P. rotundatus) had not been studied before. Villarreal-Villagrán et al. [76]
analysed them by using five trnT-trnL, trnL-trnF, rpl16, rpoC1-rpoC2, rps14-psaB non-coding
regions of chloroplastic DNA amplified by PCR (polymerase chain reaction). Cluster analysis
confirmed with strong bootstrap support that the genus Phaseolus is a monophyletic group that
can subdivide itself into two major lineages: one includes P. pluriflorus, P. esperanzae, P.
pedicellatus, P. microcarpus, P. glabellus, P. oligospermus, P. gladiolatus, P. zimapanensis and P.
albiviolaceus; and the other includes P. filiformis, P. acutifolius, P. vulgaris, P. coccineus striatus,
P. coccineus griseus, P. macvaughii, P. leptostachyus, P. lunatus, P. maculatus, P. maculatifolius and
P. rotundatus. The topology of the dendrogram obtained agreed with the topology of Phaseo‐
lus recognized to this date, which was obtained using only the ribosomal ITS and chloroplast
trnK locus [77]. The exception was P. albiviolaceus, a species not studied before, that according
to traditional morphological criteria, belongs to the Pedicellatus group, but which in this study
appeared with the Tuerckheimii group. The other two species that were characterized for the
first time in a molecular phylogeny are P. maculatifolius and P. rotundatus, both of which were
clustered within the polystachios group (Fig. 3).

7.2. About the genetic diversity analyses of Phaseolus

The analysis of Mexican common bean core collection using SSR and AFLP markers revealed
that the highest genetic diversity is found in central Mexico and Chiapas, which seems to be
an important diversity centre in the south. SSR analysis indicated a reduced number of shared
haplotypes among accessions and core collection has no duplicated accessions [40]. Hernán‐
dez-López et al. [21, 22] evaluated the diversity and genetic relations of one collection of bean
populations produced after the random crossing among wild and domesticated or cultivated
bean genotypes throughout Mexico to assess its usefulness for Phaseolus breeding due the
detection of six SCAR markers associated with common blight (Xanthomonas axonopodis pv.
phaseoli) resistance, as well as four for anthracnose (Colletotrichum lindemuthianum). The results
indicated significant morphological variability in the common bean germplasm. AFLP marker
analysis revealed high genetic diversity in those germplasms from north-central and central
Mexico. Germplasm from Morelos, Guanajuato, Querétaro, Durango, and Tamaulipas showed
the highest genetic diversity indexes. Cluster analysis was not consistent with classification
forms and their distribution based on geographical or agro-ecological origin. Germplasm from
Guanajuato and Tlaxcala showed the highest SCAR frequencies for both diseases. Genetic
diversity and SCAR detection for resistance to anthracnose and common blight was analysed
in two P. coccineus collections, one originating from the ‘Huasteco Karst’ located mainly in the
state of Puebla, Mexico. The other group of ayocote accessions comes from the state of
Veracruz. Analysis of germoplasm from Huasteco Karst revealed great genetic variability
among and within accessions as well as high genetic differentiation among germplasm.
Resistance to anthracnose was more frequent into the germplasm [31, 32]. Ayocote beans from

Advances in Genetic Diversity Analysis of Phaseolus in Mexico
http://dx.doi.org/10.5772/60029

63



the state of Veracruz are highly variable, as those from Puebla; the domestication could have
happened under reproductive isolation conditions and thus clearly differentiated lineages
were produced based on the origin of each population. Since the ayocote beans analysed here
include some accessions with high genetic variability, they are candidates for conservation
and exploitation for Phaseolus breeding. Seed exchange in locations where ayocotes are
cultivated through consumers and producers increase genetic diversity. Additionally, P.
coccineus shows moderate open pollination (14.7%), which helps high genetic variation. The

Figure 3. Dendrogram of 19 Phaseolus species analysed by gene sequencing and maximum parsimony method. Num‐
bers indicate percentages of replication of node topology assessed by robustness method [76].
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results indicated high genetic variability among and within accessions of ayocote beans from
the states of Puebla and Veracruz; the data also suggest them to be an important source of
allele useful for inclusion in breeding programmes of P. coccineus or P. vulgaris [33].

8. Concluding remarks

In order to understand genetic variation patterns and to reinforce the richness and genetic
potential of Phaseolus, it is necessary to preserve, characterize and take advantage of Mexican
germplasm. Knowledge of genetic diversity in the common bean could give us a better view
for conservation as well as management and use of these plants’ genetic resources. Despite
significant effort and financial support by the Mexican government, this is not enough. Last
year a new national centre for genetic resources was constructed and financed (Centro
Nacional de Recursos Genéticos, CNRG, INIFAP) as well as initiatives to preserve not only
beans but also other major Mexican crops such as maize, amaranth, cocoa, pumpkin, agave,
avocado, etc. (SINAREFI-SAGARPA, Sistema Nacional de Recursos Fitogenéticos para la
Alimentación y la Agricultura). We suggest that this financial support is maintained or
improved, and research consistently supported through mid- and long-term projects.

Collection tours have demonstrated fast genetic erosion in most regions where wild types of
Phaseolus were sought. Unfortunately, the social and economic situation in Mexico has
provoked the migration of farmers and rural people, who have originally maintained and
preserved genetic resources and their diversity in order to improve our lives. Thus, basic crops
are leaving and are frequently changed by ‘highly profitable’ crops. The growth of urban
populations has increased pollution and should have consequences through the alteration of
natural reservoirs of natural populations inside ‘Reservas de la Biósfera’ or ‘protected areas’.
The Mexican government offers incipient economic support to those farmers that preserve
genetic diversity in situ on their land. This strategy is appropriate for genetic resource conser‐
vation, but is currently not enough.

Genetic diversity observed in Phaseolus germplasm collections represent an important sample
of total genetic variability contained in the genus. Molecular marker strategies and other recent
and advanced techniques such as sequencing, genomics, proteomics and other '–omics' could
help us to better understand genetic structure, genetic relations, genetic patterns of dispersion,
and variation, promising germplasm to be used as parents or in breeding programmes based
on their outstanding traits, etc. Biotechnology will not substitute traditional strategies of
germplasm characterization or the taking advantage of Phaseolus germplasm. Biotechnology
should be one allied or even more strengthen traditional breeding to accelerate and improve
breeding methods and analysis strategies of genotypes.

Finally, we suggest that genetic diversity is a major challenge for botanists and taxonomists,
biotechnologists and breeders, as well as to the governmental institutions of Mexico, towards
maintaining natural populations both in situ and ex situ, to avoiding their loss, to increasing
the strategies for their use, and to exploiting their benefits.
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Chapter 3

Molecular Approach of Seagrasses Response Related to
Tolerance Acquisition to Abiotic Stress

A. Exadactylos

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59425

1. Introduction

The debate surrounding climate change and its adverse effects on marine ecology is one of the
most highly charged issues throughout the scientific community (e.g. Costanza et al., 1997;
O’Neill, 1988). As far as seagrasses monitoring process is concerned, scientific data is needed
that would contribute to the enhancement of marine environmental protection and their
species conservation. Their use as biomarkers (Ferrat et al., 2003) is deemed as crucial due to
the fact that they could be a reliable tool for researchers in the assessment of marine ecological
status (transitional and coastal waters) in compliance with the Water Framework Directive
(WFD, 2000/60/EC) and Marine Strategy (2008/56/EC) issued by the European Commission.
Additionally, a challenge would be to deal with questions which arise from the underpinning
tolerance mechanisms of seagrasses and whether they possess a sufficiently adjustable genetic
background which in parallel can evolve in accordance with global warming.

Seagrasses play a critical role in the maintenance of marine environmental quality, creating
complex, mosaic type habitats with high ecological and economic significance (Wiens et al.,
1993; Hughes et al., 2003; Torre-Castro and Rönnbäck, 2004). The value of their contribution
to the ecosystem is estimated at approximately 12,000€ per hectare/year, a part of which,
concerns the support of commercial fish supplies (nurseries) and in general the conservation
of marine biodiversity. Moreover, they contribute to coastal protection from sea waves, to the
withholding of sediments and the recycling of nutritious substances (nutrient retention)
(Cabaço et al., 2010), while they constitute important sources of carbon dioxide uptake from
the atmosphere.

Seagrasses are highly productive submersed marine angiosperms that grow in shallow coastal
and estuarine waters, providing key habitants of important ecological and financial value
(Heck et al., 2003; Bloomfield and Gillanders, 2005; Heck et al., 2008). However, substantial
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declines in such habitats have been reported worldwide, mostly attributed to light reduction
from algal overgrowth, sediment loading and re-suspension, anthropogenic disturbance and
global climate change (Duarte and Prairie, 2005; Duffy, 2006; Orth et al., 2006; Burkholder et
al., 2007; Leoni et al., 2008). Changes in sea level, fluctuations in salinity and temperature can
alter seagrass distribution, productivity, and community composition (Short and Neckles,
1999; Alberto et al., 2008).

Angiosperms are a unique group of plants comprising more than 50 species of monocotyledons
which have returned to the sea, while retaining numerous physiological and morphological
characteristics of terrestrial plants (Arnaud-Haond et al., 2007; Ito et al., 2011; Rubio et al.,
2011). In doing so, they have evolved in a medium with a much higher salinity than that
tolerated by their terrestrial counterparts. However, our knowledge on salinity tolerance
mechanisms in these marine plants is limited compared with that concerning terrestrial plants
and marine algae (e.g. Vermaat et al., 2000; Torquemada et al., 2005; Hartog and Kuo, 2006;
Waycott et al., 2006; Touchette, 2007).

Evolutionary studies of seagrasses, which reconstruct the origin and development of salinity
tolerance in a variety of plant lineages, may help us to understand why artificial breeding has
failed to produce robust and productive salinity tolerant crops. Such studies may also help us
develop new salinity-tolerant lines by revealing the order of components acquisition on
salinity tolerance, or indicating favorable genetic background on which salinity tolerance may
be developed. By examining the repeated evolution of this complex trait we may identify
particular traits, or conditions that predispose species to evolve a complex, multifaceted trait
such as salinity tolerance and give rise to halophyte lineages. More generally, this may shed
light on the adaptation of angiosperm lineages to extreme environments (Dupont et al., 2007;
Sharon et al., 2009). In order to achieve these hypotheses, more information is required on, at
a minimum, the effects of salinity on the growth and ion relations of a wider range of plant
species that may prove to be seagrasses (Flowers, 2004).

Therefore, important questions could be posed: (i) whether all seagrass species tolerate salinity
in, fundamentally, the same way; (ii) whether specific mechanisms can be identified and, if so,
whether these are linked taxonomically; and (iii) whether specific mechanisms have evolved
to deal with interactions between salinity and other environmental variables (Vicente et al.,
2004; Flowers and Colmer, 2008; Wissler et al., 2011). If so, are these common to different
taxonomic groups and how often has salinity tolerance evolved?

2. Review of literature

Seagrasses are monocot plants which have evolved from terrestrial ancestors that returned to
the sea approximately 100 million years ago and have adapted to growing on the sea bed
(Touchette and Burkholder, 2000). They are exposed to an inexhaustible source of K+ and
conditions that vary slightly from 11 mM K+, 470 mM Na+, and pH 8.2. Although cells of
seagrasses have a normal physiology and are energized, as other plants, by an H+-pump
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ATPase (Fukuhara et al., 1996; Garciadeblas et al., 2001), their K+ transport system must be
adapted to living permanently in a medium with a high K+ content.

In living cells, potassium (K+) is the most abundant cation whose contribution is consider‐
able  due  to  its  ability  to  maintain  the  electrical  and  osmotic  equilibrium  of  cell  mem‐
brane.  Since  K+  was  selected  for  these  functions  very  early  in  the  evolution  of  life,  the
cellular processes evolved within a K+ rich medium and many of them became K+-depend‐
ent. Plant cells are not exceptions to these K+ requirements, but with the peculiarity that,
in the Cambric Era, plants evolved on the rocks emerging from the sea where they had to
adapt  to  taking up K+  from an extremely poor environment.  In these conditions,  plants
developed complex mechanisms of K+ uptake and distribution. At present, most soils are
less  K+  deficient  than  cambric  rocks,  but  still  K+  occurs  at  low  concentrations  and  K+

acquisition and distribution play key roles in the physiology of contemporary terrestrial
plants (Rodríguez-Navarro and Rubio, 2006).

In terrestrial plants, trans-membrane K+ movements are mediated by several types of non
selective cation channels (NSC) (Fig. 1), and by transporters that belong to two families KcsA-
TRK and Kup-HAK, present in prokaryotes and eukaryotes (Schachtman and Schroeder, 1994;
Quintero and Blatt, 1997; Santa-María et al., 1997; Fu and Luan, 1998; Kim et al., 1998; Rubio et
al., 2000; Rodríguez-Navarro and Rubio, 2006). The extensive expression of KT-HAK-KUP
transporters in many organs of the plant suggests that they coexist with K+ channels and that
their functions may be redundant or perhaps complementary to these channels (Garciadeblás
et al., 2002). Low-affinity K+ uptake is thought to be mediated primarily by K+ channels whereas,
high-affinity K+ uptake is dominated by transporters. However, it was found that K+ transport‐
ers and channels may operate in parallel in the plasma membrane of root cells (Garciadeblás et
al., 2002). Transporters would have their range of activity at micromolar K+ concentrations,
whereas transport at millimolar concentrations would be mediated by K+ channels (Rodríguez-
Navarro and Rubio, 2006). In contrast to this notion, it is now evident that some channels mediate
the transport of K+ at micromolar concentrations (Dennison et al.,  2001),  that some HKT
transporters are Na+ transporters (Fairbairn et al., 2000; Uozumi et al., 2000; Horie et al., 2001),
and that some KT-HAK transporters may mediate exclusively low affinity K+ uptake (Senn et
al., 2001). Taking into account the above, the main key issue to be addressed concerning K+

homeostasis mechanisms in seagrasses is whether HAK transporters are only involved in high-
affinity K+ uptake, whereas channels carry out the uptake at millimolar K+ concentrations.

Maintenance of appropriate intracellular K+/Na+ balance is critical for metabolic function as
Na+ cytotoxicity is largely due to competition with K+for binding sites in enzymes essential for
cellular functions (Flowers and Colmer, 2008; Pardo, 2010; Kronzucker and Britto, 2011; Pardo
and Rubio, 2011). Another adverse effect of Na+ cytotoxicity is the production of ROS (reactive
oxygen species), which then in turn affect cellular structure and metabolism negatively (Bartels
and Sunkar, 2005). Plant cells are much more intolerant to Na+ than animal cells due to their
lack of significant systems for regulating their Na+ content. In the Na+-abundant marine
environment where early life evolved, the use of K+ as a major cation for maintaining the
osmotic and electrical equilibrium of cells (Rodríguez-Navarro, 2000; Rodríguez-Navarro and
Rubio, 2006) evolved in parallel with mechanisms of K+ uptake and Na+ exclusion. Recently,
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it has been shown that a Na+-pump apparently does not exist in Cymodocea nodosa; on the
contrary an electrogenic Na+/H+ antiporter seems to be the most likely mechanism that could
mediate Na+ efflux in the epidermal cells of seagrasses (Apse and Blumwald, 2007; Garciade‐
blas et al., 2007; Touchette, 2007); however this activity has not yet been characterized. There
is also evidence that H+-dependent systems are involved in the maintenance of a low cytosolic
Na+ concentration in Zostera marina cells (Rubio et al., 2011).

The Na+/H+ antiporters in plants are electroneutral (Munns and Tester, 2008), which means
they would not facilitate Na+ efflux at the alkaline pH values of seawater (Benito and Rodrí‐
guez-Navarro, 2003). However, seagrasses do presumably efflux Na+; their Na+/H+ antiporters
function in this respect is unclear (Garciadeblás et al., 2007; Touchette, 2007; Flowers et al.,
2010; Rubio et al., 2011). Recent molecular studies have demonstrated that genes encoding for
Na+/H+ transporters (SOS1) are present in C. nodosa (Garciadeblás et al., 2007). SOS1 gene was
initially cloned in the model plant Arabidopsis thaliana, encoding one of the plasma membrane
Na+/H+ antiporter (Shi et al., 2000). Since then, SOS1-like genes have been detected in more
than 30 terrestrial species, demonstrating its wide distribution in plants and its role in salinity
tolerance as a sodium efflux mechanism (Rubio et al., 2011). The SOS1 system has been
extensively investigated (Zhu, 2003) and it seems clear that it mediates Na+/H+ exchange (Shi

Adapted from Pardo, 2010

Figure 1. Schematic model for the function of SOS1, HKT proteins as well of nonselective cation channels (NSC) in
achieving K+ uptake and Na+ exclusion in plants subjected to salinity stress.
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et al., 2000) under the regulation of a protein kinase, SOS2, and a Ca2+-binding protein, SOS3
(Qiu et al., 2002). Recent evidence indicates that the Na+-induced stability of AtSOS1 mRNA
is mediated by ROS (Chung et al., 2008). Presence of SOS1 system in C. nodosa suggests that
this antiporter also play an important role in seagrass adaptation to the marine environment.
Furthermore, this transport may show different characteristics than that of terrestrial plants,
as suggested for salinity tolerance mechanisms in seagrasses (Touchette, 2007).

On the other hand, it has been proved that osmotic stress causes disorganization of microtu‐
bules in cells of higher plants (Yancey, 2001). Accumulation in the cytoplasm of non toxic
compounds (osmolytes such as amino acids and methylamines) regulates osmotic homeosta‐
sis. The efficiency of osmolytes to act kosmotropically and not chaotropically, permit marine
phanerogams to function under adverse conditions. In the plasmolysed cells peculiar tubular
structures of microtubules are formed that appear to be related to the mechanism of regulation
of protoplast volume. Moreover, actin cytoskeleton undergoes intense changes and thick
bundles of actin microfilaments are formed (Komis et al., 2002a, b, 2003). A pivotal role to the
cellular compartmental model of salinity tolerance response is the accumulation of metabol‐
ically ‘compatible’ organic solutes (osmolytes) in the cytoplasm, in order to balance the osmotic
potential of Na+ and Cl- accumulated in the vacuole. Although, accumulation of osmolytes is
required for osmotic cell homeostasis these compounds do not affect cellular functions (Jones
and Gorham, 2002). Among the previously described osmolytes are amino acids such as
proline, glycine, taurine, and methylamines such as betaine and trimethylamine N-oxide
(TMAO; Touchette, 2007). Osmolytes appear to have additional functions, such as stabilizing
proteins and membranes under conditions of dehydration, or by removing ROS. Osmopro‐
tectant properties of compatible solutes include reduced inhibitory effects of ions on enzymes,
increased thermal stability of enzymes, and limited dissociation of enzyme complexes
(including the oxygen-evolving complex of photosystem II; Touchette, 2007). Little is known
of the signaling cascades regulating the synthesis of osmolytes in seagrasses, although the
molecular basis of NaCl-enhanced accumulation of some organic solutes has been studied in
a few halophytes (Flowers and Colmer, 2008). During salinity stress, carbohydrates are likely
converted to other organic compounds that would better facilitate osmotic adjustment in these
plants. This is further supported by observed decreases in sucrose-P synthase (a key enzyme
involved in sucrose synthesis) activities in seagrasses exposed to higher salinities (Touchette,
2007), where in Ruppia maritima, total soluble carbohydrate content appeared to decrease with
increasing salinities (Murphy et al., 2003).

3. Methodology

Methodology should implement an innovative “cross-curricular” approach combining
different interrelated scientific fields such as ecology, physiology, microscopy on cellular level,
molecular biology/genetics and analytical biochemistry. This “cross-curricular” dimension
reflects the capability of such an approach to incorporate successfully various scientific fields
articulating its benefits to tackle the key issues in a functional, flexible and practical way. The
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selection and adoption policy should be based on the intention to support and to raise
standards in marine ecology genetics research.

i. Ecophysiology

Estimation of morphological and physiological parameters. Evaluation concerning the growth
and photosynthetic (Fv/Fm και ΔF/Fm') response of seagrasses stress tolerance mechanisms
on different levels of temperature, light intensity, PAR radiation and salinity. According to the
literature review regarding seagrass species, it seems that the critical factors that affect their
productivity and distribution in the Mediterranean Sea are temperature and PAR-radiation
(Perez and Romero, 1992; Zharova et al., 2008). Particularly, at temperatures below 15oC and
above 30oC flowering of species might be inhibited (i.e. Orfanidis et al., 2008; Sharon et al.,
2009). Moreover, there is strong evidence to support the hypothesis that salinity, temperature
and PAR-radiation fluctuations can critically affect seasonal distribution on a regional scale in
certain phanerogam species (Gesti et al., 2005). Apart from the fact that seagrasses evolved by
a common ancestor (high terrestrial plants) they seem to present relatively similar rapid
growth rates with remarkable physiological plasticity, allowing them to respond and adapt to
environmental stress, comprising them as ideal marine bio-indicators of environmental
degradation.

ii. Electronic microscopy on cellular level

The cellular structure (membranes, walls, organelles) mainly in the cytoskeleton organization
and of the mechanism of the K+/Na+ pump function under various stress conditions using
indirect fluorescent antibody (IFA) microscopy. The implementation of this technique allows
successful spatial observation of cytoskeleton structures in cells. Otherwise, a Confocal
Scanning Laser Microscope (CLSM) could be implemented. The main advantage of this
method lies on the recombination of micro-slices in a three dimensional (3D) scale. The cellular
mechanism of K+-Na+ pump function at different environmental stress conditions in means of
plasma membrane vesicles would improve our knowledge on the adaptation mechanisms in
terms of cell morphology.

iii. Molecular biology/genetics

Isolation and characterization of HAK, SOS, HSPs and MT genes, which are putative gene-
markers of the induced tolerance reactions under stress conditions. Whether any Na+/H+

antiporter activity is present at the plasma membrane of a leaf cell by in situ hybridization. In
order to reveal homologous genes cloning of the corresponding cDNAs by using degenerated
primers designed on highly conserved regions. Relative expression analysis by RT-qPCR
evaluating the abundance of mRNAs in different tissues (indication of subcellular localiza‐
tion). The transcriptomic profiles (considering appropriate normalized libraries) in various
abiotic stress conditions could be methodically determined. Enriched cDNA libraries could be
thoroughly constructed by following the Illumina massively parallel sequencing technology
(i.e. multiplex-based platform).

iv. Analytical methods

Seagrasses under stressful conditions store in their vacuoles the toxic ions, such as Na+.
Therefore, the estimation of ions K+, Na+, Ca++, Cl- concentrations in different parts of the
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seagrass (root, rhizome, leafage, sheath) would contribute to the comprehension of their
adaptive response mechanisms. Hence, the identification and quantitation of osmolytes by RP-
HPLC with OPA derivatization could be justfully applied to illustrate the topic.

Due to the fact that the lot of terrestrial cultivated species do not tolerate high concentrations
of NaCl, it would be beneficial to implement genetic improvement upon them in order to
become tolerant in salinity. Thus, a new prospect would be the appraisal of economical
exploitation by successful cultivation in high salinity soils.

4. Results and discussion

The primary effect of increased global temperature on seagrasses is the alteration of growth
rates and other physiological functions of the plants themselves (Gaines and Denny, 1993;
Gambi et al., 2009); it is also predicted that distribution of seagrasses will shift as a result of
increased temperature stress in accordance with changes in the patterns of sexual reproduction
(Short and Neckles, 1999; Gesti et al., 2005; Zharova et al., 2008). Identifying differentially
expressed genes under stress is very useful in order to understand plant defense mechanisms
(Rose et al., 2004; Whitehead and Crawford, 2006; Ouborg and Vriezen, 2007). Powerful
techniques such as microarray analysis provide a wealth of information about genes involved
in environmental stress responses and adaptation (Feder and Mitchell-Olds, 2003; Kore-eda et
al., 2004; Ruggiero et al., 2004; Vasemägi and Primmer, 2005; Procaccini et al., 2007; Reusch
and Wood, 2007). Many studies have shown up-regulation of transcripts for heat shock
proteins (HSPs) (Rizhsky et al., 2002; Simões-Araújo et al., 2002; Busch et al., 2005; Huang and
Xu, 2008; Larkindale and Vierling, 2008). Likewise, some studies have identified other
transcripts increased by heat treatment, including members of the DREB2 family of transcrip‐
tion factors, AsEXP1 encoding an expansin protein, genes encoding for galactinol synthase
and enzymes in the raffinose oligosaccharide pathway and antioxidant enzymes (Rizhsky et
al. 2002, 2004; Busch et al. 2005; Lim et al. 2006; Xu et al. 2007). The most abundant transcript
indentified was a putative metallothionein (MT) gene with unknown pleiotropic function, rich
in cysteine residues in Z. marina (Reusch et al., 2008). In silico investigation in GenBank reveals
the existence of orthologous gene counterparts coding for proteins with similar function
(Bouck and Vision, 2007). The same appears to happen in the case of MTs (e.g. Guo et al.,
2003) and in members of HSPs (e.g. Waters et al., 1996). Moreover, abundance and distribution
of seagrasses are strongly related to the intensity of light. It comprises a significant factor for
fitness, while it is also related to their photosynthetic capacity. The chlorophyll activity is
considered as an adequate indicator of the biochemical and physiological robustness of plants
(Vangronsveld et al., 1998); whilst salinity stress can alter photosynthetic capacities in
seagrasses (Murphy et al., 2003; Torquemada et al., 2005). While increased salinity stress can
cause declines in chlorophyll content (Baek et al., 2005; Karimi et al., 2005), other inhibitory
processes are also involved including inhibition of electron flow, decreased photosystem
function, diminished rubisco abundance and activity, and changes in chloroplast ultrastruc‐
ture (Kirst, 1989; Ziska et al., 1990; Stoynova-Bakalova and Toncheva-Panova, 2003). The
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chlorophyll fluorescence is used in order to illustrate the stress degree due to an abiotic
environmental factor, or combination of factors.

5. Conclusion

A comprehensive approach should consider the relative importance of each of the following
components, thus providing a valuable insight on seagrasses multifunctional expression
analyses.

i. Marine angiosperms phenotype tolerance response from differential habitats to
temperature, light and salinity fluctuations under controlled laboratory conditions.

a. Do factors such as space-time scales, environmental conditions, habitat type
affect the variability of angiosperm species phenotype in representative coasts?

b. Estimation of morphological and physiological parameters. Measurements
concerning the growth and photosynthetic (Fv/Fm, ΔF/Fm') response of seagra‐
sess stress tolerance mechanisms on different levels of temperature, light
intensity, PAR radiation and salinity.

ii. Selective ion flux and ion portioning between cytoplasm and vacuole play an
important role in establishing and maintaining different ion concentrations and ratios
in seagrasses. However, the degree at which each mechanism is employed is not well
understood. Exploration of the effects of various stress conditions on their cellular
structure (membranes, walls, organelles) mainly in the cytoskeleton organization and
of the mechanism of the K+/Na+ pump function with the implementation of electron
microscopic techniques.

iii. Comprehension of the molecular mechanisms involved at K+ acquisition, Na+ efflux
and other pleiotropic responses.

iv. Comparative genomic analysis of stress-specific cDNA libraries in order to evaluate
the molecular homeostatic mechanisms that regulate tolerance reaction under
various stress conditions.

a. Which are the genes of seagrasses that code for: 1) their HAK transporters, 2)
their SOS antiporters that appear to intervene with Na+ efflux, 3) their MT factors
that pleiotropically intervene with the response at intense temperature fluctua‐
tions and 4) members of HSPs family that participate in the tolerance response
induction under high temperatures.

b. Which is the transcriptomic profile for seagrass species that is induced in each
stress factor?

v. Identification and quantitation of osmolytes with osmoprotective activity. The
estimation of ions K+, Na+, Ca++, Cl- concentrations in different parts of the seagrass
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(root, rhizome, leafage and sheath) will contribute to the comprehension of their
adaptive response mechanisms.

vi. Forecasting alterations in species distribution, abundance and diversity due to
climate change.

vii. Potential use of seagrass species as bioindicators of coastal and transitional waters.

Physiological, cellular, molecular and biochemical mechanisms which regulate stress toler‐
ance responses in different levels of salinity, intense temperature fluctuations and light re‐
gime are not sufficiently studied in marine seagrasses. Our understanding of salinity
tolerance in terrestrial halophytes and marine algae has considerably progressed over the
last decade. Our knowledge of their variability according to species and habitat type is mini‐
mal. Nevertheless, several stress-related genes have been isolated and characterized in sea‐
grasses. Such genes code protein transporters and antiporters which are related to the
distribution of K+ and Na+ efflux, respectively, as well as genes coding for metallothionines
(MT) and members of heat shock proteins (HSPs) family, which participate in pleiotropic re‐
sponse related to the intense temperature fluctuations and photosynthetic ability. Focusing
studies to transcriptomic profiles and their equivalent metabolic pathways that regulate
them, in combination with the assessment of the respective phenotype and the relevant
physiological aspects, one can comprehend important ecological traits, such as tolerance in
abiotic stress. As hectares of salt-affected land increases around the globe, understanding
the origins of the diversity of seagrasses should provide a basis for the use of novel cultivat‐
ed species in bioremediation and conservation.
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1. Introduction

Bananas and plantains belong to the family Musaceae and are cultivated throughout the humid
tropics and sub-tropics. This crop is perennial with a faster relative growth rate compared to
other fruit crops, while producing fruit all year round. Because of their nutritional value,
bananas and plantains are considered the fourth most important crop worldwide after rice,
wheat and corn. In many countries of Africa, bananas are considered an important part of the
diet; the population in Uganda consumes per capita an average of 191 kg per year [1]. This
crop also represents an important source of income for many rural families that work directly
or indirectly in this industry. The edible Musa spp. originate from two wild species, Musa
acuminata Colla and M. balbisiana Colla, with the A and B genomes, respectively, as well as
their hybrids and polyploids.

The genus Musa is of great importance worldwide due to the commercial and nutritional value
of cultivated varieties. Morphological data have suggested that Musa is diverse, with well-
defined characteristics giving a number of indicators of the genome constitution. However,
phenotyping for many physiological characteristics, including biotic and abiotic stress
tolerance, particularly under controlled, contained and reproducible conditions, is difficult
because of the size of the plants and their long life cycle.

DNA marker technologies have been widely used in banana genetics and diversity analysis,
e.g., in taxonomy, cultivar true-to-type assessment and genetic linkage map development.
Currently, proteomic analysis is giving rise to new trends in genetic diversity and plant system
biology analyses. These approaches will yield detailed insights into the Musa genome and
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provide important genetic data for Musa breeders. In this chapter, we discuss the contribution
of different DNA and protein-based markers to understanding the genetic diversity of the
Musaceae family.

2. Musa genome

The Musaceae family genome is complex, and there are four genomes present, corresponding
to the genetic constitutions of the four wild Musa species, i.e., M. acuminata (A-genome,
2n=2x=22), M. balbisiana (B-genome, 2n=2x=22), M. schizocarpa (S genome, 2n=2x=22) and M.
textillis (T genome, 2n=2x=20). Modern bananas and plantain varieties are polyploids, and have
a complex genetic structure; because most cultivated bananas are parthenocarpic (generally
seedless) they have to be vegetatively propagated [2]. The traits of inflorescence in some
accessions of Musa spp. are presented in Figure 1.

With the advent of modern DNA sequencing technologies and powerful bioinformatics tools,
the sequencing and assembly of genomes for economically important crops and their relatives
is becoming more common [3]. Knowing and understanding the genetic make-up of these
crops represents a great opportunity to not only elucidate the function of genes of interest, but
also to detect regions in the genome that could present polymorphism associated with
agronomic traits [4]. This genetic variability is extremely valuable in plant breeding pro‐
grammes where the selection of individuals with desirable characteristics is carried out.

Significant progress has being made towards gaining a better understanding of the Musa
genome. Recently, [5] published the first draft of a 523-megabase M. acuminata genome and
showed 36,542 protein-coding gene models. Transposable elements accounted for almost 50
% of the genome. More recently, a draft of the M. balbisiana genome sequence was published
[6]. The data in that study showed a great divergence between the A and B genome, which is
useful in terms of increasing genetic diversity. The M. balbisiana genome was shown to be 79
% smaller than that of M. acuminata, but with a highly similar number of predicted functional
gene sequences: 36,638. Genomic information sheds light on polymorphisms that can be used
in plant breeding programmes, such as the use of single nucleotide polymorphism (SNPs)
where there is a high degree of heterozygosity between the A and B genome of one in every
55.9 base pairs. SNP polymorphisms have been successfully used with Musa spp. for mapping
the genes phytoene synthase and lycopene β-cyclase, both of which are involved in β-carotene
biosynthesis. Genomic information will bring about a strong and significant improvement in
the use of DNA-based molecular markers, and make banana and plantain breeding pro‐
grammes more efficient in improving the crop’s traits.

A large dataset of genomic information is publicly available through different databases, such
as The Banana Genome Hub (http://banana-genome.cirad.fr/home), resources from the Global
Musa Genomics Consortium (GMGC; http://musagenomics.org/), and the National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/), among many others.
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showed 36,542 protein-coding gene models. Transposable elements accounted for almost 50
% of the genome. More recently, a draft of the M. balbisiana genome sequence was published
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% smaller than that of M. acuminata, but with a highly similar number of predicted functional
gene sequences: 36,638. Genomic information sheds light on polymorphisms that can be used
in plant breeding programmes, such as the use of single nucleotide polymorphism (SNPs)
where there is a high degree of heterozygosity between the A and B genome of one in every
55.9 base pairs. SNP polymorphisms have been successfully used with Musa spp. for mapping
the genes phytoene synthase and lycopene β-cyclase, both of which are involved in β-carotene
biosynthesis. Genomic information will bring about a strong and significant improvement in
the use of DNA-based molecular markers, and make banana and plantain breeding pro‐
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A large dataset of genomic information is publicly available through different databases, such
as The Banana Genome Hub (http://banana-genome.cirad.fr/home), resources from the Global
Musa Genomics Consortium (GMGC; http://musagenomics.org/), and the National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/), among many others.
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Figure 1. Musa accessions in a germplasm collection at Yucatan, Mexico. A; Musa coccinea, B: M. velutina, C: M. laterita,
D: M. beccarii, E: M. textiles, F: M. acuminata, G: M. balbisiana, H: dessert banana (AAA), I: plantain (AAB), J: tetraploid
hybrid (AAAB) and K: cooking banana (ABB) with two inflorescences. (Accessions as described in references [7, 8].)

3. DNA markers

In Musa breeding programmes, the use of morphological and cytogenetic markers has played
an important role in identifying genes that control discrete traits with simple Mendelian
inheritance, and has helped to estimate genome size and diversity [9]. However, a more
detailed insight into the genomic polymorphism associated with agronomic traits is required.

Molecular DNA-based markers are powerful tools for gaining insights into individual genetic
characteristics, and for determining allele frequency. DNA markers were developed first for
humans, then applied in plants, and subsequently for the analysis of the banana genome
(Figure 2). This feature allows plant breeders to select only those individuals with desirable
characteristics and significantly reduce the selection time. In this chapter, we discuss the
development and applications of molecular marker technology to improve some of the
commercially available Musa cultivars and to assess their genetic diversity. The more impor‐
tant advantages and disadvantages of some DNA markers are presented in Table 1.

3.1. Restriction Fragment Length Polymorphism (RFLP)

RFLPs markers are widely used to detect variations in DNA fragment length banding patterns
of electrophoresed restriction digests of DNA samples [10]. These variations are mainly due
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to the presence of a restriction enzyme cleavage site at one site in the genome of one individual,
and the absence of the site in another individual. It can also detect changes in fragment size
due to insertions or deletions between the restriction fragments. RFLP is a codominant marker,
meaning that it is able to distinguish between homozygotes and heterozygotes. RFLP is robust,
easily transferred between laboratories, and requires no prior sequence information for its use.

RFLPs have been found to be useful in Musa for constructing genetic linkage maps, charac‐
terizing germplasm, phylogenetic analysis [11-15] and analysis of variation in the chloroplast
genome [16, 17], and most recently have been linked to polymorphisms in resistance gene
analogues [18]. These markers were useful for detecting genetic variations in Indian wild Musa
balbisiana populations associated with morphotaxonomic characterization clustering of most
of the test types of bananas. However, they fail for some specific clusters [19], suggesting the
need for more specific types of markers.

Figure 2. Schematic representation describing the development of DNA marker techniques and the first report on
studies of the genetic diversity in Musa species.

RFLPs make locus-specific estimations of conserved synteny possible; however, some of the
disadvantages are that it is expensive to develop, requires large amounts of DNA, is not
possible to automate, unlike other DNA markers [AFLP, diversity array technology (DArT),
or variable number tandem repeats (VNTR)], needs a suitable probe library, may require
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radioactive labelling, is laborious and time consuming. The relatively high cost and technically
demanding nature of this technique make it inappropriate for routine breeding applications
[20]. The use of more specific, PCR-based types of markers overcomes most of the disadvan‐
tages associated with RFLPs.

3.2. Random Amplified Polymorphic DNA (RAPD)

With the development of the polymerase chain reaction (PCR) technique, amplifying specific
regions of an individual genome became possible, and identifying polymorphisms is made
more precise by detecting small nucleotide changes compared to RFLPs. Random amplified
polymorphic DNA (RAPD) depends on the PCR and is used as a very fast way to obtain
information about genetic variation with a relatively low cost [21]. Some other characteristics
are the fact that no prior knowledge of the genome sequence is required; low amounts of DNA
template are used; and the advantage of technical simplicity. RAPD assays have proven to be
powerful and efficient means of assisting introgression and backcross breeding [22]. But
reproducibility is sometimes limited, and reliability depends on the skills of the operator,
which is a dominant feature of the marker system.

RAPD has been widely used to distinguish diverse Musa germplasms [19, 23-26], for identifi‐
cation of duplications among accessions in tissue culture germplasm banks and somaclonal
variation [27-29], and differentiation of irradiated banana genotypes [30, 31]. In addition, a
molecular linkage map has also been developed using a variety of marker systems including
RAPD [32]. Specific RAPD markers for the A and B genome of Musa have been identified [33,
34] and full-sib hybrids in plantain breeding populations [35]. These reports clearly demon‐
strate the potential value of this technique for germplasm characterization and cultivar
identification, but give little insight into the value of the assay for molecular breeding. Despite
the criticism of the technique, it is still being reported in recent publications [36-38].

Kaemmer [23] was first to report the use of RAPDs for fingerprinting of wild species and
cultivars of banana (Musa spp.) by using simple sequence repeats (SSRs) as primers labelled
with α32P. Fingerprinting analysis detected enough genetic variation to help discriminate
between most of the 15 banana clones tested. In this study, polymorphic bands were unique
to most of the clones tested and helped to distinguish between most of the wild type M.
balbisiana (BB) and the M. acuminata (AAA) clones, as well as their hybrids for plantains (AAB)
and cooking bananas (ABB); however, this technique generally fails to explain some of the
variation within the species. Later, [24] used RAPD markers by adopting a set of nine primers
that were shorter (N10) than the SSRs (N16) reported by [23], but the authors were able to find
enough polymorphism that was unique to each of the nine genotypes representing the AA,
AAA, AAB, ABB and BB genomes, and multivariate analysis showed a strong correlation
between the polymorphism obtained and the morphological characters used to classify each
of the groups.

The use of RAPDs was reported to identify 57 cultivars by using 60 10-mer random primers,
where only 49 primers gave consistent results, and the primer OPC-15 (5’-GACGGATCAG-3’)
helped to distinguish 55 of the cultivars by producing 24 bands of all tested primers [25]. These
markers failed to properly characterize the clones that Gros Michel and Venkel had previously
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thought belonged to the Acuminata group (AAA). However, chloroplast polymorphism was
shown to be identical to M. balbisiana. This showed the potential of using RAPDs markers for
proper cultivar identification and germplasm classification. Similar applications, but with a
variant, were reported later by [17], who used a single primer (5’-TATAGTTAC‐
CAAGTGGTGGGGG-3’) designed from a human Alu sequence. This sequence is a member of
well-conserved short interspersed nuclear elements in the primate’s genome. Its use in
fingerprinting the Musa genome produced bands that ranged between 300 bp and 3 kb,
indicating that Alu related sequences are inverted repeats that are relatively close to each other.

3.3. Variable Number Tandem Repeats (VNTR)

VNTR are generated by highly specific PCR amplification and, therefore, should not suffer
from the reproducibility problems experienced with RAPD analysis. VNTR are regions of
short, tandemly repeated DNA motifs (generally less than or equal to 4 bp), with an overall
length in the order of tens of base pairs [39]. VNTR have been reported to be highly abundant
and randomly dispersed throughout the genomes of many plant species. Variation in the
number of times the motif is repeated is thought to arise through slippage errors during DNA
replication.

Furthermore, the isolation of VNTR is becoming increasingly routine with the availability of
automated DNA sequencing facilities, along with improved techniques for the construction
of genomic libraries enriched for VNTR and improved techniques for the screening of
appropriate clones [40], bacterial artificial chromosome (BAC) end-sequences and, recently,
the availability of genome sequencing facilities attributed to the discovery of VNTRs [41].

The development and utilization of VNTR in Musa research was first reported by [35, 40, 42]
and [35]. VNTR have been considered optimum markers in other systems due to their
abundance, polymorphism and reliability. VNTR analysis has been shown to detect a high
level of polymorphism between individuals of Musa breeding populations [35], and used for
development of a linkage map [18]. Nevertheless, several hundred VNTR markers have been
generated in Musa [40, 42, 43]. New VNTR loci were discovered in the M. acuminata Calcutta
4 BAC end-sequence [41] from five fully sequenced consensi datasets, with validation for
polymorphism conducted on genotypes contrasting in host plant resistance to Sigatoka disease
[44]. Recently, [45] used a transcriptome database to design primers that were able to distin‐
guish 32 VNTR and 119 target region amplified polymorphism (TRAP) alleles in 14 diploid
Musa accessions.

3.4. Inter Simple Sequence Repeats (ISSR)

The ISSR technique developed by [46] does not require the knowledge of flanking sequences
and has wide applications for all organisms, regardless of the availability of information about
their genome sequence. They have also proved to be simple, fast, cost effective and versatile
sets of markers for repeatable amplification of DNA sequences using single primers. As for
the disadvantages, the homology of the bands is uncertain, and because they are dominant
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markers, they do not allow the calculation of certain parameters, requiring that heterozygous
be distinguished from homozygous dominance.

ISSR and RAPD were used in determinate genetic stability of three economically important
micropropagated banana (Musa spp.) cultivars. The results showed that ISSR detected more
polymorphism than RAPD [27]. Similarly, ISSR were used for detection of genetic uniformity
of micropropagated plantlets [47] and for screening in vitro mutagenesis and variance [37].
Another study reported the use of ISSR to assess the genetic diversity and classification of 27
wild banana accessions collected in Guangxi, China. The results showed that the collected
germplasm was derived from diverse origins and evolutionary paths of banana in Guangxi
[48]. ISSR were employed for molecular assessment of genetic identity and genetic stability in
banana cultivars [49]. Recently, ISSR were used to analyse the pattern of genetic variation and
differentiation in 32 individuals along with two reference samples of wild Musa, which
corresponded to three populations across the biodiversity-rich hot-spot of the southern
Western Ghats of India [50].

3.5. Sequence-Related Amplified Polymorphism (SRAP)

The sequence-related amplified polymorphism (SRAP) technique is a simple and efficient
marker system that can be adapted for a variety of purposes, including map construction, gene
tagging, genomic and cDNA fingerprinting, and map-based cloning. It has several advantages
over other molecular marker systems, such as simplicity, reasonable throughput rate, disclo‐
sure of numerous codominant markers, ease of isolation of polymorphic bands for sequencing,
and most importantly, the targeting of open reading frames (ORFs) [51].

The SRAP marker has been adopted recently for the assessment of genetic diversity and
relationships in Musa. In this regard, the study of Thailand’s wild landraces and cultivars of
M. acuminata (A genome), M. balbisiana (B genome) and plantains using SRAP and RAPD has
shown that the former marker was more efficient for detecting differences among closer
cultivars in the same group, and the BB banana accessions were clustered separately from the
AA banana accessions [52].

In another study, SRAP and AFLP were used to study 40 Musa accessions in a core collection
being established in Mexico, which includes commercial cultivars and wild species of interest
for genetic enhancement [7]. In addition to its practical simplicity, SRAP exhibited approxi‐
mately three times more specific and unique bands than AFLP. Furthermore, SRAP was
demonstrated to be a proficient tool for discriminating among M. acuminata, M. balbisiana and
M. schizocarpa in the Musa section, as well as between plantains and cooking bananas within
triploid cultivars. The six dessert banana cultivars used clustered according to their subgroup,
i.e., Cavendish, Ibota and Gros Michel. Moreover, unique and specific bands were clearly
recognized for each of seven subspecies of the acuminata complex, i.e., microcarpa, malaccensis,
zebrina, banksii, truncata and burmanica-burmanicoides [7].

Moreover, the study of genetic relationships among some banana cultivars from China
analysed by SRAP showed a correlation between the cultivars and their region of origin; the
cultivars closely clustered into two major clusters according to their genome composition.
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Likewise, the genetic data generated by the SRAP marker were reliable in respect to the
morphology and agronomic trait classification, indicating the efficiency of SRAP for estimating
genetic similarity among banana cultivars and providing a scientific basis for banana genetic
and breeding research [53]. More recently, the fluorescently labelled SRAP molecular marker
system was used to characterize the genetic variability within 71 accessions of a core collection,
including wild species and cultivars of different subgroups [8], which complements previous
work from the same collection [7].

The fluorescent SRAP marker information shows that M. acuminata subspecies errans was
gathered with banksii in one cluster, while malaccensis was separated in a single sub-cluster.
This study also found that Pisang Batu, which is known as diploid BB, was clustered with AB
hybrids, i.e., Safet Velchi, Kunnan and Kamaramasenge, which supports the previous finding
[54], and that Pisang Batu possesses a nucleotide polymorphism pattern of AA. Thus, the study
suggested that Pisang Batu is a mislabelled accession of AAB or AB. Moreover, the SRAP
marker system was found to be useful in identifying closely related accessions in the genus
Musa, and facilitated the recognition of duplicates to be eliminated and clarified from uncer‐
tainties or mislabelled banana accessions introduced to the collection.

3.6. Amplified Fragment Length Polymorphism (AFLP)

AFLP is a DNA marker based on PCR amplification of selected restricted fragments obtained
from the digestion of total genomic DNA or cDNA [55, 56]. It is a robust and reliable molecular
technique recently employed in many systematic plant studies. AFLP banding patterns should
be treated initially as dominant markers; this makes the information content limited. However,
AFLP patterns can be detected as codominant markers in a segregating population when the
analysis is applied to large populations [57].

The nature of an individual, whether a homozygote or heterozygote, could be distinguished
using software developed on the basis of band intensity. Moreover, AFLP results in a binary
band presence–absence matrix profile. In that case, two factors may affect band detection and
analysis: the first is that identical bands may correspond to different fragments (homoplasy);
the second is that different fragments appear as a single band (collision). An estimation method
was reported for solving the effect of these factors [58], in which AFLP was demonstrated as
a sampling procedure of fragments, with lengths sampled from a distribution. This study
focused on estimation of pairwise genetic similarity, defined as average fraction of common
fragments. Levels of polymorphism in Musa were shown to be high when analysed using
AFLP, indicating that the technique was effective for genetic diversity analysis [59-62]. In this
regard, three subspecies were suspected in the acuminata complex based on AFLP analysis,
dominated by the subspecies microcarpa, malaccensis and burmannica [63].

The relationship between M. acuminata and M. balbisiana and their relatedness to cultivated
bananas has been reported more clearly using AFLP [64]. Furthermore, several primers were
selected from the AFLP results that can be easily used to identify A and B genomes within
cultivars using a simple PCR. Additionally, AFLP markers were reported as a powerful tool
for evaluating genetic polymorphisms and relationships in Musa. They also serve for discrim‐
inating amongst species with, A, B, S and T genomes within Musa species, as well as between
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plantains and cooking bananas [7]. Compared to other DNA markers, AFLP was shown to be
a more powerful tool than RAPD for assaying genetic polymorphisms, genetic relationships
and cultivar identification among the West African plantain [65]. However, SRAP markers
were more informative than AFLP in giving a higher number of unique bands specific for
certain genotypes [7]. AFLP markers were appropriate for demonstrating 10 markers co-
segregating with the presence or absence of banana streak badnavirus infection in Musa
hybrids [66].

Figure 3. AFLP polymorphism of parental (P, bulk of 25 plants) and somatic embryogenesis regenerated M. acuminata
AAA, cv. Williams triploid plants (R, bulk of 50), unique bands (arrows). The AFLP primer combinations as described
by [69].

On the other hand, the AFLP marker technique was shown to be a good tool for detection of
genetic variation in banana organogenesis and somatic embryogenesis-derived plants [67-69].
AFLP techniques have some disadvantages compared to other PCR-based markers, in that
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they are technically challenging, time consuming and relatively expensive, while requiring a
number of DNA processes including digestion, ligation and amplification, as well as a complex
staining system. Additionally, a relatively large amount of high-quality DNA is necessary for
complete digestion, which is required to reduce the presence of fake polymorphisms. How‐
ever, microsatellite markers and AFLP analysis is considered to be one of the most suitable
tools for marker-assisted breeding in Musa. DNA markers associated with fruit parthenocarpy,
dwarfism and apical dominance in banana and plantain are being identified using AFLP and
SSR techniques [58, 31].

4. Single Nucleotide Polymorphism (SNP)

Single nucleotide variations in the genome sequence of individuals of a population or species
are known as single nucleotide polymorphisms (SNPs). The development of this technique in
humans demonstrated improvements in sequencing technology and availability of an
increasing number of SNP sequences [70]; this development has made direct analysis of genetic
variation at the DNA sequence level possible in genomes from different organisms [71].
Modern high-throughput DNA sequencing technologies and bioinformatics tools have led to
the discovery that SNPs constitute the most abundant molecular markers in the plant genomes,
which has revolutionized the pace and precision of plant genetic analysis, and the discovery
that SNPs are widely distributed throughout genomes, although their occurrence and distri‐
bution varies among species [72].

4.1. Diversity Arrays Technology (DArT)

DArTs are attractive approaches to detecting large numbers of genome-specific single
nucleotide polymorphism (SNP) markers [73] and EcoTILLING. In principle, DArT is a DNA
hybridization-based genotyping technology, which enables low-cost whole-genome profiling
of crops without prior sequence information. DArT reduces the complexity of a representative
sample (such as pooled DNA representing the diversity of Musa) using the principle that the
genomic “representation” contains two types of fragments: constant fragments, found in any
“representation” prepared from a DNA sample from an individual belonging to a given
cultivar or species, and variable (polymorphic) fragments called molecular markers, found in
some but not all of the “representations”. DArT markers are biallelic and may be dominant
(present or absent) or codominant (two doses vs. one dose or absent). However, this technology
has disadvantages when compared to other molecular markers, in that it depends on the
availability of the array, a microarray printer and scanner, and computer infrastructure to
analyse, store and manage the data produced. Despite these disadvantages, the markers are
sequence-ready and, therefore, if sequenced they can be developed for a PCR analysis using
standard electrophoresis.

Sequenced DArT markers have been used with Musa in several studies. In this regard,
approximately 1,500 DArT markers have been developed using a wide array (“metagenome”)
of Musa accessions [74].These can be attached to BAC contigs, and can simplify the construction
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of high-quality physical maps of the banana genome, which is a critical step in a sequencing
project. On the other hand, the carotenoid content and genetic variability of some banana
accessions were evaluated from the Musa germplasm collection held at Embrapa Cassava and
Tropical Fruits, Brazil [75]. Forty-two samples were analysed, including diploids, triploids and
tetraploids. The molecular analysis performed using 653 DArT markers showed that DArT
was an efficient tool and revealed wide-ranging genetic variability in the collected accessions.
Furthermore, DArT markers were used to analyse a panel of 168 Musa genotypes; thus, the
genomic origin of the markers can help to resolve the pedigree of valuable genotypes of
unknown origin. A total of 836 markers were identified and used for genotyping. Ten percent
of them were specific to the A genome and enabled the targeting of this genome portion in
relatedness analysis among diverse ploidy constitutions.

DArT revealed genetic relationships among Musa genotypes consistent with those provided
by the other marker technologies, but at a significantly higher resolution and speed [76].
Likewise, DArTs were used for the Musa framework map that was developed at CIRAD;
additionally, 380 of these markers have been used in the construction of the BORLI map, also
at CIRAD [18]. In another study, DArT analysis was used to verify the genome constitution of
24 Philippine Musa cultivars. Results of the molecular data showed that some DArT markers
were specific for the B genome; subsequently, these markers can identify cultivars with B
genome regardless of the presence of the A genome. Hence, these markers can be used to
establish genome identity of the Musa cultivars. Moreover, BB and BBB accessions were
separated from AA/AAA and AAB cultivars in a dendrogram based on DArT data [77].
Recently, a molecular marker-based genetic linkage map of two related diploid banana
populations with a complex pedigree was achieved [78], using 121 DArT markers accompa‐
nied with allele-specific-polymerase chain reactions (AS-PCR) and simple sequence repeats
(SSR). The linkage analysis indicated the likely presence of structural rearrangements.

4.2. (Eco) Targeting Induced Local Lesions in Genomes (EcoTILLING)

EcoTILLING is a high-throughput method for the discovery and characterization of SNPs and
small insertions/deletions (indels) in genomes [53, 79, 80]. It is an adaptation of the enzymatic
mismatch cleavage and fluorescence detection methods originally developed for the targeting
induced local lesions in genomes (TILLING) reverse-genetic strategy [79, 81]. The technique
was first described for Arabidopsis ecotypes (it was therefore named EcoTILLING). It is has
been used in many organisms due to its accuracy, low-cost and high-throughput routine, and
it also serves for the discovery and assessment of genetic diversity. About 700–1,600 bp gene
target regions are amplified using gene-specific primers that are fluorescently labelled for
EcoTILLING using enzymatic mismatch cleavage. After PCR, samples are denatured and
annealed, and heteroduplexed molecules are created through the hybridization of polymor‐
phic amplicons. Mismatched regions in otherwise double-stranded duplex are then cleaved
using a crude extract of celery juice containing the single-strand specific nuclease CEL I.
Cleaved products are resolved by denaturing polyacrylamide gel electrophoresis (PAGE) and
observed by fluorescence detection.
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The EcoTILLING method was used for the discovery and characterization of nucleotide
polymorphisms in Musa, including diploid and polyploid accessions. Over 800 novel alleles
were discovered in 80 accessions, indicating that EcoTILLING is a robust and accurate platform
for the discovery of polymorphisms in homologous gene targets. The method proved to be
valid in identifying two SNPs that might be deleterious for the function of an important gene
in phototropism. Using a principle component analysis, it was shown that evaluation of
heterozygous SNPs alone was sufficient to discriminate hybrids from non-hybrids and triploid
acuminata plants from diploids. Thus, a rapid SNP assessment can in some cases replace flow
cytometric methods used to differentiate ploidy.

Furthermore, differentiation between acuminata and balbisiana diploids was adequate to
uncover an accidental miss-assignment of an AA type as a BB type by the stock centre.
Moreover, a high level of nucleotide diversity in Musa accessions was revealed by evaluating
the heterozygous polymorphism and haplotype blocks. The authors concluded that EcoTIL‐
LING was an accurate and efficient method for the detection and classification of nucleotide
polymorphisms in diploid and polyploid banana. It is highly scalable and many applications
can be considered, from simple measurements of heterozygosity as a selection criterion in
breeding programmes to more nuanced studies of chromosomal inheritance and functional
genomics analysis. This strategy can be used to develop hypotheses for inheritance patterns
of nucleotide polymorphisms within and between genome types [53].

More recently, single nucleotide polymorphism (SNP) studies for marker discovery of the use
of beta carotene (provitamin A) in plantains [82], and SNPs found in the partial sequence of
the gene encoding the large sub-units of ADP-glucose pyrophosphorylase, a key enzyme
related to starch metabolism, in banana and plantains [83], give important information for new
approaches to investigating the wide range of banana germplasm biodiversity and incorpo‐
rating the information in banana and plantain breeding.

5. Molecular cytogenetic

Using cytogenetics, chromosome studies of humans and several plant species have been going
on for more than a century, helping to establish the typical number of chromosomes for each
of the species and to assign a chromosome number according to their size and centromere
position. Chromosome size and banding pattern helped to identify subchromosomal regions
and were associated with some phenotypic characteristics. Chromosome number has also been
important for identifying individuals among species. Even though cytogenetic tools have been
improved to obtain high-resolution banding patterns for identifying deletions, insertions or
translocations [84], it remains a challenge to elucidate the origins of the chromosomes that are
involved in chromosome rearrangements. Molecular cytogenetics is adding a set of powerful
tools to those already available for studying genome organization, evolution and recombina‐
tion. This technology can help to identify small changes at the level of the gene, for which
several techniques have been developed.
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5.1. Fluorescent in situ Hybridization (FISH) to chromosomes

Fluorescent in situ hybridization (FISH) allows hybridization sites to be visualized directly
and, moreover, several probes can be simultaneously detected with different fluorochromes,
allowing the physical order of the chromosomes to be determined. FISH was used on mitotic
chromosomes to localize the physical sites of 18S-5.8S-25S and 5S rRNA genes in Musa [85,
86]. A single major intercalary site was observed on the short arm of the nucleolar organizing
chromosome in both A and B genomes. Diploid, triploid and tetraploid genotypes showed
two, three and four sites, respectively. Heterogeneous Musa lines showed different intensity
of signals that indicate variation in the number of copies of these genes. In the case of 5S rDNA,
eight subterminal sites were observed in Calcutta 4 (AA), while Butohan 2 (BB) had six sites.
Triploid lines showed six to nine major sites of 5S rDNA of widely varying intensity, near the
limit of detection. The diploid hybrids had five to nine sites of 5S rDNA while the tetraploid
hybrid had 11 sites [86].

Additionally, a dual colour FISH showed that in all studied accessions, the satellite chromo‐
somes carrying the 18S-25S loci did not carry the 5S loci [85]. On the other hand, the telomeric
sequence was detected as pairs of dots at the ends of all the chromosomes analysed, but no
intercalary sequences were seen [85].

Detection of the integration of viral sequences of banana streak badnavirus (BSV) in two
metaphase spreads of Obino l'Ewai plantain (AAB) was achieved using FISH [87]. Two different
BSV sequence locations were revealed in Obino l'Ewai chromosomes and a complex arrange‐
ment of BSV and Musa sequences was shown by probing stretched DNA fibres. In another
study, the monkey retrotransposon was identified and localized in Musa using FISH [88].
Several copies of monkey were concentrated in the nucleolar organizer regions and colocalized
with rRNA genes. Other copies of monkey appear to be dispersed throughout the genome. In
addition, in order to increase the number of useful cytogenetic markers for Musa, low amounts
of repetitive DNA sequences of BAC clones were used as probes for FISH on mitotic metaphase
chromosomes [89]. Only one clone gave a single-locus signal on chromosomes of M. acumina‐
ta cv. Calcutta 4. The clone localized on a chromosome pair that carries a cluster of 5S rRNA
genes. The remaining BAC clones gave dispersed FISH signals throughout the genome
and/or failed to produce any signal. In addition, 19 BAC clones were subcloned and their ‘low-
copy’ subclones were selected, to avoid the excessive hybridization of repetitive DNA
sequences. Out of these, one subclone gave a specific signal in secondary constriction on one
chromosome pair, and three subclones were localized into centromeric and peri-centromeric
regions of all chromosomes. The nucleotide sequence analysis revealed that subclones which
localized on different regions of all chromosomes contained short fragments of various
repetitive DNA sequences [89].

Furthermore, a modern chromosome map technology known as high-resolution fluorescent
in situ hybridization (FISH) was applied in Musa species using BAC clone positioning on
pachytene chromosomes of Calcutta 4 (M. acuminata, Eumusa) and M. velutina (Rodochlamys).
To make cell spread preparations appropriate for FISH, pollen mother cells were digested with
pectolytic enzymes and macerated with acetic acid. BAC clones that contain markers for
known resistance genes were chosen and hybridized to establish their relative positions on the
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two species [90]. Centromeric retrotransposons were detected in banana chromosomes
hybridized with MusA1 by FISH. Since all of the banana chromosomes are metacentric or
submetacentric, signals were located around the centre of the chromosome, indicating that loci
are found near or within the centromere [91]. Recently, the genomic organization and molec‐
ular diversity of two main banana DNA satellites were analysed in a set of 19 Musa accessions,
including representatives of A, B and S genomes and their interspecific hybrids. The two DNA
satellites showed a high level of sequence conservation within, and a high homology between
Musa species. FISH with probes for the satellite DNA sequences, rRNA genes and a single-
copy BAC clone 2G17 resulted in characteristic chromosome banding patterns in M. acumina‐
ta and M. balbisiana, which may aid in determining genomic constitution in interspecific
hybrids. In addition, the knowledge of Musa satellite DNA was improved by increasing the
number of cytogenetic markers and the number of individual chromosomes which can be
identified in Musa [92].

5.2. Genomic in situ Hybridization (GISH)

Genomic in situ hybridization (GISH) is a powerful tool to differentiate alien chromosomes or
chromosome segments from parental species in interspecific hybrids [93]. It has been applied
to mitotic chromosomes from many plants resulting from interspecific hybridization. How‐
ever, application of GISH on meiotic chromosomes is challenging, and has been reported in
just a few species. In Musa, GISH was successfully applied to differentiate the chromosomes
of different genomes on both mitotic and meiotic chromosomes.

The first study that used GISH in Musa was with chromosome spreads prepared from root
tips. The total genomic DNA of diploid lines AA and BB was able to label the centromeric
regions of all 22 chromosomes of the corresponding line. However, the two satellite chromo‐
somes of genome B labelled strongly with genomic A DNA. GISH discriminated between A
and B chromosomes in AAB and ABB cultivars. Additionally, it has immense potential for
identification of chromosome origin and can be used to characterize cultivars and hybrids
produced in Musa breeding [94]. In another study [95], GISH was used to determine the exact
genome structure of interspecific cultivated clones AAB and ABB. As a notable exception, the
clone ‘Pelipita’ (ABB) was found to have eight A and 25 B chromosomes instead of the
predicted 11 A and 22 B. In addition, chromosome complement was determined by some clones
that could not be classified by phenotypic characteristics and chromosome counts. Moreover,
rDNA sites were located in Musa species that appeared to be frequently associated with
satellites. These sites can be separated from the chromosomes providing a potential source of
chromosome counting errors when conventional techniques are used. Furthermore, GISH
successfully differentiated the chromosomes of the four known genomes, A, B, S and T, which
correspond to the genetic constitutions of wild Eumusa species M. acuminata, M. balbisiana, M.
schizocarpa and the Australimusa species, respectively [95, 96].

On the other hand, GISH has been used on meiotic chromosomes in plants. It is quite chal‐
lenging, and the protocols used are complex and highly variable depending on the species. A
method was developed to prepare chromosomes at meiosis metaphase I suitable for GISH in
Musa [97]. The main challenge encountered was the hardness of the cell wall and the density
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of the microsporocyte’s cytoplasm, which hamper the accessibility of the probes to the
chromosomes and generate higher levels of background noise. It was clearly demonstrated
that interspecific recombinations between M. acuminata and M. balbisiana chromosomes do
occur and may be frequent in triploid hybrids. Recently, conventional cytogenetic and GISH
analyses of meiotic chromosomes were used to investigate the pairing of different chromosome
sets at diploid and tetraploid levels, and to reveal the chromosome constitution of hybrids
derived from crosses involving allotetraploid genotype. At both ploidy levels, the analysis
suggested that the newly formed allotetraploid behaves as a segmental allotetraploid. The 11
chromosomes were found as three sets in a tetrasomic pattern, three in a likely disomic pattern
and the five remaining sets in an intermediate pattern. In addition, balanced and unbalanced
diploid gametes were detected in progenies. The chromosome constitution was more homo‐
genous in pollen than in ovules. The segmental inheritance pattern exhibited by the AABB
allotetraploid genotype implies chromosome exchanges between M. acuminata and M.
balbisiana species, and opens new horizons for reciprocal transfer of valuable alleles [97].

5.3. Flow cytometry

Flow cytometry (FCM) protocols have been applied for studying the natural variation in Musa
nuclear genome size (DNA content) for taxonomic purposes and for checking ploidy among
gene bank accessions and breeding materials [98-101]. The literature data suggest that, on
average, the A genome of M. acuminata and clones with AA genome constitution is around 12
% larger than the B genome of M. balbisiana, with small intraspecific variation in nuclear DNA
found in a number of wild acuminata diploid and parthenocarpic bananas, whereas large
variation seems to be exhibited among triploid varieties [102, 99].

The study of genomic composition of Musa accessions on a core collection based on ITS
(internal transcribed spacer sequences of the nuclear ribosomal DNA) regions and SSR
polymorphism, along with assessment of DNA content and ploidy by FCM, has given support
to the hypothesis [103] of the occurrence of homologous recombination between A and B
genomes, or between M. acuminata subspecies genomes, leading to discrepancies in the number
of sets or portions from each parental genome [104]. It is worth mentioning that when the
former published data sets were compared, clear differences in the genome size of M. balbisi‐
ana accessions were found, leaving open the question as to the origin of such variation. Basic
research works of this type are of great interest to understanding the evolution and domesti‐
cation of Musa, and for betterment of bananas using new approaches.

Research on the genetic stability/instability of in vitro somatic embryogenesis (SE) cultures by
FCM for polyploid bananas [105, 106], and recently, by FCM and cytological analysis of
embryogenic M. acuminata ssp. malaccensis cell suspension cultures, and of their somatic
embryo-derived plantlets [107], adds support to the use of in vitro innovative cell biology tools
for high-throughput production of clean banana planting materials, the rescue of hybrid true
seeds by in vitro germination and their clonal propagation through SE, which assist in the
acquisition of seedlings after interspecific hybridization and across ploidy to enhance the
efficiency of genetic improvement in Musa.
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Figure 4. Typical histogram of propidium iodide (PI)-labelled nuclei at pre-DNA synthesis (G1), synthesis (S) and post-
synthesis (G2) from a triploid (2n=3x=33 chromosome) regenerated M. acuminata AAA, cv. Williams plant. The x axis
indicates the florescence signal intensity (canal number), which stoichiometrically relates to DNA content. Plant mate‐
rial was regenerated by somatic embryogenesis [68].

Criterion RFLP RAPD VNTR ISSR SRAP AFLP SNPs

Quantity of DNA required High Low Low/higha Low Low Moderate Low

Quantity of information Low High High High High High Low

Replicability High Variable High High High High Moderate

Resolution of genetic differences High Moderate High Moderate High High High

Abundance High High Medium High High High High

Locus specificity Yes No Yes No Yes No Yes

Ease of use and development Difficult Easy Easy Easy Easy Moderateb Moderate

Development time Long Short Moderate Short Short Moderate Moderate

Development costs High Low Moderate Low Low Moderate Low

Operational costs High Low Low Low Low Moderate Moderate /

High

Locus specificity Yes No Yes No Yes/No No Yes

Major application Physical

mapping

Gene

tagging

Genetic

diversity

Gene

tagging

Genetic

diversity

Gene tagging SNP mapping

aVNTR requires a high quantity of DNA when analysed by RLFP, while it needs a low quantity when analysed by PCR. bAnaly‐

sis of AFLP is easy with the help of an automated genotyper, or when using low-resolution agarose gel electrophoresis, but

manual polyacrylamide electrophoresis requires a certain amount of experience

Table 1. Comparison among different molecular markers for various criteria; adapted from [22, 51, 108].
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6. Protein polymorphism

Proteomics can be defined as the systematic analysis of proteome, the protein complement of
the genome, which deals with information on proteins’ abundance, their variations and
modifications, and their interacting partnerships and networks, in order to understand cellular
processes in biological systems. Thus, proteomics is important for understanding the molec‐
ular mechanisms involved in plant and crop biodiversity, which is a driving force behind
speciation, crop domestication and improvement. This is of particular interest in bananas,
which are good representatives of a complex allopolyploid and an important fruit crop.

6.1. Proteome analysis

In recent years, several proteomic studies, based on combined use of two-dimensional
electrophoresis (2DE) and mass spectrometric methods, have been successfully applied to
investigate the effect of osmotic stresses on banana growth and development [109], cold
tolerance [110], inter-and intra-cultivar protein polymorphisms [111], the fruit proteome of
banana [112, 113], and the proteomic profiling of banana roots in response to F. oxysporum
[114]. These investigations highlight the value of new sequencing technologies for integrating
the biological information of a plant system usually considered a non-model crop, and open
new approaches to studying biodiversity, evolution and domestication in Musa. In this
scenario, the proteomic analysis of shoot meristem changes in the acclimation to sucrose-
mediated osmotic stress of two banana varieties uncovered several genotype-specific proteins
(isoforms), enzymes of the energy metabolism (e.g., phosphoglyceate kinase, phosphogluco‐
mutase, UDP-glucose pyrophosphorylase) and stress adaptations (e.g., OSR40-like protein,
abscisic stress ripening protein-like protein, ASR) that were associated with the dehydration-
tolerant variety [109].

In contrast, comparative quantitative proteomic analysis of plantain (AAB genome) response
to cold stress treatments revealed that about 23.3 % of the 3477 total proteins identified were
differentially expressed. The largest parts of the expressed proteins were predicted to be
involved in the oxidation reduction process (including oxylipin biosynthesis), cellular process,
response to stress and primary metabolic process. Interestingly, among the cold-responsive
proteins involved in the oxidation reduction process, Cu/Zn SOD (superoxide dismutase),
CAT 2 (catalase isozyme 2) and LOX (lipoxygenease) were found to be differentially expressed
in the cold-tolerant plantain, in contrast to the cold-susceptible banana [110]. Altogether, the
previous works provided clues as to the existence of inter-variety protein polymorphism
related to their acuminata or balbisiana origin, and open new approaches to examining diploid
and triploid bananas’ different responses to environmental stress.

Moreover, evidence from the proteome analysis of different triploid banana varieties using 2D
electrophoresis revealed the following results: i) principal component analysis (PCA) showed
that the principal component PC1 (which explains 39 % of the variance information) was
positively correlated with the presence of the B genome; and, ii) the hierarchical clustering
revealed that the first level of clustering separates the varieties of genome BBB and ABB
composition from both AAB and the two AAA varieties, the second level splits both AAB
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varieties from the two AAA varieties and the ABB from the BBB varieties, and the third level
divides both AAA varieties and both AAB varieties. Although proteome analysis does not
always correspond to the presumed genome formulae, perhaps because following polyploid‐
ization new gene copies may undergo modifications allowing functional diversification, in
general, the observations at the protein level provide good indications for a more complex
genome structure and genomic rearrangement in some banana varieties [111].

7. Conclusion

The limited genetic knowledge of the banana genome and the nature of the crop as a parthe‐
nocarpic fruit and a mostly triploid, sterile plant mean that many aspects of breeding and
selection that have been possible in other crops cannot be applied in the banana. Several
approaches to breeding and selection have been applied in numerous plant species; however,
they could not be used in banana due to the unclear genetic knowledge of its genome and the
natural characteristics of the crop, including parthenocarpy, ploidy and sterility. Unconven‐
tional biotechnological strategies including DNA and protein-based marker techniques have
contributed considerably in providing a vast amount of information that helps in understand‐
ing the nature of Musa genome and its genetic diversity. DNA-based markers were developed
and are being used in Musa, representing powerful tools to assess the genetic diversity and
clarify the individual genetic characteristics and relationships. Researchers should select the
best marker for a certain task; however, the recently developed molecular markers were more
informative when applied in banana. For instance, SRAPs showed better assessment of the
genetic diversity and increased the clarity of genetic relationships among several Musa species,
subspecies and cultivars when compared with other traditional markers, such as RAPD and
AFLP. Moreover, since SRAP is based on the amplification of ORFs, this gives another
advantage to this marker over others. Involving recently developed molecular markers, such
as the target region amplification polymorphism (TRAP), which is based on the amplification
of target EST sequences, as well as the intron targeted amplified polymorphism (ITAP), which
is based on the amplification of 3’ widely distributed intron-exon splice junction sequences,
could improve the assessment of genetic diversity in Musa and refine the genetic relationships
among the different sections, species and mislabelled accessions. In addition, despite their
relatively high cost, the high-throughput technologies based on SNPs or small-scale indels are
efficient alternatives to traditional markers, because of their greater abundance, high poly‐
morphism, ease of measurement and ability to reveal hidden polymorphisms where other
methods fail. SNPs also allow easy and unambiguous identification of alleles or haplotypes.
A good marker system for polyploid crops should be dosage sensitive and have the ability to
distinguish heterozygous genotypes with multiple haplotypes. On the other hand, molecular
cytogenetics techniques have played a great role in understanding the Musa genome con‐
struction, determining genomic constitution of the interspecific hybrids and studying the
natural variation in Musa nuclear genome size, as well as checking ploidy levels among gene
bank accessions and breeding materials. In addition, the knowledge on Musa satellite DNA
was improved by increasing the number of cytogenetic markers and the number of individual
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clarify the individual genetic characteristics and relationships. Researchers should select the
best marker for a certain task; however, the recently developed molecular markers were more
informative when applied in banana. For instance, SRAPs showed better assessment of the
genetic diversity and increased the clarity of genetic relationships among several Musa species,
subspecies and cultivars when compared with other traditional markers, such as RAPD and
AFLP. Moreover, since SRAP is based on the amplification of ORFs, this gives another
advantage to this marker over others. Involving recently developed molecular markers, such
as the target region amplification polymorphism (TRAP), which is based on the amplification
of target EST sequences, as well as the intron targeted amplified polymorphism (ITAP), which
is based on the amplification of 3’ widely distributed intron-exon splice junction sequences,
could improve the assessment of genetic diversity in Musa and refine the genetic relationships
among the different sections, species and mislabelled accessions. In addition, despite their
relatively high cost, the high-throughput technologies based on SNPs or small-scale indels are
efficient alternatives to traditional markers, because of their greater abundance, high poly‐
morphism, ease of measurement and ability to reveal hidden polymorphisms where other
methods fail. SNPs also allow easy and unambiguous identification of alleles or haplotypes.
A good marker system for polyploid crops should be dosage sensitive and have the ability to
distinguish heterozygous genotypes with multiple haplotypes. On the other hand, molecular
cytogenetics techniques have played a great role in understanding the Musa genome con‐
struction, determining genomic constitution of the interspecific hybrids and studying the
natural variation in Musa nuclear genome size, as well as checking ploidy levels among gene
bank accessions and breeding materials. In addition, the knowledge on Musa satellite DNA
was improved by increasing the number of cytogenetic markers and the number of individual
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chromosomes which can be identified in Musa. The complementation of DNA based markers
with protein-based ones has completed the image of unreachable variations at DNA level.
Several proteomic studies, based on combined use of two-dimensional electrophoresis (2DE)
and mass spectrometric methods, have been successfully applied to investigate various
approaches in banana, including protein polymorphism, and biotic and abiotic tolerance. The
combination of all molecular approaches surveyed and discussed in this chapter can help in
the revelation of the genetic diversity in Musa. High-throughput technologies based on SNPs
or small-scale indels are efficient alternatives for traditional markers (RFLP, RAPD or AFLP),
because of their greater abundance, high polymorphism, ease of measurement and ability to
reveal hidden polymorphisms where other methods fail. SNPs also allow easy and unambig‐
uous identification of alleles or haplotypes. A good marker system for polyploid crops should
be dosage sensitive, and have the ability to distinguish heterozygous genotypes with multiple
haplotypes.
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1. Introduction

The area under forests is estimated to be approximately 3,870 million hectares worldwide, 95%
of which corresponds to natural forests or native woodlands and the remaining 5% to planted
forests [1]. Forests are dual purpose—commercial exploitation and environmental improve‐
ment [2]. Because of the pressure exerted by environmentalists, current global efforts strive to
reduce timber extraction in natural forests. Forecasts are that the future increase in demand
for timber will be covered by trees specifically planted for this purpose. Because of their
capacity to fix carbon, forests will play an increasingly important role in view of current climate
change attributed to greenhouse gas emissions [3].

Genetic improvement programs for forest species face diverse problems such as the long
regeneration periods and the high costs involved in maintaining a forest population over a
long period of time at different locations. Furthermore, compared with short-cycle crops, the
returns to investment in forest plantations are definitively more delayed [4]. Molecular
markers have a great impact on genetic improvement because they minimize the intervals of
regeneration, increase the genetic gain per generation, and accumulate genetic information
key for ‘non-domesticated’ species. Molecular markers are increasingly included in forest
genetic breeding programs, where they are used to estimate polymorphism, establish param‐
eters of relationship and mating systems, characterize genotypes, and assist in selection
processes [5]. Microsatellites are the markers that have been most used in recent years and can
be used to design seed orchards to estimate the contamination of pollen from external sources
and to study mating models and variation of male fertility.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



The development of microsatellite markers for forest species has been limited. The ratio of use
of this type of marker in forest species, as compared its use in other cultivated species, is 6:1.
Exceptions to the above are forest species used in the timber industry, such as Pinus, Quer‐
cus, and Eucalyptus [6, 7].

In Latin America, Brazil plays a pioneering role in the development of microsatellite markers
for forest species of economic and ecological importance, for example Caryocar brasiliense [8],
Ceiba pentandra [9], Copaifera langsdorffii [10], Eugenia uniflora [11], and several Cariniana species
[12], among others.

In Colombia, coffee has been traditionally grown in association with forest species such as
Tabebuia rosea and Cordia alliodora, which serve as shade, live fences, or perimeters [13]. Their
characteristics, such as good wood quality, make them very appropriate to be used in agro-
forestry systems. Tabebuia rosea, a species with high-value, good-quality wood, is very
important in Central America. Its lilac-pink flowers make it one of the most eye-catching trees
of Central and South America, where it is mainly used as a shade and ornamental plant because
of the beauty of its pink flower panicles [14, 15] (Figure 1). Work carried out with microsatellites
for the Tabebuia genus includes studies carried out in Tabebuia aurea by Braga et al. [16], who
developed 21 polymorphic microsatellites using a genomic library. This current study
characterized, using microsatellite molecular markers, the best-performing T. rosea materials
of provenance and progeny trials established by Colombia’s National Center for Coffee
Research (CENICAFE) in the country’s coffee-growing region as well as the best materials
established by the Santa Rosalía de Palermo Reforestation Company (REFOPAL) and the
National Corporation for Forest Research and Promotion (CONIF) in the country’s Caribbean
region.

Figure 1. Tabebuia rosea tree in Colombia´s coffee region
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Research (CENICAFE) in the country’s coffee-growing region as well as the best materials
established by the Santa Rosalía de Palermo Reforestation Company (REFOPAL) and the
National Corporation for Forest Research and Promotion (CONIF) in the country’s Caribbean
region.

Figure 1. Tabebuia rosea tree in Colombia´s coffee region
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2. Materials and methods

2.1. Plant material

Samples were taken from provenance and progeny trials carried out by CENICAFE, a
REFOPAL-CONIF clonal orchard, and a CONIF progeny orchard. The provenance and
progeny trial, established by CENICAFE in 1997, is located in Colombia’s coffee-growing
region. Seed from plus trees collected in Colombia as well as in El Salvador, Guatemala, and
Nicaragua were introduced for this trial (Table 1).

The REFOPAL-CONIF clonal seed orchard for conservation purposes, established in 1999, is
located in Colombia’s Caribbean region (code SA). Several progeny of this trial are also located
in the Caribbean region (code HI). The REFOPAL-CONIF trial involves 24 sites of origin, 21
of which correspond to clones originating from plus trees and 3 from commercial seed
(absolute controls) (codes HIT1, HIT2, and HIT3) (Table 1). All samples were identified
according to their origin: Population 1, REFOPAL and CONIF clonal orchards; Population 2,
progenies of REFOPAL and CONIF clonal orchards; and Population 3, CENICAFE provenance
and progeny trials.

Progeny/clone/plus tree

(no.)
Code Country of origin Type of trial

Trial or collection site

(plus trees)

1 SA2 Colombia (Atlántico) Clonal orchard San Antero (Córdoba)

2 SA16 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

3 SA32 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

4 SA3 Colombia (Atlántico) Clonal orchard San Antero (Córdoba)

5 SA17 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

6 SA33 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

7 SA4 Colombia (Bolívar) Clonal orchard San Antero (Córdoba)

8 SA18 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

9 SA34 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

10 SA6 Colombia (Atlántico) Clonal orchard San Antero (Córdoba)

11 SA19 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

12 SA35 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

13 SA7 Colombia (Atlántico) Clonal orchard San Antero (Córdoba)

14 SA20 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

15 SA36 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

16 SA8 Colombia (Bolívar) Clonal orchard San Antero (Córdoba)

17 SA22 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

Characterizing Tabebuia rosea (Bertol.) DC. Using Microsatellites in Provenance and Progeny Trials in Colombia
http://dx.doi.org/10.5772/59289

125



Progeny/clone/plus tree

(no.)
Code Country of origin Type of trial

Trial or collection site

(plus trees)

18 SA38 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

19 SA10 Colombia (Magdalena) Clonal orchard San Antero (Córdoba)

20 SA24 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

21 SA41 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

22 SA11 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

23 SA25 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

24 SA42 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

25 SA12 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

26 SA27 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

27 SA43 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

28 SA13 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

29 SA28 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

30 SA44 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

31 SA14 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

32 SA29 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

33 SA46 Colombia (Magdalena) Clonal orchard San Antero (Córdoba)

34 SA15 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

35 SA31 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

36 HI31 Colombia (Córdoba)
Progeny of clonal

orchards
La Independencia Hacienda

37 HI9 Colombia (Magdalena)
Progeny of clonal

orchards
La Independencia Hacienda

38 HI33 Colombia (Córdoba)
Progeny of clonal

orchards
La Independencia Hacienda

39 HI35 Colombia (Córdoba)
Progeny of clonal

orchards
La Independencia Hacienda

40 H1T2 Check Commercial material 2 La Independencia Hacienda

41 HIT3 Check Commercial material 3 La Independencia Hacienda

42 HI19 Colombia (Córdoba)
Progeny of clonal

orchards
La Independencia Hacienda

43 HI47 Colombia (Sucre)
Progeny of clonal

orchards
La Independencia Hacienda

44 H1T1 Check Commercial material 1 La Independencia Hacienda
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Progeny/clone/plus tree

(no.)
Code Country of origin Type of trial

Trial or collection site

(plus trees)
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28 SA13 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

29 SA28 Colombia (Sucre) Clonal orchard San Antero (Córdoba)

30 SA44 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)
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34 SA15 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

35 SA31 Colombia (Córdoba) Clonal orchard San Antero (Córdoba)

36 HI31 Colombia (Córdoba)
Progeny of clonal

orchards
La Independencia Hacienda

37 HI9 Colombia (Magdalena)
Progeny of clonal
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Progeny of clonal
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Progeny of clonal
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Progeny of clonal

orchards
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Progeny/clone/plus tree

(no.)
Code Country of origin Type of trial

Trial or collection site

(plus trees)

45 HI23 Colombia (Sucre)
Progeny of clonal

orchards
La Independencia Hacienda

46 HI44 Colombia (Córdoba)
Progeny of clonal

orchards
La Independencia Hacienda

47 HI5 Colombia (Bolívar)
Progeny of clonal

orchards
La Independencia Hacienda

48 061/96 El Salvador
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

49 506/92 Guatemala
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

50 SO2386 Nicaragua
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

51 AGO95 Guatemala
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

52 CU-II-1*
Colombia

(Cundinamarca)

CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

53 MAR 96-09 Guatemala
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

54 AG 95-30 Guatemala
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

55 SO2386 Nicaragua
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

56 M-I-1* Colombia
CENICAFE provenance

and progeny trial

Floridablanca (Santander).

Pueblo Bello (Cesar)

57 CU-I-1-10 Colombia CENICAFE plus trees Cundinamarca

58 CU-I-1-11 Colombia CENICAFE plus trees Cundinamarca

59 CU-I-1-12 Colombia CENICAFE plus trees Cundinamarca

60 CU-II-1-10 Colombia CENICAFE plus trees Cundinamarca

61 CU-II-1-11 Colombia CENICAFE plus trees Cundinamarca

62 ABR 95-24 Guatemala CENICAFE plus trees
Floridablanca (Santander)

Pueblo Bello (Cesar)

63 CU-II-* Colombia
CENICAFE provenance

and progeny trial

Floridablanca (Santander)

Pueblo Bello (Cesar)

64 ABR 95-30 Guatemala
CENICAFE provenance

and progeny trial

Floridablanca (Santander)

Pueblo Bello (Cesar)
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Progeny/clone/plus tree

(no.)
Code Country of origin Type of trial

Trial or collection site

(plus trees)

65 MAR96/09 Guatemala
CENICAFE provenance

and progeny trial
Líbano (Tolima)

66 AGO25-30 Guatemala
CENICAFE provenance

and progeny trial
Fredonia (Antioquia)

67 ABR 95-24 Guatemala
CENICAFE provenance

and progeny trial
Fredonia (Antioquia)

68 AGO95-30 Guatemala
CENICAFE provenance

and progeny trial
Fredonia (Antioquia)

69 MAR96-09 Guatemala
CENICAFE provenance

and progeny trial
Fredonia (Antioquia)

70 061/96 El Salvador
CENICAFE provenance

and progeny trial
Fredonia (Antioquia)

71 ABR95-30 Guatemala
CENICAFE provenance

and progeny trial
Fredonia (Antioquia)

Table 1. Samples used, codes, country of origin, and type of trial to characterize Tabebuia rosea in Colombia.

2.2. Molecular characterization

Molecular characterization was performed using microsatellite markers in two ways:

1. Applying the principle of transferability: markers developed for T. aurea by Braga et al.
[16] were used in T. rosea.

2. Developing specific microsatellites for T. rosea from genomic libraries enriched for
microsatellite motifs.

In both cases, the same plant material was used as well as the same DNA extraction protocols
and electrophoresis and silver nitrate staining procedures; however, amplification conditions
varied depending on the group of microsatellite markers. Amplified products were separated
by denatured 6% polyacrylamide gel electrophoresis, run in BioRad’s Sequi-Gen GT Sequenc‐
ing Cell vertical electrophoresis chambers. Gels were dyed with silver nitrate following the
protocol of Benbouza et al. [17].

Details of the procedure are described below:

2.3. DNA extraction

The QIAGEN Plant DNeasy Mini Kit was used to extract DNA from 20 mg macerated dry leaf
tissue following the manufacturer’s recommendations. To improve quality, the DNA was
purified using the protocol described by Castillo [18]. DNA quality and quantity were verified
by agarose gel electrophoresis at 0.8%, dyed with ethidium bromide.
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[16] were used in T. rosea.

2. Developing specific microsatellites for T. rosea from genomic libraries enriched for
microsatellite motifs.

In both cases, the same plant material was used as well as the same DNA extraction protocols
and electrophoresis and silver nitrate staining procedures; however, amplification conditions
varied depending on the group of microsatellite markers. Amplified products were separated
by denatured 6% polyacrylamide gel electrophoresis, run in BioRad’s Sequi-Gen GT Sequenc‐
ing Cell vertical electrophoresis chambers. Gels were dyed with silver nitrate following the
protocol of Benbouza et al. [17].

Details of the procedure are described below:

2.3. DNA extraction

The QIAGEN Plant DNeasy Mini Kit was used to extract DNA from 20 mg macerated dry leaf
tissue following the manufacturer’s recommendations. To improve quality, the DNA was
purified using the protocol described by Castillo [18]. DNA quality and quantity were verified
by agarose gel electrophoresis at 0.8%, dyed with ethidium bromide.
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2.4. DNA amplification using microsatellites developed for Tabebuia aurea

Based on the principle of transferability, DNA amplification of T. rosea was performed using
21 microsatellites developed by Braga et al. [17] for T. aurea (Bignoniaceae), which were
identified with the prefix ‘Tau’ (Table 2).

The amplification protocol was carried out in a final volume of 15 µl, with 0.9 µM of each
primer, 1U Taq polymerase, 200 µM of each dNTP, 1X reaction buffer (10 mM Tri HCl, 50 mM
KCl, 1.5 mM MgCl2) and 10 ng DNA. The amplification profile consisted of 30, 1-minute cycles
at 94 °C, 1 minute at melting temperature (°C) (see Table 2), 1 minute at 72 °C, with a final 10-
minute extension at 72 °C.

Locus

GenBank

accession

number

Primer sequence F (5´-3´) Primer Sequence R (5´-3´)

Annealing

temperature

(° C)

Number

of loci
He1 Ho1 PIC1

Tau07 DQ666983
CCATAAGCTGCATCAACAC

A

ATCCTAAGATCGGTACTCC

A
50 1 0.4259 0.478 0.385

Tau12 DQ666987
CATCATCAAGGTCAAGATC

A

CATTCTAGTCTTCCATAAG

T
52 1 0.6234 0.491 0.5513

Tau14 DQ666989
GGTAACGGATTGCTGGTTG

T

CATTGCGAATGGCCTATGG

T
55 1 0.8344 0.721 0.816

Tau17 DQ666992 TGGCCGTGTTGATGTTTATG
TGCCTCACGCTCTATGTGT

C
52 1 0.8439 0.701 0.8269

Tau21 DQ666996 CTTTTGGGGGTCTTTGGAAT
TGAAAGAGACAGAGACAA

AGATACA
55 1 0.5285 0.290 0.4911

Tau22 DQ666997
TATCTCTCCGCCGTACACC

T

CCAATCGAAGAGCCCATTT

A
52 2 0.7803 0.576 0.7502

Tau27 DQ667000
GGTAAATCATCTTCCGCTT

CC

ACTGCAGAATCGCCTTTTG

T
52 1 0.4081 0.508 0.3684

Tau30 DQ667002
TAGTTTAAGGGTGCCGTTG

G

CGAACATAAAGAGGCAAC

CA
55 2 0.4558 0.588 0.3942

Tau31 DQ666982 TCGTGCAGCTTTTGAGTCTG
CTGCAAAACACAAAGCGA

AA
52 1 0.6982 0.632 0.6492

TRA101 GU011737
CAAGACACATCCACGTAC

ATAG

CTCACTCCCTTTAGTTTGTC

AC
56 2 0.7749 0.568 0.7454

TRA3 GU011814
AGTAATTCCATCCAATCAC

ATC

TGCATCAATCAAGTTGTAA

GTC
56 2 0.4154 0.422 0.3715

TRA104 GU011690
CTCCCAAAGCCTTCTTTAT

ATC

GTGGTAGTTGGAGAACATC

ATC
56 2 0.6185 0.984 0.5431
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Locus

GenBank

accession

number

Primer sequence F (5´-3´) Primer Sequence R (5´-3´)

Annealing

temperature

(° C)

Number

of loci
He1 Ho1 PIC1

TRB109 GU011820
GCGCTGATGTTCATAATCT

GA

CCATTGTTGGCCCTATCTTA

T
56 2 0.7929 0.735 0.7606

TRB110 GU011754 GACCCAGGAAATGTTCTCG AACGGTTGAGGAGCCATC 56 2 0.7308 0.375 0.6912

TRB103 GU011713 GAACGGGAAGACGCAGTC GGCAGGTGGCAGAAGATC 56 2 0.8288 0.499 0.8070

TRB6 GU011721
TCATTGAGAGGAGCATTAT

ACA
TTCAGTTGCGATGAGACAG 56 1 0.7783 0.590 0.7536

TRB8a GU011719
GGTGGTGGAACGTCAGAT6

AAG

GAGGGAATGCAAACACTT

CAC
55 5 0.7686 0.576 0.7471

TRD1 GU011808 CCATCCATCACATCAAGC
GAAAGCAGTTCCCAGTAGT

G
55 4 0.4267 0.459 0.3841

TRB104 GU011740
GTTCAATATGCGTCATCAA

TC

AACGAACTCAGAACTTTCG

AC
55 1 0.8103 0.615 0.783

TRC8 GU011704
TTGGCTGACTGATACGATT

G
GTGCTGGTCCTGTCCATC 55 1 0.5732 0.353 0.5557

TRA109 GU011728
GGAGAACGGATGTCTGTCA

G

GCGTAGGATTTGGTGAAGT

G
55 2 0.6998 0.576 0.6479

TRD110 GU011708
TGGATTAGAGAGCATGAG

G
GCCATAATGATCCTGCATG 55 1 0.409 0.333 0.3916

TRC103 GU011717 TATTTCGCTCACGCATAAG
GCTTTGTCTCCTATCCAACT

C
55 1 0.8433 0.750 0.8232

TRC105 GU011770
AAGCCCAGATTACTGTCTT

CC
CGCGTGTGAGACTGTGAC 55 1 0.6885 1.000 0.6348

1 He: Expected heterozygosity; Ho: Observed heterozygosity; PIC: polymorphic information content.

Table 2. Characteristics of the 24 microsatellite markers used in Tabebuia rosea.

2.5. Construction of genomic libraries to design primers for Tabebuia rosea

A genomic library enriched for microsatellite motifs was built to obtain a higher number of
microsatellites. The microsatellites developed using this methodology was identified with
prefix ‘TR’. The procedure for building the library is described below:

Colony production. Recombinant plasmids were produced by linking digested fragments of T.
rosea in the Hind III restriction site of plasmid pUC19. Fragments were enriched for microsa‐
tellite motifs. Digested products were introduced by electroporation within Escherichia coli
DH5α races (ElectroMax™, Invitrogen). To isolate colonies for subsequent sequencing, cells
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Locus

GenBank

accession

number

Primer sequence F (5´-3´) Primer Sequence R (5´-3´)

Annealing

temperature

(° C)

Number

of loci
He1 Ho1 PIC1
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Table 2. Characteristics of the 24 microsatellite markers used in Tabebuia rosea.

2.5. Construction of genomic libraries to design primers for Tabebuia rosea

A genomic library enriched for microsatellite motifs was built to obtain a higher number of
microsatellites. The microsatellites developed using this methodology was identified with
prefix ‘TR’. The procedure for building the library is described below:

Colony production. Recombinant plasmids were produced by linking digested fragments of T.
rosea in the Hind III restriction site of plasmid pUC19. Fragments were enriched for microsa‐
tellite motifs. Digested products were introduced by electroporation within Escherichia coli
DH5α races (ElectroMax™, Invitrogen). To isolate colonies for subsequent sequencing, cells
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were planted on Petri dishes with culture media containing Blue-gal/IPTG/ampicillin-LB agar,
X-gal/IPTG/ampicillin-LB agar, or S-gal/IPTG/ampicillin-LB agar.

Clone selection for sequencing. Fragments containing microsatellite sequences were selected
using biotinylated oligonucleotides complementary to the AG/CT repeat sequences and then
amplified by PCR. DNA inserts were sequenced using the Amersham DYEnamic™ kit,
following the manufacturer’s instructions, and then run on electrophoresis in an ABI 377
sequencer (Applied BioSystems).

Microsatellite design. Before designing the primers, vector contamination was suppressed in the
clone sequences and the percentage of redundancy in the genomic library was determined.
PCR primers were designed using the software DesignerPCR, version 1.03 (Research Genetics,
Inc). Table 2 presents the SSRs used in this study.

2.6. Amplification of microsatellites designed for Tabebuia rosea

Amplification reactions were conducted in a final volume of 10 µl with 0.6 µm of each primer,
200 µm of each dNTP, 1X reaction buffer, 1 U Taq polymerase, 2 mM MgCl2, and 2 ng DNA.
The amplification profile was 94 °C, 4 minutes of initial denaturation, 30 cycles, 40 seconds
each, at 94 °C, melting temperature (° C) (see Table 2) for 40 seconds, 72 °C for 30 seconds, and
a final 4-minute extension at 72 °C.

2.7. Statistical analysis

Statistical analyses were carried out using the program GENAlEX version 6.2 [19]. The analysis
included the measurement of genetic variability, genetic diversity, and genetic distance.

3. Results and discussion

3.1. Transferability of Tau microsatellites

Of the 21 microsatellite markers evaluated, 11 presented positive amplification in samples of
T. rosea and, of these, nine presented polymorphic amplifications (Table 2). The transferability
of markers between species of the same genus was possible thanks to the synteny described
in plant species and to comparative mapping in plants, such as that carried out by Bonierbale
et al. [20] in Solanaceae. Other important synteny studies have been carried out in Gramineae
to evaluate maize microsatellites in sugarcane [21] and rice microsatellites in sorghum [22].
Rice and sugarcane microsatellite sequences were used to characterize natural populations of
Guadua angustifolia [23].

The  transferability  of  microsatellites  between  species  of  the  same  genus,  in  particular
tropical trees, has been addressed by Collevatti-Garcia et al. [8] for the Caryocar genus and
by Braga et al. [16] for the Tabebuia genus. The latter study confirmed the transferability of
microsatellite markers—the same used in this study—to other species of the Tabebuia genus
(T. ochracea, T. serratifolia, T. roseo-alba, T. impetiginosa). Braga et al. [16] described the primers
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Tau 12, Tau 14, Tau 15, Tau 21, Tau 22, Tau 27, Tau 28, and Tau 31 as the most versatile
primers because they presented positive amplification in all the aforementioned species of
Tabebuia, whereas Tau 13, Tau 17, and Tau 30 presented amplification in at least three of
the four Tabebuia species. Of the first group described by Braga et al. [16], Tau 12, Tau 14,
Tau 21, Tau 22, and Tau 31 amplified samples of T. rosea in the present study and, of the
second group, Tau 17 and Tau 30.

The nine polymorphic microsatellites used in the present study showed amplifications of one
or two loci for a single microsatellite marker (Table 2), although polymorphic amplification
was obtained with nine SSRs and 11 loci were observed. Markers presenting two loci were Tau
22 and Tau 30 (Table 2). The size of the products obtained ranged from 150 to 300 bp. These
data agreed with those described for microsatellite development.

The distribution of the allele patterns in the three tree populations of T. rosea studied indicate
that the average number of alleles in the three populations varied between four and five alleles.
The number of frequent alleles ranged between three and four, whereas the number of
informative alleles ranged between two and three (Table 2). The latter indicates the allelic
diversity throughout all loci in each population. The average number of private alleles (whose
frequency is less than 5%) is close to 1, with the CENICAFE population presenting the highest
number of private alleles.

3.2. Molecular characterization with TR microsatellites

A total of 109 different microsatellites were identified in four of the enriched genomic libraries,
which contained between 10,000-15,000 recombinant cells and allowed 74 microsatellite
primers to be designed and 24 primers to be synthesized. The percentage of redundancy for
this library was 11.4%. The latter were initially tested with the six samples that presented the
highest polymorphism in analysis with Tau primers. The seven microsatellite primers
presenting polymorphic amplification (Table 2) were then selected. Each of these seven
primers presented amplification of two loci, except for the TRB6 primer pair, which presented
the amplification of one locus (Table 2).

The results obtained based on the construction of the genomic library can be compared with
those obtained by Braga et al. (2007), who obtained 271 positive colonies after constructing
enriched libraries in the same genus, from which 31 polymorphic primers were synthesized.

For the most part, the microsatellites developed for T. rosea (TR primers) allowed the ampli‐
fication of two loci per primer pair. Multi-allelic SSRs, such as TRB103 and TRB6, could be
differentiated based on the allele frequencies of each locus in each population. With the primer
pair TRB6, private alleles occur in the CENICAFE population (alleles 9, 10, and 11). The second
locus of TRA3 presents a high frequency (over 80%) of allele 2 in the three populations. This
allele could serve as marker for the species. The distribution of allele patterns indicates that
the total number of alleles ranges between 4 and 6 and the number of informative alleles
between 3 and 4.

Other studies carried out in forest species, such as the one conducted by Li et al. [24], report
an average of 5-7 informative alleles for Quercus aquifolioides, using six microsatellites, after
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having obtained 12 alleles on average. These results ratify the phenomenon observed in the
present study, where after having an average of 4-6 alleles, the number of informative alleles
declined drastically to only 3-4. Braga et al. [16] reported an average of 18.7 alleles for T.
aurea, which differs from the value found in this study (average of 4-6 alleles). This difference
could be attributed to the fact that Braga et al. [16] worked with natural populations, whereas
the present study was conducted in selected populations where several alleles could have been
lost. This hypothesis gains strength if the number of alleles obtained for the two groups of Tau
and TR primers is compared. The results are similar. In addition, with both Tau and TR
primers, the highest number of alleles is observed in selected REFOPAL-CONIF and CENI‐
CAFE populations.

3.3. Molecular characterization with both groups of SSRs (Tau and TR)

The results of the analyses of the 24 loci corresponding to both groups of microsatellites (Tau
and TR) are analyzed and discussed below.

3.4. Measures of genetic variability (private alleles)

The evaluation of the presence of private alleles indicated a marked prevalence of this type of
alleles in CENICAFE provenance and progeny populations and in REFOPAL-CONIF clonal
orchards, indicating the need to preserve these orchards to perform directed crosses.

Lombardi [25] found a total of 85 alleles, with an average of 10.6 alleles per locus, when samples
of T. roseo-alba were amplified with markers developed by Braga et al. [16]. Feres et al. [26]
found, in turn, an average of 4.4 alleles per locus in T. roseo-alba, values very similar to those
found in the present study. Averages of 13.5 alleles have been reported for other Bignoniaceae
such as Jacaranda copaia [27].

3.5. Measures of genetic diversity

The genetic diversity parameters found when analyzing the 24 loci (Tau and TR primers)
helped identify populations with low consanguinity, multi-allelic markers, and expected
heterozygosities equal to observed heterozygosities. The mean expected heterozygosity is
similar to the mean observed heterozygosity (Table 3). These values also indicate that the
frequency of several alleles in the population is clearly concentrated in a few alleles. Values
higher than 0.8 have been obtained in multi-allelic microsatellites in tropical forest species,
those presenting between 9-10 alleles [8]. This finding differs from the results obtained in this
study, where the average number of alleles for all loci and populations ranged between 4 and
5 with the microsatellites used. Findings suggest that these populations, although selected for
genetic improvement, are balanced. Studies in T. aurea with microsatellites specifically
developed for the species revealed an average of 26 alleles per locus and an observed hetero‐
zygosity of 0.587, a value similar to that reported for T. rosea. In addition, the probability of
genetic identity was high (1.03 × 10-37) and the probability of exclusion was 0.9889 [16].
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Population
Na*
(mean)

Ne*
(mean)

He*
(mean)

Ho*
(mean)

REFOCOSTA-CONIF (clonal orchards) 5.333 3.374 0.630 0.608

REFOCOSTA-CONIF (progenies) 4.250 2.937 0.598 0.635

CENICAFE (provenance and progeny trials) 4.875 2.907 0.608 0.502

All populations/all loci 4.819 3.072 0.612 0.582

* Na=Number of alleles with frequencies higher than or equal to 5%; Ne=Number of informative alleles; He=Expected
heterozygosity; Ho=Observed heterozygosity

Table 3. Genetic diversity in three populations for forest improvement programs of Tabebuia rosea and two groups of
microsatellites (Tau and TR).

Other forest species of interest, such as pine species Pinus elliottii var. elliottii and P. caribaea
var. hondurensis, yielded heterozygosity values of 0.52+/-0.2. Shepherd et al. [28] attribute
these values to the use of transpecific microsatellites in pine species, a situation which is
replicated in this study by using T. aurea microsatellites in T. rosea.

Lombardi [25], who also worked with Tau primers, reported a mean observed heterozygosity
of 0.271, compared with a heterozygosity of 0.746. Feres et al. [26] attribute the differences
between heterozygosities to the presence of null alleles that mask heterozygote individuals
under the presence of one band. Null alleles occur more frequently in transferred primers than
in primers designed specifically for a given species.

The analysis of molecular analysis (AMOVA) revealed that the highest percentage of variation
could be attributed to differences between individuals (71%), followed by the variation
between populations (25%) and variation within populations (4%). Miller and Schaal [29]
analyzed the structure of natural and cultivated populations of a forest species presenting an
edible fruit (Spondias purpurea). The percentage of variation between natural populations was
35.65% and, within populations, 64.35%, whereas the corresponding values in cultivated
materials were 30.19% and 69.81%.

3.6. Genetic distance measurements

The genetic distance between populations indicates that the populations that are closest
genetically (0.114) are those of REFOPAL–CONIF (both clonal orchards and progenies). This
value was expected because of the higher inter-relationship of the trees of this group. The
CENICAFE population, on the other hand, is distant from populations on Colombia’s Atlantic
Coast.

Principal coordinates analysis, based on the genetic distances between individuals, revealed
greater proximity between the REFOPAL-CONIF populations—clonal orchards and progenies
—and a greater distance regarding the CENICAFE provenance and progeny trial (Figure 2).
The genetic distance between the populations of the CENICAFE trials and the REFOPAL–
CONIF trials (both clonal orchards and progenies) is evident. CENICAFE trials present greater
variability than REFOPAL–CONIF trials and this could be attributed to the introduction of
Central American materials to CENICAFE’s genetic breeding program. Figure 2 endorses the
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idea that both breeding programs are complementary, and that the exchange of material and
information can prove advantageous for both entities. If plans are to begin controlled polli‐
nations, then it would be practical to cross materials from both programs. Likewise, tree clones
of both programs should be established in open-pollinated orchards.

Figure 2. Principal coordinates analysis of samples of Tabebuia rosea.

Probability of identity: Given the need to identify each individual and assign each a probability
of unequivocal identity, the study showed that this identity was established by combining
eight different loci. More multi-allelic markers, with higher indexes of heterozygosity, are
preferred. The optimal combination to characterize accessions of Vitis vinifera has also been
reported to be eight primers [30].

Kirst et al. [31] determined the probability of identity of Eucalyptus grandis using microsatel‐
lites. The probability of finding identical genotypes in a population was found to be 2.3 x
10-9 using six EMBRA microsatellites developed in Brazil. This probability is considered
practically null. Similar results were obtained with an improved population of Eucalyptus
dunnii, when 46 individuals from a seed orchard were identified using four microsatellites [32].

4. Conclusions

This study verifies the transferability of microsatellites existing in the Tabebuia genus and sets
forth the principle of synteny as an economically viable alternative for other Tabebuia species
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for which information on the development of molecular markers is not available. The ample
use of the microsatellites developed for T. aurea (Tau microsatellites) in several species of
Tabebuia proves useful for the exchange of information between genetic breeding and conser‐
vation groups of Tabebuia species at the national and international levels.

Both groups of microsatellites amplified 24 polymorphic loci that could be useful in genotyping
individuals of T. rosea. The measurement of genetic variability yielded an average of 4-5 alleles
and between 3-4 frequent alleles. Expected heterozygosities equal to observed heterozygosities
indicate that there is equilibrium within the populations, despite dealing with selected
materials. The low indices of consanguinity of the three populations originating from im‐
provement programs confirm the allogamous behavior of the species and, with the previous
results, the hypothesis that the flower is self-incompatible gains strength. Meanwhile, private
alleles were more frequent in the CENICAFE provenance and progeny trials and the REFO‐
PAL-CONIF clonal orchards. The introduction of Central American materials influenced the
high variability of CENICAFE materials. As a result, both selection processes are non-
exclusive; on the contrary, they are complementary and the exchange of plant materials and
information will prove beneficial to both.
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1. Introduction

Mexico is considered the center of origin of avocado, and in the mountains of Sierra Madre
Oriental in Nuevo Leon the remains of an avocado have been found, which are evidence of
the place or origin of Persea americana var. drymifolia, or the Mexican avocado. Wild creoles
have been found growing with native vegetation and have contrasting characteristics with
cultivated varieties (improved creoles) and creoles (seedling) found in orchards. All this
diversity represents a valuable source of genes and genetic combinations that can be used in
Persea breeding programs. Therefore, we performed studies in the north and south areas of
Nuevo Leon, Mexico, in order to determine the genetic diversity of this crop and implement
actions for the characterization and conservation of this genetic resource, which has been
disappearing due to changes in soil use, the introduction of improved varieties and the
destruction of their habitat.

An analysis of 42 Mexican avocado samples based on the fruits traits as: fruit weight, fruit
length, fruit diameter, seed weight, seed length, seed diameter, length seed cavity, the ratio of
fruit length/fruit diameter and the ratio of seed weight/fruit weight, was carried out. The
results of the analysis showed that the classification of genetic diversity with these fruit traits
was not well represented. The characterization of the samples with AFLP molecular markers,
allowed the differentiation of five genotypes in the cluster analysis and the separation of those
with the same local name, thus demonstrating genetic differences within Mexican avocado

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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genotypes. When the molecular data were analysed with the morphological data, 11 genotypes
were differentiated and the separation of genotypes with the same local name was possible.

At present, we are working with 10 genotypes to determine genomic regions that help us to
identify and differentiate genotypes. The research results have identified about 37 improved
creoles, 19 creoles (seedling) and nine wild creoles (seedling), all of them with different traits.
To preserve this diversity, we are implementing a local germplasm bank together with Mexican
avocado growers in order to start a breeding program.

2. Origin of Mexican avocado (Persea americana var. drymifolia)

Mexico has a wide variety of types of avocado-there are at least 20 different species related
to  the  avocado  [1].  The  avocado  is  part  of  the  Lauraceae  family,  considered  by  many
botanists to be among the most primitive of the dicotyledonous plant; the centre of origin
of  the  avocado  is  located  in  the  highlands  of  central  and  east-central  Mexico  and  the
Guatemalan highlands [2]. In Mexico, three races are recognized: Mexican, Guatemalan and
West Indian, which were classified as botanical varieties [3]; the possible centre of origin
of these races is shown in Figure 1 [4].

Figure 1. Possible origin centres of the three avocado races [4].

Persea americana var. drymifolia, or the Mexican avocado, is the oldest variety used as food [2];
seeds of avocados were found in cave deposits (El Riego, Purrón and Coxcotlán) in the
Tehuacan Valley, Puebla in Mexico, the oldest cotyledon from the Coxcotlán cave deposit is
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dated to at least 7,000 B.C. [4]. In 1966, the geographical distribution of the P. americana var.
drymifolia in Mexico was determined in the mountain forests of the eastern and south-eastern
and in the Pacific zone (Figure 2) [5]. The findings of Mexican primitive avocados in the Sierra
Madre Oriental of Nuevo Leon show that this area is part of the centre of origin of Persea
americana var. drymifolia [6].

Figure 2. Geographical distribution of Persea americana var. drymifolia in Mexico [5].

The Mexican avocado is grown in different intensive agricultural systems and both in orchards
and backyard gardens, these forms of production are important centres of experimentation,
plant introduction, empirical improvement and shelters of unique genetic diversity that
contain genes that have not been studied and could have potential use in breeding pro‐
grammes. Persea americana var. drymifolia trees are characterized by their resistance to cold and
high oil content, a very distinctive characteristic is its strongly aromatic leaves (anise scented)
in almost all individuals; usually, they grow at altitudes greater than 2,000 m. The leaves are
dark green with light green or reddish young shoots; the fruit has a thin, smooth and soft skin,
the seed can be adhered or loose, the cotyledons are smooth or slightly rough, and it is common
to find fibre in the flesh, although this is not found in most cultivated species [1].

Given that the avocado is an open-pollinated species, it contains great genetic variability with
almost unlimited possibilities for utilization [7]; a wide diversity of germplasm allows the
advancement of botanical and agronomic knowledge and the development of new cultivars
[6]. The germplasm of Mexico has been the basis of breeding programmes in other countries,
so it is necessary to focus on the exploration, classification and preservation of the germplasm
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of the genus Persea to implement breeding programs. The generation of improvement varieties
involves searching for genes that may exist in some cultivated varieties or wild plants; if these
sources of genes do not exist, the possibility of the transferring of its characteristics will be lost
forever.

In Nuevo Leon, Mexico, it is still possible to find different wild plants of the Mexican avocado
(wild creoles) growing among natural vegetation, and their morphological traits are contrast‐
ing with cultivated varieties. Cultivated varieties consist of local selections of plants that have
been grown for several years and which the growers have selected based on their production
and quality (fruit size, mainly); these cultivars are grafted trees with genotypes of interest and
are called ‘improved creoles’. Native plants are those from avocado seeds that have not been
grafted (seedlings) and are called ‘creoles’. The genetic diversity of wild plants, improved
creoles and creoles, represents a valuable source of genes and genetic combinations that can
be used in Persea breeding programmes.

The main problems in identifying the genetic variability of Mexican avocados in Nuevo Leon,
Mexico, are, among other factors, the diversity of local names that are used for the improved
creoles, and the use of the same rootstock for grafting different varieties, resulting in a tree
with branches belonging to different cultivars (Figure 3). Since 2005, in order to study this
genetic diversity, we performed studies of the morphological and molecular characterization
of Mexican avocado varieties.

3. First review of Persea americana var. drymifolia in Nuevo Leon, Mexico

In order to identify the genotypes of Mexican avocados (improved creoles, creoles and wild
creoles), from June 2005 to November 2006, surveys were conducted in the municipalities of
Dr. Gonzalez and Sabinas Hidalgo, located north of Nuevo Leon, Mexico, and in the munici‐
palities of Aramberri, General Zaragoza and Rayones, located south of the state. A total of 30
improved creoles and 19 creoles and wild creoles, were identified. We collected five fruit of
each of the trees that had fruit at the time of the visit (26 improve creoles and 12 creoles). The
improved creoles collected in Dr. Gonzalez were Huevo de Toro Blanco, Larralde, Verde Perez
and Perales, whereby the fruits of these cultivars mature in green color; and Anita, Floreño,
Huevo de Toro, El Cuervo, Negro Santos Normal, Negro Santos Especial, Rodriguez and
Rosita, the fruits of these improved creoles mature in black color (Figure 4), also were collected
four creoles (Figure 5). In Aramberri, we collected the improved creoles: Mantequilla, Pagua,
Platano Delgado, Maria Elena, Fuerte, Leonor, Pato and De la Peluqueria (Figure 6), as well as
five creoles (Figure 5)-in the case of Mantequilla, the skin of the ripe fruit is yellow. In the
General Zaragoza municipality, only two creoles were identified (Figure 5 and Figure 8). In
Sabinas Hidalgo, improved creoles were identified, such as Anita, Floreño, Negro Santos and
Pepe (Figure 7). In Rayones, the improved creoles were Verde Fuerte and Pagua (Figure 7), as
well as two creoles (Figure 5). Four improved creoles had no fruits: Lampazos, Blanco and
Sanjuanero of Dr. Gonzalez municipality, and Israel of Aramberri municipality.
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Figure 3. Mexican avocado tree, A) rootstock, B) Platano Grueso improved creole.

Fourteen improved creoles were reported in Sabinas Hidalgo. In the study of evaluation of
native avocados in the northern region of Nuevo Leon [8], six genotypes corresponded with
those we found. In this same report, 10 improved creoles that were not documented by us were
reported in Sabinas Hidalgo: Blanquito, Fosa, Cuervo, Pera, Sabroso, Chapeño, Pecoso, Pila,
Salazareño, Especial. Negro Santos and Especial genotypes were reported in Bustamante [8]-
this area was not considered in our study.

El Salto is a wild creole collected in the municipality of General Zaragoza and it was named
this way because the trees were located in Parque Recreativo El Salto, located in this munici‐
pality. The fruit has a length of 2 cm and, according to researchers at Red Aguacate-SNICS-
SAGARPA in Mexico, it could be a primitive Mexican avocado genotype-this fruit’s
characteristics are similar to those reported by Storey, who mentioned the discovery of a
primitive form of avocado fruit which is about 2 cm length, in the pine and oak forests of Nuevo
Leon, Mexico [4]; this vegetation type coincides with the area where we located this genotype
(Figure 8).

The harvest of Mexican avocados in Nuevo Leon, Mexico, is performed during the period from
June to December, although there are genotypes with fruit production throughout the year.
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Figure 4. Mexican avocado improved creoles of Dr. Gonzalez, Nuevo Leon, Mexico. A) Huevo de Toro Blanco, B) Lar‐
ralde, C) Verde Perez, D) Perales, E) Anita, F) Floreño, G) Huevo de Toro, H) El Cuervo, I) Negro Santos, J) Negro
Santos Especial, K) Rodriguez, L) Rosita.

Figure 5. Creoles (seedlings) of P. americana var. drymifolia. A), B), C) and D) Dr. González; E), F), G), H) and I) Ara‐
mberri; J) General Zaragoza; K) Sabinas Hidalgo; L) Rayones.
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Figure 6. Mexican avocado improved creoles of Aramberri, Nuevo Leon, Mexico. A) Pagua, B) Maria Elena, C) Leonor,
D) Pato, E) Mantequilla, F) Platano Delgado, G) De la Peluqueria.

Figure 7. Mexican avocado improved creoles of Sabinas Hidalgo and Rayones, Nuevo Leon, Mexico. A) Pepe (Sabinas
Hidalgo); B) Verde Fuerte (Rayones).

Figure 8. Wild creole El Salto. A), B) fruits; C), D) trees.
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4. Molecular and morphological characterization

In order to estimate the genetic diversity through morphological and molecular characteristics,
in 2007 we worked with 42 trees of P. americana var. drymifolia of Aramberri and General
Zaragoza, in Nuevo Leon, Mexico (Table 1).

Creole improved/creole ID

Huevo de Paloma P1

Campeon P2, P6

Pagua P3, P24

Platano Grueso P4, P26

Platano Delgado P7, P11, P12, P13, P14, P15, P21

Verde P9

Maria Elena P19, P33

Platano P20, P27, P28, P29, P30, P38

Calabo P23

Leonor P25

Chino P32

Creole P5, P16, P18, P39, P44, P59, P60

Wild creole P45, P46, P47, P48, P49, P50, P53, P56, P57

Table 1. Identification of Mexican avocados samples used to determine morphological and molecular diversity.

The collections of the samples were conducted both in gardens and in areas of wild vegetation.
The identification of the samples was performed according to the local name provided by the
growers-those samples of non-grafted trees were identified as creoles and samples collected
in areas of wild vegetation were identified as wild creoles. Eleven improved creoles corre‐
sponding to 26 samples, seven creoles and nine wild creoles were identified (Table 1). The
Platano Grueso improved creole is more commercially accepted by the characteristics of size
and appearance of the fruit; this cultivar characteristically presents an early harvest starting
cycle, in mid-June, which limits its production from concentrating in a relatively short period
of time [9]. The tendency of some producers is the replacement of treetops to grafts of this
cultivar. Some other cultivars are preserved due to its adaptive characteristics, palatability and
harvest out of season, allowing marketing for the best price. The study of the evaluation of
creole avocados in the southern region of the state of Nuevo Leon reported 23 improved
varieties [9], of which 13 coincide with those that have been identified in our studies.

Due to the lack of definition in the branching pattern of trees by grafting different varieties
in the same plant (Figure 3), it was decided only to perform a morphological evaluation of
the fruits. For the molecular analysis of the samples and the morphological analysis of their
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fruits, 10 leaves and five ripe fruits per tree were collected. The characterization of the fruits
was performed according to the morphological descriptors for avocado fruit given by the
International Plant Genetic Resources Institute [10]. The characteristics were: fruit weight
(g), fruit length (cm), fruit diameter (cm), seed weight (g), seed length (cm), seed diame‐
ter (cm), seed cavity length (cm), seed cavity diameter (cm), ratio of the fruit length/fruit
diameter, and ratio of the seed weight/fruit weight. In order to determine the variables with
greater weight on the morphological characterization and the behaviour of each variable,
the mean, standard deviation and coefficient of variation were estimated. The data analysis
was performed by principal components analysis and based on this; a cluster analysis was
performed using the UPGMA method (un-weighted pair groups method with arithmetic
averages) with the Gower distance (1-S) [11]. Statistical analyses were performed using the
software InfoStat/Pv.2006p.3 [12].

In the fruit’s morphological characterization, the traits with higher coefficients of variation
were: seed weight (39.42%) and fruit weight (38.42%); the seed cavity length and fruit length
showed coefficients of 24.82% and 20.34%, respectively. Values greater than 50% suggest that
the characteristics have the highest variability within a species, while values below 20%
indicate little variability in the species [11], so these characteristics were considered as
classificatory.

Figure 9. Comparison of the sizes and shapes of fruits of Persea americana Mill. var. drymifolia from Aramberri and Gen‐
eral Zaragoza, Nuevo Leon, Mexico [13]. The sample identification is according to Table 1.

As to the seed weight and fruit weight, the highest averages were 69.76 g and 251.40 g,
respectively, corresponding to P26 (Platano Grueso); the lowest values for this variable were
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7.08 g and 10.53 g, respectively, corresponding to P57 (El Salto). In the case of seed cavity length,
the highest average corresponded to P21 (Platano Delgado) with 11.46 cm, the lowest average
was 2.60 cm and corresponded to P57 (El Salto). For fruit length, the highest average value was
12.76 cm and corresponded to P4 (Platano Grueso), the lowest value corresponded to El Salto
and was 2.88 cm; the fruit traits of this wild creole contrast sharply with the others samples
collected (Figure 9).

The relationship between the traits evaluated and the similarity between the samples was
performed by principal component (PC) analysis with standardized data. The PC1 and PC2
represented 75.8% of the total variance, values greater than 60-70% explaining a reasonable
percentage of the total variability of the samples [14]. The traits with the greatest influence in
PC1 (59.7%) were fruit weight, seed weight and fruit length, while in PC2 (16.1%) they were
seed diameter and seed cavity length. The cophenetic correlation was 0.984; PC analysis results
coincided with the results of analysis of variation coefficients; of the samples organized in six
clusters, P57 had the highest distance, and P45 and P48 (wild creoles) formed a cluster. P53,
P56 and P11 formed another cluster-the first two corresponding to wild creoles while P11
corresponds to Platano Delgado. The samples P25 (Leonor) and P21 (Platano Delgado) were
separated from the rest of the samples, while the other samples were grouped into a cluster.

The dendrogram was performed with the following variables: seed weight, fruit weight, seed
cavity length and fruit length; with the addition of the ratio of fruit length/fruit diameter and
the ratio of seed weight/fruit weight, the cophenetic correlation increased to 0.888. Four clusters
were formed at a distance of 0.23; two clusters coincide with those formed by the principal
components analysis. Cluster I was formed with P57, cluster II with P21. Cluster IV was formed
by five samples identified as wild creoles (P45, P47, P48, P53 and P56), sample P16 (creole), P1
(Huevo de Paloma), P25 (Leonor) and P32 (Chino). Cluster III was formed with the remaining
samples (Figure 10).

Although the morphological differences between fruits are evident, only the sample P57 was
identified. Linkage distances within the dendrogram reflected the differences and inconsis‐
tencies between presumably identical genotypes; we expected that the samples identified with
the same name would be grouped together, which did not happen. These results agree with
those reported by [15], who assert that fruit size is a trait that does not help in the differentiation
of wild and cultivated avocado plants, because trees produce fruits of different sizes. Avocado
groups are not well represented when the morphological characteristics of fruits are used [16].

Traditional plant identification is performed by phenotypic characterization-this is slow and
limited, and the expression of the quantitative characteristics is subject to environmental
influences. Molecular markers allow the identification, classification and use of genetic
diversity present in the genomes of plants; differences or similarities at the DNA level in the
individuals are observed directly. The AFLP (amplified fragment length polymorphism) is a
highly efficient molecular marker [17]-in avocados they have been used to study the genetic
diversity of germplasm [16, 18, 19].

The molecular characterization of the samples was performed using AFLP molecular markers;
AFLP generation was performed using the IRDye Fluorescent AFLP Kit for Large Plant
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clusters, P57 had the highest distance, and P45 and P48 (wild creoles) formed a cluster. P53,
P56 and P11 formed another cluster-the first two corresponding to wild creoles while P11
corresponds to Platano Delgado. The samples P25 (Leonor) and P21 (Platano Delgado) were
separated from the rest of the samples, while the other samples were grouped into a cluster.

The dendrogram was performed with the following variables: seed weight, fruit weight, seed
cavity length and fruit length; with the addition of the ratio of fruit length/fruit diameter and
the ratio of seed weight/fruit weight, the cophenetic correlation increased to 0.888. Four clusters
were formed at a distance of 0.23; two clusters coincide with those formed by the principal
components analysis. Cluster I was formed with P57, cluster II with P21. Cluster IV was formed
by five samples identified as wild creoles (P45, P47, P48, P53 and P56), sample P16 (creole), P1
(Huevo de Paloma), P25 (Leonor) and P32 (Chino). Cluster III was formed with the remaining
samples (Figure 10).

Although the morphological differences between fruits are evident, only the sample P57 was
identified. Linkage distances within the dendrogram reflected the differences and inconsis‐
tencies between presumably identical genotypes; we expected that the samples identified with
the same name would be grouped together, which did not happen. These results agree with
those reported by [15], who assert that fruit size is a trait that does not help in the differentiation
of wild and cultivated avocado plants, because trees produce fruits of different sizes. Avocado
groups are not well represented when the morphological characteristics of fruits are used [16].

Traditional plant identification is performed by phenotypic characterization-this is slow and
limited, and the expression of the quantitative characteristics is subject to environmental
influences. Molecular markers allow the identification, classification and use of genetic
diversity present in the genomes of plants; differences or similarities at the DNA level in the
individuals are observed directly. The AFLP (amplified fragment length polymorphism) is a
highly efficient molecular marker [17]-in avocados they have been used to study the genetic
diversity of germplasm [16, 18, 19].

The molecular characterization of the samples was performed using AFLP molecular markers;
AFLP generation was performed using the IRDye Fluorescent AFLP Kit for Large Plant
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Genome Analysis (LI-COR® Biosciences); for the construction of the binary data matrix, it was
assumed that bands with the same molecular weight are identical, assigning the number 1 to
the presence of bands and the number 0 to the absence of bands [13]. Similarity indices were
determined by the Gower coefficient (1-S). A cluster analysis of the molecular data was
performed using the UPGMA method using standardized variables through the Info/Gen
2006p.1v software [20]; the cophenetic correlation coefficient was calculated.

With the cluster analysis of 683 AFLP markers (Figure 11), two clusters were defined (distance
0.14). The samples P9 (Verde), P44 and P39 (Creoles), P38 and P29 (Platano), P4 (Platano
Grueso), P3 (Pagua) and P23 (Calabo), were not clustered. The separation of these samples
shows that they are different genotypes, but in those samples that were not clustered with
samples with the same local name, the question is whether there is genetic variation among
the improved creoles. Cluster “I” was composed of samples P48, P46 and P45, identified as
wild creoles, while cluster “II” was composed of 32 samples. By decreasing the distance to 0.09
in the dendrogram, samples identified as Platano (P30, P15, P13, P12) and Platano Delgado
(P11), were grouped; while P56, P50 (both wild creoles) and P32 (Chino) samples were
separated. The clustering at very short distances (0.015) is between P6 (Campeon), P7 (Platano
Delgado) and P1 (Huevo de Paloma), and between P53 (wild creole) and P33 (Maria Elena),

Figure 10. Dendrogram of the fruit’s morphological characteristics of 42 Persea americana Mill. var. drymifolia.
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which shows that they are closely related. The clustering at distances greater than samples
identified with the same name calls into question the genetic identity of improved creoles.

To perform the comparative analysis between cluster groups formed in the morphological and
molecular analysis, a mixed data matrix was constructed with morphological data and AFLP
binary data; a cluster analysis was performed by UPGMA with the Gower distance (1 S)
through the software Info/Gen 2006p.1v [20]. As in previous cases, the cophenetic correlation
coefficient was calculated.

Figure 11. Dendrogram of molecular data (AFLP markers) of 42 Persea americana Mill. var. drymifolia.

The cluster analysis of the molecular and morphological data showed one cluster (I) formed
by 31 samples (distance of 0.13), while 11 samples showed no clustering pattern: P48 (wild
creole), P57 (wild creole), P45 (wild creole), P9 (Verde), P44 (creole), P4 (Platano Grueso),
P3 (Pagua), P56 (creole), P50 (wild creole), P38 (creole) and P29 (Platano) (Figure 12). The
separation of P9, P44, P3 and P4 coincided with that obtained in the molecular data analysis.
The separation of P48, P57, P45, P56 and P50 identified as wild creole is a difference between
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the analysis of mixed data and analysis of molecular data. With increasing distance in the
dendrogram,  the  P57  and P45  (wild  creoles)  samples  were  clustered;  these  samples  are
characterized by the lowest values of fruit length and seed length. When the cluster distance
was  increased  in  the  dendrogram,  the  influence  of  the  morphological  variables  in  the
formation of  the groups was evident,  so the group consisting of  P48,  P57 and P45 was
characterized by the lowest seed weight values. When analysing in detail  the scheme of
clustering,  we observed that P26 and P27 were grouped at a shorter distance-an impor‐
tant feature of these samples is that they showed the highest fruit weight and that they
correspond to the improved creoles Platano Grueso and Platano, respectively. As such, we
can conclude that they present similarities.

Figure 12. Dendrogram of morphological characteristics and molecular data (AFLP markers) of 42 Persea americana
Mill. var. drymifolia.

The results of this study demonstrated that AFLP molecular markers allow the estimation of
the genetic diversity of the Mexican race of Persea americana Mill. when molecular data are
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combined with morphological data. When only molecular data generated by AFLP are used,
the differentiation between genotypes was ambiguous; we demonstrated the effectiveness and
facility of AFLP used to characterize avocado accessions based on the race origin [19]; however,
there is no reference about its usefulness in differentiating between varieties.

5. In vitro culture callus

We have worked with in vitro culture techniques to conserve the germplasm of different
avocado genotypes. The selection of the explant to be used in the conservation of plant tissue
depends on the resources and the goal of the project; in avocados, different explants have been
used to obtain different types of morphogenesis [21]. The avocado morphogenetic capacity
under in vitro conditions is linked to the use of materials with juvenile characteristics [22]. The
avocado cotyledon callus was kept for over 15 years without apparent differentiation condi‐
tions [23]-these tissues remained as callus divisions through a series of small segments and
were transferred to fresh media at intervals of one-to-three months. The callus tissue is essential
for obtaining somatic embryos by indirect embryogenesis [24, 25]. Avocado somatic embryos
were regenerated from calluses [26-29]. We used the developed young leaves of a Mexican
avocado tree (six years old) as explants to establish an in vitro culture callus.

The avocado leaves were washed with a commercial detergent and running water for 30
minutes. Subsequently, petiole were cut and the leaves were placed in an antioxidant solution,
400 mg L-1 of ascorbic acid, 150 mg L-1 of citric acid and 30 g L-1 of sucrose with 1 g L-1 systemic
fungicide metalaxyl-M (Ridomil, Syngenta Agro), for 2 min at a vacuum pressure of-20 bar;
they were placed in alcohol 70% v / v for 30 s followed by three rinses with sterile water, then
placed in a solution of 2.4% NaOCl with two drops of Tween 20 for each 100 ml for 15 min,
followed by three rinses with sterile distilled water; the leaves were kept in sterile antioxidant
solution above without systemic fungicide, until their establishment in vitro. Explants of 1
cm2 were obtained and placed in glass vials with 20 ml of DCR medium [30] pH 7.5, supple‐
mented with vitamins and growth regulators, 200 mg L-1 of inositol, 50 mg L-1 of glutamine,
500 mg L-1 of casein hydrolyzate, 0.3 mg L-1 of 6-benzylaminopurine, 0.01 mg L-1 of naphtha‐
leneacetic acid, 0.1 mg L-1 of thiamine, 0.5 mg L-1 of nicotinic acid, 0.5 mg L-1 of pyridoxine, 2
mg L-1 of glycine, 10 mg L-1 of ascorbic acid, 10 mg L-1 of citric acid, 1.5 mg L-1 of 2,4-D, 0.3 mg
L-1 of kinetin, 20 g L-1 of sucrose and 4.5 g L-1 of Phytagel. The glass vials with the explants were
placed in a controlled temperature of 20 ° C ± 2 ° C in complete darkness for callus formation.
Callus formation from the leaves was completed out in 30 days (Figure 13).

Using the same culture medium, two subcultures of each callus were performed with a period
of 30 to 45 days between them. AFLP markers were generated and 341 polymorphic bands
were used to calculate the polymorphic information content (PIC) and the genetic distance to
measure genetic stability of the avocado callus. We analysed molecularly 94 samples, the
mother plant, 31 calluses formed from the mother plant explants, 31 calluses from the first
subculture, and 31 calluses from the second subculture-the results of this research are in press.
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Figure 13. A) Avocado callus from leaves, B) avocado callus from the second subculture.

6. Present investigations

Actually, we are working with the fruit gene expression of genotypes with contrasting
characteristics (Figure 14). Using the technique of differential display [31], we obtained
differential fragments of the genome of the fruit (Figure 15); these amplified fragments were
sequenced in order to identify regions of the genome to help us in the identification and
differentiation of genotypes (improved creoles, creoles and wild creoles). We are analysing the
sequences obtained with data from the NBCI and hope that these results can be used in the
future in the genetic characterization of genotypes as well as in avocado breeding programs.

Figure 14. Fruits of Persea americana Mill. var. drymifolia of Aramberri and General Zaragoza, Nuevo Leon, Mexico. 1)
Pato, 2) Amarillo, 3) Cuerno, 4) El Salto (wild creole), 5) Huevo de Paloma, 6) Mantequilla, 7) Criollo Bola (creole), 8)
Pagua, 9) Platano, 10) and 14) Criollos (creoles), 11) Campeon, 12) Platano Delgado, 13) Platano Grueso, 15) Criollo
Todo el Año (creole), 16) Maria Elena, 17) Leonor, 18) Salvador.
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In order to preserve all the genetic variability of the Mexican avocado that has been detected
in Nuevo Leon, Mexico, a local germplasm bank is being implemented together with growers
where they can safeguard copies of improved creoles, creoles and wild creoles. The intention
is to have plant material for them and to start in a short period with the creation of a breeding
program for the Mexican avocado.

7. Conclusion

The genetic diversity of Persea americana var. drymifolia, found in Nuevo Leon, Mexico, is broad
and can be used for incorporation into breeding programme cultivars, as well as for use as
rootstocks and inter-stocks; wild varieties are a genetic patrimony that can provide innovative
sources of advantageous use for producers. Identifying the characteristics of agronomic
interest (genes) boosts the Mexican avocado crop through its alternate use (processed fruit, oil
extraction, medicinal use, use as a condiment, animal feed, etc.). The classification and
conservation of plant germplasm should be seen as an activity to preserve this heritage of
diversity-it requires a major effort to preserve the genotypes of cultivated plants, but especially
wild and native plants that are threatened with the destruction of their natural habitat and
being replaced by improved varieties.

Figure 15. Differential fragments of Persea americana var. drymifolia fruits. Lanes: M, molecular weight marker, 1) Pato,
2) Cuerno, 3) El Salto, 4) Mantequilla, 5) Criollo Bola, 6) Criollo 2, 7) Platano Grueso, 8) Criollo Todo el Año, 9) María
Elena, 10) Leonor. Polyacrylamide gel 6%.
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1. Introduction

The variety of plants, animals and microorganisms on Earth, along with the tremendous
diversity of genes in these species and the high variety of ecosystems on the globe are all
constitutive parts of what is called “biodiversity”. It is globally recognized that the conserva‐
tion of nature and of its biological diversity should represent one of the priorities of the current
human society. An important number of factors, sometimes interconnected, like climate
change, pollution, anthropic activities destroying habitats for agriculture or logging, excessive
exploitation of species with economic importance, hunting or poaching, represent serious
treats for biodiversity.

The loss of biodiversity is a serious concern for multiple reasons, as a “healthy” biodiversity
can provide various natural benefits including ecosystems services (contribution to climate
stability, protection of water resources, nutrient storage and recycling, etc.), biological
resources (food, medicinal and pharmaceutical resources, diversity in genes and species,
breeding stocks and population reservoirs, etc.) and social benefits (research and education,
recreation and tourism, etc.) [1].

Despite of well-known importance of biodiversity, human activity has been causing massive
extinctions. In 2005, the report released by the Millennium Ecosystem Assessment pointed out
a substantial and largely irreversible loss in the diversity of life on Earth, with some 10-50% of
the well-studied higher taxonomic groups threatened with extinction, due to human actions.
Over the past few hundred years, humans have increased species extinction rates by as much
as 1000 times background rates that were typical over Earth’s history [2]. Species are being lost
at a rate that far exceeds the emergence of new species. The current extinction problem has
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been called the ‘sixth extinction’, as its magnitude compares with that of the other five mass
extinctions revealed in geological records [3, 4].

The conservation of biodiversity at all levels from genes to ecosystems represents a global
concern. Thus, the genetic diversity within species (between populations as well as among
individuals within populations) as part of biodiversity is the result of the degree of variation
at different levels (nucleotide, gene, chromosome, and genome). The presence of genetic
variation plays an important role in species/populations survival and in their successful
evolution in response to both short-term and long-term environmental changes [5]. To prevent
the problems of genetic defects caused by inbreeding, species need a variety of genes to ensure
successful survival. The decrease of this variety also translated as reduced genetic diversity is
correlated with enhancing the chances of extinction.

The group of fish comprises over 32,000 species and an inestimable number of individuals
inhabiting a large territory, from depths of 6000-7000 m on the bottom of oceans and seas to
mountain waters found at an altitude of 2000 m. Thus, the fish group presents the most
significant species variety among vertebrates [6]. The importance for humans derives mainly
from economic significance, with aspects including consumption as food source, use in
industry, aquaculture and fish farming. Overfishing and poaching along with habitat destruc‐
tion (including water pollution, the building of dams, removal of water for use by humans,
and the introduction of exotic species) represent the major threats to fish species and popula‐
tions and currently, according to 2014 IUCN Red List, 2172 fish species are threatened with
extinction [7].

Because of their life environment fish are more difficult to monitoring and study than terrestrial
animal and to recover important information about fish populations is very challenging.

Sturgeons hold an important position in the category of the most threatened fish species in the
world, mainly due to their particular scientific and commercial importance. Sturgeon species
and the distantly related paddlefish as well as some extinct families are reunited in the Order
Acipenseriformes and are generally regarded as “living fossils” and as the most primitive
surviving bony fish. Sturgeons present some relict characters that differentiate them from other
fish species and prove their ancient origin. The skeleton is primarily cartilaginous, with partial
ossification only in cranium and maxilla, the posterior vertebrae continue far out into the dorsal
lobe of the caudal fin (heterocercal condition), branchiostegal rays are absent or inconspicuous,
undifferentiated vertebrae, ganoid scales only in caudal part of the body, five rows of bony
scutes along the body. Sturgeons have a protrusible mouth, toothless in adults, a prominent
snout with four barbells located about midway between the mouth and the snout tip [8].

Their extinct relatives (Infraclass Chondrostei) date to the Devonian (about 350 million years
ago) and Acipenser fossils were found in the Western of North America dating from Upper
Cretaceous. At present time within Acipenseriformes only two families exist, Acipenseridae and
Polyodontidae, the first one counting 25 species inhabiting rivers, lakes, coastal waters and inner
seas from the Northern hemisphere. The Acipenseriformes species are strictly Northern
hemisphere fishes, some being resident to fresh water, while others are anadromous. Sturgeons
are reunited in Acipenseridae family with four genera – Acipenser, Huso, Scaphirhynchus and
Pseudoscaphirhynchus.
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The area comprising the Black, Caspian and Aral Seas (Ponto-Caspian region) and the rivers
that are tributaries to these seas, is the area with the greatest species diversity despite the
fact  the most of the populations in the region are facing extinction [9].  Currently in the
Danube River three anadromous sturgeon species Huso huso  (Beluga sturgeon), Acipenser
stellatus (Stellate sturgeon) and Acipenser gueldenstaedtii (Russian sturgeon) and a potamodr‐
omous species Acipenser ruthenus (Sterlet sturgeon) are found [10]. The others two species
that were present in the past in this area (Acipenser sturio – European sturgeon and Acipenser
nudiventris – ship sturgeon) are considered to be extinct [11].

From ancient times, sturgeons had a great economic impact for the Danube region and they
were an important part of the welfare of the local communities from this area. Due to human
intervention, a decline of the sturgeon populations in this river has been observed starting with
the 19th century, but much more accentuated in the 20th century. In Romania, in the first decade
after the communist regime decline an overexploitation of sturgeon from Lower Danube has
occurred mainly due to the absence of a legislation that protects these species [12, 13]. Thus,
between 2002 and 2005 the sturgeon captures have severely diminished from 37 tons in 2002
to 11 tons in 2005. As a consequence of this evolution in 2006 the Romanian government
adopted a law according to which the fishing of sturgeons for commercial purposes is
prohibited for a period of 10 years. A solution to counter-balance the depletion of wild
population was the one of sturgeon breeding in aquaculture. In the fish farms from Romania
several species are preferred, especially Danube sturgeons as beluga sturgeon, stellate
sturgeon and Russian sturgeon, considered to be ideal for obtaining caviar of superior quality
and sterlet sturgeon that have the advantage of a very tasteful meat. Beside these species, the
Siberian sturgeon (Acipenser baerii) and different inter-specific hybrids are also raised in
aquaculture.

The causes for the dramatic decline of sturgeon populations all over the world are related
mostly to the changes that are taking place in their habitats: pollution, dams and other
constructions that are blocking the migration into the river for reproductive purposes,
overfishing and poaching, mainly to provide caviar for the black market. Another factor that
has a negative impact on the sturgeon populations is the practice of stocking the rivers with
individuals from aquaculture, which becomes more and more popular with the years.
Uncontrolled restocking presents as consequence the decrease of genetic diversity within and
between populations, mainly due to the reduced number of adult individuals from the wild
used as genitors for reproduction in aquaculture. Also, other practice with disastrous conse‐
quences for the populations is the one of restocking with inter-specific hybrids incorrectly
labeled as individuals of native species. The inter-specific hybridization phenomenon is
relatively frequent in sturgeons both in the wild and in aquaculture. Such hybrids were caught
in the Danube River [14, 15] or are produced and raised in sturgeon farms. The species
identifications based only on morphology might be misleading sometimes and molecular
methods were proposed for species identification and caviar labeling [15-18].

Other fish species with a high ecological and economic importance are represented by salmo‐
nids. Romania is one of the European countries characterized by the presence of a significant
number of wild salmonids populations and by an important potential for the development of
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intensive  breeding  of  salmonids  in  aquaculture.  The  Salmoniformes  order  represents  a
heterogeneous  group  of  fish  reunited  in  one  family  Salmonidae,  with  three  subfamilies
(Coregoninae - whitefish and ciscos; Thymallinae – graylings; Salmoninae – trout, salmon and
charr), nine genera and roughly 68 species [19]. The largest of salmoniform fishes are consid‐
ered to be Chinook salmon (Oncorhynchus tshawytscha) and Danube huchen (Hucho hucho), that
might reach at 1.5 m in length and a weight around 60 kg. Salmonids are characterized by body
and fins that are streamlined and symmetrical, being covered with small and cycloid scales. All
fins have soft rays. The representatives of this order possess several primitive anatomical
features that are characteristics for an early stage in the evolution of modern bony fishes, like a
small, fleshy adipose fin located between the dorsal fin and the powerful caudal fin [20].

They are native to the cooler climates of the Northern Hemisphere, but have been widely
introduced around the world for angling and aquaculture.

In the Romanian fauna the following salmonid species are present: Salmo trutta fario (brown
trout), Salmo labrax (Black Sea salmon), Salvelinus fontinalis (brook trout), Hucho hucho (huchen
or Danube salmon), and Thymallus thymallus (grayling). The European whitefish (Coregonus
lavaretus maraenoides) was introduced starting with 1957 in Lake Rosu, Bicaz and Tarcau rivers,
the biological material originating from Poland and Russia. Unfortunately, there are no other
studies regarding the adaptation of this species in the water systems where has been intro‐
duced. Apart the salmonids from the wild fauna previous mentioned the following species are
bred for commercial purposes in aquaculture: brown trout, brook trout and rainbow trout
(Oncorhynchus mykiss) and a series of hybrids of natural and fishery species.

The taxonomy of Salmo is still a matter of controversy [21] since more than 60 synonyms for
varieties of brown trout and more than 20 for varieties of Atlantic salmon were described. The
number of Salmo species recognized varies considerably not only because of highly phenotypic
variation (body shape, colour, etc.), but also because the species inhabit and are adapted to
very different habitats over large distribution areas. Due to taxonomic ambiguities, authors
often refer to brown trout as Salmo trutta species complex [22, 23].

Salmo trutta comprises several distinct ecological and geographical morphs and with respect
to this is still controversy as far as their classification as species or subspecies is concerned [24,
25]. Based on morphological and ecological variations, the existing populations of Salmo
trutta from distinct areas are grouped into different taxa: i) Black Sea populations – Salmo
labrax, ii) Caspian Sea populations – Salmo caspius, iii) Aral Sea populations – Salmo oxianus and
iv) Mediterranean Sea populations – Salmo macrostigma [26].

The brown (common) trout (Salmo trutta morpha fario and Salmo trutta morpha lacustris) and
the sea trout (Salmo trutta morpha trutta) are fish of the same species, considered by some
taxonomists different subspecies in order to distinguish the anadromous Salmo trutta trutta,
living in the sea and migrating in freshwater only to spawn, from Salmo trutta fario, residing
in freshwater and the lake dwelling form Salmo trutta lacustris. Instead, other authors consider
that these do not necessarily represent monophyletic groups [27].

In Romania, Salmo trutta fario (Linnaeus, 1758) is widely spread in a large number of water
streams from the mountain area, along the Carpathian Arch, whereas the Black Sea trout, Salmo
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labrax (Pallas, 1814) is endemic to the Black Sea area and migrates for reproduction in the
Danube River and its tributaries. Nowadays only few individuals are captured annually along
the Black Sea coast and sporadically in the Lower Danube River. Due to the present situation
of the species several measures were adopted to protect it. Thus, the fishing is completely
prohibited and the Black Sea trout is included on the Red List of Danube Delta Biosphere
Reserve [8].

Salvelinus fontinalis (Mitchill, 1815) is predominantly raised in fish farms for food consumption,
but a low number of wild populations are still present in the Romanian mountain waters.

Thymallus thymallus (Linnaeus, 1758) is the only native salmonid species for which no imports
of biological material and restocking programs were completed in Romania [26].

Until two or three decades ago, excellent habitat conditions for Danube huchen (Hucho hucho,
Linnaeus, 1758) still existed in many rivers in Romania. The historical range of this species
included the majority of the Carpathian river systems [28], but hydropower development, river
pollution, and overfishing and poaching led to drastic declines in the area inhabited by huchen
[29], and the species is now extinct in the Mures, Timis, Cerna, Olt, Arges, and Ialomita river
systems. Data on the current area of huchen occurrence in Romania are fragmentary, and the
species only occurs in a few rivers, including, among others, the Tisa River and its tributaries
(Viseu, Ruscova, Crasna, Bistra, Vaser, Somes, and Cris) and in the Siret River.

In relation to the main rivers from Romania, there are 10 hydrographic basins in which
significant salmonid populations are found. Nowadays is a well-known fact that the most
prevalent salmonid species is the brown trout, while the most threatened are the Danube
huchen and the Black Sea salmon.

Both sturgeons and salmonids are of crucial importance for Romanian fauna, having also a
significant socio-economic value. In this context, well documented studies regarding the
biology, taxonomic classification and ecology of the species were performed [10, 28, 30-32].
The development of technologies based on DNA markers has had a tremendous impact on
animal genetics in generally, and changed the way in which studies were conducted inclusive
in population genetics, phylogeny, phylogeography and conservation. Thus, in a progressive
way, studies aiming at analyzing molecular aspects in sturgeons and salmonids populations
from Romania founded their place in the research field, although the number of such studies
is still relatively low.

2. Molecular markers for population genetics and conservation

The definition of “marker” in wide sense is “something that serves to identify, predict, or
characterize” [33]. In biology, the markers refer to any stable variation, which is heritable and
can be measured or detected by an appropriate method. Such variations are produced at
different levels for example, morphological, gene, chromosomal, biochemical or genomic. The
markers that represent variations that appear at the DNA level are so-called molecular mark‐
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ers. The molecular markers occupy specific places in the genome and possess the role to "mark"
the position of a specific gene or the inheritance of a particular character.

All organisms are subject to mutations that appear when genetic material fails to copy
accurately or as a consequence of interactions with the environment, leading to genetic
variation or polymorphism. Individuals of a species are distributed into more or less separate
groups called populations, distributed over the species range. The genetic variation of a species
is distributed both within and between populations. The diversity at the gene level is often
referred to as intra-specific variability as it represents biological diversity within a single
species. The researchers are very interested in assessing genetic variation within and between
populations and detecting similarities as well as differences between individuals/ populations
in order to establish optimum conservation strategies.

For this variation to be useful in different genetic studies it is necessary to be inherited and to
be perceptible for the researchers, whether is recognizable as phenotypic variation or as a
genetic mutation detectable by different molecular techniques. At the DNA level the genetic
variation is represented by point mutations called also single nucleotide polymorphisms
(SNPs), indels (insertions or deletions of nucleotide sequences), inversion of a segment of DNA
within a locus, and rearrangement of DNA segments around a locus of interest. As the
mutation rate is very low the evolution through mutation is extremely slow. The process of
mutation is the only way in which genetic variation is created and in the lack of mutations
there would be no biological diversity.

DNA marker technology can be applied to reveal these mutations. Large deletions and
insertions determine shifts in the size of DNA fragments resulted consequently digestion by
restriction enzymes, and are among the easiest type of mutations to detect by electrophoresis
on agarose gel; smaller indels require DNA sequencing or more elaborate electrophoretic
techniques, while the SNPs can be easily detected by DNA sequencing [34].

By using molecular markers is possible to observe and exploit genetic variation across the
entire genome. Thus, the application of molecular markers in fish allowed recording rapid
progress regarding the study of genetic variability and inbreeding, parentage determination,
species identification, genetic linkage map construction for aquaculture species, identifying
Quantitative Trait Loci (QTL) related to specific traits for marker assisted selection. One of
the classifications of the molecular markers refers to markers of type I as markers associated
with genes having a known function and markers of type II as markers associated with
unknown genomic segments [35]. The type I of DNA markers were not initially consider to be
appropriate for genetic studies in fishes, but over time it became clear that these markers are
very important both for the study of wild populations and aquaculture. Thus, this of markers
has become very important for studying the phenomenon of linkage and for QTL mapping,
being of great use in comparative genomic studies and for identification of candidate genes
for quantitative traits in different fish species raised in aquaculture. An important number of
studies were focused on the elucidation of the molecular basis of economically important traits
in different species of salmonids. For example in the case of Atlantic salmon the mapping the
QTLs was performed for the loci correlated with viral disease resistance [36], flesh color and
growth traits [37], salinity tolerance [38], late sexual maturation [39], etc.
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The type II of molecular markers (RAPD, AFLP, microsatellites) is considered to be non-
coding. Such markers are used in population genetic studies aiming to characterize the genetic
diversity. The type II of DNA markers proved useful in identifying species, populations and
subpopulation, but also in identifying interspecific hybrids.

A second classification of markers is the one regarding their position in the cell. Thus we can
distinguish between nuclear and mitochondrial DNA (mtDNA) markers, depending on their
localization in the nuclear or mitochondrion genome.

The molecular markers might be highlighted by a variety of techniques that differ by difficulty,
repeatability, cost and nature of polymorphism that is detected. The DNA markers detected
by Polymerase Chain Reaction (PCR) are the most frequent used in assessing the genetic
diversity and have a particular role in conservation. By PCR is possible to amplify DNA
sequences up to several million times, so these markers present the advantage of nonlethal
sampling. Small amount of tissue (fin clips or scales) are sufficient for analysis and is not
necessary that the individuals to be sacrificed for sampling. This can be an important feature
when evaluating genetic change in protected or declining populations and for providing access
to DNA of ancient or archived tissue samples. It can provide information about genetic
diversity over extensive temporal and spatial scales, especially for populations that no longer
exist. Taken together, these characteristics suggest capability to monitoring populations that
are small, exploited or declining.

Depending on the primers used for PCR amplification these markers can be divided in two
groups: (i) PCR markers for target sequences – in this case the fragment of interest is amplified
with two specific primers and (ii) PCR markers for arbitrary sequences – one primer with a
arbitrary nucleotide sequence is used; the primer binds to randomly in the genome resulting
unknown DNA fragments. The primer used in this type of techniques is usually short (of 8-10
nucleotides) and so the probability for it to bind at multiple sites in genome increase.

In the first category are found molecular markers like PCR-RFLP (PCR Restriction Fragment
Length Polymorphism), PASA (PCR Amplification of Specific Alleles), SNP (Single Nucleotide
Polymorphism), repetitive DNA sequences (minisatellites, microsatellites, etc.) [34]. The
second category includes markers like RAPD (Randomly Amplified Polymorphic DNA), AP-
PCR (Arbitrary Primed-PCR) and AFLP (Amplified Fragment Length Polymorphism), but
these are less preferred comparing with PCR markers for target sequences due to the difficulty
of analysis and lack of results accuracy and reproducibility.

PCR-RFLP

The analysis of these markers involves the amplification by PCR of a specific DNA region
comprising one or more polymorphic sites for restriction enzymes (RE). With the increasing
number of so-called "universal" primers available, can be targeted DNA regions that are
relatively conserved among species. In addition, PCR products can be digested with restriction
enzymes and visualized by ethidium bromide staining due to the increased amount of the
resulting DNA amplification reaction. The ability of RFLP markers to highlight the genetic
variation is relatively low compared with the one of other markers. Substitutions, insertions,
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deletions and rearrangements of the regions containing restriction sites are probably quite
widespread in the genomes of many species, but the probability that they exist at the locus
that we want to study is quite low. Because the difference in size between the restriction
fragments is usually large these can be easily separated by agarose electrophoresis. The
disadvantage of PCR-RFLP is that presents a relatively low level of polymorphism and requires
knowing the sequence of the fragment amplified by PCR, fact that makes difficult to establish
new markers.

In genetic studies regarding sturgeons the PCR-RFLP markers were mainly used in two
directions: to assess the genetic diversity of sturgeon populations [40, 41] and for species
identification and implicit for caviar traceability [42, 43]. Wolf et al. [42] has identified species
specific restriction profiles in a fragment from the mitochondrial gene cytochrome b (cyt b) in 10
species from Acipenser and Huso genera. A similar study was performed by Ludwig et al [44]
for 22 sturgeon species, an accurate identification being possible by analyzing the restriction
profiles resulted consequently the action of five REs on a fragment of 1121 bp from cyt b gene.
Panagiotopoulou et al. [43] proposed a molecular method based on PCR-RFLP to distinguish
between Atlantic (Acipenser oxyrinchus) and European (A. sturio) sturgeon. The discrimination
between the two species is difficult to be done exclusively by morphological traits, especially
in their early life stages, while the application of two REs allowed the clear and unambiguous
discrimination of 132 specimens of Atlantic and European sturgeon.

The identification of acipenserid species by PCR-RFLP presents the difficulty of correct
diagnostic for species that are closely related from genetic and evolutionary point of view, like
is the case of A. gueldenstaedtii / A. persicus or Scaphirhynchus genus species. Moreover, the
analysis of length polymorphisms for mitochondrial DNA fragments put in evidence only the
genetic variability originating from the maternal genitor, as the mtDNA is almost exclusively
maternally inherited. This fact might lead to misinterpretations in case of inter-specific hybrids
diagnostic and/ or an ancient introgression, both phenomena occurring in sturgeons [15, 45].

PCR-RFLP  markers  were  used  also  in  salmonid  species  for  the  genetic  diversity  and
phylogeography  analyses  in  different  populations  of  brown  trout  [46,  47],  charrs  [48],
grayling [49], etc.

Microsatellites also referred to as “simple sequence repeat” (SSR) [50] represent short
repetitive sequences of 2-9 bp, wide spread in the genome and with a significant level of
polymorphism. These markers are numerous in vertebrates, in fish appearing in every 10kb
[51]. The majority of microsatellite loci are relatively small sizes, being amplified easily by PCR.
Up to 70% of loci present dinucleotide repeats, the (AC) motif being the most common in the
vertebrate genome [52]. The main features of microsatellites are co-dominant inheritance, high
degree of polymorphism, hypervariability, higher mutation rate than standard. Through
microsatellites analysis is possible to infer the genetic profile of an individual (genetic
fingerprint) and to establish the relationships between individuals. Some microsatellites have
a high number of alleles for a locus within population and are very suitable to identify the
genitors and their progeny in hybrid populations. The higher level of allelic variation at
microsatellite markers make them useful for addressing questions related to genetic structure,
particularly where genetic differentiation may be limited. On the contrary other microsatellites
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present a low number of alleles or even a fixed allele and are more appropriate for phylogeny
or species identification. The utility of microsatellite markers can be determined depending
on the polymorphic information content (PIC), defined as the capacity of the marker to detect
a polymorphism in the population [53]. PIC is direct correlated with the number of detected
alleles and their frequency, a higher number of alleles determining a higher value for PIC. By
comparing the values for PIC in different markers is possible to obtain valuable information
about their power and efficiency in population genetic and conservation studies.

The primers designed for microsatellites amplification in a species give also cross-amplifica‐
tion for similar loci in related species, this being an important benefit in analyzing populations
that are small or at the brink of extinction [54]. Microsatellite markers are widely used for
population genetic and conservation studies in fishes.

The first studies based on microsatellite loci analysis were initiated at the North-American
species, where it aimed at isolation and description of disomic loci [55, 56, 57].

The identification and characterization of new loci is complicated by the polyploidy of the
sturgeon species. Lots of potential useful microsatellites were eliminated from analysis since
these were polysomic and thus, they complicated the interpretation of the inheritance mode
and of genetic variation within and between populations. Once a disomic set of microsatellites
is established, this fact permits to analyze the genetic diversity and structure of wild popula‐
tions and aquaculture stocks. Such disomic loci were isolated and characterized also for A.
naccarii [58, 59] and A. persicus [60]. In the case of Ponto-Caspian sturgeons, a few studies based
on microsatellites analysis in A. stellatus from the Caspian Sea [61] and, respectively, in A.
gueldenstaedtii from the North-West of the Black Sea, North of the Caspian Sea and Azov Sea
[62] were performed.

Beside their high applicability in for inferring the genetic diversity and structure of the wild
populations, the microsatellites are appropriate for aquaculture stocks evaluation, selection of
breeders and proper conservation. Different studies were conducted in several sturgeon
species (A. transmontanus, A. fulvescens, A. naccarii, A. sturio, etc.) for ex-situ conservation
purposes. The obtained data were used in the management program to adopt appropriate
conservation methods.

In salmonids, the microsatellites were successfully applied in phylogeography studies [22], in
determination of genetic variation in wild and farmed fish populations [63], in inferring the
genetic diversity within population, fine-scale genetic differentiation and relationship of
populations [64], in assessment of stocking impact on wild populations [65].

The mitochondrial genome possesses certain characteristics (compact organization, maternal
inheritance, hundreds to thousands of copies per cell, rapidly evolving, reduced recombination
rate, and higher mutation rates compared to those of nuclear genes) that make it useful in
population genetics and phylogeny studies. mtDNA analysis in sturgeons is a suitable method
for the characterization of species and populations, providing useful information for the
management of conservation activities. For intraspecific studies, the most commonly used
marker is the mitochondrial control region (D-loop) due to the relatively high degree of
nucleotide variation. Studies to discriminate species/populations/aquaculture strains based on
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the analysis of D-loop region polymorphisms were performed for several species of sturgeon,
such as A. gueldenstaedtii [66], A. sinensis [67], A. stellatus and A. baerii [68].

The gene coding for cyt b is a useful marker for identifying different species of sturgeon based
on specific polymorphisms found at this level. A 648 bp fragment of the gene coding for
cytochrome oxidase subunit I (CO I) is considered a real "barcode" for vertebrates and is useful
for species identification by DNA barcoding technique.

Genes with highly conserved sequence and slow evolution like mitochondrial ribosomal genes
(16SrRNA and 12SrRNA genes) are preferred when is about inferring the phylogenetic
relationships of fishes at different taxonomic levels. 12SrRNA gene is considered a promising
tool for tracing the history of more recent evolutionary events and it has been widely used to
study the phylogenetic relationships among different levels of taxa such as families, genera
and species [26].

In salmonid species mtDNA has proven to be useful for phylogeographical studies [69] and
for analysis of spatial and temporal population structure [70]. Based on the analysis of the
mitochondrial D-loop marker Bernatchez [22] showed that there are five different main
lineages of Salmo trutta in Europe: Atlantic, Danubian, Marmoratus, Mediterranean and
Adriatic. Analytical techniques for mtDNA include indirect methods such as the analysis of
RFLP markers or the direct analysis of mtDNA sequences.

3. Factors influencing the genetic diversity of populations

The genes are transferred from one generation to the next, and every individual has two copies
of each gene, one which is inherited from the maternal genitor, the other from the paternal
genitor. The DNA sequence of a specific locus, either a gene or a non-coding marker, may
present some differences, resulting different variants of the same locus. Such variants of a
specific locus are called alleles and their existence implies the genetic variation existence.

i. Mutation is in wide sense the process of random change of the DNA sequence and
represents a process by which new alleles are created. As the mutation rates at nuclear
and mitochondrial genome are very slow, the evolution through mutation is so slow
that it is generally impossible to detect it from one generation to another. However,
mutation is important as a source of genetic variation. The process of mutation is the
only way in which genetic variability is created, and without mutations there would
be no biological diversity.

ii. Gene flow. A population acquires new alleles mostly through the immigration of
individuals from surrounding populations (gene flow) and through mutations. Apart
from these two processes the number of alleles in a population is determined by the
size of the population. Gene flow is a change in allele frequency that occurs due to
migration of individuals among populations. It is possible that individuals that are
moving into a new population to bring new alleles which are not present in that
population or that they are in frequencies that differ from the allele frequencies of
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that population. So the gene flow increases the genetic variation within a population,
but tends to make populations genetically similar to each other. If migration between
populations occur in large numbers of individuals and the level of gene flow is
significantly high, the populations will have the same alleles in the same frequencies
and it will be one single population.

iii. Genetic drift represents a random modification in allele frequency of population that
occurs if a population size is not infinite. In populations that are of limited size, allele
frequencies will change randomly from one generation to the next. In the short term,
over a few generations, a result of genetic drift would be the increasing or decreasing
of allele frequencies in a random, unpredictable way. In the longer term, the main
result of genetic drift is loss of genetic variation as by chance some of the alleles that
exist in the parent generation may not be passed on to their offspring. The effects of
genetic drift are strongest in small populations because the more impressive is the
fluctuation of allele frequencies, and the sooner the loss of genetic variation. Genetic
drift also results in different populations becoming genetically different from each
other because different alleles will become more frequent or fixed in different
populations.

iv. Natural selection is the gradual process by which biological traits become either more
or less common in a population as a function of the effect of inherited traits on the
differential reproductive success of organisms interacting with their environment.
Natural selection appears because different genotypes have different fitness. Indi‐
viduals with higher fitness survive and reproduce more than other individuals, so
these genotypes become increasingly more and more frequent in populations. In
different populations, parents of different genotypes pass their genes unequally to
the next generation, leading to the genetic differences among isolated populations.
So, genetic drift tends to make different populations genetically distinct from each
other by chance, whereas natural selection tends to form genetically different
populations due to environmental constraints. Consequently, the traits that have high
fitness in one population, and evolve through natural selection, will be different from
the traits that have high fitness and evolve through natural selection in another
population. In generally, the natural selection, genetic drift and gene flow have an
effect on genetic variation within populations and between populations. While the
genetic drift and selection tend to reduce the variation within populations and
increase the differences between populations, the gene flow increases the variation
within populations, but makes populations similar.

v. Inbreeding. The birth of offspring resulted from reproduction between close relatives
that occurs mainly in small and isolated populations. The consequence of inbreeding
is the reduced viability and reproduction, as well as increased occurrences of diseases
and defects, so called inbreeding depression [71].
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4. Molecular studies for species identifications and genetic diversity
assessing in sturgeons from Romania

The markers analyzed in sturgeon species and populations from Romania were nuclear
markers (microsatellites) and mtDNA. The methodologies applied in the studies included
microsatellites genotyping, PCR-RFLP and sequencing of mitochondrial markers. Thus, the
DNA was isolated from biological samples consisting in small pieces of fin sampled without
harming the animals (aspect very important in vulnerable populations) by a classic protocol
with phenol-chloroform-isoamylic alcohol.

For mtDNA analysis the primers were designed based on DNA sequences for the interest
markers retrieved from GenBank data base. The primers for microsatellites amplification were
described in literature in different species and the cross-amplification for the similar species
from Romania was tested.

The molecular markers were amplified by PCR or multiplex PCR in specific conditions
established consequently several steps of reaction optimization. The microsatellites were
analyzed by capillary electrophoresis in ABI Prism 310 Genetic Analyzer (Applied Biosystems)
and the mitochondrial markers were sequenced by Sanger method, dye terminator variant, in
ABI Prism 3130 Genetic Analyzer (Applied Biosystems). The raw data were processed and
edited with dedicated computer programs. The interpretation of genotypic data was done by
using specialized computer software for population genetics and phylogeny.

In the context of severe decline of sturgeon population from the Lower Danube several studies
based on molecular marker analysis were performed in the recent years in Romania. In
consequence, the studies were directed to assessing the genetic diversity in Lower Danube
sturgeon populations based on microsatellites and to evaluate genetic variability in aquacul‐
ture strains in order to sustain the efforts of conservation.

The analyses regarding the genetic diversity were preceded by the correct species identification
based on molecular markers for each individual. As mentioned before, the accurate detection
of sturgeon species encountered in the Danube River can be very difficult, due to the plasticity
of various external morphological features. The number of hybrid individuals occurring in
natural conditions is unknown. However, the number of hybrids in natural waters could
increase due to escapes from commercial farms where exotic species or genotypes and inter-
specific hybrids are regularly used for production purposes. So, decisions to initiate restocking
programs for sturgeon conservation need to take into account, besides the socio-economical
aspects and the assessment of genetic diversity, the correct diagnostic of fishes included in this
type of programs.

For sturgeon species from the Lower Danube diagnostic a molecular methods was set-up by
Dudu et al [15] based on the analysis of nuclear markers. In this study 84 individuals belonging
to all four species from the Lower Danube (A. stellatus, A. gueldenstaedtii, A. ruthenus and H.
huso) were analyzed. Initially 25 microsatellites were tested from which eight loci (LS19, LS34,
LS39, LS54, Aox27, AoxD234, AnacE4, and AnacC11) that have demonstrated a good ampli‐
fication, results repeatability and interspecific polymorphism in all of the four investigated
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species were selected. The genotypic data processing involves three successive statistical
analyses including Factorial Correspondence Analysis (FCA), STRUCTURE assignation and
NewHybrids status determination.

In a first step, the genotypes data were run in a FCA test, using GENETIX software only for
the individuals considered being pure species based on morphology analysis. The FCA
highlighted the differences between the four analyzed species. Four main clusters, each
corresponding to one of the sturgeon species analyzed, were identified (Figure 1).

Figure 1. Factorial Correspondence Analysis (FCA) based on 8 microsatellite loci in the four pure species of Danube
sturgeons [15].

In the second step, the genotypes data of putative hybrids, diagnosed such as based on
morphometric indices were included in FCA analysis as supplementary individuals. A fifth
category was highlighted including the putative hybrids, but also individuals that were
considered as pure species, based on their morphology. The analysis had showed that only
three of the four species hybridize each other, the putative hybrids displaying an intermediate
position between A. stellatus, H. huso and A. gueldenstaedtii. Consequently, we deduced that A.
ruthenus individuals should be eliminated from further tests (Figure 2).

In consequence in the third step, FCA was performed only on three pure species and hybrid
individuals included as supplementary elements in analysis. The analysis grouped the pure
species and the hybrids in distinct clusters. The hybrids and some of the individuals labeled
as pure were occupying an intermediate position between the pure species groups, some of
these being placed approximately in the middle of the triangle delimited by the three pure
species, while others appear to be closer to H. huso and A. gueldenstaedtii (Figure 3).
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Figure 3. Factorial Correspondence Analysis (FCA) based on eight microsatellite loci in three pure species and hybrids
of Danube sturgeons: (1) A. stellatus; (2) H. huso; (3) A. gueldenstaedtii; (4) Hybrids and some pure individuals [15].

The second statistical analysis of the genotype data was the assignment test with STRUCTURE,
which confirmed the presence of five specific clusters: (1) A. stellatus pure species; (2) H. huso
pure species; (3) A. gueldenstaedtii pure species; (4) A. ruthenus pure species; (5) hybrids (Figure
4). The individuals classified as pure based on morphology (with three exceptions) were

Figure 2. Factorial Correspondence Analysis (FCA) based on 8 microsatellite loci in the four pure species and hybrids
of Danube sturgeons. (1) A. stellatus; (2) H. huso; (3) A. gueldenstaedtii; (4) A. ruthenus; (5) Hybrids and some pure indi‐
viduals to be tested with other methods [15].

Molecular Approaches to Genetic Diversity176



Figure 3. Factorial Correspondence Analysis (FCA) based on eight microsatellite loci in three pure species and hybrids
of Danube sturgeons: (1) A. stellatus; (2) H. huso; (3) A. gueldenstaedtii; (4) Hybrids and some pure individuals [15].

The second statistical analysis of the genotype data was the assignment test with STRUCTURE,
which confirmed the presence of five specific clusters: (1) A. stellatus pure species; (2) H. huso
pure species; (3) A. gueldenstaedtii pure species; (4) A. ruthenus pure species; (5) hybrids (Figure
4). The individuals classified as pure based on morphology (with three exceptions) were

Figure 2. Factorial Correspondence Analysis (FCA) based on 8 microsatellite loci in the four pure species and hybrids
of Danube sturgeons. (1) A. stellatus; (2) H. huso; (3) A. gueldenstaedtii; (4) A. ruthenus; (5) Hybrids and some pure indi‐
viduals to be tested with other methods [15].

Molecular Approaches to Genetic Diversity176

strongly assigned in their corresponding species. The perfect correspondence between
morphological and molecular/assignation determinations gives a great reliability to the results.

The hybrids confirmed by the FCA and STRUCTURE assignment test were analyzed together
with their two genitor species using the NewHybrids software in order to distinguish between
F1 and later hybridization steps.

By the three successive statistical analyses it is possible the diagnostic of surgeon individuals
as pure species or hybrids, the method proposed showing a high efficiency in discriminating
pure species specimens from F1, F2 and two kinds of backcross.

The molecular analysis for species detection is necessary for all sturgeon individuals captured
in the Lower Danube River and implied in restocking programs and from aquaculture. A
database with genotypic data can be created as the accuracy of the proposed method increases
along with the number of reference individuals analyzed. Also, such database might be of a
real use for designing efficient management plans for sturgeon populations.

Figure 4. Assignation of the 84 sturgeons by STRUCTURE analysis based on eight microsatellite loci in four sturgeon
species from Danube. Histograms represent the estimated membership coefficients (Q). Composite bars are expected
hybrids [15].

When a hybrid is detected the origin of maternal species can be identified by analyzing
mitochondrial markers. For example the analysis by sequencing or PCR-RFLP of cytb gene
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permits the identification of the maternal genitor involved in hybrid formation as is well
known that the mitochondrion genome is exclusively maternally inherited. The species
identification based on the analysis of mtDNA by different methods should be handled with
precaution when we deal with species that can easily hybridize, like sturgeons. The mito‐
chondrial marker analysis is suitable for pure species, but totally inefficient for hybrids.

The analysis of genetic diversity in the populations from the Lower Danube by microsatellites
was hindered by the complexity of the genome in this group of fish.

All Acipenseriformes are divided into three separate groups depending on the number of
chromosomes: (1) species with karyotypes comprising about 120 chromosomes; (2) species
with 240 to 270 chromosomes; they are conventionally referred to as 250-chromosomes species;
(3) species with around 370 chromosomes [72]. Two scales of Acipenseriformes ploidy have
been proposed: (1) the “evolutionary scale”: diploid species (extinct), tetraploid species (120-
chromosomes), octoploid (250 chromosomes), and 12-ploid (370-chromosomes) species [73];
and (2) the “contemporary scale”: diploid (120-chromosomes), tetraploid (250-chromosomes),
and hexaploid (370-chromosomes) species [74].

Three of the four sturgeon species from the Lower Danube – A. stellatus, A. ruthenus and H.
huso are considered to be functional diploid as the process of functional reduction of the
genome is consider being almost completed in these species, while A. gueldenstaedtii is
functional tetraploid, with an octaploid ancestor from which some loci are maintained. The
analysis of a set of 12 microsatellites loci (AciG93, AciG198, AnacC11, AnacE4, Aox27,
AoxD234, As002, LS19, LS34, LS39, LS54, Spl106) in 51 individuals of A. gueldenstaedtii from
Lower Danube revealed that only two loci were disomic, while the others were polysomic with
a number of 3-8 alleles per locus in an individual (Table 1).

Locus Allele size (bp)
Maximum number of alleles per
individual

AciG93 383-399 4

AciG198 184 - 188 2

AnacC11 144-204 4

AnacE4 320-356 3

Aox27 110-142 4

AoxD234 188-268 4

As002 92-140 8

LS19 115-154 4

LS34 121-151 4

LS39 85-157 4

LS54 117-237 4

Spl106 234-246 2

Table 1. Characteristics of 12 microsatellite loci in A. gueldenstaedtii from Lower Danube.
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Lower Danube revealed that only two loci were disomic, while the others were polysomic with
a number of 3-8 alleles per locus in an individual (Table 1).

Locus Allele size (bp)
Maximum number of alleles per
individual
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AnacC11 144-204 4

AnacE4 320-356 3

Aox27 110-142 4

AoxD234 188-268 4

As002 92-140 8

LS19 115-154 4

LS34 121-151 4

LS39 85-157 4

LS54 117-237 4

Spl106 234-246 2
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The analysis of genetic diversity by using microsatellite with polysomic pattern is facing the
problem of correct determination of the genotype. For example, for a locus with tetrasomic
pattern for which only three peaks are detected by capillary electrophoresis is hard to deter‐
mine which allele has two copies. The method of gene dosage proposed by Jenneckens et al [75]
by which the genotype can be determined by calculating the report of peak areas has proven
to be inefficient in our case.

For the A. stellatus, A. ruthenus and H. huso population from the Lower Danube genetic diversity
studies were performed based on microsatellite analysis. From an extended set of microsatel‐
lites isolated originally in the North–American sturgeon species A. fulvescens and A. oxyrhin‐
chus and in Adriatic sturgeon – A. naccarii, seven loci (LS19, LS34, LS39, LS54, AnacE4,
AnacC11, and AoxD234) that showed good results of amplification and a disomic pattern in
all the three species of sturgeon from Lower Danube, were selected for the assessment of
genetic diversity.

The analysis was performed in a total number of 158 sturgeon individuals (62 of A. stellatus,
54 of H. huso and 42 of A. ruthenus) that were captured in the river between 2001-2008 as part
of a national scientific research study for restocking and monitoring.

The estimation of the genetic diversity was realized by inferring several statistic indices with
Genetix software. Thus the average values of expected heterozygosity (HE), observed hetero‐
zygosity (HO) and the mean number of alleles/locus (MNA) were calculated.

The heterozygosity is the percentage of heterozygous loci in a population. The average values
of HO are similar for the three sturgeon population from the Lower Danube (0.431 – A.
stellatus; 0.476 – H. huso; 0.4017 – A. ruthenus), while the average values of HE are situated
between 0.6409 (H. huso) şi 0.5634 (A. ruthenus). The highest values of HO (0.4760) and MNA
per locus (6.2875) were obtained for H. huso, which appears to have the highest variability
among the analyzed populations.

Table 2. Expected heterozygosity (HE), observed heterozygosity (HO) and the mean number of alleles per locus.
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The heterozygosity represents an important index that can give information about the diversity
and even about the history of a population. The values of the heterozygosity can range from
0 (absence of heterozygosity) to 1 (significant number of alleles with the same frequency). Thus
for the locus LS34 in H. huso and for LS39 in A. ruthenus we obtained a heterozygosity that is
equal to 0, since a fixed allele was highlighted for these loci. The values of the average
heterozygosity are correlated in direct proportion with genetic diversity.

The Hardy-Weinberg equilibrium was tested with Genepop v1.2 software. Except the p-value
for LS19 and LS39 in A. ruthenus, the other loci showed significant departures from equilibri‐
um. In generally, the deviation from the expected values might have several causes like the
reduced size of the population, inbreeding or the presence of the null alleles which might lead
to a false excess of homozygotes.

Our studies come to complete the data of evaluation and monitoring for the population of
sturgeon from the Lower Danube. Thus, the data resulting from the monitoring of the YOYs
(Young of the Year) born annually in the Romanian part of the Danube and evaluating the
success of the natural recruitment have led to the hypothesis that in case of H. huso there is a
significant generation born before 1990, which represents the basis of gene pool and which
cyclic give birth to new generations with a high number of individuals [31].

5. Molecular studies for genetic diversity evaluation and phylogeny
inferring in salmonids from Romania

The native salmonid species from Romania have been characterized only from a morphological
point of view [28], but the studies based on molecular aspects are still at the beginning. Among
the few studies that included the molecular analysis of salmonid fishes from Romania, the
evaluation of the genetic differentiation of salmonids by PCR-RFLP technique [76] and the
phylogenetic classification of Romanian salmonid species by using the 16SrRNA and 12SrRNA
gene sequences [26] were performed.

Even if the salmonids are a well-studied group of fish, there are still a number of questions
pending with regard to their phylogeny and evolution. So, despite the fact that a large number
of studies based on both morphological [77] and molecular data [78-80] were performed, there
are still different opinions concerning genus-level relationships [26]. Four salmonid species
from Romania (Salmo trutta fario, Salmo labrax, Salvelinus fontinalis and Thymallus thymallus)
were analyzed from molecular point of view using 16SrRNA and 12SrRNA markers with the
purpose to position them within the Salmonidae family. The biological samples were collected
from different rivers from Romania (Dambovita, Bratia, Gilau, Latorita, Cerna, and Nera) and
from the Danube Delta. Fragments from 16SrRNA and 12SrRNA mitochondrial genes were
amplified with specific primers and sequenced by using Sanger method, dye terminator variant.
For a more complex phylogenetic evaluation beside the sequences determined from salmonid
specimens from Romania, 14 salmonid and 1 osmerid sequences from GenBank were also
included in the analysis.
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Estimation of phylogenetic relationships was achieved using 16S and 12SrRNAs gene sequen‐
ces and the concateneted data set, while three methodologies – maximum parsimony (MP),
maximum likelihood (ML) and Neighbour-joining (NJ) implemented in PHYLIP v3.68
software were used for phylogenetic reconstructions, in order to compare the consistency of
the results produced by different methods.

The phylogenetic analysis revealed that primitive salmonid species such as Coregonus lavarae‐
tus and the representatives of genus Thymallus, T. thymallus and T. articus occupy basal
divergence in the tree topology confirming that the Coregoninae and Thymallinae subfamilies
arise from a common ancestry before Salmoninae (with the genera Salmo, Oncorhynchus, Hucho,
Brachymystax and Salvelinus). Based on morphological and molecular data, Coregoninae and
Thymallinae were thought to be the earliest branches within the Salmonidae family [80].

The species of the Salmo genus form a distinct clade, in which the Atlantic salmon, Salmo
salar occupies a basal divergence. The data reveal a close relationship between Salmo trutta
fario and the clade formed by sea trout S. trutta trutta and the Black Sea trout S. labrax. The
resulting clade (S. trutta trutta, S. labrax) is not surprising, taking into consideration some
characteristics of the life history and reproductive behavior of these species [8].

Figure 5. Majority with bootstrap support consensus trees for combined data (16SrRNA and 12SrRNA). (a) Combined
data Neighbor Joining tree, distance model Kimura 2 Parameters, transition/transversion ratio 2.3; (b) combined data
Maximum Parsimony tree; (c) combined data Maximum Likelihood tree [26].

The monophyly of Salvelinus was supported by 16SrRNA, 12SrRNA and combined data, but
the position of the clade formed by (S. alpinus, S. fontinallis) in relationship with Salmo and
Onchorhynchus is dependent on the molecular marker selected for the phylogenetic analysis.
The trees resulted for 16SrRNA and 12SrRNA concatenated data has demonstrated a closer
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relationship between Salvelinus and Oncorhynchus than between Salmo and Oncorhynchus. The
relationship between Salvelinus and Oncorhynchus was also supported by previous molecular
phylogeny studies based on three other genes (GH1C, VIT and ND3) [80, 81].

The phylogenetic analysis using mitochondrial ribosomal genes as markers has allowed for
the classification of salmonid species from Romania within the Salmonidae family. Thus,
Romanian S. trutta fario and S. labrax are placed together within the Salmo genus. The S.
labrax, endemic in the Black Sea, appears to be the sister taxa of the sea trout S. trutta trutta
from the northwest of Europe (Atlantic coast) and Baltic Sea. The basal divergence in phylo‐
genetic trees occupied by T. thymallus, a primitive species, is in agreement with the taxonomic
and evolutionary data. Unfortunately, the position of the Salvelinus genus relative to the Salmo
and Oncorhynchus genera remains controversial. The data reveal a possible sister taxon
relationship between Oncorhynchus and Salvelinus despite the fact that morphological data
support a closer relationship between Salmo and Oncorhynchus, thus confirming earlier
findings of Crespi & Fulton [80] and Oakley & Phillips [81].

Unfortunately, salmonids’ natural habitat is disrupted by a series of human activities such as
poaching, dams, ballast exploitation and the construction of the micro hydro plants on the
water streams from mountain areas. In this context, a preliminary study was directed to
towards the assessment of the anthropic impact on the brown trout (S. trutta fario) populations
from different rivers in Fagaras Mountain, including beside ecological aspects, molecular ones
[82]. The area of Fagaras Mountain is the most representative in Romania for the brown trout
populations, the tourism and recreational fishing being well known in this area, while the
“brown trout of Fagaras” is preferred for alimentary consumption.

In the proposed study 102 individuals of brown trout from four populations from the Meri‐
dional Carpathians (Arpas, Ucea and Sambata rivers in the Northern versant of the Fagaras
Mountain) were analyzed using mtDNA marker (D-loop) and nuclear markers (nine micro‐
satellite loci - Str73, Str15, Str60, OmyFgt1, Ssa197, Ssa85, Strutta12, Str543, BS131).

The data obtained by sequencing of the complete mitochondrial control region (D-loop) were
compared with similar sequences from GenBank. The phylogenetic tree resulted from analysis
with MEGA v.5 contained, besides the sequences of D-loop in S. trutta fario individuals
sampled in the Romanian rivers, complete D-loop sequences from other European lineages in
order to observe the affiliation of analyzed Romanian individuals. The dendogram topology
showed a classification of analyzed sequences in distinct monophiletic groups corresponding
to each evolutive lineage and that the representatives of brown trout from Romania analyzed
in the study were placed in the Danubian clade similar to other sequences selected from
GenBank and belonging to Danubian lineage (Figure 6).

In Romania, Danubian lineage of brown trout is native and by founding the specific haplotypes
for this lineage in our individuals, means that either restocking programs have not been done
yet in the area or, if they have, the individuals involved were selected properly [82]. This type
of approach can be really useful when the data about restocking and management of the rivers
are poor or completely missing.
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Figure 6. Phylogenetic tree obtained with MEGA v5 (NJ method, bootstrap value 1000 replications) illustrating the re‐
lationships between the evolutive lineages of brown trout. The haplotypes from Romania are placed in the Danubian
lineage along with two sequences from GenBank belonging to the same lineage [82].

The genetic differentiation between the four population of brown trout analyzed in this study
was evaluated by F-statistics, by using the indices Fst and Gammast calculated with DNAsp
software. Fst (fixation index) is a Wright statistic index that indicates the genetic variation
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between the populations and that can take values from 0 to 1. In generally, a higher value than
0.25 is correlated with a high genetic differentiation between populations. Gammast is similar
to Fst, making a correction for insufficient sampling. The values obtained for the four popula‐
tions of brown trout indicate that there is a high differentiation between them from genetic
point of view (Figure 7).

Figure 7. Fst and Gammast values for four populations of brown trout from Romanian rivers [82].

The microsatellite data confirmed the previous results obtained regarding the genetic differ‐
entiation. Based on genotypic data resulted consequently microsatellites analysis a Factorial
Correspondence Analysis (FCA) was performed by using GENETIX software. This type of
analysis assumes the applying of a multidimensional method that permit the conversion of
genotypic data obtained by the analysis of the nine microsatellite loci characteristic to each
analyzed individual in points distributed in an X, Y, Z axis system. Thus, consequently to this
analysis four different clusters were obtained corresponding to the four populations of brown
trout, indicating a genetic differentiation between the analyzed populations (Figure 8).

The value of Fis index in the analyzed population indicates is positive for each population and
indicates a light level of inbreeding within the population (Table 3).

Figure 8. Factorial Correspondence Analysis for four populations of brown trout from Romanian rivers.
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Locus Population N1 Population N2 Population N3 Population N4

Str60 0.000 -0.250 0.477 -0.747

Str15 0.618 -0.190 NA 0.444

Str73 NA NA NA NA

OmyFGT 0,143 -0.052 0.224 0.179

Ssa85 -0.500 NA NA 0.505

Ssa197 0.191 0.254 0.017 0.094

Str543 0.020 0.911 -0.053 0.209

Strutta12 0.094 0.358 0.153 0.399

BS131 1.000 0.259 0.253 -0.127

Average 0.094 0.270 0.139 0.134

Table 3. Fis values calculated with FSTAT software. NA (not assigned).

Concluding, the analyzed populations are natives (Danubian lineage), differentiated by
genetic point of view, but with a light level of inbreeding within population which might
conduct in time to a reduced genetic diversity.

The studies are intent to be extended first to the Southern side of Fagaras Mountain, which is
considered to be the most affected of the anthropic intervention, then to the main basins in the
country populated with brown trout. The information resulted from these studies can be
further used in programs of management and conservation, with accent on keeping unmodi‐
fied the autochthonous species.

6. Conclusions

The studies developed in our country for analyzing in terms of genetic diversity species and
populations of great scientific, ecological, economic and social importance are still at the
beginning.

The molecular analyses of Lower Danube sturgeons were directed to species identification and
assessing of genetic diversity. Regarding the first topic, a method based on microsatellite
markers was set up as it was proven that the identification of species based only on morphology
and mtDNA analysis can be misleading and do not serve to hybrid detection. The populations
of sturgeon from Lower Danube appear to be fragile from genetic diversity point of view, but
the studies should be extended in a higher number of individuals and using a more significant
and informative set of molecular markers

The analysis of microsatellites in these species is complicated by the complexity of the genome,
so a better selection of a much significant number of loci with disomic inheritance pattern is
recommendable. The decision to initiate restocking programs in order to recover the natural
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sturgeon populations must take into account not only the social and economic aspects, but also
the assessment of genetic diversity.

The studies on salmonid were focused on mainly on phylogenetic classification of species from
Romanian fauna. The research aiming on genetic diversity analysis is still in an incipient phase
and was directed towards the populations of brown trout from Fagaras Mountain, an impor‐
tant area for salmonid distribution in our country. The results of these studies based on mtDNA
and microsatellites analysis showed that the studied populations are pure Danubian brown
trout lineage and genetically distinct. In the future, for a better image of salmonids status in
Romania the research would be extended in analysis populations from other salmonid species
and the area of sampling would be enlarged to the entire Romanian Carpathian Arch.

7. Perspectives

As our studies are in the preliminary phase, in future we intend to extend them in a higher
number of individuals/populations from both fish groups consider of being of highly impor‐
tance for our country.

Also, we intend to characterize from genetic point of view populations/ stocks/ strains from
aquaculture, as we consider that exploitation of genetic data is imperious necessary beside
restocking and conservation, for genetic improvement in aquaculture.

Currently the microsatellites and mtDNA are considered to be classical markers. There is an
increasing tendency of analyzing the nucleotide variation at the whole genome level by Next
Generation Sequencing (NGS) techniques. This type of approach started to be applied for
different fish species analysis, including sturgeons and salmonids. NGS variants as RAD
(Restriction Sites Associated DNA) sequencing are used for identification and characterization of
a complete panel of SNP markers consider to be extremely useful for genomic analyses at
individual, population and species level. This type of markers appears to be highly informative
and of real support for conservation programs as is the trend of passing from the conservation
genetics to conservation genomics era. The identification by NGS of an extended panel of
specific markers should be extremely useful for sturgeons from the Lower Danube in popu‐
lation management and conservation purposes. The analysis should be orientated toward A.
gueldenstaedtii the most affected sturgeon species from the Danube. This is a polyploid species,
presenting a complex genome structure, fact that makes very difficult the analysis using
classical markers. Also, the setup of such complex panel of SNP markers would make possible
the traceability of caviar in the sturgeon species from Romania.

Acknowledgements

This work was supported by the PN-II-PT-PCCA Project 116/2012 “Genetic evaluation and
monitoring of molecular and biotechnological factors that influence productive performance
of Danube sturgeon species bred in intensive recirculating systems”. Dudu Andreea was

Molecular Approaches to Genetic Diversity186



sturgeon populations must take into account not only the social and economic aspects, but also
the assessment of genetic diversity.

The studies on salmonid were focused on mainly on phylogenetic classification of species from
Romanian fauna. The research aiming on genetic diversity analysis is still in an incipient phase
and was directed towards the populations of brown trout from Fagaras Mountain, an impor‐
tant area for salmonid distribution in our country. The results of these studies based on mtDNA
and microsatellites analysis showed that the studied populations are pure Danubian brown
trout lineage and genetically distinct. In the future, for a better image of salmonids status in
Romania the research would be extended in analysis populations from other salmonid species
and the area of sampling would be enlarged to the entire Romanian Carpathian Arch.

7. Perspectives

As our studies are in the preliminary phase, in future we intend to extend them in a higher
number of individuals/populations from both fish groups consider of being of highly impor‐
tance for our country.

Also, we intend to characterize from genetic point of view populations/ stocks/ strains from
aquaculture, as we consider that exploitation of genetic data is imperious necessary beside
restocking and conservation, for genetic improvement in aquaculture.

Currently the microsatellites and mtDNA are considered to be classical markers. There is an
increasing tendency of analyzing the nucleotide variation at the whole genome level by Next
Generation Sequencing (NGS) techniques. This type of approach started to be applied for
different fish species analysis, including sturgeons and salmonids. NGS variants as RAD
(Restriction Sites Associated DNA) sequencing are used for identification and characterization of
a complete panel of SNP markers consider to be extremely useful for genomic analyses at
individual, population and species level. This type of markers appears to be highly informative
and of real support for conservation programs as is the trend of passing from the conservation
genetics to conservation genomics era. The identification by NGS of an extended panel of
specific markers should be extremely useful for sturgeons from the Lower Danube in popu‐
lation management and conservation purposes. The analysis should be orientated toward A.
gueldenstaedtii the most affected sturgeon species from the Danube. This is a polyploid species,
presenting a complex genome structure, fact that makes very difficult the analysis using
classical markers. Also, the setup of such complex panel of SNP markers would make possible
the traceability of caviar in the sturgeon species from Romania.

Acknowledgements

This work was supported by the PN-II-PT-PCCA Project 116/2012 “Genetic evaluation and
monitoring of molecular and biotechnological factors that influence productive performance
of Danube sturgeon species bred in intensive recirculating systems”. Dudu Andreea was

Molecular Approaches to Genetic Diversity186

supported by the European Social Funding through the Sectorial Operational Programme for
Human Resources Development POSDRU/159/1.5/S/133391.

Author details

Andreea Dudu*, Sergiu Emil Georgescu and Marieta Costache

*Address all correspondence to: tn_andreea@yahoo.com

University of Bucharest, Department of Biochemistry and Molecular Biology, Splaiul
Independentei 91-95, Bucharest, Romania

References

[1] Global Issues. http://www.globalissues.org/article/170/why-is-biodiversity-impor‐
tant-who-cares, accessed at 23 July 2014.

[2] Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-being: Biodi‐
versity Synthesis. World Resources Institute, Washington DC, http://www.millenniu‐
massessment.org/documents/document.356.aspx.pdf, accesed at 01 September 2014.

[3] Frankham R, Ballou JD, Briscoe DA. Introduction to Conservation Genetics. New
York: Cambridge University Press; 2002.

[4] Wan QH, Wu H, Fujihara T, Fang SG. Which genetic marker for which conservation
genetics issue? Electrophoresis 2004; 25:2165–2176.

[5] Soule ME, Wilcox BA. Conservation Biology. An Evolutionary–Ecological Perspec‐
tive. Massachusetts, USA: Sinauer Associates; 1980.

[6] FishBase http://www.fishbase.org/search.php, accessed at 23 July 2014.

[7] The IUCN Red List of Threatened Species http://www.iucnredlist.org/about/summa‐
ry-statistics#Tables_1_2 accessed at 23 July 2014.

[8] Otel V. Atlasul pestilor din Rezervatia Biosferei Delta Dunarii. Tulcea, Romania: Edi‐
tura Centrul de Informare Tehnologica Delta Dunarii; 2007.

[9] Garrido-Ramos MA, Robles F, de la Herrán R, Martínez-Espín E, Lorente JA, Ruiz-
Rejón C, Ruiz-Rejón M. Analysis of Mitochondrial and Nuclear DNA Markers in Old
Museum Sturgeons Yield Insights About the Species Existing in Western Europe: A.
sturio, A. naccarii and A. oxyrinchus. In Carmona R, Domezain A, Gallego MG, Her‐
nando JA, Rodríguez F, Ruiz-Rejón M. (Ed) Biology, Conservation and Sustainable
Development of Sturgeons. Fish and Fisheries Series, 1st Edition, Amsterdam, Neth‐
erlands: Springer 2009. p25–50.

Evaluation of Genetic Diversity in Fish Using Molecular Markers
http://dx.doi.org/10.5772/60423

187



[10] Bacalbasa-Dobrovici N. Endangered migratory sturgeons of the Lower Danube River
and its Delta. In: Balon EK (Ed) Envinronmental Biology of Fishes 1997, 48(1–4):
201-207.

[11] Kynard B, Zhuang P, Zhang T, Zhang L. Ontogenetic behavior and migration of Vol‐
ga River Russian sturgeon, Acipenser gueldenstaedtii, with a note on adaptive signifi‐
cance of body color. Envinronmental Biology of Fishes 2002; 65:411–421.

[12] Navodaru I, Staras M, Banks R. Management of sturgeon stocks of the Lower Dan‐
ube River system. In: The Delta`s: State-of art protection and management. Confer‐
ence Proceedings, 26-31 July 1999; Tulcea, Romania.

[13] Suciu R. Sturgeons of the NW Black Sea and Lower Danube River countries. At: In‐
ternational Expert Workshop on CITES Non-Detriment Findings; 17-22 November
2008, Cancun, Mexico.

[14] Ludwig A, Lippold S, Debus L, Reinartz R. First evidence of hybridization between
endangered sterlets (Acipenser ruthenus) and exotic Siberian sturgeons (Acipenser baer‐
ii) in the Danube River. Biological Invasions 2009; 11:753–760.

[15] Dudu A, Suciu R, Paraschiv M., Georgescu SE, Costache M, Berrebi P. Nuclear Mark‐
ers of Danube Sturgeons Hybridization, International Journal of Molecular Sciences
2011; 12(10):6796-6809.

[16] Ludwig A. Identification of Acipenseriformes species in trade. Journal of Applied
Ichthyology 2008; 24(S1):2–19.

[17] Fain S, Straughan D, Hamlin B, Hoesch R, LeMay J. Forensic genetic identification of
sturgeon caviars traveling in world trade. Conservation Genetics 2013; 14(4):855-874.

[18] Boscari E, Barmintseva A, Pujolar JM, Doukakis P, Mugue N, Congiu L. Species and
hybrid identification of sturgeon caviar: a new molecular approach to detect illegal
trade. Molecular Ecology Resources 2014; 14:489–498.

[19] Nelson JS. Fishes of the World, 4th Edition. New York: John Wiley & Sons; 2006.

[20] Romero A. Salmoniformes (Salmons), In: Hutchins M, Thoney DA, Loiselle PV,
Schlager N. (ed) Grzimek’s Animal Life Encyclopedia, 2nd Edition, Vol. 4, Fishes.
Farmington Hilla: Gale Group; 2003. p. 405-420.

[21] Kottelat M, Freyhof J. Handbook of European freshwater fishes. Berlin, Germany:
Freyhof, 2007; p. 429-430.

[22] Bernatchez L. The evolutionary history of brown trout (Salmo trutta L.) inferred from
phylogeographic, nested clade, and mismatch analysis of mitocondrial DNA varia‐
tion. Evolution 2001; 55:351-379.

[23] Meraner A, Baric S, Pelster B, Dalla Via J. Trout (Salmo trutta) mitochondrial DNA
polymorphism in the centre of the marble trout distribution area. Hydrobiologia
2007, 579:337–349.

Molecular Approaches to Genetic Diversity188



[10] Bacalbasa-Dobrovici N. Endangered migratory sturgeons of the Lower Danube River
and its Delta. In: Balon EK (Ed) Envinronmental Biology of Fishes 1997, 48(1–4):
201-207.

[11] Kynard B, Zhuang P, Zhang T, Zhang L. Ontogenetic behavior and migration of Vol‐
ga River Russian sturgeon, Acipenser gueldenstaedtii, with a note on adaptive signifi‐
cance of body color. Envinronmental Biology of Fishes 2002; 65:411–421.

[12] Navodaru I, Staras M, Banks R. Management of sturgeon stocks of the Lower Dan‐
ube River system. In: The Delta`s: State-of art protection and management. Confer‐
ence Proceedings, 26-31 July 1999; Tulcea, Romania.

[13] Suciu R. Sturgeons of the NW Black Sea and Lower Danube River countries. At: In‐
ternational Expert Workshop on CITES Non-Detriment Findings; 17-22 November
2008, Cancun, Mexico.

[14] Ludwig A, Lippold S, Debus L, Reinartz R. First evidence of hybridization between
endangered sterlets (Acipenser ruthenus) and exotic Siberian sturgeons (Acipenser baer‐
ii) in the Danube River. Biological Invasions 2009; 11:753–760.

[15] Dudu A, Suciu R, Paraschiv M., Georgescu SE, Costache M, Berrebi P. Nuclear Mark‐
ers of Danube Sturgeons Hybridization, International Journal of Molecular Sciences
2011; 12(10):6796-6809.

[16] Ludwig A. Identification of Acipenseriformes species in trade. Journal of Applied
Ichthyology 2008; 24(S1):2–19.

[17] Fain S, Straughan D, Hamlin B, Hoesch R, LeMay J. Forensic genetic identification of
sturgeon caviars traveling in world trade. Conservation Genetics 2013; 14(4):855-874.

[18] Boscari E, Barmintseva A, Pujolar JM, Doukakis P, Mugue N, Congiu L. Species and
hybrid identification of sturgeon caviar: a new molecular approach to detect illegal
trade. Molecular Ecology Resources 2014; 14:489–498.

[19] Nelson JS. Fishes of the World, 4th Edition. New York: John Wiley & Sons; 2006.

[20] Romero A. Salmoniformes (Salmons), In: Hutchins M, Thoney DA, Loiselle PV,
Schlager N. (ed) Grzimek’s Animal Life Encyclopedia, 2nd Edition, Vol. 4, Fishes.
Farmington Hilla: Gale Group; 2003. p. 405-420.

[21] Kottelat M, Freyhof J. Handbook of European freshwater fishes. Berlin, Germany:
Freyhof, 2007; p. 429-430.

[22] Bernatchez L. The evolutionary history of brown trout (Salmo trutta L.) inferred from
phylogeographic, nested clade, and mismatch analysis of mitocondrial DNA varia‐
tion. Evolution 2001; 55:351-379.

[23] Meraner A, Baric S, Pelster B, Dalla Via J. Trout (Salmo trutta) mitochondrial DNA
polymorphism in the centre of the marble trout distribution area. Hydrobiologia
2007, 579:337–349.

Molecular Approaches to Genetic Diversity188

[24] Giuffra E, Bernatchez L, Guyomard R. Mitochondrial control region and protein cod‐
ing genes sequence variation among phenotypic forms of brown trout Salmo trutta
from northern Italy. Molecular Ecology 1994; 3:161–171.

[25] Osinov AG, Bernatchez L. Atlantic and Danubian phylogenetic groupings of brown
trout Salmo trutta complex: genetic divergence, evolution, and conservation. Journal
of Ichthyology 1996; 36:723–746.

[26] Dudu A, Georgescu SE, Popa O, Dinischiotu A, Costache M. Mitochondrial 16s and
12s rRNA sequence analysis in four salmonid species from Romania. Acta Zoologica
Academiae Scientiarum Hungaricae 2011, 57(3):233-246.

[27] Hindar K, Jonsson B, Ryman N, Staahl G. Genetic relationships among landlocked,
resident, and anadromous brown trout, Salmo trutta L. Heredity 1991; 66:83-91.

[28] Bănărescu P. Fauna Republicii Populare Romîne. Piscies-Osteichthyes (Peşti ganoizi
şi osoşi) Vol. XIII. Bucureşti: Editura Academiei R.P.R.; 1964.

[29] Bănăduc D. The Hucho hucho (Linnaeus, 1758), (Salmoniformes, Salmonidae), spe‐
cies monitoring in the Viseu River (Maramures, Romania), Transylvanian Review of
Systematical and Ecological Research 2008, 5:183–188.

[30] Ciolac A, Patriche N. Biological aspects of main marine migratory sturgeons in Ro‐
manian Danube River. Migration of fishes in Romanian Danube River. Applied Ecol‐
ogy and Environmental Research 2005; 3(2):101-106.

[31] Paraschiv M, Suciu R, Suciu M. Present state of sturgeon stocks in the Lower Danube
River, Romania. Proceedings 36th International Conference of IAD, Austrian Commit‐
tee Danube Research / IAD, Vienna; 2006.

[32] Lenhardt M, Cakic P, Kolarevic J, Gacic Z. Morphometric recognition of two morphs
in sterlet (Acipenser ruthenus) population induced by different reproductive behav‐
iour. Fish as models of behavior. The Fisheries Society of the British Isles. Annual In‐
ternational Symposium, University of East Anglia, Norwich, England; 30 June – 4
July 2003.

[33] http://www.merriam-webster.com, accesed at 01 September 2014.

[34] Liu ZJ, Cordes JF. DNA marker technologies and their applications in aquaculture
genetics. Aquaculture 2004, 238:1-37.

[35] O’Brien SJ. Molecular genome mapping: lessons and prospects. Current Opinion in
Genetics and Development 1991, 1:105–111.

[36] Houston RD, Haley CS, Hamilton A, Guy DR, Tinch AE, Taggart JB, McAndrew BJ,
Bishop SC. Major quantitative trait loci affect resistance to infectious pancreatic ne‐
crosis in Atlantic salmon (Salmo salar). Genetics 2008, 178:1109-1115.

[37] Baranski M, Moen T, Vage DI. Mapping of quantitative trait loci for flesh colour and
growth traits in Atlantic salmon (Salmo salar). GenetIcs Selection Evolution 2010,
42:17.

Evaluation of Genetic Diversity in Fish Using Molecular Markers
http://dx.doi.org/10.5772/60423

189



[38] Norman JD, Robinson M, Glebe B, Ferguson MM, Danzmann RG. Genomic arrange‐
ment of salinity tolerance QTLs in salmonids: a comparative analysis of Atlantic sal‐
mon (Salmo salar) with Arctic charr (Salvelinus alpinus) and rainbow trout. BMC
Genomics 2012, 13:420.

[39] Gutierrez AP, Lubieniecki KP, Fukui S, Withler RE, Swift B, Davidson WS. Detection
of Quantitative Trait Loci (QTL) related to grilsing and late sexual maturation in At‐
lantic Salmon (Salmo salar). Marine Biotechnology 2014; 16(1):103-109.

[40] Szalanski AL, Bischof R, Holland R. Mitochondrial DNA variation in pallid and
shovelnose sturgeon. Transactions Nebraskan Academy of Sciences (Affil. Soc.) 2001;
26: 19-21.

[41] Waldman JR, Grunwald C, Stabile J. Impacts of life history and biogeography on the
genetic stock structure of Atlantic sturgeon Acipenser oxyrinchus oxyrinchus, Gulf
sturgeon A-oxyrinchus desotoi, and shortnose sturgeon A. brevirostrum. Journal of
Applied Ichthyology 2002; 18:509-518.

[42] Wolf C, Hübner P, Lüthy J. Differentiation of sturgeon species by PCR-RFLP. Food
Research International 1999; 32:699-705.

[43] Panagiotopoulou H, Baca M, Popovic D, Weglenski P, Stankovic A. A PCR-RFLP
based test for distinguishing European and Atlantic sturgeons. Journal of Applied
Ichthyology 2014, 30:14–17.

[44] Ludwig A, Debus L, Jenneckens I. A molecular approach for trading control of black
caviar. International Review of Hydrobiology 2002; 87:661-674.

[45] Ludwig A, Congiu L, Pitra C, Fickel J. Nonconcordant evolutionary history of mater‐
nal and paternal lineages in Adriatic sturgeon. Molecular Ecology 2003; 12: 3253-
3264.

[46] Machordom A, Suarez J, Almodovar A, Bautista JM. Mitochondrial haplotype varia‐
tion and phylogeography of Iberian brown trout populations. Molecular Ecology
2000; 9:1325–1338.

[47] Lucentini L, Palomba A, Gigliarelli L, Lancioni H, Viali P, Panara F. Genetic charac‐
terization of a putative indigenous brown trout (Samo trutta fario) population in the
secondary stream of the Nera River Basin (Central Italy) assessed by means of three
molecular markers. Italian Journal of Zoology 2006; 73:263–273.

[48] Oleinik AG, Skurikhina LA, Brykov VA. Genetic Differentiation of Three Sympatric
Charr Species from the Genus Salvelinus Inferred from PCR-RFLP Analysis of Mito‐
chondrial DNA. Russian Journal of Genetics 2003; 39(8):924.

[49] Koskinen MT, Ranta E, Piironen J, Veselov A, Titov S, Haugen TO, Nilsson J, Carl‐
stein M, Primmer CR. Genetic lineages and postglacial colonization of grayling (Thy‐
mallus thymallus, Salmonidae) in Europe, as revealed by mitochondrial DNA
analyses. Molecular Ecology 2000; 9(10):1609-24.

Molecular Approaches to Genetic Diversity190



[38] Norman JD, Robinson M, Glebe B, Ferguson MM, Danzmann RG. Genomic arrange‐
ment of salinity tolerance QTLs in salmonids: a comparative analysis of Atlantic sal‐
mon (Salmo salar) with Arctic charr (Salvelinus alpinus) and rainbow trout. BMC
Genomics 2012, 13:420.

[39] Gutierrez AP, Lubieniecki KP, Fukui S, Withler RE, Swift B, Davidson WS. Detection
of Quantitative Trait Loci (QTL) related to grilsing and late sexual maturation in At‐
lantic Salmon (Salmo salar). Marine Biotechnology 2014; 16(1):103-109.

[40] Szalanski AL, Bischof R, Holland R. Mitochondrial DNA variation in pallid and
shovelnose sturgeon. Transactions Nebraskan Academy of Sciences (Affil. Soc.) 2001;
26: 19-21.

[41] Waldman JR, Grunwald C, Stabile J. Impacts of life history and biogeography on the
genetic stock structure of Atlantic sturgeon Acipenser oxyrinchus oxyrinchus, Gulf
sturgeon A-oxyrinchus desotoi, and shortnose sturgeon A. brevirostrum. Journal of
Applied Ichthyology 2002; 18:509-518.

[42] Wolf C, Hübner P, Lüthy J. Differentiation of sturgeon species by PCR-RFLP. Food
Research International 1999; 32:699-705.

[43] Panagiotopoulou H, Baca M, Popovic D, Weglenski P, Stankovic A. A PCR-RFLP
based test for distinguishing European and Atlantic sturgeons. Journal of Applied
Ichthyology 2014, 30:14–17.

[44] Ludwig A, Debus L, Jenneckens I. A molecular approach for trading control of black
caviar. International Review of Hydrobiology 2002; 87:661-674.

[45] Ludwig A, Congiu L, Pitra C, Fickel J. Nonconcordant evolutionary history of mater‐
nal and paternal lineages in Adriatic sturgeon. Molecular Ecology 2003; 12: 3253-
3264.

[46] Machordom A, Suarez J, Almodovar A, Bautista JM. Mitochondrial haplotype varia‐
tion and phylogeography of Iberian brown trout populations. Molecular Ecology
2000; 9:1325–1338.

[47] Lucentini L, Palomba A, Gigliarelli L, Lancioni H, Viali P, Panara F. Genetic charac‐
terization of a putative indigenous brown trout (Samo trutta fario) population in the
secondary stream of the Nera River Basin (Central Italy) assessed by means of three
molecular markers. Italian Journal of Zoology 2006; 73:263–273.

[48] Oleinik AG, Skurikhina LA, Brykov VA. Genetic Differentiation of Three Sympatric
Charr Species from the Genus Salvelinus Inferred from PCR-RFLP Analysis of Mito‐
chondrial DNA. Russian Journal of Genetics 2003; 39(8):924.

[49] Koskinen MT, Ranta E, Piironen J, Veselov A, Titov S, Haugen TO, Nilsson J, Carl‐
stein M, Primmer CR. Genetic lineages and postglacial colonization of grayling (Thy‐
mallus thymallus, Salmonidae) in Europe, as revealed by mitochondrial DNA
analyses. Molecular Ecology 2000; 9(10):1609-24.

Molecular Approaches to Genetic Diversity190

[50] Tautz D. Hipervariability of simple sequences as a general source for polymorphic
DNA markers. Nucleic Acids Research 1989; 17: 6463-6471.

[51] Wright JM. DNA fingerprinting in fishes. In Hochachka PW, Mommsen T. (ed.) Bio‐
chemistry and Biology of Fishes, Vol. 2, Amsterdam:Elsevier, 1993; p.57-91.

[52] Tóth G, Gáspári Z, Jurka J. Microsatellites in different eukaryotic genomes: Survey
and analysis. Genome Research 2000; 10(7):967-981.

[53] Botstein D, White RL, Skolnick M, Davis RW. Construction of a genetic linkage map
in man using restriction fragment length polymorphisms. American Journal of Hu‐
man Genetics 1980; 32:314–331.

[54] Estoup A, Angers B. Microsatellites and minisatellites for molecular ecology: theoret‐
ical and empirical considerations. In: Carvalho G. (ed.) Advances in molecular ecolo‐
gy. Amsterdam: IOS Press, 1998; p. 55–86.

[55] King TL, Lubinski BA, Spidle AP. Microsatellite DNA variation in Atlantic sturgeon
(Acipenser oxyrinchus oxyrinchus) and cross-species amplification in the Acipenseri‐
dae. Conservation Genetics 2001; 2: 103-119.

[56] Welsh A., May B. Development and standardization of disomic microsatellite loci for
lake sturgeon genetic studies. Journal of Applied Ichthyology 2006; 22:337–44.

[57] Welsh AB, Blumberg M, May B. Identification of microsatellite loci in lake sturgeon,
Acipenser fulvescens, and their variability in green sturgeon, A. medirostris. Molecu‐
lar Ecology Notes 2003; 3: 47–55.

[58] Forlani A, Fontana F, Congiu L. Isolation of microsatellite loci from the endemic and
endangered Adriatic sturgeon (Acipenser naccarii). Conservation Genetics 2008; 9:
461–463.

[59] Boscari E, Barbisan F, Congiu L. Inheritance pattern of microsatellite loci in the poly‐
ploid Adriatic sturgeon (Acipenser naccarii). Aquaculture 2011; 321(3–4):223–229.

[60] Moghim M, Pourkazemi M, Tan S, Siraj S, Panandam J, Kor D. Development of diso‐
mic single-locus DNA microsatellite markers for Persian sturgeon (Acipenser persicus)
from the Caspian Sea. Iranian Journal of Fisheries Sciences 2013; 12 (2):389-397.

[61] Norouzi M, Pourkazemi M. Genetic structure of Caspian populations of stellate stur‐
geon, Acipenser stellatus (Pallas, 1771), using microsatellite markers. International
Aquatic Research 2009; 1:61-65.

[62] Timoshkina N, Barmintseva AE, Usatov AV, Mugue NS. Intraspecific genetic poly‐
morphism of Russian sturgeon Acipencer gueldenstaedtii. Russian Journal of Genetics
2009, 45:1098–1107.

[63] Koljonen ML, Tähtinen J, Säisä M, Koskiniemi J. Maintenance of genetic diversity of
Atlantic salmon (Salmo salar) by captive breeding programmes and the geographic
distribution of microsatellite variation. Aquaculture 2003; 212, 69–92.

Evaluation of Genetic Diversity in Fish Using Molecular Markers
http://dx.doi.org/10.5772/60423

191



[64] Apostolidis AP, Madeira MJ, Hansen M, Machordom A. Genetic structure and demo‐
graphic history of brown trout (Salmo trutta) populations from the southern Balkans.
Freshwater Biology 2008; 53:1555–1566.

[65] Nilsson J, Ostergren J, Lundqvist H, Carlsson U. Genetic assessment of Atlantic sal‐
mon Salmo salar and sea trout Salmo trutta stocking in a Baltic Sea river. Journal of
Fish Biology 2008; 73:1201–1215.

[66] Pourkazemi M, Skibinski DO, Beardmore JA. Application of mtDNAd-loop region
for the study of Russian sturgeon population structure from Iranian coastline of the
Caspian sea. Journal of Applied Ichthyology 1999; 15:23-28.

[67] Zhang SM, Deng H, Wang DQ, Zhang YP, Wu QJ. Mitochondrial DNA Length varia‐
tion and heteroplasmy in Chinese sturgeon (Acipenser sinensis). Acta Genetica Sinica
1999; 26, 489–496.

[68] Doukakis P, Birstein VJ, DeSalle R. Molecular genetic analysis among subspecies of
two Eurasian sturgeon species, Acipenser baerii and A. stellatus. Molecular Ecology
1999; 12:S117–S129.

[69] Asplund T, Veselov A, Rimmer C, Bakhmet I, Potutkin A, Titov S, Zubchenko A, Stu‐
denov I, Kaluzchin S, Lumme J. Geographical structure and postglacial history of
mtDNA haplotypes variation in Atlantic salmon (Salmo salar L.) among rivers of the
White and Barents Sea basins. Annales Zoologici Fennici 2004, 41:465–475.

[70] Laikre L, Järvi T, Johansson L, Palm S, Rubin JF, Glimsater CE, Landergren P, Ryman
N. Spatial and temporal population structure of sea trout at the Island of Gotland,
Sweden, delineated from mitochondrial DNA. Journal of Fish Biology 2002; 60:49–57.

[71] Frankel OH, Soulé ME. Conservation and evolution. Cambridge University Press,
1981; Cambridge, UK.

[72] Vasil’ev VP. Mechanisms of Polyploid Evolution in Fish: Polyploidy in Sturgeons. In
Carmona R, Domezain A, Gallego MG, Hernando JA, Rodríguez F, Ruiz-Rejón M.
(Ed) Biology, Conservation and Sustainable Development of Sturgeons. Fish and
Fisheries Series, 1st Edition, Amsterdam, Netherlands: Springer 2009. p97–117.

[73] Birstein VJ, Bemis WE. How Many Species are there within the Genus Acipenser? In
Sturgeon Biodiversity and Conservation, 1st edition; Dordrecht, Netherlands: Kluiw‐
er Academic Publishers, 1997. p157–163.

[74] Ludwig A, Belfiore NM, Pitra C, Svirsky V, Jenneckens I. Genome duplication events
and functional reduction of ploidy levels in sturgeon (Acipenser, Huso and Scaphirhyn‐
chus). Genetics 2001, 158:1203–1215.

[75] Jenneckens I, Meyer JN, Hörstgen-Schwark G, May B. A fixed allele at microsatellite
LS-39 is characteristic for the black caviar producer Acipenser stellatus. Journal of
Applied Ichthyology 2001; 17:39-42.

Molecular Approaches to Genetic Diversity192



[64] Apostolidis AP, Madeira MJ, Hansen M, Machordom A. Genetic structure and demo‐
graphic history of brown trout (Salmo trutta) populations from the southern Balkans.
Freshwater Biology 2008; 53:1555–1566.

[65] Nilsson J, Ostergren J, Lundqvist H, Carlsson U. Genetic assessment of Atlantic sal‐
mon Salmo salar and sea trout Salmo trutta stocking in a Baltic Sea river. Journal of
Fish Biology 2008; 73:1201–1215.

[66] Pourkazemi M, Skibinski DO, Beardmore JA. Application of mtDNAd-loop region
for the study of Russian sturgeon population structure from Iranian coastline of the
Caspian sea. Journal of Applied Ichthyology 1999; 15:23-28.

[67] Zhang SM, Deng H, Wang DQ, Zhang YP, Wu QJ. Mitochondrial DNA Length varia‐
tion and heteroplasmy in Chinese sturgeon (Acipenser sinensis). Acta Genetica Sinica
1999; 26, 489–496.

[68] Doukakis P, Birstein VJ, DeSalle R. Molecular genetic analysis among subspecies of
two Eurasian sturgeon species, Acipenser baerii and A. stellatus. Molecular Ecology
1999; 12:S117–S129.

[69] Asplund T, Veselov A, Rimmer C, Bakhmet I, Potutkin A, Titov S, Zubchenko A, Stu‐
denov I, Kaluzchin S, Lumme J. Geographical structure and postglacial history of
mtDNA haplotypes variation in Atlantic salmon (Salmo salar L.) among rivers of the
White and Barents Sea basins. Annales Zoologici Fennici 2004, 41:465–475.

[70] Laikre L, Järvi T, Johansson L, Palm S, Rubin JF, Glimsater CE, Landergren P, Ryman
N. Spatial and temporal population structure of sea trout at the Island of Gotland,
Sweden, delineated from mitochondrial DNA. Journal of Fish Biology 2002; 60:49–57.

[71] Frankel OH, Soulé ME. Conservation and evolution. Cambridge University Press,
1981; Cambridge, UK.

[72] Vasil’ev VP. Mechanisms of Polyploid Evolution in Fish: Polyploidy in Sturgeons. In
Carmona R, Domezain A, Gallego MG, Hernando JA, Rodríguez F, Ruiz-Rejón M.
(Ed) Biology, Conservation and Sustainable Development of Sturgeons. Fish and
Fisheries Series, 1st Edition, Amsterdam, Netherlands: Springer 2009. p97–117.

[73] Birstein VJ, Bemis WE. How Many Species are there within the Genus Acipenser? In
Sturgeon Biodiversity and Conservation, 1st edition; Dordrecht, Netherlands: Kluiw‐
er Academic Publishers, 1997. p157–163.

[74] Ludwig A, Belfiore NM, Pitra C, Svirsky V, Jenneckens I. Genome duplication events
and functional reduction of ploidy levels in sturgeon (Acipenser, Huso and Scaphirhyn‐
chus). Genetics 2001, 158:1203–1215.

[75] Jenneckens I, Meyer JN, Hörstgen-Schwark G, May B. A fixed allele at microsatellite
LS-39 is characteristic for the black caviar producer Acipenser stellatus. Journal of
Applied Ichthyology 2001; 17:39-42.

Molecular Approaches to Genetic Diversity192

[76] Dudu A, Georgescu SE, Dinischiotu A, Costache M. PCR-RFLP method to identify
fish species of economic importance, Archiva Zootechnica 2010; 13(1):53-59.

[77] Stearley RF, Smith GR. Phylogeny of the Pacific trouts and salmons (Oncorhynchus)
and genera of the family Salmonidae. Transaction of American Fisheries Society 1993;
122:1–33.

[78] Kitano T, Matsuoka N, Saitou N. Phylogenetic Relationship of the genus Oncorhyn‐
chus species inferred from nuclear and mitochondrial markers, Genes Genetics and
Systematics 1997; 72:25–34.

[79] Oohara I, Sawano K, Okazaki T. Mitochondrial DNA Sequence Analysis of the Masu
Salmon—Phylogeny in the Genus Oncorhynchus. Molecular Phylogenetics and Evo‐
lution 1997; 7:71–78.

[80] Crespi BJ, Fulton MJ. Molecular systematics of Salmonidae: combined nuclear data
yields a robust phylogeny. Molecular Phylogenetics and Evolution 2004; 31:658–679.

[81] Oakley TH, Phillips RB. Phylogeny of Salmonine Fishes Based on Growth Hormone
Introns: Atlantic (Salmo) and Pacific (Oncorhynchus) Salmon Are Not Sister Taxa. Mo‐
lecular Phylogenetics and Evolution 1999; 11(3):381–393.

[82] Popa GO, Khalaf M, Dudu A, Curtean-Bănăduc A, Bănăduc D, Georgescu SE, Costa‐
che M. Brown trout’s populations genetic diversity using mitochondrial markers in
relatively similar geographical and ecological conditions – A Carpathian case study,
Transylvanian Review of Systematical and Ecological Research 2013, 15(2):125-132.

Evaluation of Genetic Diversity in Fish Using Molecular Markers
http://dx.doi.org/10.5772/60423

193





Chapter 8

Genetic Diversity and Conservation of an Endemic
Taiwanese Species, Platyeriocheir formosa

Mei-Chen Tseng and Dai-Shion Hsiung

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59653

1. Introduction

Mitten crabs (Brachyura, Varunidae, Varuninae) are native to east Asia and currently classified
into eight species belonging to four genera: Eriocheir De Haan, 1835, with E. japonica (De Haan,
1835) and E. ogasawaraensis Komai et al., 2006; Paraeriocheir gen. nov., with P. hepuensis (Dai,
1991) and P. sinensis (H. Milne Edwards, 1853); Platyeriocheir Ng et al., 1999, with P. formosa
(Chan et al., 1995) and P. guangdonga sp. nov.; and Neoeriocheir T. Sakai, 1983, with N. leptog‐
natha (Rathbun, 1913); plus an eighth, currently nameless species with the status of a species
inquirenda [1].

Catadromous mitten crabs have the unusual life history of spawning in the sea and growing
up in rivers. Fertilized eggs hatch into zoea, which leave the female and begin life in the sea
as plankton. After passing through five ecdysis cycles over a period of several weeks, they
metamorphose into megalopa (post-larval stage) that live in estuaries and migrate upstream
to freshwaters where a second metamorphosis, into juvenile crabs, occurs [2]. The larval stage
drifts passively with coastal currents, providing high potential for gene flow within coastal
waters. Larvae mainly drift in proximity to the coastline rather than the open sea, so long
distance dispersal across open seas is restricted [3]. Juvenile crabs move into rivers and dwell
in their middle or upstream reaches where they grow until adulthood. They generally inhabit
clear rushing waters as well as hiding in rock crevices by day and coming out at night to feed,
their main food being periphyton growing on rocks and aquatic vegetation. They spend most
of their lifetime (1–3 years) in freshwater and migrate downstream to coastal waters when
mature to mate and spawn [3].

Of this group, only two genera and species, Paraeriocheir hepuensis and Platyeriocheir formosa,
are native to Taiwan. The distribution of P. hepuensis in Taiwan extends from Dasi, Yilan
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County to Wu Stream, Taichung City. P. formosa, a Taiwan endemic, is mainly distributed in
rivers of eastern Taiwan (Figure 1). Both species are of economic importance; nevertheless,
neither have been artificially cultured from egg to maturity, and as a result, people catch large
numbers of them from the wild for sale. Therefore, these wild populations must be able to
tolerate intense exploitation. In addition, they also suffer other adverse impacts, such as habitat
destruction, natural population declines, climatic oscillations, and so on. Too, many rivers were
severely impacted when typhoon Morakot hit the eastern and southern portions of Taiwan in
2009 by mudflows that covered riverbeds, resulting in a significant decrease in the P. formosa
population size. In addition, wild crab catches are insufficient to meet consumer demand.
Farmers directly import juvenile crabs of P. sinensis from China for culture until they are grown
to adults for sale. However, when P. sinensis escape from farms and invade Taiwan rivers,
hybrids with native species can occur to degrade the genetic structure of native species. At
present, populations of these two native species are dwindling in population size due to habitat
destruction by natural disasters and unrestricted over-harvesting. Moreover, P. sinensis has
also been introduced into Taiwan for short-term aquaculture, disregarding the consequences
of potential threats to native species. It is clear that conservation of P. formosa should be taken
more seriously.

Figure 1. Map showing the distribution of two native mitten crabs in Taiwan and sampling sites. Black triangles indi‐
cated Platyeriocheir formosa and ashy circles indicated Paraeriocheir hepuensis.
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P. formosa, P. hepuensis, and P. sinensis have similar morphological characters. Consequently,
species identification was clarified using a molecular marker, mitochondrial DNA cytochrome
oxidase subunit I (COI), which is often used in taxonomy, biodiversity assessments, phyloge‐
netics, and phylogeographic studies [4-8]. Here we discriminate these three species using mt
COI sequences. Because microsatellites have large mutation rates of 10−5~10−2 per generation
[9-10], they are widely used as markers for studying genetics, population structure, kinship,
and mating system [11-14]. In a previous study, the intraspecific genetic diversity of P.
formosa was analyzed using COI sequences, with results showing insignificant genetic
differences among samples from different streams [15]. To conserve P. formosa population
diversity and ensure the sustainable use of this natural resource, its genetic diversity needed
to be determined using polymorphic microsatellite loci.

This study attempted to distinguish P. hepuensis, P. sinensis, and P. formosa, and explored
interspecies and intraspecific genetic diversity, using mt COI gene sequences. In addition, the
genetic diversity of an endemic Taiwanese species, P. formosa, was examined by microsatellite
loci. Effective management and conservative strategies also are proposed herein.

2. Experimental section

2.1. Sample collection

A total of 40 Platyeriocheir formosa specimens were collected in November 2010 from Jin-Luen,
Taitung (120°55′ E, 22°32′ N), southeastern Taiwan. All Paraeriocheir hepuensis (n = 20) were
collected from Lau-Mei Stream in New Taipei City and 2 P. sinensis individuals were collected
from an aquaculture farm in Pingtung County.

2.2. Genomic DNA isolation

Muscle tissues from all specimens were preserved in 95% ethanol until DNA extraction.
Genomic DNA was isolated and purified from the muscle tissue of all individuals. Five
hundred milligrams of tissue with 1 mL lysis buffer was digested with 55 µL proteinase K
solution. Small amounts of DNA were extracted for polymerase chain reactions (PCR) using
a Puregene core kit A (Qiagen, Valencia, CA, USA).

2.3. COI subcloning and analysis

The complete COI gene was amplified using the specific forward primer 5’-CTCTAACR‐
GATTCCCCATCTTCTC-3’ and reverse primer 5’-ATCCTACACATCTGTCTGCC-3’ de‐
signed by the authors. A PCR consisted of approximately 50 ng genomic DNA, 50 pmol each
of the forward and reverse primers, 25 mM dNTP, 0.05 ~ 0.1 mM MgCl2, 10× buffer, and 5 U
Taq polymerase (Takara Shuzo, Shiga, Japan), and brought up to 100 µL with Milli-Q water
(Millipore, Billerica, MA, USA). The PCR program included one cycle of 4 min at 95 °C, 38
cycles of 1 min at 94 °C, 50 s at 50 °C, and 1 min at 72 °C, followed by a single further extension
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of 10 min at 72 °C. We evaluated 8 µL of each product on 0.8% agarose gel to check PCR success
and confirm product sizes. The remaining PCR products were run on 0.8% agarose gels and
purified using a DNA Clean/Extraction kit (GeneMark, Taichung, Taiwan). Purified DNA was
subcloned into the pGEM-T easy vector (Promega, Madison, WI, USA) and transformed into
Escherichia coli JM109. Plasmid DNA was isolated using a mini plasmid kit (Geneaid, Taichung,
Taiwan). Clones from all individuals were sequenced on an Applied Biosystems (ABI, Foster
City, CA, USA) automated DNA sequencer 377 (ver. 3.3) using a Bigdye sequencing kit (Perkin-
Elmer, Wellesley, MA, USA).

In total, 42 COI sequences were subcloned. All sequences were aligned using Clustal W [16]
and then checked with the naked eye. Intraspecific and interspecific genetic distances and
numbers of different nucleotides were calculated using MEGA software [17]. The interspecific
variable site numbers and intraspecific nucleotide diversities were computed by DnaSP v5
[18]. The phylogenetic trees for COI sequences were constructed using neighbor-joining [19]
and maximum parsimony methods [20]. Cluster confidence was assessed using a bootstrap
analysis with 1000 replications [21]. The minimum spanning tree (MST) was computed from
the matrix of pairwise distances between all pairs of haplotypes in each sample using a
modification of the algorithm [22]. We evaluated whether sequences had evolved under strict
neutrality. Fu’s Fs [23] and Tajima’s neutrality tests [24] were performed in Arlequin 3.1 [25].
The significance of the statistics was tested by generating random samples under the hypoth‐
esis of selective neutrality and population equilibrium, using a coalescent simulation algorithm
[26]. Tajima’s test is based on an infinite-site model without recombinations. A significant D
value can be due to factors other than selective effects, like population expansion, a bottleneck,
or heterogeneity of mutation rates [27]. The possible occurrence of historical demographic
expansions was examined using the mismatch distribution [28] implemented in Arlequin [25].
The distribution is unimodal in samples following a population demographic expansion [29].

2.4. Genotyping and data analysis

All 18 microsatellite loci [30] were amplified in this study. A PCR was performed in a volume
of 25 µL that included ~10 ng genomic DNA, 10 pmol reverse primer, 10 pmol forward primer,
25 mM dNTP, 0.05–0.1 mM MgCl2, 10× buffer, and 0.5 U Taq polymerase (Takara Shuzo, Tokyo,
Japan) with Milli-Q water. The PCR products were subjected to a 1.5% agarose gel and allele
sizes were checked by comparison with a DNA ladder and the length of the original sequence.
Forward primers were labeled with FAM, TAMRA, or HEX fluorescence markers. PCR
amplifications were carried out in a Px2 Thermal Cycler (Thermo Fisher Scientific, Waltham,
MA, USA) with the following temperature profile: 1 cycle of 95 °C for 4 min, followed by 38
cycles of 94 °C for 30 s, and annealing at 50–60 °C for 30 s and 72 °C for 30 s. Each 5 µL of PCR
product from three loci labeled with different fluorescence tags was mixed and precipitated
with 95% alcohol. Semi-automated genotyping was performed using a capillary ABI 3730XL
DNA Analyzer (ABI). Genotypes were scored with GeneMapper 4.0 (ABI).

The total number of alleles (na) and effective allele numbers were estimated for each locus
using Popgene [31]. Observed (HO) and expected (HE) heterozygosities were independently
calculated for each locus. Deviations from Hardy-Weinberg expectations (HWEs) were
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examined by an exact test using GENEPOP [32]. Linkage disequilibrium among all pairs of
loci was determined using Burrow’s composite measure [33] and χ2 values.

3. Results and discussion

3.1. Interspecific diversity

Molecular systematics and historical population dynamics were also analyzed using mt COI
gene sequences. The full-length of all 42 COI sequences in Platyeriocheir formosa (n = 20),
Paraeriocheir hepuensis (n = 20), and P. sinensis (n = 2) are consistent with 1534 bp in length. The
average percentage of nucleotide components consist of 64% A + T for P. sinensis, 63% for P.
hepuensis, and 62.6% for P. formosa, with slight differences among these three species.

The numbers of interspecific nucleotide differences ranged 196 - 221 with an average of 205.08
± 4.14 between P. formosa and P. hepuensis, 199 - 214 with an average of 204.82 ± 3.30 between
P. formosa and P. sinensis, and 60 - 79 with an average of 66.55 ± 3.87 between P. hepuensis and
P. sinensis. Some interspecific nucleotide variable sites are shown in Figure 2.

The interspecific genetic distances ranged 0.142 - 0.163 with an average 0.150 ± 0.006 for P.
formosa vs. P. hepuensis, 0.144 - 0.157 with an average 0.148 ± 0.002 for P. formosa vs. P. sinen‐
sis, and 0.041 - 0.054 with an average 0.045 ± 0.003 for P. hepuensis vs. P. sinensis. All 42 sequences
in the study and one outgroup sequence from Xenograpsus testudinatus (NCBI accession
number NC013480) were used to construct a phylogenetic tree by neighbor-joining (NJ) and
maximum-parsimony (MP) methods. Phylogenetic trees presented significant clustering
among the three species indicated P. formosa, P. hepuensis, and P. sinensis are an individually
monophyletic group and share a common ancestor in two genealogical trees (Figure 3a, b). P.
hepuensis and P. sinensis have closer relationships than P. formosa, indicating that the former
two share a common recent ancestor. In addition, we also concluded that the COI gene is an
effective genetic marker for distinguishing these mitten crabs having similar morphological
characteristics.

The complete COI gene can be translated into a 511 amino acid sequence. The number of
different amino acids ranged 0 - 10 within P. formosa containing two identical sequences and
0 - 16 within P. hepuensis containing four identical sequences. Intraspecific genetic distances
ranged 0 - 0.020 (mean, 0.009 ± 0.004) within P. formosa and 0 - 0.033 (mean, 0.009 ± 0.007) within
P. hepuensis. Interspecific genetic distance ranged 0.020 - 0.050 (mean = 0.026 ± 0.007) between
P. formosa and P. hepuensis, 0.012 - 0.027 (mean = 0.019 ± 0.004) between P. formosa and P.
sinensis, and 0.012 - 0.037 (mean = 0.017 ± 0.005) between P. hepuensis and P. sinensis. The NJ
tree constructed from amino acid sequences reveals that all three species belong to one
monophyletic group (Figure 4). The amino acid sequences of P. hepuensis and P. sinensis
expressed higher similarity, suggesting that they have a closer relationship than either has
with P. formosa.
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Figure 2. Partial interspecific variable sites within 12 COI sequences from Platyeriocheir formosa, Paraeriocheir hepuensis
and Paraeriocheir sinensis.
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[     2125069203 9230718463 4702514536 2384392803 2843691258 1480692591 4706925847 ] 
PF01 GCAGTCATTG CGTATATCAC AAAAATTTTT ATTTATTTTG TAGAAAGGCT TTCGGTTCGT GCGCGATTTT 
PF02 .......... ...G....T. .......... .....C.... .......... ........A. .......... 
PF05 ..G....... ...G...... .........C ..C..C.... .......... .......... A......... 
PF06 .......... ...G...... .......... .....C.... .......... .......... .......... 
PF07 .......... ...G...... .......... .....C.... .......... .......... .......... 
PH01 A..A.T.CAA TACGCG...T G.CTG...C. GCAATGAGCA ATATT..ATC .ATAACCT.C AAATTTC.AC 
PH02 A..A.T.CAA TA.GC....T G.CTG..... GCAATGA.CA ATATT..ATC .ATAACCT.C AAATTTC.AC 
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PH05 A..A.T.CAA TACGC....T G.CTG...C. GCAATGA.CA ATATT..ATC .ATAACCT.C AAATTTC.AC 
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PF02 ........A. ........T. .......G.. .......... .......... .......... .......... 
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Figure 2. Partial interspecific variable sites within 12 COI sequences from Platyeriocheir formosa, Paraeriocheir hepuensis
and Paraeriocheir sinensis.
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3.2. Intraspecific diversity and historical population dynamics

In total, 86 and 84 variable sites were respectively observed within intraspecific sequences of
P. formosa and P. hepuensis. All 20 COI sequences from P. formosa contain seven highly variable
sites (Figure 5a). The intraspecific number of nucleotide differences ranged 2 - 20. Haplotype
diversity (Hd), the mean number of nucleotide differences (k), and mean nucleotide diversity
(π) are 1, 9.73 ± 3.63, and 0.006 ± 0.003, respectively. A total of 86 substitutions containing 75
transitions and 11 transversions occur within these 20 sequences. There are 23 highly variable
sites observed within 20 COI sequences of P. hepuensis (Figure 5b). Intraspecies nucleotide
differences ranged 1 - 27. Haplotype diversity (Hd), the mean number of nucleotide differences
(k), and mean nucleotide diversity (π) are 1, 11.36 ± 4.83, and 0.007 ± 0.004, respectively. The
85 substitutions include 68 transitions and 17 transversions. Intraspecific genetic distances of
P. formosa ranged from 0.001 - 0.013, with an average of 0.006 ± 0.002. In contrast to P. formo‐
sa, P. hepuensis had similar intraspecific genetic distances that ranged from 0.001 to 0.018, with
an average of 0.007 ± 0.003. Extremely high levels of Hd and low to moderate levels of π were
discovered in these two species.

A similar genetic pattern is observed in many marine species [34]. The most likely explanation
is that the accumulation of mutations over time in a rapidly growing population leads to an
increase in the number of haplotypes; even so, population sizes suffer seriously when there is
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Figure 3. (a)Neighbor-joining tree and (b)Minimum parsimony tree constructed by 43 COI gene sequences from Pla‐
tyeriocheir formosa (PF), Paraeriocheir hepuensis (PH) and Paraeriocheir sinensis (PS) and the outgroup Xenograpsus testudi‐
natus (XT). Bootstrap values >60% (out of 1000 replicates) are shown at the nodes.
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low genetic diversity. Except for wild mitten crabs, which must counteract overharvesting,
probable natural causes include climate oscillations that result in temperature and water
quality changes, mudflows covering riverbeds that can block migratory pathways, and any
other environmental factor that affects adult reproduction and larval survival in estuaries. A
second explanation for low levels of genetic diversity in these species could be due to their
high dispersal potential during the planktonic egg and larval stages, resulting in strong gene
flow among populations. Intraspecific genetic diversity in P. formosa analyzed by COI sequen‐
ces indicate insignificant genetic differences among different populations [15]. It is interesting
to note that P. formosa spawns in the sea and planktonic stage dispersal trends northward due
to seasonal currents along the eastern Taiwan coast. This easily explains why P. formosa has
low genetic variability among samples from different streams.

Four groups of marine fishes were defined based on the haplotype diversity (hd) and nucleotide
diversity (π) of various mtDNA coding regions [35]. The most widespread group possesses a
high number of haplotypes (Hd > 0.5) and moderate to low levels of sequence divergences (0.4%
< π < 0.8%). P. formosa and P. hepuensis were found in this study to have high haplotype diversity
(Hd = 1) and moderate nucleotide diversities (0.6% & 0.7%), which fit the most common pattern
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Figure 4. The neighbour-joining tree of COI amino acid sequences from Platyeriocheir formosa (PF), Paraeriocheir hepuen‐
sis (PH) and Paraeriocheir sinensis (PS) and the outgroup Xenograpsus testudinatus (XT). Numbers above the branches
indicate the bootstrap values.
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observed in marine fishes. High haplotype diversity within regional populations can be
maintained through historically rapid population increases, resulting in the accumulation of
mutations in populations [36]. Nevertheless, the shallow mtDNA branch structure of the NJ
tree in these two mitten crabs might have resulted from catastrophic reductions in population
size, which would produce low values of π.

The D values of Tajima's D neutral tests were analyzed to test this. P. formosa and P. hepuen‐
sis were -2.451 (p <0.001) and -2.129 (p <0.003), respectively. Negative Fu's Fs values of -12.646
(p = 0) in P. formosa and -11.333 (p = 0) in P. hepuensis suggested that these two species experi‐
enced a recent population expansion event. The mismatched distribution analysis presented
average intraspecific nucleotide differences among COI sequences of 9.726 ± 7.731 in P.
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formosa and 11.358 ± 6.344 in P. hepuensis, which were unimodally distributed (Figure 6) and
indicated that the population experienced a historical expansion event. One and two central
haplotypes were found in the minimum spanning tree (MST) of P. formosa and P. hepuensis,
and most of the haplotypes were located at the tips (Figure 7), implying that adaptive radiation
occurred.
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Figure 6. Mismatch distributions obtained from mtDNA COI data. The bars of the histogram represent the observed
pairwise differences. The curve is the expected distribution under the sudden expansion model. (a) Platyeriocheir formo‐
sa (b) Paraeriocheir hepuensis.

Allele numbers and the effective allele numbers of all 18 microsatellite loci in P. formosa ranged
from 3 - 14 and 2.25 - 10.26, respectively. Allele sizes within these loci ranged from 68 to 239
bp in length. The allele sizes of three loci (Pfo-15, -31, and -34) were all shorter than 100 bp
(Table 1). Heterozygous individuals have been found at all loci except for Pfo-15. When
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Allele numbers and the effective allele numbers of all 18 microsatellite loci in P. formosa ranged
from 3 - 14 and 2.25 - 10.26, respectively. Allele sizes within these loci ranged from 68 to 239
bp in length. The allele sizes of three loci (Pfo-15, -31, and -34) were all shorter than 100 bp
(Table 1). Heterozygous individuals have been found at all loci except for Pfo-15. When
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excluding the homozygous Pfo-15 locus, the observed and expected heterozygosities (HO &
HE) ranged from 0.20 - 0.95 (mean = 0.55) and 0.57 - 0.93 (mean = 0.818), respectively. Thirteen
of these loci departed from the Hardy-Weinberg (HW) equilibrium, suggesting that P.
formosa suffers from an intense inbreeding effect, bottleneck, or other possibility. Burrow’s
composite measure for linkage disequilibrium (LD) among the 18 loci was estimated for the
entire dataset. The total variance of interlocus allele disequilibrium (DIT

2 = 0.018) was slight. It
is unlike the marine swimming crab, Portunus trituberculatus, which has a significantly higher
mean heterozygosity (HO > 0.8), while a similar HO (0.55) was found in the catadromous P.
sinensis [37]. The mean allele number per locus (na) in the catadromous P. formosa was estimated
to be 9.61, which was higher than that of P. sinensis on average (na = 4.94), but lower than that
of the marine P. trituberculatus (na = 22) [37-38]. These results agree with the observation that
catadromous P. formosa have lower genetic diversity than marine P. trituberculatus species.

Microsatellite locus Major repeats Ta

(°C)
Allelic size
range (bp)

na ne HO/HE NCBI
accession no.

PFO-4 (CA)29 56 145-183 13 6.45 0.75/0.87 JQ582816

PFO-5 (TC)6 54 141-149 3 2.25 0.55/0.57 JQ582817

PFO-7 (GT)22 52 217-239 10 6.06 0.65/0.86 JQ582818

PFO-9 (CA)31 54 156-194 14 9.41 0.40*/0.92 JQ582819

PFO-10 (CA)10 50 94-128 8 7.27 0.65/0.88 JQ582820

PFO-12 (CA)32 56 186-216 14 7.84 0.45*/0.89 JQ582821

Figure 7. Minimum spanning tree constructed from COI data. (a) Platyeriocheir formosa (b) Paraeriocheir hepuensis.
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Microsatellite locus Major repeats Ta

(°C)
Allelic size
range (bp)

na ne HO/HE NCBI
accession no.

PFO-15 (GT)16 60 68-76 5 2.99 0.00*/0.68 JQ582822

PFO-18 (CA)33 60 134-170 13 6.84 0.35*/0.88 JQ582823

PFO-19 (CA)32 50 141-175 13 9.20 0.25*/0.91 JQ582824

PFO-31 (CA)17 52 79-93 6 2.74 0.35*/0.65 JQ582825

PFO-34 (CA)20 50 71-77 3 2.38 0.70*/0.59 JQ582826

PFO-36 (CA)35 54 101-125 10 6.11 0.50*/0.86 JQ582827

PFO-37 (CA)31 50 166-200 13 8.79 0.90/0.91 JQ582828

PFO-51 (CA)18 58 85-101 8 2.94 0.20*/0.68 JQ582829

PFO-52 (CA)12 50 97-109 6 4.10 0.95*/0.78 JQ582830

PFO-54 (GT)18 50 141-173 10 5.52 0.70*/0.84 JQ582831

PFO-60 (GT)17 50 118-146 11 7.62 0.60*/0.89 JQ582832

PFO-79 (GT)26 52 113-143 13 10.26 0.50*/0.93 JQ582833

Table 1. Characterization of the core region and levels of genetic variation at 18 microsatellite loci from Platyeriocheir
formosa. Ta, PCR annealing temperature; na, observed number of alleles detected at each locus; ne, effective number of
alleles; HO, observed heterozygosity within a sample; HE, expected heterozygosity within a sample. *significant Hardy-
Weinberg deviation (p <0.05).

P. formosa and P. hepuensis have a peculiar migratory history. Juvenile crabs migrate from the
sea into rivers where they grow until adulthood. Mature adults move from their habitats in
middle and upstream river reaches down to coastal waters for reproduction. Consequently,
the most important conservation considerations are high water quality, freely flowing
channels, reduced harvesting by humans, and preventing the invasion of the exotic P.
sinensis. Focus must start on the catadromous journey of juvenile crabs from estuaries, and
good water quality is the key to their survival and sustainable populations. Secondly, unin‐
terrupted river flows are necessary, as mitten crabs must migrate throughout rivers in order
to complete their full life cycle regardless of whether they are upstream-swimming juveniles
or downstream-swimming adults. When river bottoms are buried under mudflows, previ‐
ously established aquatic organisms are lost. However, temporarily created waterways will
allow aquatic organisms to survive and complete their life cycles. Furthermore, overfishing
results in decreasing crab resources and increases in their selling prices which results in
additional overharvesting. However, capture can be banned for temporary periods of time to
allow populations to recover. Finally, P. sinensis must be prevented from invading Taiwan’s
rivers. Because there are insufficient harvests of P. formosa and P. hepuensis to meet human
demand, aquaculturists import large numbers of juvenile P. sinensis crabs and raise them to
adulthood for sale. However, there are some problems with the culturing process. For one
thing, P. sinensis effortlessly escapes from aquaculture even though ponds are equipped with
anti-slipping nets. What is more, market prices may collapse if supply exceeds demand, and
the industry might give up raising crabs and dump them. It is, therefore, certainly possible
that these non-native crabs might colonize all of Taiwan's streams, causing an ecological
catastrophe to native Taiwanese crab populations. Preventing the invasion of non-native
mitten crabs should be of universal concern to Taiwan crab management and conservation.

Molecular Approaches to Genetic Diversity206



Microsatellite locus Major repeats Ta

(°C)
Allelic size
range (bp)

na ne HO/HE NCBI
accession no.

PFO-15 (GT)16 60 68-76 5 2.99 0.00*/0.68 JQ582822

PFO-18 (CA)33 60 134-170 13 6.84 0.35*/0.88 JQ582823

PFO-19 (CA)32 50 141-175 13 9.20 0.25*/0.91 JQ582824

PFO-31 (CA)17 52 79-93 6 2.74 0.35*/0.65 JQ582825

PFO-34 (CA)20 50 71-77 3 2.38 0.70*/0.59 JQ582826

PFO-36 (CA)35 54 101-125 10 6.11 0.50*/0.86 JQ582827

PFO-37 (CA)31 50 166-200 13 8.79 0.90/0.91 JQ582828

PFO-51 (CA)18 58 85-101 8 2.94 0.20*/0.68 JQ582829

PFO-52 (CA)12 50 97-109 6 4.10 0.95*/0.78 JQ582830

PFO-54 (GT)18 50 141-173 10 5.52 0.70*/0.84 JQ582831

PFO-60 (GT)17 50 118-146 11 7.62 0.60*/0.89 JQ582832

PFO-79 (GT)26 52 113-143 13 10.26 0.50*/0.93 JQ582833

Table 1. Characterization of the core region and levels of genetic variation at 18 microsatellite loci from Platyeriocheir
formosa. Ta, PCR annealing temperature; na, observed number of alleles detected at each locus; ne, effective number of
alleles; HO, observed heterozygosity within a sample; HE, expected heterozygosity within a sample. *significant Hardy-
Weinberg deviation (p <0.05).

P. formosa and P. hepuensis have a peculiar migratory history. Juvenile crabs migrate from the
sea into rivers where they grow until adulthood. Mature adults move from their habitats in
middle and upstream river reaches down to coastal waters for reproduction. Consequently,
the most important conservation considerations are high water quality, freely flowing
channels, reduced harvesting by humans, and preventing the invasion of the exotic P.
sinensis. Focus must start on the catadromous journey of juvenile crabs from estuaries, and
good water quality is the key to their survival and sustainable populations. Secondly, unin‐
terrupted river flows are necessary, as mitten crabs must migrate throughout rivers in order
to complete their full life cycle regardless of whether they are upstream-swimming juveniles
or downstream-swimming adults. When river bottoms are buried under mudflows, previ‐
ously established aquatic organisms are lost. However, temporarily created waterways will
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results in decreasing crab resources and increases in their selling prices which results in
additional overharvesting. However, capture can be banned for temporary periods of time to
allow populations to recover. Finally, P. sinensis must be prevented from invading Taiwan’s
rivers. Because there are insufficient harvests of P. formosa and P. hepuensis to meet human
demand, aquaculturists import large numbers of juvenile P. sinensis crabs and raise them to
adulthood for sale. However, there are some problems with the culturing process. For one
thing, P. sinensis effortlessly escapes from aquaculture even though ponds are equipped with
anti-slipping nets. What is more, market prices may collapse if supply exceeds demand, and
the industry might give up raising crabs and dump them. It is, therefore, certainly possible
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The genetic structure and population dynamics of Taiwan’s P. formosa population diversity
must be continually monitored to ensure the sustainable use of this valuable natural resource.

4. Conclusions

The interspecific and intraspecific genetic diversity of two native Taiwanese mitten crabs, P.
formosa and P. hepuensis, were determined in this study using the mtDNA COI gene and
microsatellite loci. These two species possess similar genetic patterns with extremely high
haplotype diversity and low to moderate nucleotide diversity. These results suggest that their
population sizes historically underwent expansions but are currently undergoing serious
decreases. Consequently, a conservation policy is proposed here that includes maintaining
free-flowing stream channels and good water quality, preventing overharvesting by limiting
harvesting to specific seasons, preventing the establishment of non-native mitten crabs, and
conducting research on improved methods for the aquaculture of native mitten crabs.
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In the last 50 years, combinations of conventional and molecular methods have made 
the genetic diversity a widespread science. Moreover, the issue of conserving genetic 
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scientists who are engaged in development of new tools and ideas in genetic diversity. 
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